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VOUJME III 

RELATED TECHIJOLOCIES f 
ABSTRACT: 

The objective of this volume Is to present a complllatlon of the various 
Mechanical Engineering disciplines that make up the experience of the 
Structural Engineer. This compendium relates thf.se diverse areas of 
technical knowledge to the general problem of dynamic integrity In the 
equipment system. 

For convenience, the eleven chapters of Volume III are organized Into 
three categories; those subjects dealing with the analytical aspect of 
structural dynamics; those subjects concerned with the validation of 
the equipment system and the accumulation of dynamic data; and those 
subjects dealing with the execution of the equipment package. 

Each chapter Is a complete treatise, having Its own terminology, selected 
bibliography, and handbook-type Information to support the technology. 
Each chapter also relates to the general problem of shock and vibration, 
and Illustrates the utility of the speciality In Improving structural 
reliability. In all chapters, the information is presented in the 
language of the Mechanical Engineer and stresses the structural design 
and execution aspects of the equipment packaging problem. 
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RELATED TECHNOLOGIES 

Chapter 1 - Basic Mechanics 

Chapter 2 - Natural Frequency 

Chapter 3 - Mechanical Impedance 

Chapter h - Stress Concentration 

Chapter 5 - Fatigue 

Chapter 6 - Dynamic Simulation 

Chapter 7 - Instrumentation 

Chapter 8 - Fragility 

Chapter 9 - Dynamic Attenuation 

Chapter 10 - Materials and Processes 

Chapter 11 - Packaging Design Techniques 



i . 
4  ' .... irr   n--rai^^M V 

1 

~} CHAPTER 1 - BASIC MECHANICS 

I 



'"^F'1 • 

VOUIME III 

REATB) TKHHOLOOIEB d 

Tbm dbjtetlT» of this VOIUM !■ to prooont a coHplllAtioD of tht various 
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tho •qpipatnt tyat« and tho aeeuaulatlon of dynaale data} and thoo« 
■übjoet« doallng «1th th« «moatlon of th« «qalpMnt poekag«. 

Each diaptar 1« a ccnplcte traatlM, havlns It« own tendnology, selected 
blbllagzaphy, and handbook-type inforastloo to support the technology. 
Each chapter also relates to the general problea of shock and vibration, 
and lllu«trates the utility of the speciality in iaprovlng structural 
reliability. In all chapters, the Infonatlon Is presented in the 
language of the Mechanical Engineer and stresses the structural design 
and execution aspects of the equipnent packaging problem. 
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voum m - CHAPTKR 1 
Section 1 - Introduction 

IDRALIZATIOie UBED IN ENGIIfiERING MECHAAICS 

BogiDMring mechanics Is based on the representation of the physical vor Id by a hypo- 
thetical, highly simplified model.    The .-estrlctlins Involved in the use of these slm- 
pllflcations must be understood In order to allc^ their application without  loss  of 
■•anlog.  

Analytical mechanics like all analytical sciences is based on the representa- 
tion of the physical world by a hypothetical, highly simplified model.    The 
concepts Involved in these rtlmpliflcations are reviewed in order to clarify 
the restrictions involved in their use. 

The Continuum;     In problems where only the average measurable reactione of 
bodies are of Interest the bodies may be assumed to consist of a continuous 
distribution of matter,   rather than an association of elementary particles. 

Tbm Rigid Body:    In problems that involve the determination of the forces 
acting on a body in response to some applied force.   It is often possible to 
neglect the deformation of the body under the applied load.    If the deforma- 
tior of a body is of such extent that the final orientation of the loade 
applied id unknown,  this assomption is Invalid. 

The Particle:     For use in mechanics  problems,  a particle is defined as a body 
that has mass but not size.    This assuaptlon is valid and useful in problems 
that Involve the action of a body under the influence of body forces,   such 
as gravity. 

The Point Force:    Any force acting on a real body through a point  of contact 
will cause local deformation resulting in a finite are? of contact.    In 
many problems this contact area nay be ignored and the force considered as 
acting at a point. 

Free Body Diagrams:    A free body diagram Is a sketch of a body or portion 
of a body, with all interacting bodies removed and replaced with equivalent 
forces.    In order to construct a free body diagram,  the forces equivalent 
to various typ*« of supports must be known. "Hie figure shown at the right 
gives the force equivalents of canon types of supports. 

1.1-0 
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FREE BODY DIAGRAMS: An equivalent force system representing a portion of 
a complex system is the basis of most mechanical analysis. 
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VOLUME III  - CHAPTER 1 
Section 1 - Introiluctioii 

BASIC CONCEPTS OF ENGINEERING MECHANICS 

The fonsuLatlon and solution of engineering mechanics problems consists of the appli- 
cation of the baalc lavs vlthln a standard set of dimensions and units.  

The solution of problems in analytical mechanics depends on the logical 
application of the laws of mechanics in a consistent manner.    This Involves 
the definition and use of a standard set of dimensions and units, and under- 
standing of the basic lavs themselves. 

Dimensions and Units:    The choice of independent basic dimensions to be used 
in mechanics is somewhat arbitrary.    The two most common English systems 
used are Force,  Length, and Time (FLT); and Mass,  Length,and Time (MLT). 
Of these two, the second is preferred on philosophical grounds as Mass is a 
property of matter whereas Force Is a defined quantity.    In either case, the 
three dimensions constitute the set of independent dimensions for mechanics 
problems and all other quantities are defined in terms of them.    The units 
attached to the basic dimensions to be used in this handbook (MLT) are the 
following: 

Mass: pounds 
Length:    feet 
Time:        beconds 

In the alternative (FUT) system, slugs would be used as the mass unit.    This 
has the advantage of eliminating the gravitational constant from the Force- 
Mass relationship.    In this text the pound mass (ibm) unit will be used on 
the grounds that it is a more familiar unit for most engineers.    With the 
Ibm chosen as the nass unit, the force unit (pound force,  ibf) is defined as: 

Ibf = golbm (ft/sec2) 

Where g0 is the gravitational attraction of 1 Ibm under standard conditions, 
the quantity g   is then the proprotionality constant relating force and mass, 

g0 = Ibm ft/lbf sec2 =32.2 

Dimensional Homogeneity:    Any valid analytical formulation of a physical 
law must be independent of the system of units used.    This is apparent from 
the fact that a change In the system of units does not affect the phenomena 
described.    The consequence is that all terms in an equation must have the 
same dimension when reduced to basic dimensions.    This serves as a check on 
the validity of any derived relationship. 

The laws of Mechanics;    Analytical mechanics is based on a relatively few 
basic laws.   These consist of Newton's three laws of motion, the law of 
gravitational attraction, and the parallelogram law.    A sunnary of these 
laws is given at the right.  Newton's first law of motion may be interpreted 
as defining the coordinate syatems in which the second law is valid.   These 
systems,  called inertial reference systems,  consist of those which arc fixed 
or in uniform motion with respect to the fixed stars.    A coordinate system 
fixed to the earth's surface is not an inertial system.    However, for many 
engineering problems the second law may be assumed to be valid in this 
coordinate system.    The errors Introduced are generally negligible except 
when the displacements Involved are large. 

1.1-^: 
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1. Every body continues In a state of rest or uniform 
motion In a straight line unless acted upon by external 
forces. 

2. The acceleration of a body Is proportional to the 
force acting on It and In the direction of the force. 

3. To every action there Is always opposed an equal reaction. 

Law of Gravitational Attraction 

Two particles are attracted toward each other along their 
connecting line with a force whose magnitude Is directly 
proportional to the product of their masses and Inversely 
proportional to the square of the distance between them. 

Parallelogram law 

The  equivalent of two forces applied at a p at Is their 
vector sum. 

NEWTON'S LAWS: The basic laws of mechanics and dyna  -s have been 
summarized by Newton. 

1.1-3 
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VQUM III - CHAPTSR 1 
Section 2 - Analysis Techniques 

BqpiUBRIOM MSIBQOB IK MUUTICAL MECHANICS PROBIflC 

Appllostlon of the laws of mechanics to the determination of unknown forces acting on 
> body freqwently Involvea the consideration of equlllhrlva conditions only. 

The first and second lavs of motion state that for a body in equilibrium (one 
that is at rest or in uniform motion with respect to an inertial reference) 
the sum of the forces acting on the body must equal zero. 

In solving for the unknown forces acting on a body,  the equilibrium equations 
are applied at a point, generally the center of the coordimte system.    In 
order to apply the equilibrium equations at this point, the forces and 
ncments acting on the body must be replaced by an equivalent set of forces 
and moments acting at the point.   For rigid body problems an equivalent 
system of forces is defined as one which results in the same total force 
and moment vectors on the body.    The following rules define the development 
of equivalent force systems: 

1. Moment vectors are free vectors; they may be moved to any point in 
space providing the magnitude and direction of the vector is not 
changed. 

2, Force vectors are transmiasible vectors; they may be moved along 
their line of action. 

3*    If a force vector is moved to a position pamllel to its original 
position,  it must be supplemented by a moment vector equal in mag- 
nitude to the force-distance product. 

1 

1,2-0 

Summarizing the equivalent force-moment system in vector notation: 
n 

F 
1 

The equilibrium equations for a body are therefore: 

- zX iX* E^i x^i+ TX 

E't- o i   E^ x F1 +  j;^- o 

In solving for unknown forces acting on a system or structural members the 
first step is to construct a free body diagram of the entire system.    The 
equilibrium equations are expanded to scalar form and applied to the system 
free body diagram.    Simultaneous solution of this set of equations determines 
the unknown forces if the number of unknowns is now more than the number of 
unknowns.    If there are more unknowns than equations, the system free body 
diagram must be broken down into component free body diagrams and the equi- 
librium equations applied to the individual diagrams.    The adjacent Figure 
Illustrates the development of a fret body diagram for a system of linkages 
and for the component parts.    Note that in assuming a direction for the 
forces at a link connection, the forces on the interacting bodies must be 
assumed in opposite directions in accordance with the third law of motion. 
The weight attached to the linkage in the figure is assumed to transfer its 
load through the pin at 6.    This pin is shown as a separate free body.    An 
alternative method of diagramming the same problem would be to cut the entire 
system at some plane and show the free body diagram in terms of the 

:.: 
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internal forces In the links at the cutting plane. In any case, if when 
a free body diagram has been constructed for each of the component parts, 
there are still more unknowns than equations of equilibrium, the system 
is statically indeterminate and determination of the unknown forces will 
involve the consideration of deflections. 

;* 

EQUILIBRIUM DIAGRAMS: The decomposition of structure into free body 
diagrams of component parts is a fundamental tool of force-system 
analysis. 

1.2-1 



VOUMB HZ - CHAPTH» 1 
Section 2 - Analysis Techniques 

VARIATIONAL MEIH0D6 FOR THE SOLUTION OF EQUILIBRIUM PROBLEMS 

An alternative to direct application of the equations of equilibrium to the determina- 
tion of unknown forces In equilibrium systems Is provided for the principles of vip- 
tual worfc and minimum potential energy. ^^_^^^ 

» 

In developing the principle of virtual work! the forces acting on a body are 
considered in two classes, the active forces (external) (K.) and the con- 
straining forces. The constraining forces are those repreienting the inter- 
action of the body with a rigid constraining surface In space. If the body 
is given a hypothetical infinitesimal displacement (or) along the constrain- 
ing surface, the work done will be equal to the dot product of the displace- 
ment and the forces acting on the body: 

Work =  jr   [r^ ♦ N| Work = Forces Acting x Displacement 

From the equilibrium equations,   the quantity TK.  ♦ N =  0,  therefore, an 
alternative statement of the equilibrium condition is: 

Idr4 ^Vi =  0 

The prlnc^le of virtual work may be extended to include frlctlonal forces 
acting at tae constraining surfaces if these forces are considered as active 
forces opposing the lapeodlog motion, that is, the dirertion of the frlc- 
tlonal forces Is Independent at the vlrtuml displacement.    Similarly, the 
constraints on the system mj be rswared by considering virtual displacements 
normal to the constrainiag warftemm If tbe surface forces are then treated 
as active forces.   In effect, a  ia»iss sf freedom Is being added to the sys- 
tem w ith the removal at the 

For conservative system, that la.   .-*mm «ttboat frlctlonal effects and with 
forces expressible as the gimAlent sT e semiar function, another alternative 
statement of equilibrium mt be roraa^mted.   This Is based on the fact that 
for a conservative system the wor« lame sod, consequently, the change In 
potential energy, in displacemer.t along any path   is Independent of the path 
and a function of the end points only.   If the change In potential energy of 
such a system is written in tena of an expansion of the force field it can 
be shown that for first order effects the potential energy variation for a 
small displacement from a position of equilibrium is zero.   The equilibrium 
conditions for the system may consequently be expressed in the following form: 

%-* 
Where:  p = potential energy 

q. = an Independent variable 

In solving problems by this method, the potential energy of the system Is 
written In terms of a convenient set of Independent variables and the deriva- 
tives of the potential energy with respect to each of the variables set equal 
to zero, giving a set of equations which may be solved for the unknown forces. 

GEOMETRY OF 
ILLUSTRATIVE 
PROBLEM 

o 
*    /    / 
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Illustracive Problem:    To determine the force In member AB. 

Solution;    By symnetry the eupport reactions are 1000 pounds each. 

A free body diagram shown below holds the body in equilibrium. The desired 
force is (F). The rtuctlons at (C) are (%) and (Ry). Hie reaction at the 
roller is (R). 

3 

Now permit a virtual angular displacement of the free body about point (C). 
The displacement angle {A$)  is arbitrarily small. 

'   -L^lOOO lbs 

lbs 

The infinitely small displacement angle results in infinitely small dis- 
placement distances (41') at point (B) and ( ^1") at the roller reaction. 
There is a work contribution by the roller reaction (R) and the force (F) 
but the contribution by the 1000 lbs weight at (B) is zero since the dis- 
placement is perpendicular to the weight. Hence, 

which gives 
F (t'A$)   = R (l"4«) 

I"       t" 
F = R i- = 1000 fr 

For ln = I* as given,F = 1000 lbs (compression) the compression arises 
from considering moments about point (C). The  force (R) exerts a CCW 
moment hence the force (F) must exert a CW moment. For this the force (F) 
must represent a compression in member (AB). 

1.P.-3 
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VOLUME III - CHAPTER 1 
Section 2 - Analysis Techniques 

EOJILIBRIUM METTHOI» OF ANALYSIS POF COfWON ENOINEERINO STRUCTURES 

Determination of the internal forces in structures is simplified by classifying the 
structures according to function and loading, such as trusses and beams, and by using 
appropriate methods of analysis for each category. 

Trusses: A truss is a system of uniform members constructed to support loads. 
It nay have welded, pinned, or riveted Joints. In analyzing trusses as rigid 
bodies, it is assumed that all Joints are pinned or Joined with ball and 
socket Joints and that all loading is at the Joints with the members them- 
selves weightless. Trusses may be "Just rigid," that is, statically deter- 
minate, or they may be over-rigid. Over-rigid trusses (i.e., those whose 
rigidity is not destroyed by the removal of one or more of the members) are 
statically indeterminate and deformation must be considered in their analysis. 
The necessary criteria for the determination of a "Just rigid" truss its: 

m = 3J -6 for three-dimensional trusses 
,_ m = 2J -3 for two-dimensional trusses 
Where: 

m = the number of members 
J = the number of Joints 

The criteria specified is necessary but not suffici nt; that is, it is pos- 
sible to construct a truss which satisfies these criteria but is not rigid. 
Forces in the members of a truss are determined by applying the equations 
of equilibrium to a free body consisting of a portion of the truss. Gen- 
erally the free bodies chosen consist either of the pins or sections through 
the members. 

Beams; A beam is defined as a member that is subjected to a transverse load. 
Because of the transverse loading, the equivalent force system at a cut sec- 
tion of the beam consists of both a force and a moment. The force is con- 
sidered in terms of its normal or shear axial components. The sign conven- 
tion for shear and bending moments is defined so that a net vertical force 
upward on the left free body when the beam is split is positive and so that 
a bending moment which would cause the beam to deform concave upward is posi- 
tive. Sign conventions are illustrated in the adjacent figure. Shear and 
bending moment diagrams are graphical plots of the shear and moment forces 
along a beam. Analysis of a beam segment shows that shear and moment rela- 
tions at any point are as follows: 

dx 

dM 
— ■ V 

Where: dx 

V = Shear 
M = Moment 
w = Load 
x = Axial Dimension 

Shear and Moment Diagrams are illustrated in the Appendix or. page 1,5-22. 

1.2-U 
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Positive Shear 

Positive Bending 

Positive Moment 

I Left Side 

M 

Right ölde t 

Negative Shear 

Negative Bending 

Negative Moment 

t Left Side 

Right Side t 
SIGN CONVENTIONS:    An understanding of the sign convention of the shear 
and moment directions ir  beams Is necessary for proper numerical 
evaluation. 

1.2-5 
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lect.I.OD 3 - Iwaluation of Stress Btt.eets 
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~e elAstic strain t.n teria1 wner load 1s ddined il8 the deformation. 
per un1 t le re tl "from stress. 
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the atreu-atzatn e'IU"Ye at tbe point Where the linear Rooke • s .Law ceases 
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1 
point with an Increase In strain occurlng at the constant stress level. 
For brittle materials without a well defined limit of stress-strain pro- 
portionality the Yield Point or Elastic Limit of the rjaterlals Is defined 
In terms of a percentage of permanent deformation. Until the Elastic 
Limit is reached, the material will return to Its original dimensions 
when the load on It lii removed. This property Is called Elasticity. The 
Yield Point represents the Elastic Limit of the material and Increases In 
stress above the Yield Point stress will result In permanent deformation. 
Most structural materials show the same stress-strain relationship for 
compression loading as for tension. Some exceptions are  cast Iron and 
cast magnesium, both which are weaker In tension than In compression. 

When a member Is stressed In a specific direction by the application of a 
force. It undergoes a strain proportional to the stress In the direction 
of the loading, as discussed. In addition, the material undergoes an 
expansion or contraction In the direction normal to the load direction. 
This  deformation or strain may be considered as an attempt by the material 
to maintain constant volume. The  axial and normal strains are related In 
the elastic range of the material by a proportionality constant known as 
Polsson's Ratio: 

_ .   ,    * *.*    / n \ lateral strain 
Polsson's Ratio ( /O =  axlal 8traln 

where the strains are the result of a unl-axial stress only. Polsson's 
Ratio for most steels is about 0.3. The lateral strain due to the Poisson 
Effect does not Involve additional stresses In the material unless the 
transverse deformation is prevented by some restraint. 

Consideration of shear stress on a two-dimensional element shows that the 
shear stresses existing on the elements surfaces must be equal and directed 
toward opposite corners to satisfy equilibrium conditions. The element 
will undergo an angular deformation through an angle ( y ) as a result of 
the stresses imposed. The angle of deformation Is related to the applied 
shear stress by a constant of proportionality, called the Modulus of 
Rigidity (G) or shear modulus of elasticity. 

T =   oy 

Where: 

T  =    Shear Stress (psi) 
G   =    Modulus of Rigidity (psi) 
y   =    Deformation Angle  (radians) 

It can be shown that the modulus of Elasticity (E),  the modulus of 
Rigidity (G), and Polsson's Ratio are related as follows: 

G    =     2(1^) 
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Section 3 - Evaluation of Stress Effects 

SHEAR AND BENDING STRESSES IN BEAMS 

Shear end bending stresses In beans are basic to the understanding of the mechanisms 
of flexure and torsion.  

Shear and bending stresses in beams involve gecoetrlc properties other than 
area at the section and are consequently less intuitive. The determination 
at these stresses is, therefore, considered in more detail before methods of 
combining stresses are discussed. 

Bending Stresses in Beams: The analysis of deflections of beams in puie 
bending Is based on the assumption that plane sections taken normal through 
the bean remain plane after bending and that Hooke's law applies. The normal 
stresses in the bean due to bending, consequently, vary linearly as the dis- 
tance fron the neutral axis of the section. Application of the equations of 
equilibrium to a synnetrical beam section with external moment loading in 
a plane parallel to either principal axis is given by the following 
relation between applied mement and beam stress, 

a = My/l 

Where: 

M = externally applied moment 
y ■ distance from Internal axis 
I = moment of Inertia of section. 

The same equilibrium conditions show that the netural axis of the beam 
passes through the centrold of the cutting plane area. The peak stress In 
the beam due to bending will, therefore, occur at the maximum distance from 
the centrold. This derivation Is based on the assumption of a homogenous 
beam material. Beams of more than one material may be treated In the same 
manner by first reducing the problem to an equivalent single material beam. 
ThiB is done by changing the dimensions perpendicular to the axis of 
symmetry by the ratio of the elastic moduli of the materials. 

Shearing Stresses in Beams: In the consideration of beams In the section 
on statics it was stated that  dM/dx = V. Therefore, at an Interval of 
beam where there is no shear loading there is no change In the bending 
moment. The axial force in a beam lue to the bending moments is, from the 
equation given above; 

£   ._   %.        or F = /" & dA 
dA    I x       J      1 

differentiating with respect to x: 

i ■ /Sf« - '/*" 
This quantity is defined as the Shear Flow (q): 

q    -    dx I >A I 

1.3-E 



1 

VOLUME III 

where A) is the value of the Integral /y dA for the partial area between the 
axial cutting plane and the outer fibers of the beam. The resultant shear 
stress for a thin member with thickness (t) at the cutting plane is ^iven by: 

T . r :r- 
1 dP 
t dx 

va 
It 

The oaxioum value of the shear stress will occur at the nr.mtral axis of the 
beam. For a bean of rectangula'' section the maximum value of the shear 
stress will occur at the neutral axis of the beam. The •■ -pressIon for 
shear flow is of interest in the determination of required fastener strength 
in composite beams. An illustration is given in the figure below. * 

Partial Area 

'V "\ 

1 

Rivets 
I 

CentroH of Partial Area 

Cutting Plane 

at 
Neutral Axis 

^L 

XT 

q = ^yA I y Ap m shear force per unit length 

CROSS SHEAR: The horizontal shear stress in the attachment of a com- 
posite beam Is a function of the vertical shear and the section properties 
of the beam parts. 

> 

♦A sample problem furth-sr Illustrating the calculation of rivet stresses 
in composite beams due to horlxontal shear Is given In the Appereilx on 
Page 1.5-8. 
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Sectiao 3 - Bvslir.Uon of Stress Effects 

SHEAP CCTTEP CONCEPT IN BEAM LOADING a 
Applitd loads on a beam must act through the shear center of the bean in order to 
atrold tviatloK »crjents about the bean axis. 

Application of the shear flow equation to the symetrical I beatr shows that 
the shearing stress in the flanges vairea linearly fron zero at the outer edge 
to a center-line value. The zero value at the outer fiber is required from 
the boundary condition for a free surface. Similarly, the value of the shear 
stress in the top surface must be zero. If an element in the lower surface 
of the upper flange is considered in terms of the same boundary conditions, 
a contradition is apparent. The shear stress in the lower surface of the 
flange must equal zero from the free boundary condition, however, the shear 
stress in the web of the beam at this level is not zero. A discontinuity in 
shear stress will, therefore, exist at the point where the lower surface of 
flange intersects the web. This is in violation of the requirement that shear 
stresses on opposite sides of a cutting plane be equal and opposite. Resolu- 
tion of this contradition involves mathematical methods beyond the scope of 
an introductory treatment of the subject. The formulas derived in this chap- 
ter are of sufficient accuracy for most design purposes, however, the shear 
stresses in the flange of a beam will generally be small and the stresses 
in the web are given by the derived formula with reasonable accuracy. The 
existence and direction of the shear stress in cuttiiig planes which are not 
parallel to an axis of synnetry of a beam are of concern in the determina- 
tion of loading points for beams which are ncnsymnetrical in the loading 
plane. Inconsistency ^n the determination of stresses in these cases may be 
avoided by restricting t>e analysis to beams of thin section and consider- 
ing properties at the sec ion centerllne only. The accompanying figure 
illustrates the shear stresses in a U-shaped beam. The elements shown at the 
top and bottom comers indicate the shear stress directions. The shear in 
the upper flange is directed to the left of the picture and that in the lower 
flange to the right. As a result, there is a moment at the section due to the 
shear forces which will tend to twist the beam about its axis. This moment 
nay be avoided by positioning the applied loads so that an equal and opposite 
moment is developed. The point through which the external force must act 
in order to cancel this moment is called the shear center of the section. 
For the beam shown in the figure, the shear center will be locatec1 on the 
horizontal axis of syunetry a distance (e) from the back surface of the 
beaou The distance (e) nay be determined by equating the moment due to the 
shear stress in the flanges to that developed by the externally applied 
force. The average shear stress in the flanges will be equal to one-half 
the value at the flange-web intersection. The moment due to the flange shear 
stress will be: 

«8 - (f) bth (intertidl moaent on beam section) 
The mo-nent due to the externally applied force (P) will be: 

M  - P   (external moment on beam section) 

Where P must equal the vertical shear force at the section. 

P = V 

: 
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Applying M 

e = 

M with P = V 
e 

Tbth   bth VQ   bth Vbt(h/2)   b2h2t 

When any externally applied transverse force acts through the shear center, 
the member does not twist. The shear center is also conmonly called the 
"Center of Twist". 

An illustrative example dealing with the concept of shear center Is given 
in the Appendix on page l.S-li, 

Shear Stress 

Directions 

,Shear Force F 

Shear Stress 
Axis 

Externally 
Applied Force (P) 

Net moment 
along centrolc 
of section due 
to shear stresi 
distribution. 

P(h-t)   =    P(e) 

SHEAR CENTER:  The equilibrium point of the moments due to the lateral 
shearing forces in a beam locates the beam shear center. 

1.3-5 



VOUMI III • CHAPTER 1 
Section 3 - Evaluation of Stress Effects 

TOWia AL STRESSES 

Shearing »trees due to torslonal loading may be evaluated by a general equation for 
elreulT and noo-drcular croae-aeetlona. 

The determination of the shear stress In a member due to torque loading about 
the long axis of the member la based on the use of the equations of equili- 
brium to find the torque which must exist at a section In order to balance 
the external loading. The distribution of stresses at the section must be 
such that the Integral of the shear stress over the area of the section 
equal* the external torque. For the circular or tubular sections most 
generally used for torque loaded members, the Internal stresses are assumed 
to vary linearly with distance from the neutral axis, and deformation is 
assumed to consist of rotation only. The use of these assumptions leads to 
the following relationship: 

T  J 

Where: 

T ■ shear stress 
T s torque loading 
P ■ radius from neutral axis 
J ■ po.ar moment of Inertia for the section 

The peak stress will, therefore, occur at the outer surface of the material, 
at the ■Md— distance from the neutral axis. For noncircular sections 
these assumptions are Invalid. More involved methods of analysis may be used 
to show that in the case of noncircular sections the maximum stress occurs 
at the points on the outer boundary which are nearest to the centrold of the 
section. It nay also be demonstrated that for a section consisting of a 
singly connected area of given cross section the torslonal rigidity Increases 
with decreases In the polar moment of the section. For a given amount of 
material a circular shaft will, therefore, have the largest torslonal rigidity. 
Noncircular sections which are thin-walled and open, that is, where the vails 
of the menber do not form a eloeed curve, may be treated by approximate 
methods which result In the following expression: 

) 

T   = 0»     ^ ci dl 

Where: 

T    = external torque 
G   ■ torslonal modulus of the material 
$   = angular displacement over length L 

c & d   ■ section dimensions as illustrated in the adjacent figure. 

This expression is of the same form as the corresponding equation for a 
circular shaft. The similarity Is enhanced by defining an equivalent 
polar moment of inertia for the section as: 

'. ■ k EA O 
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1 
The resulting expression for the maximum shear stress In a particular 
rectangle is given by: 

Tc 
3. = ■?- 

Application of the conditions of equilibrium to an element in a plane 
parallel to the axis of a member in torsion shows that the shear stress 
in an axial direction is equal in magnitude to the tangential stress. 
In the application of non-isotroplc materials« such as cast iron, the 
lowest value of the shear stress should be used as the design criterion. 

Conoon applications of open section used in torsion include channels and 
I beans. Several typical sections are analyzed in Appendix, page 1.5-12. 

") 
A TYPICAL THIN 
WALLED OPEN 
SECTION 

TORSIONAL STOESS: Shear stress may be calculated In non-circular 
members by use of an equivalent polar moment of inertia concept. The 
above figure Illustrates the approximate solution for a thin-walled, 
open section. 
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VOLUME III  - CHAPTEB 1 
Section 3 - Evaluation of Stress Effects 

OEGMETRZC CONSIDERATIONS IN DETERMINATION OF STRESS I£VEI£ 

Z 
The shear and normal streoses at a point in a structural aember will depend on the 
orientation of the streeeed element comidered, and on the local geometry of the member. 

Determination of the actual maximum values of the shear and normal stresses 
at a point in a member involves consideration both of the effect of combined 
stresses and of the stress concentrations caused by abrupt changes in cross 
section. 

Combined Stresses; The total stress at a point in a ttructural member may 
be calculated by determining the stresses induced by each type of loading 
and combining the results in appropriate form. Normal stresses due to 
axial loading are determined directly by the average force per unit area at 
the cutting plane. Beam bending and shear stresses and stresses due to 
torslonal loading have been discussed in the preceding paragraphs. These 
various types of stresses may be simultaneously present at a section of a 
loaded member. Combination of similar types of stresses at a section is 
based on the principle of superposition which states that the stresses may be 
added vectorlally. The underlying assumption is that the stresses are 
linearly related to the forces causing them so that the stress addition is 
equivalent to force addition. This in turn Implies that the total stress is 
within the elastic limit of the material. Within these restrictions, normal 
stresses may be added to normal stresses and shear stresses to shear stresses, 
whatever the source. The transformation equations for combining shear and 
normal stresses in a plane are developed by considering an infinitestlmal 
element in equilibrium under the action of shear and normal stresses. The ' *■ 
element remains in equilibrium «hen sliced at an arbitrary angle (9). The , . 
stresses on the new surface {Of) and (Tg) may then be written in terms of the 
known stresses on the other two faces from equilibrivrd conditions. The 
resulting values of equivalent shear and normal stresses at an angle {$) 
from the x and y axis are given by: 

Or   * Ov Oyr    _ Ov , i 
09  -   *   '  +     2 [C08 2*] + T8ln 2* 

r,- --^4^ c-102»] + TCOB 2» 

The maximur values of shear and normal stresses may be found by differ- 
entiating the above expressions with respect to (9) and eqjating to zero, 
giving: 

"2  
^max^n   -    l/M^x^y)    t^[\   (ax . (Ty)  ] 

comnonly referred to as the pr'nclpal stresses, where 

♦ T2 

V 0 

with tan 20 = _    , 

where B corresponds to O .. max,nun z 
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and 

max,min 
=   ± 

at 0 where 

vT^) 
tan 2©   =     -r 

1 ^x ■ ay) 

and with 

's 
ax * Oy 

«here 0 corresponds to T . max,mln 

If (a ) and (0y) are the prlncipa]   stresses then 

r =   gi 'g2 
inax,mln 2 

since T =   0 on planes which are associated with principal normal  stresses. 

It is noted that the tangents of the angles corresponding to maximum and 
minimum normal stresses  (principal  stresses) and maximum and minimum 
(tangential stresses) are the negative reciprocals of each other.    Since 
these are double angle functions the angle between the principal stresses 
and the maximum and minimum tangential stresses must be 45°. 

Once the principal stresses and associated elemental volume are determined 
from Mohr's circule,  the construction below may be made; the correct 
directions for maximum tangential stress and the associated normal stresses 
on these faces are readily determined.     Note is taken of the fact that 
Tmax points to the shear diagonal and that this shear diagonal always 
coincides with the algebraically greater principal stress.    Also,  the 
magnitude and sign of the normal stresses is given by the distance from 
the coordinate origin to the circle center. 

O,   (principal stress a,   (principal stress) 

a   * a vl     w2 x     vy 

max 
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Section 3 - Evaluation of Stress Effects 

CBOHBTRIC CONSIDERATIONS IN DETERMINATION OF STRESS LEVELS (Continued) 

The equations for shear and normal stresses at an arbitrary angle (9) 
represent the parametric equations for a circle.    If the equations are 

I 
squared, added, and simplified,  the result is: 

(..f^)\v-(V)2-2 

This equation represents a circle of radius 
i 

(M 2 
2 ♦ T 

2       / 

with center at 

y = 0 

The determination of stresses at an angle (0) is simplified by plotting 
this equation. The plot, generally referred to as Mohr'ti Circle, is 
developed below. The sign convention in the use of Mohr's Circle is 
established as follows. Figure (a) shows the normal and shear stresses 
on a typical elemental volume to be investigated. The stresses in the 
directions shown are all regarded as positive. In addition, the normal 
stresses shown represent tensile stresses. Figure (b) represents Mohr's 
Circle corresponding to the elemental volume. It has a radius and 
position calculated from the equations above. For the axes shown, stresses 
to the right or upward are positive. Stresses to the left or downward are 
negative. Note that since this particular circle lies to the right of the 
origin that all normal stresses must be tensile. This agrees with the 
elemental volume for which the circle was drawn. Had compresslve stresses 
been associated with the elemental volume then by convention the circle 
would appear to the left of the origin. 

Points (A) and (B) on the circle correspond to faces (A) and (B) on the 
elemental volume.  At these points stresses are shown all positive. Had 
the shear stresses or the elemental volume been opposite in direction to 
those shown then faces (A) and (B) on t.ie volume would be represented by 
points A' and B' on the circle. 

The right hand face is usually taken as the reference face although this 
is not essential. It merely helps in being consistent. From point (A) on 
the circle construct lines to {Oz)  and {Oi)  as shown in Figure (e). TSie 
new orientation of the elemental volume is as shown in Figure (d). The 
principal stresses {Oz)  and (<Ti) are associated with the faces (A) and (B) 
as shown, (gj) is perpendicular to the line (HF[) and (^2) is perpendicu- 
lar to line ()w2). Note that with respect to the origin of the coordinate 
system (<^) is positive and {02)  is negative. On the basis of the con- 
vention established in Figure (a) these are introduced accordingly in 
Figure (d). 

i    > 
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Note must be taken of the fact that In the figures as drawn below, the 
stress or. face (A) is larger than that on (B). This of course is not 
always the case. The  construction is however always drawn from point (A) 
on the circle whether it is largest or smallest, positive or negative. 
An example in the Appendix on page 1.5-14 shows a nore general case for 
clarity. 

T 
/ I        (ay TK.  (a T) 

k   x» y/AB        A^ 'X 
\ 

0 /1V 1      1     i f 
V ! /] \ J      * 
\ i / \ / 
Nl/fi'   1   A'V L/ 

Nfe— — — ^ ̂ a   -T) 
(«    -T)   ^^—-^ 

j > 

V   x, 

'■ 

K - ^c * ^v    -» Figure (b) 

  Right hand  face 

♦   Figure (c) «? 

i\   Figure (d) 
#1   \ 

Figure  (e) 

) 

Stress Concentration:    The shear and normal stresses defined by the 
average force per unit area at a section are approximately correct for 
uniform material sections remote from the point of force application. 
Determination of the actual stress distribution within a geometrically 
complex member by analytical methods Is extremely difficult.    The generally 
accepted alternative is to use the average value of the stress and correct 
with a stress concentration factor (K) which has been experimentally deter- 
mined.    In cases that involve static loading of ductile materials,  local 
yielding will tend to equalize stresses and reduced stress concentration 
factors may be used.    The stress concentration effect in a dynamic situa- 
tion,  however,   is more pronounced and mere complex.    A detailed treatise 
on this dynamic stress amplification problem is presented in Volume III, 
Chapter 7,  "Stress Concentration." 
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Section 3 - Evaluation of Stress  Effects 

THE DEPIfCTION OF STRUCTUhAL MEMBERS DUE TO LOAD 

The deflection of a structural member Is a function of the type of loading and may be 
calculated frei the jgwwn loading condltlone. 

Determination of the compression or extension of a member under the effect of 
an axlally applied load follows directly from the stress-strain relationship. 
Deflection due to other types of loading Is discussed In the following para- 
graphs. 

Deflection of Beams:    When a beam deflects laterally under load the fibers on 
one side of the beam will be compressed and those on the opposite side 
stretched.    Between these two extremes, there will be a plane of no deforma- 
tion In length.    The stress relations developed In previous paragraphs Indi- 
cated that the neutral axis of a beam section was the point of zero stress 
In bending; consequently,  it will be the undefc.med axis or elastic curve of 
the beam.    The strain of any other fiber will be proportional to the local 
stress:     < = o/E.    The strain of a fiber located a distance (y) from the neu- 
tral axis of the beam may also be written as:    « ■ y/p based on the fact 
that the Increase in length over a section of beam which bends through an 
angle dff will be (ydO) and the length on the neutral axis will be given by 
( pd9) where p is the radius of curvature of the beam.    Equating those ex- 
pressions for the strain gives:    a - fy/P,  the stress at a distance (y) 
from the neutral axis due to bending.   From the flexure formula previously 
derived, this stress is equal to My/l, where M is the moment causing the beam 
deflection.   The relation between moment and curvature is, therefore, given 
by, l/p= M/EI.    From analytic geometry the radius of curvature may be written 
in terms of the local derivatives of the elastic curve as: 

i 

' [■•«] 
which for small values of dy/dx may he approximated by 

dx 

Substituting for moment in terms of curvature gives: 

M   =     EI —f 
dx^ 

But It has been shown that dM/dx = V and dV/dx = W,   so the differential 
equations relating deflection,  slope, moment,   shear and loading on the 
elastic curve may be summarized: 

y   =    del Lection 

2^ = ^  = slope of elastic curve 
dx 
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n 

) 

dx 

M 
■"ET 

dx3 

V 

w 
•TT 

Where in general (EI) may be a tauction of (x). 

Boundary conditions for the equations will be dependent on the type of 
support. For roller or pin supports the deflection will be zero. For a 
fixed support both deflection and rotation (slope) at the support will be 0. 

In complicated problems the beam may have to be considered by sections. 
An additional boundary condition between sections Is then provided by the 
requirement of continuity of tne elastic curve. 

yl = yll 

ay   dy 

^ = dxll 

Shown in the Appendix on page 1.5-6   are deflections for common beam loading 
conditions.    If a given problem is statically determinate the support 
reactions may be determined from a free body diagram of the beam and elastic 
curve equation solved separately.    If the problem involves a statically inde- 
terminate system the deflection equations must be written in general form 
and solved simultaneously with the equations of static equilibrium. 

If a beam is loaded in more than one plane the deflections in a particular 
plane nay be determined in terms of the loads in that plane and the re- 
sults superimposed far the total deflection.    This is possible, of course, 
only within the elastic limit of the material. 

Defomation of Circular Manbers in Torsional Loading;    From the definition 
of the Modulus of Rigidity (G) the angular defomation of a torque loaded 
element is given by   Y >  T/G.    Consequently the angle of twlat of a 
torque loaded member over a length AB will be: 

PW2 
tJ   JG 

or for a shaft with uniform loading and constant geometric properties: 

* =  -JG^ 

For open, thin wall non-circular sections the same expression may be used 
with the equivalent polar moment of inertia. 

1.3-13 



o 

D 

O 

vorne m - CBAPTER 1 

BASIC NBCHABIGB 

o 

SECTIQR h - EBBIOR (XWZBBMCZCl 

• DMICD Criteria and tbt Tbaoary of BMtle FailorM 

• latcml Bucklli^ of 

• Tbm KnjOBM of Slogl*' 

•   Tte WoopoMO of Sloglt-l 
with Vloeooo DMplng 



- .... or 1c.l OUI7'11W atrQCtune tbe reqmiroe.enta tor & .... r ~ be deter---ltla erlterta, 'b7 the &llo.ble cletlectlaoa, or by coa41t1oaa ot 

Ia aAIIII tbe 4ee1p criteria baaed upon 11a1Uog atreogth, the •"'- COil­

'bl..s atreaa, either' DOnlal or &beer ia detend.oed u a tuDctioo ot t.be 
alae ot the ....,_. aelectecl tor the lim tine Y&luea or allowable etr.Nea. 
Ia clee'P'JW tor deneetioa the l1a1 cODdltioo ia tbe d1a~nt or 
tile at ita Wll.a.iled coad1t1.oo, vbere the d1apla~t ta propor-
t1~ to NM but the streaMs involved are v1tb1n tbe elaatlc lild.t ot 
tale • aa4 tallure d to orer-atreaatns ia not a concem. 'ftle third 
~ dee1p criteria ia tbe atab1lity ot the atJUcture. 'l'bia 1&7 be 
CCII..S.M:IL\'11 u a apeclal cue ot deetcoing t1or lillitecl defiectioo; b011ever, 

tall.UH tbe defiectioaa }IUt ac.e point are DOt proportioaal 
~NI• in ita ...aNtra and ~ increaae catutropbica.Uy UDit r cooat&at 

1 vtth etnun wll below tbe yield po:t.nt ot tbe •terlala. 'l'bia 
t7Je or taiban ia ret.rrecl to u an elutic failure, resulting traD an 
elMtlc 1 il1t7 ot structural aec.t1'7 • 

.. .PLea ot U.tpe which are poem1J.7 lild.ted by elutic tail>Jre coo­
etMaUoae an thin at.U. loM.ed external.l7, auch u au!ai.rlne bulla, aDd 
a a ueloa n!nrs& banns lara tioe ot lenstb to erose eectloo, c~ooq 
Nf'eJJe4 to u eol•ww. Aa external.ly l<*led abeU. are not uaual.4 tou.nd 
1D I"'D1c equ,1~ thia dt.ecueioo ot e tic taU.urea viU be l1aitecl 
to col._. -.a a col.-.o (vith a .arstaal "alelderneea ratio") ia la.ded 
ea.-..-1ft17 wttll iDc,_.iDS lc.de, •11Pt increuee in cc:.pnNioo 1&7 
lie....-. ..,.Nr, no lup detlee\looa vlll be obeerved wrt1l ac.e 
UalUDc leal-~, tbe cr1Ucal torae (Per), ia ~cbed. For load values 

to or cr-ter tbaD P cr &117 lateal. torce oo tbe col\81 vill ruult in 
wakliJW. !be tact that no~ inc:ro.aing defiection wrne ot the 
tlnpodSas ta.1luN ..-. iaetabillt7 tallune 4.ruat1c. Such elutic taU­

tbe -t ~ t7}le ot atructuN! failure under etatic loading, 
to tbe U.-n ot ....-era tor strength criteria vithout steb111t7 con­

tloae. 

cr1tical toree tor a c~ ~ be detend.oed trca the ~ttooa ot the 
elMttc ~ b7 co.1der1nc a colman detonted eo that the uialq applied 
a HI ualft 1 1a d1aplaoecl a d1et&n (7) rrc. tbe neutral axia ot the 
col_. at 8ale point. 'DIIIt IIOMDt 1n the colu.1 at that point then be 

~IWOPI:."tiCIIal to (7) and the elastic cu~ be vr1 tten in ditre ntial 
tara u: 

2 + k 7- o, 

Vbere k i• defi u: 

,. aenera1 aolution to this eqwtion 1a ot tbe tara y • A sin Icc + B cos lot 
where A az:d B are booMary condition conetanta. Application ot the boundaey 
coaUUo• tor a pin er:ded beul gtne: 7 • 0 • A ain kl, vbere t.be solution 
pYen b7 A= 0 corresponds to the case vbere no buckling 1txiata. For any 
other utioo • ow. ~na n • 1 aa the 111.u- values gtvea: 
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Similar analysis for other end conditions gives the following formulas: 

One end fixed, one free: 

p" =    .. 

One end fixed, one pinned: 

2.05«^ El 
P cr   "    -jr 

Both ends fixed: 

Pcr 
Uir2 El 

IT 
A general expression for the critical load may be written as: 

p   = Z*LR 
cr 72 

L 

Where (c) is a coefficient which depends on the column end conditions. 
Alternately, an effective length may be defined as: 

Vs 

in terms of the above equation.    The critical load formula is then: 

P cr 

Values of the end coefficient and the reciprocal of its square root are 
summarized in the Appendix on page 1.5-5. 

In applying the formulas listed to a non-symmetrical member, the minimum 
value of the moment of inertia is to be used. In applications where the 
end conditions for the column do not correspond ewSAtly to any of the 
given conditions, pin-ended conditions are frequently assumed. A note- 
worthy feature of the critical force formulas 1M the fact that the only 
material property to appear is the modulus of elasticity. The critical 
force formulas may be converted to critical stress form by substituting 
I = Ar2, where A is the cross sectional area of the column and r is the 
minimum radius of gyration. For the pin ended case this results in: 

P 2 r. _      er   ir E 
^cr = "T = TIT?)2 

The quantity (L/r) Is defined as the slenderness ratio of the column. The 
Appendix, page 1.5-4 gives plots of ffcr as a function of slenderness ratio 
of some tyDi'*,,l- engineering materials. 

1.4-1 



VOLUME III  -   .HAPTE» 1 
Section U  . üwslgn Considerations 

IATERAL BUCKUNC OF BEAtfi 

„          T2E         //0|                  n. 
2 

(Id) - $ VW  .-^ 
s
cr « critical buckling stress, pel 

nay exhibit elastic failure in a plane other than the principal loading plane if 
the difference in moment of inertia between the two planes is lar^e, or if the beam is 
unuaually long and slender. 

lateral Buckling of Beams;    Beams which have a large ratio of vertical to 
lateral moment of inertia may exhibit elastic failure under load.   The 
failure consists of buckling in the lateral plane due to loads in the ver- 
tical plane.    If compressive loads are present, as in beam columns, the prob- 
lem is intensified.   For the case of loading in the vertical plane only, 
the following expression for the critical buckling stress has been derived: 

(1) 

Where; 

E = modulus of elasticity, pel 

L = length of span, laterally unsupported, in. 

d ■ depth of beam, in. 

Ix • moment of inertia about neutral axis for bending in plane 
of web, in/* 

I = moment of inertia about neutral tu.       "■"* in the 
lateral direction, in.'* 

K • torsional constant, in. 

fi * Poisson's ratio. 

If Ix is much larger than Xy, as in many standard I beams, the formula nay 
be reduced to:/       H \ / \ /■    \ 

scr. f ^M «">6 \ (hA (2Ü2M (2) / 16.83 X IG6 \ /l\ / EAlloy\ 

In which (b) is the total width of the compression flange, (t) its thickness, 
and (FS) is the desired factor of safety. 

In the opposite case, where ly is much larger than Ix, the formula xeduces 
to: 

r6 

y 

a    UU7.2 x 10° (3) 

Cr   (L / r )' 

nie theory of elastic failure criteria   beam-columns is considered beyoiü 
the scope of this discussion. The reader is referred to the bibliography 
for more information on the subject. However, a summary of paramtters for 
some conmon beam-column situations is given in the Appendix, page 1.5- 

) 

c  ) 

l.*-2 
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CRITICAL STRESS FOP LATERAL BUCKLING OF BEAtä 

(Equation« 2 and 3) 

t, 
\ Yield Stress 

\ '   (V \/ 
Yield Stress 

(Sy) 

/ 

Equation 
/      3 

(£■) (0 
UMITINC VAUJES of Ld/bt AND L/r    AT REFERENCE POIMT A.  (8) 

sy 
(ksl) 

ia 
bt   Ratio 

L 

y 
Ratio 

33 571 116 

^5 Ul8 100 

50 377 95 

55 3J+2 90 

) 

BEAM BUCKLING:    lateral buckling In beams due to a torslonal Instability 
Is a frequent and unexpected failure mode. 

1.U.3 



VOLUME III - CHAPTER 1 
Section '♦ - DealRn Considerations 

IKE RESPONSE OF rjNGLE-DEGREE-OK-FREEDOM, UNDAMPED, SYSTEMS 

Prediction of the response of a structure to dynamic force Inputs may be estirated 
on the basis of relatively simple analysis.  

This review of dynamic systems Is limited to those topics which It Is felt 
will be of concern to the designer of electronic equipment. The cases con- 
sidered consist of the application of Newton's laws of motion to systems 
involving the response of oaes particles to applied forces. Newton's second 
law may be written as: 

d2x 
F ■ ma B m —K— 

dt 

Successive integrations give the expressions for velocity and displacement: 

g . v. /"'HIM , c 
dt      Im 1 

Ar ^ - • ^ d, - C, 

x = x cos Wr ' 
T m 

o 

'2 

where force ic assumed to be a function of time only. 

The response of a mass particle in the case where the force is proportional 
to displacement from some equilibrium position (F ■ -kx) is of basic Interest 
in the design of any dynamically loaded structure as an approximation to the 
deflection of a compact mass under the influence of some disturbing force. 
In this case, the second law of motion may be written as: >.   ' 

d2x   k 

The general solution to this equation is given by: 

x « C.cost/- t    + C0 sin %- t lfm 2 Im 

where: 

Ci and Cg are constants of integration 

With initial conditions taken as x = XQand V = VQ, the values of the con- 
stants will be: 

C,  =  x and       C0    =   jm i      o ^ nr 

or for a system initially at rest: 

:: 

i.k-h 
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These equations describe what Is called simple harmonic motion. The particle 
oscillates through an amplitude of XQ at a frequency of \/k/m, defined as the 
natural frequency of the system. In the case where the same system Is 
excited by a continuously varying external force rather than being dis- 
placed and released, the equation of motion will be: 

m •kx + F sin wt 

where the external force Is assumed to .-.ry slnusoidally. Uie displacement 
solution In this case Is given by: 

:i ^v^+c2 co*vr t+ 
V"1 

k—f — w 
m 

slnwt 

Variation of the ratio of driving frequency to the natural frequency of 
the system changes the smplltude of the syste? response, as shown In the 
figure below. A plot of the variation of the coefficient of the last 
term In the above expression with the frequency ratio at the point where 
the driving frequency equals the natural frequency of the system shows 
that the amplitude of the displacement goes to infinity. This condition 
is known as resonance. 

Vk 

■ik) 

Undamped 

With Damping 

Resonant 
Frequency 
Ratio 

VISCOUS DAMPING: The time rate of decay of a vibrating system is a 
measure of the degree of damping present in the system. 

) 

1.4-5 



VOLUME III - CHAPTER 1 
Section h ~  Design Considerations 

THE RESFOHBE OF SINGLE-DECREE-OF-FREEDCM SYSTEMS WITH VISCOUS DAMPING 

The Inclusion of a damping term in the equations of motion provides more realistic 
modeling of an actual system; the frictionless model was discussed in the previous 
topic. t  

A more realistic representation of a physical system is provided by the 
inclusion of damping force in the system equations. The most generally 
assuned type of damping is viscous damping. This represents the case 
where a force proportional to the mass velocity resists the system dis- 
placement (f ■ -c dx/dt). Ihe equation for system motion will be: 

-äff. + £ g +  kx   . p.o 8lnttt 
.42    m dt    m      m 

The displacement solution consists of a transient complementary solution 
which approaches zero as time increased and a particular solution consisting 
of harmonic motion at the driving frequency with amplitude less than the 
ease where no damping is present. The system amplitude will remain finite 
when otmto ,   The steady state displacement is given by: 

P 
--2(«2-<j)2    sinwt                         F^Wc/m2 
™                n                           .                 u ... x^   ■       5       ♦       r -*•    cosWt 

The complementary solution is the system response for the case where no 
driving iorce is present.    The displacement expression 

) 

x 
c 

'    C1 e ♦ C2 e 

—1 . 

I t 

A plot of this equation as a function of time (see figure) shows that for 
values of C<2 ^En, the motion will consirt of exponentially decreasing 
amplitude without oscillation. For C>2 ytan the system will oscillate 
with exponentially decreasing amplitude at a frequency less than the free 
undamped natural frequency. The value of C = 2 wEm is referred to as the 
critical damping constant. 

Hie analysis of systems consisting of more than a single degree of free- 
don is conducted in a similar fashion but will Involve the simultaneous 
solution of as many equations as the number of degree of freedom. 

Several examples on damping In simple systems are given in the Appendix 
starting on page 1.5-16. 

,: 

1.4-6 
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:: VISCOUS DAMPING: The  time rate of decay of a vibrating eyetem Is a 
measure of the degree of damping present In the system. 

:* 

1.4-7 
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• Blbllogrmphy 

• Owwrml Method of SoluUoo for »{ulUbnia ProMi 

• Elastic Cbaract«rUtles of Seat Oamu 

• Material Ctaametcrlsties 

• Coluan fed Plxitgr CMffieUBU for Various fed OoodlUoa» 

• SuMry of BMB Colum 

• BMB Coluu CoeffIdeota 

• Hie Calculation of Horltontal Shear Stress in Bseas 

• Ihe Calculation of the Shear Center for a Channel 

e Ihe Calculation of TOrsional Stress in Bon-Clrenlar SeeUo 

e An ApplicaUon Using Nohr's Circle 

e Ihe Calculation of the Response of Duped Syai 

e Shear and Moaent Diagrams for a Sinple 

3 
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) 
GENERAL METHOD OF SOLUTION FOR EQUILIBRIUM PROBLH43 

• list known data and results to be determined. 

• Construct a free body diagram of the members on which the unknown 
forces to be determined are acting, replacing interacting members 
with equivalent force systems. 

e  Determine the number of independent equilibrium equations available 
for the system, compare with the number of unknowns on the free body 
diegrem. 

e  If there are as many independent equations available as the number 
of unknowns, solve the equations for the unknowns. 

• If there are more unknowns than equations for the free body diagram, 
subdivide the free body diagram and repeat the procedure. 

a  If free body diagrams have been constructed for each body in the 
problem and there are still taore unknowns than equations, the 
problem is statically Indeterminate and deflections must be con- 
sidered in the solution. 

") 

1.5-1 



VOBMB HI - CHAPTER 1 
8«etlon 5 • Appndix 

ILASTIC CHAHACTHUSTICS OF SOME CQMfOM BEAM CONFIGURATIONS 

i   ) 

Ü 

- sir (^-s^x+x3) 

♦ HL 

. gp at x - O 

y  -   - ^f (X^-ULVSL1*) 

e - + VL3 

wL 
5H 

at x = O 

V (total) 60EIL' 

+ WL2 

WL3 

ISS 

7 (x5.5LUx*4L5) 

e   = 

sär (^i-V) 

-L5 

♦255 
max 

Tuax 
5wL at x = L/2 

(       ) 

'2 
1.5-2 
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y = 

e - 

3^ (^-*«2) 

PL 
TSEI 

'max 
PL 

U8EI 
at x = L/2 

y* -k 

y - + 55L (x ^ ) 

MoL MoL 

max 
'max 

ML 

9 v 3EI 
at x = 'u/si 

Po 
y© =  - ggf (3L-4o) at x = o 

y     max 
max 

e ends 

^fa    (3L2-i»a2) at x = L/2 

Where  y 

e 

'max 

f(x) Is the equation of elastic curve 
(upward deflection positive) 

Slope at end 

Maximum deflection 

o 
1.5-3 



VOUJME III - CHAPTER 1 
Section 5 - Appendix 

MATERUL CHARACT£RISTIC8 

I 
8tc*sa 

Modulus of KUstlclty (E) 

UltlMte Tensile 
Strength 

Duct'le Material 

Ultlnate Tensile 
Strength 

•Brittle Material 

Slope (E) 
Strain 

THE CIA88IC STRESS-STRAIN CURVE FOR A DUCTILE AND BRTPTIE 
MATERIAL. 

30,000 

./ 
20,000     —     1/ 

10,000 

t 

Column 

Critical Stress 

<rcr - P/A    (psl) 

Approxlnal 
Proportional Limit 

100 150 
Slenderness Ratio (L/; )■ 

250 

VARIATION OF THE CRITICAL COLUMN STRESS WITH THE SLENDERNESS 
RATIO FOR THREE DIFFERENT MATERIALS. 

'* 

1.5-^ 
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COLUMN END FIXITY COEPFICIEOTS POP VARIOUS Eilb CONDITIONS 

Column Shape and End Conditions 

11 
tP 

P 
-v^ *• v v 

I t 
tP 

iP n 
Tp 

|p 

T 
V \^ ^ ^1 

> ^ ^■fc'fc ft 

*    L 

Uniform colvom, axlally 
loaded, pinned ends. 

Uniform column, axltlly 
loaded, fixed ends. 

Uniform column, axlally 
loaded, one end fixed, 
one end pinned. 

Uniform column, axlally 
loaded, one end fixed, 
one end free. 

Uniform column, distri- 
buted axial load,  one 
end fixed,  one end free. 

Uniform column,  distri- 
buted axial load,  pinned 
ends. 

Uniform column, distri- 
buted axial load, fixed 
ends. 

Uniform column, distri- 
buted axial load,  one end 
fixed,  one end pinned. 

End Fixity 
Coefficient 

1 

1 

c 

1 

1 
IT 

c 

1 

c 

1 

1 

sfi 

1 

1 

k 

0.5 

2.06 

0.70 

0.25 

2 

0.79k 

1.12 

1.87 

0.732 

7.5 

0.365 

3.55 
(approx) 

•-    0.530 

1.5-5 



VOLUME III - CHAPTER 1 
Section '- - Appendix 

SUMMARY OF BEAM COLUMNS 

Loading Moment 
Over Support 

Moment 
At Center 

Deflection 
At Center 

W lb/in. 

L-L-J 

v-0 
..       WL 
Mc= -^K 

5    wL 

"B 

p-# (•-p 

ST 
M. =  0 A 

V0 «c^ 
A        ^ t 

-i6 r- MA=   0 
Mc=  Pfn 48EI 

«B 

A \ PaC X7P 
M,.^ 

"B 

MC = 

M. 

MA4MB 

2   008^ 

(MA ♦ MB)L- 
A= —I5H  

W lb/ln. ' MA=MB 

HL! ß- 
12       P 

.2 
Mc = ?r0 A 1 WL     A A= sei: sr6 

A    
w    k 

IV*J 
»A'S M     -   Ü  v" Mc ' T v 

WL    „ 

A WL5      r." A=   192H6 

^=MB 
MC-^ 

M o" 
7^ 

A=   0 

1 6^ 

■^52 
v-r-S 

Mc= T0 

= § Pf p" 

A 1 ^      *" 

^11^' 
«B 

=  -WLY 

Deflection at A 

A     W? f. 

1.5-6 



BEAM C0I,U?.'JJ COEFFICIENT 

VOLUME III 

For o, ß, ^ v, use coefficient for L/^J Instead of L/J. 

For V, ~, use coefficient for ^L/j Instead of L/j. 

10 i 

Coefficient 
For 
Compression 
Member 

El 

6(L/J cosec l/j -11) 

(L/J)2 " 

5    ■ 

K    s 

3(1 -L/J cot L/J) 

3(tanL/2J - L/2J) 

(L/2J)3 

^7   [^TITSj]-1 

tan   L/2J 

2.0 

L/j(Comre6slon) 

1.5-7 



VOLUME III  - CHAPTE« 1 
Section b - Appendix 

■ME CALCULATION OK HORIZONTAL SHEAR STRESS IN BEAM:: 

Compute the rivet spacing for the slrrply aupported  compoalte beam shown 
below  If the allowable shear force on the rivets Is ^,500 pounds.  (A , 
structural  steel rivet has an allowable shear stress of lb,000 lb/in.c') 
Consider two loading cases.    Case I,  a concentrated  load of 100,000 lb 
applied at center of span.     Case II, A uniformly distributed total load 
of 100,000 pounds between supports.    Span between supports is 12 feet. 
Neglect the weight of the beam. 

12 ,i       '  1^7/3" rivets 
3.62" I*-      15"  - ^5 lb 

Channel 

Solution,  Case I; 

I    (channel)    =     375 ln.U,  a - 13.2  In. from handbook data 

I    (cover plate)    =     12 x i x 7.75^    =     360 In.4 

x 2 

I    (total section)    =    2 (375 ♦ 360)   =    1U70 In. 

Hie shear diagram for concentrated load Is shown below.    Note that the 
vertical shear equals 50,000 pounds magnitude throughout the entire span 
except at the transition point where it crosses through zero. 

1 
7 = 50,000 lb 

7 • 50,000 lb 

The shear flow is given by 

q   = 
I« 

pounds per inch span, where the quantity (y A^) represents the centroid 
of the area above the plane of Interest for horizontal shear. In this 
case the range of interest is the boundary between the cover plate and 
the channel flanges since the shear force on the rivets is desired. The 
section along the beam does not vary and since the vertical shear (V) is 
also constant the shear flow is constant. This implies a fixed rivet 
ßpacing throughout the entire length of span. 

1.5-8 
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The rivet uprlng at -iny polrit along the bear. Is given by allowable shear 
force/shear flow which equals UbOO/q lor this beam aystem. 

Us 1 rig 

V    =     50,000 lb 

I       =     1U70 in.k 

yA 7.7b x  (6 x l/2)    -     ^3.25  In.3 

yields q ^ 790 lb/in, which results In a rivet spacing of 4500/50,000 x 
S3.25/1470 » 5.7 In. (maximum). Twenty-eight rivets spaced at 5.25 In. 
intervals  is a satisfactory arrangement. 

Solution,  Case II: 

The method of solution here is basically the same as  that for the previous 
case but the distributed load Introduces a varying shear flow which 
results  in a varying rivet .spacing. 

The shear diagram for the distributed load is shown below.    Note that the 
»rtlcal shear varies along the beam length. 

V =   50,000 it 

Linear Variation of 
Vertical Shear 

V =  50,000 lb 

The shear flow is given by 

q = 
vy Ap T 

X 

but now (V) is a variable and hence the shear flow is variable. 

Starting from some arbitrary station along the beam span at which a rivet 
is placed, the spacing to the next rivet must be such that 

/ 

n+1 

q d/    =     4500 lb 

Taking the center of the span as station (0) the first rivet Is placed 
at station 1, the second at station 2, etc., until the entire span is 
nearly covered. The  last rivet must not be placed closer to the end of 
the beam than 2-1/2 times rivet diameter from rivet center. This is to 
prevent tearing or crushing of the channel or plate in the margin. 

1.5-9 
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8«otion 5 • Appendix 

CALCUIAnOI OF HORIZOMTAL SHIAR STRESS IM BUMS (Continued) 

Zf the fint attempt reeulte In a last rivet auch further away than 
2-1/2 dlaaeter, than the spacing muat be decreased to allow an extra 
rivet.   Minimum total rivets in a half span equal 

r2 
qdi y AP 

* ii,iM>—    ■ 55crr 

/2 

Vdi 

-^      o 

where from '.he shear diagram V -     ^-  £.    This gives total rivets «6.32 

which is Just half of the minimum rivets per half span of Case I.    nils 
latter value was 72 /5.7 « 12.6-1*.      Six rivets is the nearest Integral and 
this will be the basis for a trial calculation. 

The general form for spacing is given by performing 

n+1 

/ 

- ,mM , (n is the rivet "station" 
qdl   »    U500 lb _ .. » 

from mid-span) 
n 

This results in: 

r 
n+l 

819 in.2 

A tabulation of (/) starting with n=0 at mid-span results in the following 
spacing.   Distances (/) are measured in inches from mid-span. 

28.6,     U0.5,    49.7,    57.3,    6^.1,     70.1 

Theoretically the beam section past 70.1 in. no longer acts as an Integral 
composite beam but as the sum of the channels plus plates since there is 
no rivet past 70.1 in. to take up horizontal shear between plate and 
channels acting as an Integral section. 

... 

1.5-10 
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TOE CALCULATION OF THE SHEAR CWTER FOR A CHAN1IEL 

IllUBtratlve Problem!    Find the approxlMte location of the «hear center 
for the channel ahown below: 

x-e- 

h- 

> T- T 
h ■ 10 

«— 1»5_J 

3—1 

:> 

Solution; The previously derived reault for the distance (e) to the shear 
center was 

2 2 
b h t 

Where I represents the section inertia about the axis x-x. Frequently, 
the flange thickness Is snail with respect to the distance (h) and an 
approximate form may be used for (I). This  form neglects the contribu- 
tion of the flanges about their own axes. 

Thus, 

1    •   W ^Flanges    '    IT + 2bt (l)' 

substitution Into the formula for (e) results la 

e   » 

3^ 

which results In e = 1.87".  Note that for (b) very large (e) approaches 
(b/2) and for (h) very large (e) approaches (0). 

1.5-11 
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8«ctlon 5 - Appendix 

THI CALCULAnOH OF TORSIONAL STUBS IN NON-CIRCUIAR SKTIOHS 

IlliMtrmtivt Problw; Calculate the maximum ahoarlng itreti for each of 
the following aectlona using an approximate method. The twisting moment 
Is 12,000 In.-lbs. 

( ) 

%— 

1 
9       -e 

r 
4-1 

3 
9 

LU 

5^ 
5 

Ul 

r 

M 
i—' 

L . j'j 

Solution;    For sections of this type where thickness Is small compared 
to lengths an approximate maximum shearing stress will be given by 

Th' 

where h' Is the greatest thickness of a member In the section. 

For the channel 

iV.bh3   .    i 

For the angle 

(H 3 x I » |   +2x3^   x (l)3]=   o. 

£>3 - k 
For the I Beam 

S>! 1 
5 2 x 3 x W^-(?)' 

Solving for the maximum shear stress gives 

12,000 x * 
S (Channel) =   0 ^    = 21,800 psl 

?06 In. 

dH'(§;]■ °- 761* In. 

0.811 In. 

■ 

o 
1.5-12 
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12,000 x 1 
88 (Angle)    -    —£755    ■    9,620 psl 

12,000 x l 
S8 (I Beam)    =    —0 511 -    11,100 psl 

2 
Note that each section has almost the same area (about 6 in.   ). 

Problem;    CoBpare the maximum shearing stress of a circular section whose 
area equals 6 in.2 with the stress of the sections in the previous problem. 

Solution: 

S8 J 

where C is the radius of the cylinder and J is it's polar moment of inertia 

C    = y|     =    1.38 inches 

1_ i» 1    .    36 18 ,    U J   -   7»rr      =   ^xirx-g-»    —in. 

Iherefore: 

S      =    12,000 x 1.38 x*    .     2>890p8i 
s io 

The above is a demonstration of the practicality of using condensed 
sojtions where torsion Is concerned. 

1.5-13 
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8«etloo S - Append]x 

Al APPLICATI« USIin MOHR'S CIRCLE 

ZUuatntlvt Probl«:    Olven the «tat« of •tress shown in Figur« (•), 
tranafom it into the principal ctretsea, ml into the principal «hearing 
■tr««««s and the «•ioelat«d nonael stresses.    Show the results for both 
c«««s on properly oriented elements. 

*»>1» ksl 

44 Tl-t^2 k'1 
Figur« (a) *  .14^   X 

♦ k Mi 

5   KSi 

o 

Solution:    The co-ordinate axe« are set up In Figure (b).    The center C 
of the circle 1« at l/2(-2,000 + U,000) = +1,000 ksl on the   ff-axls. 
Fron the right-hand face of the element,  the required values for plotting the 
the point A on the circle are 

"8 

T 

-2,000 pel 

-4,000 pal 

Thus the dis      ces CD and DA are 3,000 pal and k,000 psi,  respectively, 
and the radius of the circle ia equal to 

CA   «    yi 2 2 
CD    •» DA 5,000 psi 

Hence from the diagram, Tnax ■  5,000 psi, and the associated nomal stress 
i« represented by the distance 00,  I.e., <r' ■ 1,000 psi.    The principal 
stresses are given by the intercepts E and B; they are respectively 
+6,000 psl and -4,000 psi. 

The angle 

o 

DBA tan AD 
DE 

tan 4,000 
377555 26034' 

1.5-14 
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O 
An element with Its side« perallel to the lines AB and AE 1« shown In 
Figure (c).    Since the faces of this element Intersect at right angles, 
several other angles (not shown) nay be used to specify its orientation. 
The principal stress given by the E intercept acts normal to the line EA. 
Ihe principal stress given by the B Intercept acts normal to the line BA. 

An element oriented with Its planes parallel to the maximum shearing 
stresses Is shown In Figure (d).    The maximum shearing stresses act toward 
the positive shear diagonal,  which coincides with the direction of the 
algebraically larger principal stress.    The associated normal stresses are 
also shown on the diagram.    All of these are the same,    nd all of them are 
tensile In character. 

I   ) 

o 
1.5-15 
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Section b • Appendix 

ÜBE CALCULATION OF THE RESPONSE OF DAMPED SYSTiMS 

Illustrative Problem:    The system shown below Is initially at rest at 
t =  0".  At  t •   C a velocity of k  in./sec is given to the mass.    Find  the 
subsequent displacement and  velocity of the mass.    Ihe damping coefficient 
is 0.85 Ib-sec/ln.    Hie spring constant is 25 lb/in.  and the weight is 
40 lb. 

s  s / /  s  s 

£ 
Solution:  The differential equation of motion for this system is 

g d?     dt 

The solution of which is 

x = e'^n1   (A cos w t ♦ B sin (J t) 

= D e*^**^ sin (W.t +0) 

Where 

W. ^-  (Natural Frequency) 

^mW 
(Damping Factor) 

W, 1 -   C      W (System Frequency) 

D    =       VA2  " B2' 

0  =    tan       - 

introducing the given quantities and  solving yields, 

W     =    22 rad/sec 

f     =     0,181 

W,    =    21.6 rad/sec 
d 

1.5-16 
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Substituting these values  into the displacement equation gives 

x e"3,9 t (A cos 11.6t * B sin 21.6t) 

differentiating results  in 

|£ v    =   -3.99 e'3,98t     (A cos 21.6t ♦ B sin 21.6t) 

-5  9Qt 
+ ^1.6 e'   ' (-A sin 21.6t + B cos 21.6t) 

Substitution of the Initial conditions yields the values for (A) and  (B) 

At 

t    =     0 

x    =     0 

then 

At 

t    =     0 

dx 
dt    =    V 

then 

Finally 

B    =    r^-r   --     0.18J 
21.0 

x    =     0.185 e     ^      sin 21.6t 

|i   =    v    =    e"3-98t    (4  cos  21.6t -0.737 sin 21.6t) 
dt 

or 

U.08 e'3'98t cos  (21.6t *  9.5°) 

Displacement and velocity may subsequently be calculated for any particular 
time (t) by evaluating the above equations for x and v. 

l.b-17 



VOLUME III - CHAPTER 1 
Section 5  - Appendix 

TOE CALCULATION 0? THE RESPONSE OF DAMPED SYSTMS (Continued) 

Illustrative Problem:    For  the above problem calculate  the transient and 
steady state response If an excitation force F =   10 sin 15t Is applied 
to the mass.    "Hie initial conditions for the previous problem again 
apply. 

Solution;    The transient response Is the complimentary solution of the 
differential equation of motion already solved in the previous example. 
It is, 

x      --     D e'3-98t (sin 21.6t * 0) 
c 

where 

0 =     uax.      - 

Initial values will be introduced later to solve (A) and (B). 

Ihe steady state response Is the particular solution of the differential 
equation of motion, which from the theory of differential equations takes 
the form 

x  =  (A sinWt ♦ B coswt) 

Taking the first and second order derivatives of this equation, and suh- 
stitutlng into the original differential equation of motion   yields 

U     d  it dx 
1 Ü-S   +    C~    ♦    2kx=    F(t)    =     IGsinWt,  yields, 
g    dt dt 

at ter algebraic manipulation 

A    = 

B   = 

F  (k-mCJ2) 

(k-mlJ)      +     (cW)2 

-F c  

 P 2 (k-m(J)      +     (c(j) 

Substitution gives, 

Fo r     2 x      =     ^         (k-mW   )     sinWt - cwcoswt 

(k-mW   )      +    (cw) 

letting 

, -i        cW 2^W/wn) 
0    =     tan 

k-mw2 I- {U/uJ n 

1.5-18 



Finally gives 

F 
0 , , 

x     -     ;    sin [Uft-V/1 
P 2 2 2 

(k-m W  )      *     (c w) 

Substitution of the given values arrives at 

x      =     0.337  sin (ISt - 28') 
P 

Note that there is no introduction of initial value conditions for the 
steady state solution. 

The total solution is  the sum of the complimentary and particular solutions 

X     =       X      +   X 
c        p 

=    D e-3.98t sln (21i6t +0) + 0.337 sin (I5t -28   ) 

In order to determine (D) and  (0) the initial values must be introduced. 

Solving for 

t    =    0 

x    =    C 

and 

t    =    C 

dx | 
dt    =    k 

Results  in 

3   qQ* 
x    =    0.176 e"   • sin (21.6t +65') +  0.337  sin (15t -28c) 

Vhich  is  the total resnonse as a function of time.    The first term on the 
right  is the transient response;  the second term is the steady state 
response. 

1.5-13 
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Section 5  - Appendix 

THE CALCUIATION OF THE RESPONSE OF DAMPED SYSTQ4S (Continued) 

Illustrative Problem;    A 25 pound weight is suspended from a spring with a 
constant of 10 lb/in.    The dashpot in the system has a resistance of 0.1 lb 
at a velocity of 1 in./sec and remains fairly constant in value.    Find the 
damped frequency of the system,   the critical damping constant,  the ratio of 
successive amplitudes,   the amplitude 10 cycles later if the initial dis- 
placement before being released is 3/U inch. 

Solution:    The equation expressing the vibration is 

=    ye        n      sin (yr^v^) 
(This is the form for under-damping.) 

The oscillation curve is tangent to the exponential envelope whose form 
is 

-tut t yen 

However, the tangents are not horizontal, and the points of tangency 
appear slightly to the right of the point of maximum amplitude. The 
assumption will be now made that the amplitude at the point of tangency 
equals the maximum amplitude of the oscillation, for the particular 
point in consideration.  The logarithmic decrement is defined as the 
natural logarithm of the ratio of any two successive amplitudes  It is 
equal to 

4    =    lnIi   =      ln    —e I ^       -.     lnefWnT=   I ur 
y2 e-^n^T) 

Since the period of oscillation is equal to 

2 rr , im* n     ' 

the decrement can also be expressed as 

.        2. it t ffC ir c 

^f m km' 

For damping factors equal to and less than O.U, the decrement can be made 

6     as 2 " t 
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*• 

C   -    1=  M=     0.05 i^£ 
V        2 in. 

Ut (Damped) 
/ k      / c \2 / 10x386       /0.05x586\2 ., , , rad 

On( Damped)    =    -^p 

Cc    =    2 Wiiik 

1.98  Hz 

_     ^SxlO'       .  rn   lb-sec 
f 38o in. 

C    Is the critical damping constant 

mW nd 

TT xO. 05x386 
65x12.42 

y y 
0.195    =     In —   =    In —2- 

yl yn+l 

Therefore the ratio of two successive amplitudes 

n 

Vl 

T 

e0     =     1.216 

C TT 

Wnd 

2TT 

12.U2 
0.506 seconds  (period) 

Time for 10 cycles    =     10 T =    5.06 seconds.    Since, 

n6 ie*f 
n+1 

,   -0.10 3 
yio = yo(e ^    - * (I^IT) 

10 
0.106 inches 
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Section t) - Appendix 

SHEAR AND MOMENT DIAGRAMS FOR A SIMPLE BEAM 

Siir.ple 
Beam 

Free Body 
Diagram 

Shear 
Diagram 

Moment 
Diagram 

i 
It 

<4 vK ^ * ^L 
k 

f 
i 

i 

Deflection vK V V V V \ 
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VaUMI III - RELATE) TKHNOLOGIES 

CHAPTER 2 
HATUBAL PHiqüBICY 

ABSIRACT: 

Ittural frequency la perbapi the most Important single structural 
panuaeter ttet the design engineer will have to evaluate aid manipulate 
In the aucceaaful evolution of equipment atructure. The frequency at 
«hich reaonant aaqpllfleatlon occura and aübaequent attenuation beyond the 
reaooant range are reaponae phenomena directly related to the natural 
frequency parameter. 

ISie factora of naas distribution, weight, support geometry, and stiffness 
are all dealgn-relevant constraints which the packaging engineer win 
control in the design and execution of the equipment package. These 
factora alao define the natural frequency of the structure. This chapter 
relates these constraints with the reaponae of the equipment system to 
ahock and Vibration Influences. 

UM application of the natural frequency concept to some practical design 
situations la discussed In detail. The use of natural frequency In 
abaorption and laolation design problems, shock response, and the Im- 
provement of Joints and Interfaces are covered In depth. 

Methods for asaaurlng, estimating, and calculating natural frequency are 
outlined, including computer techniques and electrical analogies. Visual 
and analytical eatioation methods are also discussed, as veil as the use 
of transducers on full scale laboratory models. 
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NATURAL FRBQUBfCY 

SECTION 1 - INTRODUCnC« 

• Natural Frequency:    What Is it, Wly is it 
Inportant? 

• Springs, Masses and Dampers 

• The Single Degree of Freedom System 
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VOLUME III 

SINGLE DEGREE OF FREHJOM SYSTEH 

7-rr7~/ 

1 
Vibration Output 
Vibration Input 

n ~ 2» V m 

Natural 
Frequency 

Frequency 

(1) 

NATURAL FREQUENCY:    The natural frequency parameter greatly Influences the 
dynamic response of a structure. 

2.1-1 



VOLUME III - CHAPTER 2 
Section 1 - Introduction 

SPRINGS, MASSES AND DAMPBtS 

^ m 
Natural frequency Is a function of the stiffness, the mass capabilities and the 
energy abeorptloo of a system.  

A spring Is that element of a structure which tends to reston the system 
to Its original position when that system Is displaced. The  stiff er the 
spring, the more quickly It tends to restore the system, and, as one 
would expect, the stlffer the spring, the higher the natural frequency. 
The stiffness of a spring Is described In terms of units of force per 
unit of displacement; for example, the units of a tension-compression 
spring can be lbs/in and the units of a torsion bar can be lb-ln/degree. 
The linear spring, the type most coaoonly encountered in analytical 
studies, deflects as a linear function of the force applied. For example, 
a linear spring with a stiffness of 10 lbs/in will deflect 1 Inch if 
10 lbs of force are applied, 3 inches if 30 lbs of force are applied, etc. 
A plot of force vs deflection for a linear spring is a straight line and 
the slope of that line is the stiffness of the spring. Equation 1 is the 
stiffness of a linear system. Many types of non-linear springs occur in 
actual structures (see the references), but for small deflections, the 
slope of the force-dieplaceirent curve can be considered constant, even 
for some non-linear springs. 

Mass can be considered as the multiplying factor which relates the accel- 
eration of a body to the force applied to that body, as in Equation 2. 
Mass is related to weight (Equation 3) in that weight is the force exerted 
on a body by the acceleration of c -avity. The weight of a body changes as 4 * 
gravity changes but the mass of a body is a constant. (Some readers nay * ' 
comment that mass changes as the speed of light is approached; although 
this is true, it is also true that no cajes of structure failure have 
ever been attributed to this effect.) The units of mass are such that 
when mass is multiplied by acceleration, the result is in units of force. 
For example, if the system involves force in lbs and acceleration in 
in/sec^, nass will be in units of lbs-sec2/in. In general, the greater 
the mass of a system, the lower the natural frequency because it will take 
longer for a spring to return the heavier mass to its original position. 
For a torslonal system the effect of mass on the system is expressed in 
terms of rotary Inertia, the applied force is a torque and acceleration 
is angular acceleration (Equation h). 

Damping is that element of a system which abjorbs, or dissipates energy. 
For purposes of analysis, the mechanics of this dissipation can be repre- 
sented in several ways. All methods of representing damping refer to a 
system in motion. Kie most coonon method for representing damping is with 
viscous friction. With viscous damping, energy is dissipated by doing 
work against a viscous fluid. The force associated with viscous damping 
is directly proportional to velocity (Equation 5). The units of damping 
are such that when c is multiplied by velocity, the result is in units of 
force. Increased damping has the effect of slightly (insignificantly, for 
small values of damping) lowering the natural frequency. However, the 
major effect of damping is its influence on the maximum displacement of a 
resonating system. The smaller the coefficient of damping, the larger the 
resonant displacement. The qualitative aspects of damping eure discussed 
further in the chapter on "Dynamic Attenuation." 

4» 

2.1-2 
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SPRING 

(Linear 
Symbol     ^ 
Spring)   <             k = I   -   1                  U) 

Force 

^ 

The stiffness  (k) 
of a spring is the 
slope of the Force- 
Displacement curve. 

Displacement 

MASS 

Symbol        m «=€ 
F = ma                                      (2) 

W = mg                                      (3) 

T = la                             (M 
DAMPING 

Syr-bol     (^H 

V Viscous Damping 

F = cv                                      (5) 

SPRING, MASS AND DAMPER:  The basic elements of the vibratory system. 

2.1-3 
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Section 1 - Introduction 

THE 3I1CLE DBC31EE OF FREEDOM SYSTEM 

'    I 
Many types of structures nay be approxioately represented by the single degree of 
freedom system. Bile allows simple analysis procedures and generalized graphs and 
charts to be used,  

A single degree of freedom (s-d-f) system consists of a mass, spring, and 
damper restrained to move In such a manner that all motion can be described 
In terms of a single coordinate (linear or angular displacement). The 
spring has no mass, the mass Is completely rigid, the damper Is both rigid 
(except for the viscous fluid) and without mass, and the imaginary re- 
straint is frictionless. The single degree of freedom system has only one 
natural frequency. 

For analysis purposes, various structures may be represented by a single 
degree of freedom system. Any structure which can be reasonably repre- 
sented by a massless spring and a concentrated mass can be analyzed as a 
single degree of freedom system. In addition to the illustrated struc- 
tures, it should be noted that any uncoupled mode of vibration (i.e., any 
natural frequency whose motion can be described by a single coordinate) 
can be represented by a single degree of freedom. For example, a beam 
or a plate vibrating at one of its natural frequencies will deflect 
according to a definite pattern or mode shape. The deflections of all 
moving points on the body cure directly proportional to any single moving 
point on the body (assuming a linear system). Therefore, if a point is 
selected, its motion can be defined by a single degree of freedom system 
and the motion of any other point can be defined by simply using a pro- 
portional constant (for the mode being considered). 

The single degree of freedom system is a convenient analytical tool 
because the equations involved are fairly simple and the results can be 
expressed in general terms. General transmlssibilities, phase angle 
relationships, damping effects and shock responses for the single degree 
of freedom are covered extensively in the literature. Ihep-. items are 
discussed further in other sections. 

Structures which contain two or more spring-c jnnected masses, structures 
which have widely distributed mass, and structures whose masses are free 
to move in several directions require analysis by more complex methods. 
As the degrees of freedom of a system become greater, it becomes increas- 
ingly difficult to express the problem in general terms. Multiple 
degree of freedom systetus require analyses which look at the specific 
problem rather than use the general approach. The relative merits of the 
single degree of freedom system and more complex structures are dis- 
cussed further in the subsection on Estimating and Calculating Natural 
Frequency. 

Hie single degree of freedom system will be used in most of the discus- 
sions in this chapter because it is generally applicable and easier to 
illustrate and understand. 

2.1-4 
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THE SINGLE DEGREE 
OF FREEDOM SYSTEM 

Structures which are single degree of 
freedom system. 

m     k 
^y 

tt 

Cantilevered beam with 
mass at end. 

Simply supported beam 
with mass in center. 

.< Ti 1 
V 

Restrained beam with 
mass in center. 

"^ o 
\ k /T* \      r 
\ [( i      1 
N ^ J 

1 
m« 

Mass on a spring. 

Inertia on torsion bar. 

THE SINGLE-DEGREE-OF-FREEDOM SYSTEM:    The single-degree-of-freedom 
system provides a single means for studying various types of structures. 
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RATURAL PIW3PHICY 

SECTION 2 - DOORDUICK OF SATURAL FRBQÜBICY 

• The Transmlsslblllty Curve 

• Amplification of Resonances 

• Modes of Vibration 

• Ratural Frequency and Fatigue 

• Natural Frequency and Shock Spectra 

3 



vaum zzx 
toeUoo 2 - 

- GBAPI« 2 
- Ikportanc« of Natural Frequency 

«B nuüwcssiBiLrrr aam 
1 

IllWlMHinitj cxmre indicate« how • ayate« will raapoad to a vibratory 

UM 1I«I—laailillMj curve it vibratory reapoiaae amplitude divided by the 
iflput aaqplltude, aa a function of frequency. 

A •lugle degree of freedom syateB is conaldered here for lliuatratlve 
purposes. IVo type« of excltatlcm are poealble: the naas (or force) 
excited ayate« and the base (or diaplace»ent) excited «yetea. Figure 1 
•hove the naas excited syatem; the force tranadMiblity, Tp, la the 
ratio of the force at the baae (reeponae) to the force applied at the 
aaaa. Figure 2 ahovs the baae excited ayetaa; the diaplaceaent trana- 
mlaaiblllty, TD, la the ratio of the abaolute diipiftcenent of the eaaa 
(reepcoae) to the diaplacMaetrt of the baae (input). 

Tbe equatlona for Tp and Tp are identical; aee Squatioo 1. The trans- 
alBBlbillty ia a function of fjj (the unflaüipert natural frequency, 
Bquatlon 2) and f (the damping ratio), f ia the ratio of the iawplng 
factor, c, to the critical damping c (Equation 3) the critical daaping 
for a a.d.f. syatea ia given by Equation h;  thia ia the mlnlmm damping 
which will cauae the system to return to its equlllbrlun poeltlon, with- 
out oacillation, after being displaced and released. 

Figure 3 is a plot of Tp and TD as a function of frequency. Tre curve Is 
generalised by plotting the frequency axis as the ratio of the applied 
frequency, f, to the undamped natural frequency, fn. It can be seen that 
when the frequency ratio (f/fn) - ^, or approxinately \mk,  the tranamis- 
slblllty ia 1, i.e., the output equals the input. For alues of f/fn 
between 0 and l.k  the tranamissibility is greater than 1 and therefore the 
input is amplified. For values of f/fn greater than 1.4 the input is 
attenuated because the trannalssibllity Is less than 1. The degree of 
amplification or attenyation is dependent on C, the damping ratio.  In- 
ersaead damping reduces the amplification, but also increases the value 
of tranamissibility in the attenuation range. 

natural frequency, fu, (aee Equation ö)  occurs at the 
values of tranamissibility. Aß  seen from Figure 3 and Equation 5, the 
damped natural frequency deereaaea slightly with Increased damping. 

For multiple degrees of freedom systems additional peaks will occur in 
the tranasdaaibility curve; for complex systems the transmlsslblllty can 
be eatabllahed experiementally. 

In general, the transmlssiblity of a system should be such that attenua- 
tion (or if attenuation is not possible, small amplification) occurs at 
critical frequencies. For further discussion«, see the sections on 1 ge- 
lation in this chapter and the chapter on Mechanical Impedance. 

i 
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FIGURE 1.    MASS EXCITH) SYSTEM FIGURE 2.    BASE EXCITH) SY8T» 
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TRANSMISSIBILITY:    The resonant response of a simple system may be 
expressed analytically by a series of basic equations. 
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Section 2 - Importance of Natural Frequency 

AHPLIFICATION OF REBOWÜICBS ,_ 

The aaxlMi •inusoldal vibration response of a system Is dependent upon the damping 
In the wrstem and the iweep rate of vibratory frequency.  

The transmlsslblllty at resonance, Q, Is a maximum response for a system, 
and Is dependent upon the damping In a system. For a single degree of 
freedom system with viscous damping, Q Is given by Equation 1 and plotted 
In Figure 1. It can be seen from Figure 1 that for small values of 
(lass than 0.1) Q Is found from Equation 2. 

Figure 1 shows the Q for a s.d.f. system which has reached Its steady f 
state response. However, laboratory test conditions do not always allow 
a system to reach Its steady state response. Consider a test In which 
the sinusoidal Input frequency Is swept from a minimum frequency, fo> to 
maximum frequency, ff. The sweep rate, K, Is exponential and Is In units 
of octaves per minute. The input frequency, fin, after t minutes of 
testing Is given by Equation 3. The less damping in a system, the longer 
It takes to reach Its steady state response. If a natural frequency Is 
swept through rapidly It will reach a smaller maximum response than If It 
Is swept through slowly. Figure 2  shows the percen of steady state 
response achieved as a function of damping, sweep re e, and natural fre- 
quency. If the test sweep rate Is too fast, the test is not severe 
enough even though the Input levels are  correct. 

Another effect of the swept frequency test Is to cause an apparent shift 
In the maximum response frequency. This occurs when the steady state 
transmlsslblllty Is greater than the actual response achieved when the « r 
natural frequency has been passed. As the sweep rate Increases, the max- 
imum response occurs further away from the natural frequency. Thle Is 
Illustrated by Figure 3. Iherefore, when the natural frequency Is deter- 
mined from laboratory transmlsslblllty tests, the cweep rate must be 
sufficiently slow to minimize this shift In maximum response freouency 
and to allow steady st^te response to occur. 

Several examples employing Equation 3 are given in the Appendix 
on Fage 2.6-3. 

i 
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RESONANT RISE:  The amplification at resonance is affected by damping and 
sweep rate. 
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Section 2 - Importance of Natural Frequency 

MOOTS CT VIBRATIOM 

Structures rlbrtte in definite patterns at their natural frequencies. These patterns 
are u—ful in etuaylog the dynMBics of a sytem. 

A ribration node is a pattern of motion that a system assumes when under- 
going vibration. Üben a system is vibrating in one of its modes, all 
points in the system are moving at the same frequency, with a constant 
relationship between their amplitudes. Some points in the mode have zero 
motion; these are node points or node lines (see the adjacent figure), 
A system nay vibrate in many of its modes simultaneously. For example, 
a broad band vibration spectra will excite all of the modes in that hand; 
a shock applied to a system will usually cause all of the modes of 
vibration to respond. The extent to which a mode responds depends on 
the nature of the excitation. 

The first three typical mode shapes for a cantllevered beam (or plate) 
are shown in the figure at the right. The first (or fundamental) mode 
has its maximum amplitude at the tip with a continuous decrease as the 
support is approached. Amplitude at the support (for all modes) is zero, 
unless the support itself is in motion. The second mode of the cantl- 
levered beam has large amplitudes at the tip, decreases in amplitude 
toward the support until a mode occurs at some intermediate position along 
the beam; Increases again to a second large amplitude; and finally 
decreases to zero at the base. Similarly, the third mode has two nodes 
between the tip and the base. The exact positions of the nodes and the 
relative amplitudes of the mode shape eure dependent upon the mass dis- 
tributions and stiffness distributions In the system. 

The cantllevered beam has more than three modes; a system has as many 
modes of vibration as degrees of freedom. (The degrees of freedom are 
the number of independent coordinates needed to completely define the 
vibratory motion, and hence position, of a system.) A single mass on a 
system of springs can have six degrees of freedom and therefore six 
modes of vibration. These modes consist of translatlonal and pitching 
motion in each of three mutually perpendicular planes. 

The response of items mounted on vibrating systems can be minimized by 
selecting attachment points near the nodes of the system. Usually the 
lower modes of vibration are the most significant; however, higher modes 
are Important if they occur at the sensitive frequencies of the mounted 
item. In addition, stresses in the system are dependent on the mode 
shapes. Characteristic mode shapes also aid In the identification of 
natural frequencies determined by test. 

• 
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CANTILEVERED BEAM OR PLATE 
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MODE SHAPE:    Structures vibrate In characteristic patterns. 
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Section 2 - Importance of Natural Frequency 

NATURAL FRIQUENCY AND FATIGUE 

- 

Changing the natural frequency of a structure can Improve the fatigue strength. A 
nuaiber of factors affect tae fatigue damage; these factors must be considered along 
with the frequency chaaae. _ 

A simple model Is used here to Illustrate the effect of changing natural 
frequency on the fatigue damage to a structure. The model consists of a 
aaas m mounted on a massless column of length 1, cross-section area A and 
stiffness k. Die structure Is excited with an Input acceleration aln; 
response acceleration a and response displacement d are relative to the 
base. Ihe system Is free to oscillate In the vertical direction only. 
The fatigue strength of the structure Is assumed to be represented by the 
S-N curve shown, and damage Is assumed to occur according to Miner's 
Sule. (See the chapter on Fatigue.*) The system Is vibrated for time t, 
and the fatigue damage Is D. (Failure occurs when D = 1). A factor, 
K., Is Introduced which represents the stress per unit of response dis- 
placement. Equation 1 Is an expression for the fatigue damage (Dg) In 
the changed structure. In terms of the fatigue damage (D^) In the original 
structure. Hie derivation of Equation 1 is given In the Appendix on 
page 2.6-U and 2.6-5. The material properties (E, C, o )  are assumed to 
remain unchanged; however, this approach can be expanded to include 
material changes. 

Equation 1 states that the changes in the fatigue damage is dependent 
upon changes in the following: 

1. The natural frequency, fn. 

2. Ihe vibration time, t. 

3. The input acceleration at the natural frequency, aln. 

k. The stress/displacement factor, K8. 

For Equation 2 the test time and input acceleration is considered to 
remain constant. Three examples are given in the appendix where the 
natural frequency is Increased by; increasing the cross-sectional area; 
decreasing the column length; and Increasing the mass. The fatigue 
damage change is not only a function of the natural frequency increase, 
but also a function of the manner in which the natural frequency is 
changed. 

For the model shown, an increase in the natural frequency will increase 
the fatigue life if fn is Increased by increasing the area or reducing 
the mas::. Alternatively, if f- is increased by a decrease in length, 
then the fatigue life decreases. 

% * 

♦See Volume III,  Chapter 5,  Section 2 - "Fatigue". 

^ •> 
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For the Illustrated model 

D2=D1 
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FATIGUE AND NATURAL FREQUENCY: Natural frequency is a major factor In 
determining the fatigue damage to a structure. 

♦ See the Appendix pages 2.6-V-5 ^or tlle derivation of equation (l). 
Examples on the application of the other equations above are also given 
in the Appendix, pages 2.6-6/-J, 
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Section 2 - Importance of Natural Frequency 

HAIURAL FRBQUERCY AM) SHOCK SPECTRA ~ 

latuwQ. tfomacr It * dtenninlng factoar In the r»apoo>e of a aysfm to ahock Input», 

Shock Spectra: Shock spectra provide a convenient approach to studying 
the effects of a shock on a system and for cosqparlng the severity of 
shocks with different pulse shapes. The shock spectrum Is a plot of the 
—«^»i response of a single degree of freedom system plotted as a func- 
tion of frequency. Physically, this can be viewed as many s.d.f. systems, 
each with slightly different natural frequencies, attached to a rigid 
base (Figure la). A shock, a(t), (Figure lb) Is applied at this rigid 
base and the s.d.f. systems respond (y) at their natural frequencies. 
The ■udJ— response for each system Is noted and plotted as a function 
of natural frequency (Figure 1c); this Is a form of shock spectra. It 
Is Important to note that shock spectra Is not a time plot; It Is a fre- 
quency plot shoving only aartimmi response values. The appendix shows the 
shock spectra for some typical simple shock pulses. The plot Is general- 
ized by dividing the maxlsnmi response acceleration (y,^,) by the maxlimim 
Input acceleration (a»»»). The frequency axis Is generalized by multi- 
plying fn by the pulse duration, r. The response Is plotted for s.d.f. 
systems with no structure damping; systems with damping are given In 
Reference U. 

latural Frequency and Shock Response; It can be seen from the shock 
spectra plots In the appendix that If Ttn Is less than approximately 0.3 
(depending on the type of shock) the response factor. Am, Is less than 1. 
This means that the maximum response Is less than the maxlinum Input; the 
shock Is attenuated. For example: If some part of an electronic com- 
ponent experienced a 1/2 sine Input shock (curve b) with a 0.010 second 
duration (r), the shock would be attenuated If the fn of the part were 
less than 30 cps (fn • rfo/r ■ 0.3/0.010 ■ 30). The most severe response 
(l.Samax) would occur If fn were equal to approximately 60 cps (fn * 
ffn/r • 0.8/0.10 « 80). For fQ above 240 cps, the response Is approxi- 
mately equal to the Input (actually, response Is slightly higher). 
Therefore, for this example. It Is desirable to avoid natural frequencies 
between 30 and 2ko cps, with frequencies below 30 cps most desirable. 
Restrictions based on shock response have to be balanced against vibra- 
tion response limitations and deflection restrictions. 

... 
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SHOCK SPECTRA:    The natural frequency of a structural element is used to 
define the shock response of that element. 
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NATURAL FREQUBICY 

SBCTIOH 3 - APPLICATIONS OF NATURAL FREQUENCY 

• Shock and Vibration Isolation 

• Natural Frequency and Drop Shock 

• Effects of Joints on Natural Frequency 
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VOLUME XU • CHAPT» 2 
Section S - Applications of natural Frequency 

SHOCK AM) VraATZOÜ ISQLATZOH 

The natural frequency of a lystem will strongly Influence the response of that systen 
to a given «bock or vibration Input. It Is necessary to balance design restrictions 
vlth reduction In reaponae. 

For Illustrative purposes, consider a single degree of freedom system 
with a natural frequency of 25 Hz and a Q of 10. The system 1« subjected 
to a sinusoidal base (force) excitation of lg from 5 Hz to 50 Hz, at a 
sufficiently slow sweep rate to allow full response to occur. In addition, 
the base of the system is subjected to a l/2 sine, 10g, 0.002 second 
duration shock pulse. Assume the system Is an electronic component that 
will fall if its acceleration response exceeds 5g, or if deflection 
response exceeds 1 inch. It can be seen from the illustration that the 
system will have a 10g response due to the vibration and failure will 
occur. 

If the natural frequency is raised beyond the vibration test range 
(assume no vibration input occurs beyond 50 cps) then the system will 
have a vibration response below 5g at all frequencies. Failure will not 
now occur due to vibration; the shock response however is another natter. 
Assume the new natural frequency is l6o cps. In this case the shock 
response would be 15g and now failure would be caused by the Input shock. 

If the natural frequency Is low red to k Hz, the shock response Is lower 
and the vibiratlon response is down to a —ad— of approximately 2g at 
5 Hz. (Assume to Inputs occur below 5 Hz.) However, deflection at 5 Hz 
is now approximately 1.6 Inches and failure will occur. A nomograph for \ 
displacement, velocity, acceleration, and frequency is given In the 

Appendix, page 2.6-10. 

If damping is added to the 25 cps system, the vibration response Is 
reduced considerably, but the effect on shock response is small. 

If the system Is put on an isolation mount, both the damping and the 
natural frequency is affected. In most cases a soft mount or Isolator 
will add damping to the syste« and reduce the natural frequency. Inis 
reduces both shock and vibratlou response (in terms of g) but again it la 
Important to keep an eye on reflection. In the illustrated system, the 
deflection does not exceed 1 inch. However, if the Isolated natural 
frequency were 5 Hz, with a Q of 3, the deflection during vibration would 
exceed 1 Inch. 

It Is not always necessary to use an 1 eolation system (i.e., add damping 
and lower the natural frequency) to obtain satisfactory reductions in 
response. Many probl ms can be resolved by strengthening the system, 
raising or lowering the natural frequency or merely adding damping. A 
good dedlgr. maintains the proper balance of such factors as functional 
requiiw-.-ts, shock response, vibration response, cost, weight, and size 
of the assembly and availability of parts and material. 

J 
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VIBRATION RESPONSE SHOCK RESPONSE 
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FACTORS INFLUQJCING RESPONSE:     Raising or lowering natural frequency or 
damping cnanges  the response of a structural system. 
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Section 3 - Application« of Natural Frequency 

NATURAL FREQUENCY AND DROP SHOCK 

Lowering the natural frequency of a package will decrease its response acceleration 
when dropped; however, the response displacement will Increase. A good design will 
balance allowable acceleration with allowable displacement. 

The Model; A very simple model is used here to Illustrate the effect of 
natural frequency on the shock caused by dropping a package. The model 
Is a single degree of freedom system consisting of a mass, m, and spring, 
k. The weight of the package is represented by m, and k Indicates the 
stiffness of the structure which deflects during impact. The package 
drops from a height, h, and experiences a aaxiraum acceleration, a^^, 
and a maximum deflection, imx* 

If the maximum deflection of the mass exceeds the allowable deflection, 
d&, internal Impact (a failure) will occur. If the maximum acceleration 
exceeds the allowable acceleration, failure will occur. 

Design for Response; As the system impacts, the spring deflects until it 
reaches diTBX as given by Equation 1. At the sane time the system exper- 
iences its maximum acceleration as given by Equation 2. The natural 
frequency of the system must be low (small in value) enough such that 
&n&x does not exceed aa. On the other hand, th natural frequency must 
be high enough to avoid internal impact (impac occurs when d,,^ exceeds 
da). These restrictions limit the natural freq.^ncy to a band between 
tn^R and fnax as expressed by Equations 3 and k.    Additional restrictions 
on the natural frequency may be imposed by vibration requirements. 

Limitations: Thie  is a simplified model used to illustrate the facts 
that, during drop impact, the acceleration response varies directly with 
the natural frequency and the deflection response varies inversely with 
the natural frequency. Most real systems will have several degrees of 
freedom, different shock restrictions for different components, and 
structural damping. Some real systems will have nonlinear deflections or 
experl nee plastic deformation. These systems would have to be considered 
as individual cases. Reference 3 goes a... o greater detail for designing 
packages for drops. The model presented here can be used as \ first-cut 
quick check on the adequacy of a simple design. 

) 
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(M 
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For a given system the natural frequency must fall betweei the limits 
of (fmln) and (fmax) or where (k) Is variable. The deslg: /alue must 
fall between the limits of (knin) and (kn^x) If aa Is expressed In 
units of g (Aa), then Aada/(2h) > 1 for safe operation. 

An Illustrative example is given in the Appendix on page 2.6-8. 
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Section 3 - Applications of Natural Frequency 

STECTS OF JOINTS ON NATURAL FREQUENOf 

The manner In which sections of a structure are Joined has a major influence on the 
natural frequency of the structure. 

The stiffness across a Joint can have a major influence on the natural 
frequency of a structure. For example, consider a cantilevered bean 
which is fastened to the support by means of a Joint with very snail 
stiffness (small with respect to the stiffness of the beam). In this 
case the stiffness of the beam will have little effect on the fundamental 
frequency; the first natural frequency will depend almost completely on 
the stiffness of the Joint and the mass distribution of the beam. 

The illustration shows Joint stiffnesses for thin-skinned tube structures. 
The Joint rotation constant is the angular displacement across a Joint 
(in bending) for an applied moment. An excellent Joint (high stiffness) 
has a lov value for the Joint rotation constant. A loose Joint has a 
high value for the Joint rotation constant. The  Joint constants are 
plotted as a function of tube dieuneter. The Joints discussed below have 
Joint constants which fall in bands around the lines shown rather than 
exactly on the lines. 

Excellent Joints;  TheBe Joints include butt welded skins and heavy 
bolted, preloaded Joints. 

Good Joints; This category includes heavy flange bolted Joints, threaded 
sections with a butt, and Marman bands. 

Moderate Joints; Some Joints of moderate stiffness include: riveted, 
lapped; riveted to inner ring; and thread section without a butt. 

Loose Joints; This includes light flanges and lapped Joints with screw 
fasteners. 

A typical example is given in the Appendix on page 2.6-9. 

1 
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JOINT STIFFNESS: Joints have a major effect on the stiffness of a structural 
system. 
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Section k - Itouarlng Ilatural Frequency 

FOR HRBSm SAIURAL IWQBBCI 

ttuafml ftf^ttMaeiea can be xouni ty Yieually notiag the Modea at Yibr*tioo. 

When a «yaten baa a very lov natural frequency, which implies large 
deflections vfaan excited, its natural frequency can be seen with the naked 
eye. For eaaple, in the case of a low frequency systen consisting of a 
weight ^"^»fl on a soft spring, the natural frequency can be determined 
by disturbing the weight and counting the number of free osclHatlons per 
unit time. In moat practical systems, however, the deflections of a 
reaonating syster are too small (and the motion too rapid) to be detected 
with the naked eye» Thia section discusses two of the methods used to 
visually study oscillatory aotico; the section that follows discusses the 
use of transducers in studying natural frequency. 

Stroboacoplc Llifrt; A stroboecopic light produces a bright flashing 
light at a selected frequency and is used to give the appearance of 
"alow motion'' to a moving object. Natural frequency is detected by 
exciting the system (using an electromagnetic shaker) at a given fre- 
quency and flashing the light on the system at a slightly different 
frequency. The excitation frequency (as well aa the slightly different 
flash frequency) is slowly Increased until a resonant mode of vibration 
appears in slow motion. The excitation frequency causing maxlimmi deflec- 
tion is noted and thus a natural frequency baa been found. 

The alow motion effect is explained by the accompanying figure. With each 
flash the light catches the motion in a slightly different position, and 
the eye makes the motion seem continuous. Ibis system can also be used 
with a specially synchronized motion picture 

Sprinkled 
the "ealt 

Salt Tset; Another method for detecting natural frequency is 
shaker test." In this approach, salt (or sand, sugar, etc.) is 

sprinkled over the vibrating surface. (This approach is limited by the 
fact tbat the vibrating surface suet be in the horizontal plane and must 
be fairly flat.) The excitation frequency is changed until the salt 
collects in distinct patterns indicating the node lines (see the adjacent 
figure). 9t» salt is thrown off the vibrating surface, but collects at 
the node lines where zero (or very small) motion occurs. 

c 
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VISUAL DETBCTION OF NATURAL FREQUHICY:    Natural frequency may be found 
by observing the modes of vibration. 
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Section k - Measuring Natural Frequency 

UBI1C -mAlBDUCERS TO DETECT NATURAL FREQUENCY 

The acceleration, velocity, deflection, and force relatlonehipe of a system can be 
detected and ueed In the itudy of natural frequency.  

Tlransducers are devices which provide electrical signals proportional to 
the notion of (or forces on) the area to which they are mounted. This 
section discusses the use of accelex«tlon, velocity, deflection, force, 
and strain transducers In studying natural frequency. These devices can 
be used to get transmlsslblllty and response plots. For simple structures, 
the natural frequencies will occur at the frequencies which have maximum 
transmlsslbllltles. For more complex structures, response peaks also 
occur at other frequencies In addition to natural frequencies. There- 
fore, It Is useful to study another Important characteristic of the 
dynamics of a vibrating system, that Is, the phase angle between force 
and displacement. The phase angle, 0, represents the time lag between 
peaks, as shown In the adjacent figure for the single degree of freedom 
system. 

At resonance the phase angle between force and displacement Is 90° 
(v/2 radians). Measuring this phase angle (or similar force relationships 
with velocity or acceleration) provides another Indication of resonance. 

In addition to response and phase angle, transducers cure used to find 
natural frequency with mechanical impedance methods (see the chapter on 
lopedance). 

Accelerometere; Two general classes of acceleroneters are used; the 
piezoelectric and strain gage types.   The piezoelectric type uses a 
crystal which produces an electrical signal proportional to the dynamic 
force applied to It. The strain gage type gives a signal proportional to 
the strain In a flexible mass-support. The piezoelectric type Is used 
mostly where small transducer weight and size are Important, and the strain 
gage type where sensitivity and low frequency response are governing 
factors. 

Velocity Meters; Devices which measure velocity directly, and usually do so by 
breaking lines of magnetic flux. Sometimes it Is more convenient to Inte- 
grate an acceleration signal to obtain velocity. 

Displacement Devices! For large deflection studies, a potentiometer can 
be used to detect deflection. Another device, the proximity gage, senses 
the change in electrical capacitance between the sensor and the vibrating 
surface. An advantage of the proximity gage Is that the device does not 
contact the vibrating structure. 

Force Tfranaducer; Both piezoelectric and strain gages type transducers 
are used to sense force. The strain gage type will sense both static and 
dynamic forces. The piezoelectric devices sense only dynamic force. 

Strain Gages: The resistance of a strain gage (and thus the voltage drop 
across it; changes as the surface to which it Is mounted is strained. This Is 
an indication of the stress and loads (forces) in a structure. 
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FHASE ANGLE INDICATES RESONANCE.    The phase angle between force and 
displacement Is 90° when the system Is vibrating at Its natural 
frequency. 

2.4-3 



■ 

D 

VOLUME in  - CHAPTBR 2 

HATURAL WWW 

SECTIOH 5 - ESTDttTIHG AID CALCUIATIIIO RATÜRM, FMgiWCT 
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toetloo 5 - litlaating «ad Gaicuiatln« natural Preqiiancy 

■BU) A^QDK TO SIMPLIFY AMLZBIS 

All itruetur*« Bust oe rapreeentad by an analytic«! aodei in order to oalculAt« 
ttwlr naturml fraqxiapclaa.  

A alaiple structure can be modeled «a a alogla degree of freedon a^tas. 
For cauiple, the •tructuree abown «t the right hare « coocentmted aeaa 
on « llf£it-welgbt be««. Ihcae can be repreaented by a alngle degree of 
freedc« ayate» with aaaa ■ «ad atlffneaa («t the ma««) k; stiffneaa la 
dependent on the «upport condition«. 

For mere complex atructurea, spring«, eesaes and daapera «re used aa the 
building blocks for Hie model. The vmcuum tube mounted on a ehmsala can 
be considered «s « «yatem of point masaea connected by spring« and 
dempera. As shown In the ady cent figure, ki repreaenta the stlffnes« 
of the chassis, m^ the ssss of the chsssl«, kg the atlffneea between the 
tube body and the cbaaaia, m» the mass of the tube body, and k« and n» 
raprssent the filament structure. This reduce« the structure (which 1« 
«etuslly quite coaiplex) to « form which will give ueuablo answers for 
the rssponsa of the «eneltlve item, I.e., the filament. 

If « Bare detailed model were needed to give proper response, additional 
aaaa sad spring braakdovn« can be made. For estmple, a more detailed 
model of the top of the cbmssls may be needed. Oil« can be obtained by 
modeling the chmssl« top as « besai on springs. The beam 1« broken down 
into concentrated messe« connected by maaalea« stiffness. Xhe mturel 
frequenclee at these systems «re found hy using the methods discussed In 
the topic "Determining Brtural Frequency Analytically.' 

As complexity of the model depends on the objectives of the analysis. 
In del ■■tiling the vibratory stress in a simple structure, a aingle 

of freedom model «ay often be sufficient. For a atructure which 
have carefully controlled displanwants (e.g., the mounting surface 

for an «llgnmsnt device), a complev model yielding a«ay modes may be 
The Umltstions of the model should not be ezeesded, nor rhould 

overly ccm^lex model be used when not needed. 

r 
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Electronic Assembly 
s / / / '        / 

Model of Electronic Assembly 

.Massless Stlffener (spring) 

Concentrated 
Masses 

/       /      /      /      / 

Beam on Springs 

/  ■?—T—-—r / 

Model of Beam on Springs 

STRUCTURAL MODELS:    The model puts the structure In a form that can be 
readily analyzed. 
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VOLUME III - CHAPTER 2 
Section b - Bstlnating and Calculating Natural Frequency 

STATIC DEFLECTION AMD NATURAL FRSQUSiCY 

The static deflection of a structure provides s simple means for finding the 
funU—nf 1 frequency.  

Static deflection ( <at) 
ib ^>e disylacement of a structure (at rest) 

under its own weight. For a single degree of freedom system, hat  lB the 

displacement of the mass due to gi-avlty. For other structures (see the 
illustrations), | st is the maximum deflection. 

The relationship between natural frequency ani static deflection is 
easily Shown with the single degree of freedom system. The natural 
frequency is given by Equation 1. The stiffness, k, is equal to a force, 
V, divided by the displacement dy, caused by W (if W is the weight of the 
system, the displacement ie i Bt - Equation 2). Substituting the 
expression for stiffnesa (in terms of 4Bt) into Equation 1 yields 
Equation 3, the natural frequency of a single degree of freedom system in 
terms of its static displacement. The first column at the right shows 
a few simple structures which can be represented as single degree of 
freedom systems and therefore have a natural frequency as described by 
Equation 3. All structures in the first column consist of a point mass 
(with weight V in pounds) on a weightless beam of length L in inches, 
area moment of inertia I In inches1*, and modulus of elasticity E in 
pounds per sqjare inch. 

The equations relating fundamental frequency (lowest natural frequency) 
to static deflection are given in the second and third columns for 
several other types of structures; these structures consist of uniform 
loads, w (lbs/in), or several point loads, W^, Wg, etc., on massless 
beams. The static deflections for these systems are the maximum at-rest 
deflections when the structures are horizontal, as shown. The funda- 
mental modes, for a given static deflection, are higher in frequency for 
a multiple mass system than for the single degree of freedom system. In 
the single degree of freedom system, all the mass vibrates at the maxi- 
mum amplitude of the system. In multiple-mass systems, only the mass at 
the point of naxlmuni deflection for the fundamental mode vibrates at the 
maximum amplitude of the system. All other masses are vibrating at some 
amplitude less than the maximum. This can be viewed as introducing an 
"equivalent mass" concept which is less than the physical mass of the 
system. (This may also be shown rigorously by using energy methods.) 
This "equivalent nass" is the value of m which causes Equation 1 to 
yield the correct frequency for a multiple-mass system (k is still 
expressed by Equation 2),   The lower value for "equivalent mass" results 
in a higher natural frequency anr' this accounts for the constant in 
Equations k  and 5 being larger than 3,13. 

Illustrative Example: Find the natural frequency of a cantllevered bean 
with the weight concentrated at the tip (the second figure in Column l). 
W - 3 pounds,  L - 20 Inches,  E - lOx 1CP psl,  I = .06 in4 

WL5  5 (20)3 

'8t  3EI   3(107) (.08) 
0.01 inch;  fn - ;=- = ^ - 31.3 cps 

;; 
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STATIC DEFLECTION: The fundamental frequency is equal to a cons tar. t, 
divided by the square root of the static deflection. 
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VOLUME III - CHAPTER 2 
Section 5 - Bfltlnting and Calculating Natural Frequency 

wmwaicaic NATURAL FREQUENCY ANALYTICALLY 

8«T«iml iMthtaatical methoda are available for determining natural frequency fron the 
malytlcal aodel.  

U 

^ * 

The following approximate methods are coamonly used in calculating fre- 
quencies and mode shapes. 

HMrleljfc Method; Thle method is based on the conservation of energy 
concept. In a system vibrating with simple harmonic motion, the potential 
energy (stored in the spring at maximw deflection) is equal to the kin- 
etic energy (function of velocity as the mass passes the equilibrium 
position). Since the deflection characteristics of the system are neces- 
sary for determination of these energies, the method involves assumptlon 
of the noraal deflection curve. ILe static deflection curve usually 
results in a fairly accurate frequency value. If greater accuracy is 
necessary, the curve may be repeatedly Improved. 

For a beam of length, 1, m mass/unit 1, the potential energy U and kin- 
etic energy T reduce to the form In Equation 1.   Equating energies and 
solving for frequency yields Equation 2.  Ühls method calculates only 
the fundamental (first) frequency. 

Baylelah - Ritt Method; Ihe Rayleigh method effectively Increases the 
stiffness of the system through the difference in the actual mode shape 
and that assumed. Ibe Ritt extension of the Rayleigh method represents 0m^ 
the deflection as a function of several variables in the form of a series. 
(See Equation 3.) Ihe aagnitude of Aj, chosen to reduce v to a minimum. 
(See Equation k.)   Manipulation of equations yields a set of linear homo- 
geneous equations in Ai (one equation for each k\  used in the series. For 
a nontrlvlal solution to exist, the determinant must equal zero. The 
resulting characteristic equation is then solved to determine the fre- 
quencies and modes. 

Hol—r Method; Hxls method is trandltiooally used for torsional vibra- 
tlons. A frequency is assumed and the deflection calculated. When the 
calculated deflection curve satisfies the boundary conditions, the 
aasuned frequency is the natural frequency and the deflection is the mode 
•hmpe. 

Hyhelstad Method; This Is similar to the Hölzer analysis in that the 
frequency is assumed and the deflection is calculated. It Is better 
adapted to bending problems than the Hölzer method. As with the Hölzer 
Method, higher frequencies (above fundamental) may be determined. 

Eigenvalue Solution; Manipulation of the system equations of motion 
expressed in matrix form leads to Equations 5 and 6, which is the the 
classifical eigenvalue problem, l/w2 values are called eigenvaluos and 
the relationships among the amplitudes are called elgenfunctions. The 
nontrlvlal solution exists If the determinant of the ^ coefficients, 
I DO "C^1] I *' e<luaJ- to zero. Expansion of the determinant leads to 
a higher degree polynomial in X called the frequency equation. Solution 
of this equation for its roots yields the frequency values and the cor- 
responding mode shapes are computed by substitution of X values Into 
Equation (6) and computing any column of the adjoint of the resulting 
matrix. Bils colvmn is proportional to the mode shape. :: 

See Reference 5 in the Appendix on page 2.6-0 for more informatl on. 
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Influence Coefficients; Ihe stiffness or flexibility Infomatlon about 
the structure necessary for formulation of the (D) matrix may be deter- 
mined as Influence coefficients. An Influence coefficient Is simply a 
deflection at one point due to a load at another point. Example, consider 
a beam on which four points are narked. The Influence coefficients are 
generated by calculating the deflection at each of the points due to a 
unit load applied successively at each point; i.e. 611 ■ deflection at 
point 1 due to a load at J. Apply the load at point h  and calculate 
*l4> &2k>  '34> and '^< Then move the loa<i t0  Point 3 ani^ calculate 
4l3» 023. '33« and 443, continue until the load has been applied to each 
point. Only half of the deflections need be calculated since Maxwell's 
Reciprocal theorom which holds for any elastic structure states that 
*ij " «Ji« 

RAYLEIGH METHOD 

max */•[&] 
v    r    c 

dx 

(1) 

T __, = -i-   I    my    dx max 

ut 

1: 
dx 

dx 

RAYLEIGH - RITZ 
METHOD 

y= a1 f](x) + a2f2(x)+ ...  - an fjx) 

(2) 

(3) 

J_ 
da. I' c 

my    dx 

EIGEN VALUE 
SOLUTION 

INFLUENCE COEFFICIENTS 

[D]   W=   X   |0| 

[D] - X [1] I*}.  0 

12      3      4 

k   I   I   I   I    A 

CO 

(5) 

(6) 

ANALYTICAL METHODS:    There are several effective methods for calculating 
fundamental frequency. 
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VOUMB III - CHAPTER 2 
Section 5 - Eatloatlng and Calculating Neutral Frequency 

UBHO ELBCTBICAL ANALOGIES TO STUDY NATURAL FREQUENCY —» 

DM equatlona of motion of an elastic structural system can be duplicated by analogy 
with gg electrical system. 

Tuo types of analog systems are presented In this section: the direct and 
the Indirect computers. 

The direct analog computer Is an electrical network consisting of resis- 
tors, capacitors and inductors. The equations of the electrical system 
are analogous to the equations for the mechanical system. The equation 
of motion for the single degree-of-freedom system is of the same form as 
the equation of a simple R-C-L circuit. The applied force, F(t), is 
analogous to the applied voltage, E(t). The displacement, x, (and its 
time derivatives) is analogous to charge, q, (and its time derivatives). 
Inductance, resistance, and the Inverse of capacitance are analogous to 
mass, viscous damping, and stiffness, respectively. In a similar manner, 
analogous electrical system can be made for multiple degrees-of-freedom 
systems. 

The indirect analog computer forms the equations of motion by using an 
electrical system which performs integration, multiplication and suming. 
The heart of the system is the operational amplifier. The Illustration 
at right shows integrating amplifiers, a multiplying amplifier, and 
potentiometers combined to form the equation of motion for a single 
degree-of-freedom system. A characteristic of the aaplif iers shown here 
is that the sign (+ or -) of the output is the opposite of the sign of 
the input. The multiplying amplifier is used here only as a device for 
changing a negative value to a positive value. 

The equation of motion is rearranged to solve for x, the acceleration. 
The quantities on the right hand side of the equation are sunned at point 
(l) to form x. x goes into the first integrating aaplifer point (2) and 
the output is -x. -x is fed back to point (l) through a potentiometer 
used to set the coefficient c/m; this supplies the quantity (-c/m) x to 
point (l). -x is also fed into the second integrating amplifier point (3) 
to yield the output, x. -x is obtained by using a multiplying amplifier. 
The quantity (-k/m) x is fed back to point (l) by putting -x through a 
potentiometer used to set the coefficient k/m. Ihis completes the sys- 
tem. The quantities shown are voltages proportional to the values In the 
mechanical system. Amplitude and time-scaling considerations for this 
type of analog computer is beyond the scope of this section; the reader 
is referred to the literature for more detailed descriptions of analog 
computers. 

For more Information see References 5, 9, and 10 In the Appendix on 
page 2.6-0. 

'- 
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DIRECT ANALOG COMPUTER 

Mechanical System 

Force = F(t) = mx ♦ ex ♦ fcx 

Electrical System 

Voltage = E(t) = Lq ♦ Rq 
i(t) 

i 

i F(t) 

i -J' 
\ \ ^ \ v 

•«\JA^— 

IHDIRBCT ANALOG COMPUTER 

F(t)/B 

^- 

Q © 

{> 
® 

-Integrating Amplifier 
•Multiplying 
Amplifier 

{>• 
-x 

c  • 
   X 

m 

■o 
c/m Potentiometer 

k — x m 
■Ozr 

X   = lx**ill c   • 
-  X X mm m 

ANALOG COMRTTERS: Electrical systems are used to simulate the mechanical 
equations of motion. 
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Section 5 - Estlnatlng and Calculating Natural Frequency 

DIGITAL COIPOIBt TKBIIQUES 

UM digital coaputer zmpldly bandlet laborloua calculation» and allova the use of 
co^Oax or laMthy aaalyile procedure«.  

:, 

Ihe digital conputer la capable of handling vast amounts of data and per- 
f ondng calculations so rapidly that It is now possible to employ solutions 
vhleb ware prefrlously too lengthy to be practical. Ihe high-speed com- 
puter has placed new emphasis on mmerlcal methods of problem solution. 
Methods utilising matrix techniques are particularly well adapted to com- 
puter solutions. 

Computing methods may be classified as either direct or iterative. A 
direct method gives a solution after a finite nunber of steps whereas an 
answer is obtained from an Iterative method as a limit of an infinite 
nwber of successive approxioatlons. Iterative methods are useful In 
solving a variety of problems even when specific techniques are available 
but are awkward to use; i.e. solving for roots of a polynomial, solving 
systems of equations, etc. 

The eigenvalue problem may be solved by a matrix iteration procedure 
applied to the equation (l). Select any values for the (q) column matrix, 
premultlply by [D] , normallte the resulting matrix |q| , the normalizing 
factor is the first approxlaatlon of 1 . Nonoallzlng la accomplished by 

w2 
dividing each element of |q| by the value of the largest element. |q| 
is then taken as the trial colvmm and the procedure repeated to obtain 
jqU and so on until the noraalizing factor and resulting |q| converge to 
seas value. The values thus obtained are the fundamental frequency and 
its assolcated Domallzed mode shape. Certain constraints are then placed 
on the [D] matrix and the iterative process is repeated until convergence 
on the second mode is obtained. In this Banner successively higher modes 
are calculated. This procedure is much too lengthy (for even a simple 
problem) to be accomplished by hand with a desk calculator but takes only 
seconds to accompli ah with a digital computer. 

Equation 1:  [D] jq|- — |q} 
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Input 
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Memory 
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Arithmetic 
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Filial     \        f \ 
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Control 
Circuitry  I 

DIGITAL CGMnJTERS:    Illustrated Is a simplified block diagram of an 
electronic digital computer.    Square boxes represent parts of the machine 
itself,  while circles represents material upon which tho machine performs 
a function. 
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SYMBOLOGY 

) 

) 

A Shock response factor 

a Acceleration 

C Coefficient of viscous damping 

C Critical damping coefficient 

d Displacement 

F Force 

f Forcing frequency 

f Damped natural frequency 

f Undamped natural frequency 

g Acceleration of gravity 

h Drop height 

I Rotary inertia 

K Sinusoidal sweep rate 

k Stiffness 

m Mass 

N Number of stress cycles to failure 

n Number of applied stress cycles 

Q Transmisslblllty at resonance 

5 Stress 

TT Torque 

T Displacement transmisslblllty 

T_ Force transmisslblllty 

v Velocity 

y Response acceleration 

a Angular acceleration 

6 * Static deflection st 
0 Angular displacement 

T Shock pulse duration 

t Damping ration = C/Cc 
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VOLUME III - CHAPTER Z 
Section 6 - Apj^ndlx 

GLOSGAH* 

Attenuation - The diBsipatlon of energy with time or distance;  damping. 

Cycle - The complete sequence of values of a periodic quantity  that occur 
during a period. 

Degreea-of-Freedom - The number of degreea-of-freedom of a mechanical 
system la equal to the minimum number of Independent coordinates 
required to define completely the positions of all parts of the 
system at any Ir.jtant of time. 

Frequency - The number of tires that a periodic function repeats the same 
sequence of values during a unit variation of time      The unit is  the 
cycle per second which equals one Hertz (Hz). 

Mode cf Vibration - In a system undergoing vibration,  a mode of vibration 
Is a characteristic pattern assumed by the system in which the motion 
of every particle is simple harmonic with the same frequency.    Two or 
more modes may exist concurrently in a multiple degrees-of-freedom 
system. 

Response  - The motion {o\  other output) of a system or device resulting 
from an excitation. 

Shock - Nonperlodic excitation  (e.g.,  a motion of the foundation or an 
applied force) of a mechanical  system that is characterized by 
suddeness and severity,  and visually causes significant relative 
displacements is the system. 

Stiffness  - The ratio of change of Force (or torque) to the corresponding 
change in tranalational  (or rotational) deflection of an elastic 
element. 

Stress - Internal force exerted by either of two adjacent parts of a body 
upon the other acros'.* an imagined plane of separation. 

Transmlssibility - Non dimensional ratio of the response amplitude of a 
system in steady-state forced vibration to the excitation amplitude. 
The ratio may be one of forces,  displacements,  velocities,  or 
accelerations. 
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EXAMPLES ON SWEEP RATE OF VIBRATORY FRBQUEHCY 

Extir.ple A: 

How rrjar.y octaves ire tetween 1C Hz and ZCC Hz' 

iolution! 

f,     =   :,OG ir. 

f      =     1C 
o 

0 

Kt    =    *,3c octaves 

Example £: 

What  is  the sweep rate If the frequency chaises  fror. 5 Hz  to 50C Hz 
(exponentially ir. 7.t minutes? 

Solution: 

rin = 500 

f 
0 

= b 

f 
'it. 
f 

. Kt 
100    =     c 

0 

Kt = 6,0* octaves 

t = 7.5 min 

K = 
6.64         r fl 
7.5      =     C-6 

Example C: 

In example B,  what is the frequency after 5 nlnutes of sweep? 

Solution; 

fln    =     (5)2
Kt    =     (5)E(0-8ä5)(5)    =    (5)2k-kZ5 

5(21.5)    =    107.5 Hz 
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VOLUME III - CHAPTB» 2 
Section 6 • Appendix 

EXAMPLES ON NATURAL FRE-AJOJCY AlfD FATIGUE 

Derivation of the equation which relates natural frequency and fatigue 
damage.    (See Chapter 2,   page 1.2-6.) 

<V',a, t 
Stress 

Failure 
Region 

Number of 
Stress Cycles 

Stress = kd      Ed 
-Ä= T 

d = 
a *»in 

(2*f/    " (2rrfn) 

S = 
**ln 

A(^fn)2 

D = 
n 
N 

n = t f 

NSa= C 
"■? 

t f    Sa 

D             n 
t fn (^in^ 

D            C C Aa (Z*t)m 

(1) 

(2) 

(3) 

(M 

(5) 

(6) 

(7) 

Let K = k/A*. and Q, C and a remain constant (same material) 
s 

•Ks = geometric structural characteristic relating stress to response 
displacement, d. For this model, Ks = (k/A)(p8l/in.). 

c.C-h 



VOUMI HZ 

20 

(8) 

D, c 
Vi/lC/ ("si) 

te) 

0) 
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BANRJB aOWIlO THE RBAnOHSHIP BHWIBI FATIOUI LIFE AID NATURAL FRWWBCY 

Ul:    Inerwis« the eree, A.   Tb« ntuntl fraqueocy of the aodtl •bovn 
Is InerMMd by • factor of R.    This InerMM Is •ccoapllabed by InerMMing 
the WTM.   low does this affect the fatigue daaage, If nothing else Is 
changodt 

Since fn2   ■   R fni* then kg ■ R2k1 and therefore Ag ■ R2Ai (Iquatione 4 
and 5). 

k2        " "l "l ,,      .   K.. 

D2    ■    -Se-r (fron Eiuatlon 2) 
R^ 

Conclueion;    For this exaople, fatigue daaage is reduced by increasing 
the areaT'A. 

Exasrple 2;    Decrease the length, 1.    fn is Increased by a factor R; this 
Is accomplished by decreasing I.    What is the effect on the fatigue 
damage if nothing else is changed? 

Since fn2   =    R fnl    ■    R2*!«    A is unchanged.        (Equations 4 and 5) 

k2 R k. 2 
Ks2 

= iq = — • R Ksi 

R20 
D2   =    Dl   "SET   =    D1R       (from Equation 9) 

n 

Conclusion;    For this example, fatigue damage is Increased by reducing 
the length, 1. 

Example 3:    Decrease the mass, m.    fn is increased by a factor R; this is 
accompliPhed by decreasing the mass, m. 

Since fn2 = R fnl» therefore mg = (mi)/R2).    Kg is unchanged. 

-■^ 

Conclusion;    For this example, fatigue deunage is reduced by reducing the 
i, m. 

Example 4;    For the model shown (top of following page) the natural 
frequency (fn) is Increased by increasing the cross-sectional area (A) by 
a factor of 1.5.    What is the fatigue damage (D) if the Input levels and 
test time remain constant?    Assume a = 6.5. 

n 

{ \ 
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• , 

voum zzz 

d,v,» 

VN 

^81 

N  X N 

klA2 

A,    -    1.5 A, 

k,    - A'B 
I 

(1.5 H^CA ) 

\ (1.5A2)     "     1 

nl ln2 V? 

i 

ln2 1.5 f 

Whereby, using Equation 2 

nl 

« 

n2 
rnl 

a.5 

v6.5 

■D>$fp- 
0.0677 D, 

Therefore, in this example, increasing the natural frequency (by increas- 
ing the area by a factor of 1.5) reduces the fatigue damage by a factor 
of 0.0677. "* 

Example 5; For the above example what is the fatigue damage if the input 
acceleration is changed from 1.3 g to 2.5 g and the test time is reduced 
from 3 hours to 2  hours. Using Equation 1, * 

From the results of Example 4 D_ = 0.0677 D.. Iheref ore, D, = 
U6.7 (0.0677 Dj) = 4.1 Dj .   2 1 3 

♦ Note: All equation numbers refer to the equations listed on page 2.2-7. 
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■MNRJ 01 IA1WAL mßUmCt ARD DROP 8B0CK 

IllMtrmtlv« fcMPl«;    DeUralnc for th« CSM of tht ■laplt aod«! ahown 
btlow tb* allowabl« rmngt of SDrlog coostaot (k) to protect th« «quip- 
■rat afklnst A IS Inch drop,   If th« Interior ftp la not tr> cloa« toy 

tten 2 Inch«« and th« Mtt— neeoloratlon It not to «seoad ZOg'i. 

UM vtifbt of th« sprlnc MM IS asataad to to« 10 pounds. 

o 

'-ml 
7TI15 

_—Ibtorlor 

Solving Equation 5; (fron page 2.3-3) 

*¥ 2hn 2x15x10 75 lto/in. 

Solving Equation 6; (from page 2.3-3) 

2 V2« *• ■       A* '»OOKlO       .„ 1fc/. 
23" "   "ä~ "   "So" "   133 lb/ln- 

lot« that. 

min ■ (^)2 ■ M2 2     1 

which ia a necessary condition in order that tooth ■axlmusi acceleration 
and IITI^^ gsp closure limits to« satisfied.    Since if 

(£-) 2     1 

Ihen 

Va   >   1 

the latter condition is sufficient. 

2.6-6 

o 

o 

■ 

•   ■ 



o 

t . 

VOUMI III 

O DCANFLI OH VPICT8 GT JOIITPB OH RAIURAL motmct 

Illuatrttly aaapl«;   A cantllevtr beam k inches In dlaaeter end 
16 Inches long !• ettecbed to it's foundation with heevy bolts. 
Whet Is the Joint rotatior constant?   What is the bending stiffness (k) 
st the end of the beam if the bean itself is considered rigid.    Assv 
the Joint to be excellent. 

16 In. 

f / S / / / / / S / .' z 

f//S*/JJJ>J'JJ-7m 

-*- k In. n 

o 

Solution:    Fron the curves the potational constant equals lO"8 radians/ 
in.-lb for an excellent Joint with a k inch dlaaeter beam. 

and ulnce 

0   »    M(10"8)   -    16P (10"8) Rsdlana 

d   -    169 -   256P x 10'8 inches 

P 
d 

1 ^   -    3.9 x 105 lbs/inch 
2S6P x 10 
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MNDOMN FOR lAMCRC NOTZOi 

r-O.OOl 

: 0.005 

-O.Ol 

.0.0$ 

.0.1 

,0,2 

Ul.O 

__ 0.001 —.10,000 

E. 5,000 

=r i»ooo 

=0.01 

=0.1 

r*ti.2 

p-lO^OOO^   60 

60 

r-1,000 

100 

-."fc 

Frequency, 
-     (cps) 

= JL0.0   fcl.O 

(For Acceleration)   (For Velcsity) 

10 

20 

—    10 

U-5 

nt 
.'texlmun 
Dltplac 
Single 
Amplitude In 

Hud BUB 
Acceleration 

MexinruD 
Velocity 
In./Sec 

for simple harmonic motion giving relationship between frequency, 
acceleration, and displacement.    Typical problems are shown by the dashed 
Unas.    For example motion with a maxi man displacement of 0.2 in.  (O.U in. 
peak-to-peak) at a frequency of 16 Hz. has a msxlmum velocity of 20 in./ 
seconds and a msxlmum acceleration of 5.2 g's. 

Slide rule type calculations are available to perform the same function 
aa the nomograph above.    Bxamples are the Ling Calculator by Ling Elec- 
tronics of Anaheim, California, and The Lord Calculator by Lord 
Manufacturing Co. of Brie, Pennsylvania. 

o 

n 

£ 
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t  . 

VOLUMX HI 

O 
SHOCK 3PBCTRA FOR STAWLAW) SHOCK FUMES 

I) 

max 

t 
Acceleration 

TIME HISTORY OF TRANSIENT ACCELERATION, a(t) 

SHOCK PUME 
CHARACTERISTICS 

•a - rectangular 
b - hr.lf sine 
.c - triangle 

.d - cubic 

e - terminal peak sawtooth 
f - blast 

4 i 

^Impulse Region (use A,,, - ^Tt^ 

Time    ^ 

Tf 

~) 2.6-11 



VOLUME III - CHAPTER 2 
Section 6 - Appendix 

VIBRATION FREQUENCY CHARTS 

nie following charts, figures, and nomographs present a method for 
estimating the natural frequency parameter for a variety of beams, plates, 
rings, membranes, and other common structural configurations. This ma- 
terial was organized by J.N. Macduff and R.P. Felgar for a paper presented 
at the ASME Annual Meeting, November, 1956, which was also reprinted in 
Machine Design, February, 1957. 

Tbe  data for the tables was edited from available references by Mr. Macduff 
and Mr. Felgar, and has since become a standard among stress analysts as a 
quick procedure for estimating natural frequency of uniform and non-uniform 
beams and plates. This information is presented here in edited form. 

METHOD OF SOLUTION: The method is based on the use of a frequency constant 
defined as follows for the different types of structural elements: 

Beams C = fL2/k 
Square and rectangular plates        C ■ fa^/h 
Circular plates C = fr2/h 

Symbols are defined for each case in Tables 1 to 10, appearing on the 
following pages, which give values of frequency constant C, or correspond- 
ing frequency function, for various mechanical structures and several modes 
of vibration. These tabulated values of C are based on the characteristic 
density and Young's modulus for steel. 

The  nomograph in Fig. 1 may be used with the proper frequency constant C 
and the characteristic dimensions to determine natural frequency directly. 
Nomographs in Figs. 2 and 3 present an alternate method for determining 
the natural frequency by first determining the value of L2/k, a^/h or 
r2/h from the nomograph in Fig. 2  and then entering the nomograph in 
Fig. 3 with this item and the frequency constant. Figs. 1 to 3 are to be 
used with Tables 1  to 8 in which the values of the frequency constants 
are tabulated. 

For materials other than steel, the material correction factor is obtained 
from the table in Fig. U, v/ith this factor, and the natural frequency, 
fB, of a steel member ol '^e same dimensions, the nomograph in Fig. k  may 
then be used to determine the natural frequency. 

Some of the less common mechanical structural members, such as membranes, 
have a frequency relation which is not defined by the foregoing nomo- 
graphs.  In such cases, numerical or slide rule calculation is necessary. 
The frequency constants for these members are given in Tables 9 and 10. 

EXAMPLE:  Determine the fundamental natural frequency of a circular 
titanium plate, fixed at the center. Plate material is T1-75A titanium; 
plate radius, r ■ 3 in.; plate thickness, h = 0.090-in.; and estimated 
temperature of operation is 1+00^. 

From Table 7, C/lch = 3.6U9. From Fig. 1 then, the natural frequency of 
a steel plate of the same dimensions is fs = 370 Hz . 

This result is also arrived at by the alternate procedure, Figs. 2 and 3. 
From Fig. ?,  for r = 3 and h = 0.09, rz/h -  100, and from Fig. 3, for a 
steel plate of the same dimensions, fs • 3T0 Hz. 

Since plate material is titanium, final solution will be given by Fig. k. 
From the table in Fig. k,  material correction factor for T1-75A titanium 
at 400^ is Km = 0.910. From the nomograph then, for this value of 1^ 
and t ■ 370 Hz, frequency of the titanium plate is f ■ 325-350 Hz. 

4 u 
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0.005       --5 

?0- 01 Ji 

+ 
z 
4- 
t 
1 
T 
-*- 

4- 0.05 
r 

4L I 
S o.io 
T 
-♦- 

J- 0.15 

I 
i 
t 
t 
i. 
^-i.o 

i + 
4- 2.0 

I 
■Tk.O 

-- 50 

-- 100 

0.5 --500 

-- 1000 

10 

15 

2000 

;L 4000 

Radius of   Natural 
Gyration,    Frequency 
k (in.)        f (cps) 
Plate s 

Thickness, 
h (in.) 

r 

"IT 1000       "-   100 

"500 

-:r 100 

-.50 

1.0 

--50 

10 

15 

10 

- 3 

4-0.6 
Frequency    Beam or 
Constant,     Span Length 
C/l(f L (in.) 

Plate Radius, 
r (in.)Plate Side, 

Q (in. 

FIGURE 1:     Nomograph  for determination of natural  frequency (fs),  from 
frequency constant (C),   in Tables 1  to 8. 
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Section 6 - Appendix 

VIBRATION FREWUWCY CHARTS (Continued) 

4 20 

4-10 

+ 5 

4-2 

4-1.0 

4-0.5 

+ 0.10 

4-0.05 

4.0.01 
Radius of Gyration, 
k (In.) 
Plate Thlcuiess, 
h (In.) 

4-200 

+ 100 

4-20 

4-10 

+ 5 

4-i.o 

4-0.5 

4o.i 
Beam or Span Length, 
L (in.) 
Plate Side, (in.) 
Plate Radius,   r In.) 

4-2000 

4-1000 

500 

200 

150 

4-100 

+ 50 

+ 10 

+ 5 

4-1 

Dlmenslpn Factor, 
L2/k, a2/h,  r2/h 

FIGURE 2:    Nomograph for determination of dimension factors,   L2/k, a2/h, 
and  r^h In frequency constant equations of Tables  1 to 8. 

4* 
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--100G 

--500 

•100 

■50 

-rlO 

--5 

Natural Frequency 
fg (CPS) 

jno 

50 

100 

^- 5,000 

10,000 

- - 30, 000 

Dimension Factor, 

L /k, o /h,   r^/h 

-LI.5 

--10 

20 

k      '■'■ f
s       L7k,  C/104    4 

o2/h, 

r7h 

•50 

--   100 

Jl 200 

--500 

--1000 

Frequency Constant, 

c/iok 

FIGURE 3:  Nomograph for alternate solution of natural frequency (fs) 
from frequency constant (C) and dimension factor determined from Figure 
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VOLUME III - CHAPTER 2 
Section 6 - Appendix 

VIBRATION FREQUENCY CHARTS (Continued) 

1                . *■ 
1                         * rz;ooo . {-5000 

1              « L_ ■i- 

1                         •" [ f 

1       '"'• liooo i 
"i 

| 
  

W 

1                   • -■ _ L_H 

III                         * 
k> L^ 

1                   "* r" * U- 1 

1     '"i ̂ -500 "i ^ •           f 
f               f                    K 

1       ^ L •• riooo         s                       m 
1          : j - - 1.0-: —                   i 
1         ~ — " T* 1 I . • ■ *"                   1 
1 * ■5 r ■                     1 
■         ^ ~ _: M 

|             ; f ; 0.7^ 1 
~ ~ 

— rioc 
i-                                R 

1 - - 
1           *■ rioo - — 

to                    1 

1            ■" - j 
■ 0.5 H ~                 1 

1            — — J ■ Material Correction        i 
1            *" 

150 
i Correction                          1 

1            ' i r Factor,  K                            1 m                          | 
1           ^ i j ; 

MATERIAL CORRECTION FACTOR                                        j 
1            " j rio 
ll           ~ j E = Young's modulus for material,  psi              1 
1           2 j I Es = Young's modulus for steel,                             1 
i          ~ - £ - (30 x 1Q6) psi                                                     I 
1 ; H 

■ e = Mass density of material,                               | 
Ib-secS/in.1*                                                            j 1          " ~ - 

|          ■* r10 -j 
^-1.5 

es - Mass density of steel (735 x 10^),    fgg   1 
lb.secVin>                                    K   _ J   e   1 

1          ~- - Km = Material correction factor        m ~ l/ eE   1 
t          "* ^ 

Steel                                                          1            1 
1 1. Aluminum aUoys (1100,  3003, 3004, 

1           - 2017,  2024,  2025,  6051,  5052)        0.935    | 
■                        * r Brass, bronze                                           0.673    1 

1          - L' Nickel                                                        0.940    1 
1           ' Monel Metal                                               0.872    | 
t           " • Magnesium                                                  0.965    i 

1          1 Titanium (listed below)                                     I 
^l.S 

Tempera-                                                                   1 
I     Natural 
|     Frequency 

of Steel 

Natural 
Frequency 
of Nonste( 

ture (F)                        T1-5QA                  T1-75A  | 

,        80                                  0.985                     0.975   1 
"L     200                                  0.966                     0.945     j 

1    Members, Members, 
f (cps) 

400                                0.932                    0.910     i 
f8  (cps) 600                                  0.896                     0.873     1 

800                                  0.866                     0.835 
1000                                0.828                    0.784     1 

FIGURE 4; Correction table and nomograph for determination of correction 
factor (Km) and natural frequency (fs) for nonsteel structures. 
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VIBRATION FRBJUHJCY CHARTS (Contii.ued) 
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VQUM III - REATD TKHROLOGIBB 

CHAFTBR 3 
MBCBMICAL IMPSMKCB 

ABBTMCT: 

MwlwaiWÜ lapedaoce relates force ud Telocity In • «inner which com- 
pletely describes the characteristics of a dynanlc system. Procedures 
•re outlined In this chapter for applying the mechanical impedance 
methodology to practical problems. In support of this thesis, the ter- 
minology and syabologjr of the impedance technique are presented In the 
laapfi of the Mechanical Engineer. 
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VOLUME III 

The differential equations of vibratory motion are analogous to the 
differential equations of linear,  bilateral electric circuits.    Jus"  as 
there are phase relationships between electrical  quantities,  such as 
voltage and current,   there are phase relationships  (angle or time lag 
between phasors) of mechanical quantities such as force,  velocity, 
and acceleration. 

For example,  assuming the forcing function (F) to be eqtaa   .z F0 coawt ♦ 
j F0 sinwt,   there results  the general form for the velocity  (*0 which le 

j/  =    j/   [cos (wt ± <t) )  + Jsin(u)t ±6)] Voe 
J(wt* « ) 

where (<J>)  is the angular displacement 01  phase difference between (F) 
and (I/). 

The displacement distance  (x) may be expressed in the form x =   (^/(jw) 
when (V) is of the form l/0 ei^ and it is noted that x = fl/dt.    Since 
acceloration is  (df)/(dt) the phasor form becomes a =  Jwj/.    Figure 3 
shows a typical phasor diagram relating forcing function, displacement, 
velocity,  and acceleration.    An example employing rotating phasor 
techniques  is given in the Appendix on page 3.5-4. 

Imaginary Axis  (♦) 

Real Axis   (♦) 

Figure 3. 

What is Mechanical Impedance? 

Mechanical impedance is the ratio of force to velocity during simple 
harmonic motion.     This ratio is a complex quantity;  it is expressed 
as a function of frequency in terms of both magnitude and phase angle 
(Equation 1).    When the force and velocity are in the same point and 
in the same direction,  Z is the point impedance.    Z is transfer imped- 
ance when F and V are at different points or in different directions. 
The discussions in this chapter will be limited to point impedance. 

3.1-1 



VOLUME III - CHAPTER 3 
Section 1 - Introduction 

THE MECHANICAL IMPEDAMCE CONCEPT (Continued) ,^ 

Mechanical admittance (mobility) is a similar relationship, but is the 
complex ratio of velocity to force (Equation 2).    Some problems lend 
themselves more readily to the admittanr? concept than to Impedance, 
and vice versa.    This chapter presents the impedance concept,  but it 
should be kept in mind that the generalities also apply to admittance. 

Z(w)    =    £ (cos^ J  sin*)    =    £ eJ* (1) 

Y(u)    -    £«->* (2) 

Note must be taken of the fact that as defined here, impedance is taken 
as the 'velocity' impedance. There also exists concepts of displacement • 
and acceleration impedances, although these are less widely used. 
Further discussion along these lines appears later in the text. 

Impedance of Physical Elements 

Ideally mechanical elements are represented by lunprd parameters which 
are linear. These are mass, spring constant, and damping constant. 

Consider the removal of a spring from a system as in Figure k.    The 
forces (Fp) and (FQ) acting at the ends of the spring must be equal in 
magnitude since the mass of the spring is considered zero. The net 
change in spring length is given by Ax which equals X2 - xi. Note that ' * 
the end points have relative displacements with respect to some arbitary 
point in space. The constant of proporMonality relating the net change 
in spring length to the applied force is given by 

Ax = x2 - x. 
F 
k 

where (k) is the spring constant.    Fixing point (Q) and applying a force 
Fp = F eJut results in 

1 

Using 

F e^ Jut x,    =     !—   =    x e" 

Z (w)    =    ^pj   from Equation (1) with 

,   , dx(u)) ,„.     . 
V{u>)   -      A '      results In dt 

This is the mechanical impedance of a spring. 

3.1-2 
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Figure 4. 
Fixed     ^/t 
Datum 
Plane 

Consider the removal of a damping element from a system as in Figure 5 
and assume the damping to result from viscous friction (dashpot).    The 
end points have relative velocities with respect to the arbitrary fixed 
point in the system and the dashpot is massless.    The constant of pro- 
portionately relates the velocity (v) and the force (F) as follows 

V   = {V. •v ■ I 
where c is called the damping constant. Points (P) and («i) may move 
relative to a fixed point in the system, or one point could be fixed. 
Consider point (Q) fixed and apply 

F e Jwt 

This results in 

F e Jwt »/e Jwt 

Using Equation 1 there results 

zcM = p- = c 

Thus the mechanical Impedance of a dashpot is simply (c). 

F, 

d} 
dx 

V   =   : 
1  dt 

F 
Q   Q 

Figure 5. 

dx, 
1/ = -i 
2  dt 

/ 
/ 

/ 

/ 

/ 
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Section 1 • 

• CHAPTER 3 
Introduction 

THE MECHANICAL IMPEDANCE CONCEPT (Continued) 

Consider the removal of a mass element from a system as shown In Figure 6. 
Since the mass Is considered rigid the accelerations (ai) and (ag) are 
equal. Further, the resultant applied external force Is the sum of (Fp) 
and (Fn) which Is simply (FR). Let FR = F eJ^. Since F = ma and y = /adt, 
the mechanical impedance from Equation 1 Is given by 

JL E e JR JUt 

F e Jwt/j urn 
Jum 

Figure 6 

Fixed Datum \ 

d2x 

17 

^ 

The Impedances derived above may be represented on a complex plane 
similar to electric circuit impedances where the damping constant is 
analogous to resistance; mass is analogous to inductance; and the 
spring constant is analogous to capacitance. The angle by which the 
displacement vector lags the forcing function is given by 

tan -1 
k 

wm — 

Ttoe plot is shown in Figure 7. 

Imaginary Axis (+) 

Jwm 

c 
Real Axis (+) 

-J- 

Figure 7. 
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Mobility is merely the inverse of impedance. These are given below. 
The complex plane representation is shown in Figure 8. 

Mass 

Dampi ng 

Spring 

M 1 
Jam 

1 
c 

s - ¥ 
Imaginary Axis (♦) 

M 

Real Axis  (♦) 

* WE 

Figure 8. 

Systems and System Simplification 

The most general case consists of elements in series parallel arrange- 
ments similar to electric  circuit arrangements.     In fact,  information 
desired at various points in the 'network'  is obtained resorting to 
methods used in electric circuit problems.    Included are system simpli- 
fication techniques combining series and parallel elements,  the super- 
position and reciprocity theorems, Thevenin's and Norton's equivalent 
circuits,  and in general any of the techniques used for solving 
electric circuits.    Reference (10) in the Appendix covers very adequately 
these various techniques and theorems.    These constitute an indispen- 
sable aid in the solving of more complex vibration problems. 

3.1-5 
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VOUHE III - CHAPTER 3 
Section 2 - Four Pole fenaeter Techniques 

THE MECHANICAL SYSTEM AS HEPHEbBTTH) BY THE FOUR POLE PARAMETER CONCEPT 

Four pole parameters provide a convenient method for studying elastic systems in 
block diagram form.  

Four pole parameters greatly facilitate the use of block diagrams in the 
study of linear structures.     TTv.' term four pole parameter arises from 
the development of these methods for electricap applications,    nie 
electrical "black box" with a single pair of input polet   .terminals) 
and a single pair of output poles is referred to as a four pcle network. 
The input and output relationships of the analogous mechanical system 
are given by Equations 1 and 2.    The four pole parameters are the o's. 
The figure shows a general block diagram and notations.    The relationship 
is given in matrix form in Equation 3.    (See Appendix for a definition of 
the matrix.)   It can be seen from dimensional considerations that a., 
and oi22 are dimensionl>&8, a^ is in terms of F/V (impedance) and «21 *■* 
in terms of V/F (admittance). 

Four Pole Parameters for Mechanical Elements 

The basic elements of the mechanical system considered here are the rigid 
mass,  the massless spring and the viscous damper.    The derivations of 
these parameters, based on the equations of motion, are given in Refer- 
ence 1.    The derivations assume a linear system subjected to sinusoidal 
motion and utilize standard complex number notations.    The table lists 
the four pole parameters for the mass,  spring, and damper.    Graphic 
representation of the elements is given in the figure.    Note that V^ = V2 
for a mass, and F^ • ?2 for a spring or damper; m is in mass units,  K in 
force per unit length and c in force per unit velocity. 

These basic elements can be coupled to form systems.    The parameters for 
any four pole is Independent of what precedes or follows it and this 
allows a "black box" approach to the analysis of the system. 

Finput   =   ail Foutput + "12 Voutput *1' 

v =   o    F ♦ a     v (2) input 21   output        22    output v   ' 

LVlJ        Ul   ^J   [V2 J 
(3) 

1 

~) 

) 
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THE MBCHAMICAL FOUR POLE 

F1,V1 

Four 
Pole 
a 
ij 

MASS, SPRING, AND DAMPER 

m 

1     k     2 
O-WAAAr-O 

H 
FOUR POLE PARAMETERS 

F2'V2 

Points 1 
and 2 are 
Junctions 

Rigid Mass 

Massless Spring 

Viscous Damper 

011 «12 01 21 aZ2 

Mass,  m 1 muO 0 1 

Spring,   k 1 0 wjA 1 

Damper,  c 1 0 I/o 1 
i 

FOUR POLE PARAMETERS. Mechanical Four Poles ^re used to study systems In 
block diagram form. 
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VOLUME III - CHAPTBR 3 
Section 2 - Four Pole Parameter Technlquea 

GROUND RULES FOR CONNECTING MECHANICAL FOUR POLES 

Simple connecting rules allow complex systems to be represented by one four 
pole model.  

The general rules for combining four pole parameters may be organized Into 
the following categories: 

1. General: 

a. The sum of the output forces of all the four poles driving 
a function is equal to the sum of all the input forces of 
all the four poles driven by that Junction. 

b. All the four poles points connected to a given junction have 
the same velocity. 

2. Series Connections; four poles connected in series can be combined 
to form a composite four pole. The four pole parameters for the 
composite are given by the matrix product of the component four 
pole parameters (Equation l). 

3. Pare1 i.el Connections; four poles connected in parallel can be 
combined to form a composite four pole. The four pole parameters 
for the composite are found by using Equation 2. Four poles are 
said to be connected in parallel when the following conditions are 
met; 

a. All the input points are connected to a common junction. 

b. All the output points are connected to a common junction. 

c. The input force of the composite fo-: pole is the sum of 
input forces of the component four poles. 

d. The output force of the composite four pole Is the sum 
of the output forces of the component four poles. 

An example of the application of the above rules is given In the Appendix, 
where the four pole parameters for a single degree-of-freedom system are 
derived. More detailed descriptions of four pole parameters are contained 
in the references, particularly Reference (l), page 3.5-0. 
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o 

o 

o 

SERIE l 
CONNECTION C 1,J 

(1) (2) 
1,J -HH- a     (n) n+1 

PARALLEL 
CONNECTION 0    (n) 

n+1 

'6 a     (I) —6i+i 

a      (2) 
1,J 

1,J 

1. 

a    CD a    t1) 
11 12 

ö    (1) a    (1) 
21 22 

11 12 

ö    (n)    0   (n) 
.21 22      . 

a    (2) a    (2) 
11 12 

a    (2) a    (2) 
21 22 

(1) 

Fn+ll 
= 

o        a      1 
11      12 

L 21      22J 

kJ 
LvJ 

U B ' ^    =    f   -  B ' 021 
1 
B ' 22 

C 
B 

E ^7T •  > ■ E BTTV 
1-1     \ 21      / 1=1    \ 21     / 

(2) 

CONNECTING FOUR POLE PARAMETERS.    These formulas are used to facilitate 
connection of the four pole model. 
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...... 5 -~ 1'eclmiquea 

PoNe -. Yeloeity intonation are needed to plot the illlpedance characteristics of 

Tbe ormation needed to define the impedance at a point on a structure 
mellnea be ra io of he force applied to that point eaupe.red to the veloc-
1 he poin , as a function of frequency. In addition, the phase 

be een force and velocity aa a 1'unctioo. of frequency JIIUSt be knovn • 
. F/f and the pba e angle, •, must be knoliD to cc:apletel.y designate the 

Ulllllda:nce a a point. 

rEhe Y"'f«"nce Plo 

grapha illu.trated 1n the Appendix, impedance is conven-
t u los iJapedance versus log frequency. Lines ;)f conatant 
un at1tt"neea are included on the same plot. The constant 

1rle e With frequency at 6 dB/active and the eonstant s";if'fness 
•~•te h frequency at 6 d1i/oct.ive. 'l'be im:pedance versus 

giv the impedance l'llftgDitude; the phase versus frequency 
et he p; cture by presenting the phase angle relationships. 

iesl representation 1a given in Equ&tion 1. 

For a app icatlons, it 1 re convenient to plot the real and 
1J:ag1nary pe.rt8 of impedance e.s a tunetioo. ot frequency. In this case, 
bOth a.. tbe real part, aa: Xs, tbe iag111&J7 part, would be plotted on 
the grt.pb (Appetx11x). 'lbe rul and imag;1Jlat7 parts are given by 

tio 2 and 3· 

u.ring ll::pedance 

e folloWing 1 te=s are r-equired to deten..ine eehan ica1 impedance: 

1. e generator 

2. A force transducer 

3. A motioo (displacement, velocity, or acceleration) transducer 

4. An instrument. tor 1:1easur1ng phase angle 

5. Equip11ent for plotting the data as a f'unction of frequency 

The ne<:essary data is conveniently obtained by using a conmercially 
available "impedance head" end force generator (Reference 15). Basically, 
t be impedance head consists uf a highly sensitive, combined force ana 
accelerometer transducer. The fore~ generator consists of a small permanent 
'llllgllet, spring-DX>tu:rte.:.. in a case. The magnet, which serves as a reaction 
JDilSS, is driven by an electrical coil rigidly mounted in the case. L'he 
force generator is driven by a variable frequency signal generator. The 
force generator is attached to the impedance bead which is in turn attached 
to the test structure. The force and acceleration signals are put into 
electronic equipment which integrates the acceleration into velocity, 
cancels the eff-ect of the force generator and impedance bead lDBJis, and 
provides output signal.a ot F/V, f 8.Dd w. 'lhis equipment is discussed 
1n Bererenee (4). 
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Force Generator 

Impedance Head 

Force' 

Test 
Structure 

Analysis 
Equip- 
ment 

Sweep 
Oscilla- 
tor 

JO Z («) --    Z (w) e 

R (w) =  Z (u) --080 

X (w) -  Z (w) sin0 

■>F/V 

■»♦ 

^w 

To X-Y 
Plotter 

(1) 

(2) 

(3) 

PLOTTING MECHANICAL IMPEDANCE:  Force and acceleration transducers are 
used to measure the impedance of a structure. 
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Tke four pole parajneter representation of a tystem is determined when a connection 
point is "blocked" or "free".  

The mechanical four pole parameters shown in the adjacent figure are 
physically defined by the following: 

1. <*ii is the ratio of F^^ to Fg when point 2 Is "blocked" 
(V2 =  0). 

2. «12 is the ratio of Fi to Vj; when point 2 is "free" 
(Fz =  0). 

3. a21 is the ratio of Vi to Fg when point 2 is "blocked" 
(V2 =0). 

k.    o22 is the ratio of V-^ to V2 when point 2 is "free" 
(F2 =  0). 

Reference (l) defines the relationships between impedance and four pole 
parameters by Equations 1 through U.    The subscript (oc) refers to a 
"blocked" Junction and the subscript (sc) refers to a "free" Junction, 
^loc i8 ^ie impedance at point 1 when point 2 is "blocked";  the other 
impedances are similarly defined.     In electrical systems the analogy is, 
(sc) refers to output short circuited,  and (oc) refers to output open- 
circuited,   (0(ii)and (a22) are the force and velocity transfer functions, 
(a^2) is impedance and (o^l) is a mobility. 

An example in the determination of the four-pole parameters is given in 
the appendix on page 3.5-10. 

VOLUME III • CHAPTER 3 
Section 3 - Experimental Techniques 

MEASURING FOUR POLE PARAMETERS 

■* v 
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"l  1 
i,J 

F, 

V, 

o  F + o  V 
11 r2   12 2 

^1  ^     CC       i. 

♦  Z.   • (Z,   - Z.  ) - I ^oc    loc   Isc J 

TTT 

The radical is chosen such that o  has a positive real part. 

11    loc    c\ 

iOC       ^1 

12     Isc     ^oc     il 

(1) 

(2) 

(3) 

THE MECHAKICAL FOUR POLE:  The four pole parameters are related to 
mechanical impedance by the above equations. 
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lot contains ical information about the svstelll ur1der stud • 

ID ad41 tion to deCining aecbanical impedance ae a function of f'requency, 
Use 1Jipec!ance plot contains physical information about the systelll. This 
1nt~t ion cen include: 

1. tat!e veigb.t (lass) 
2. StU'f'lleaa c::baracteristics 
3. Dalping PI'OJ)el"ties 
". Jluonant frequencies 
5· Anti-resonant f'r'equencies. 

Illuatl"t'ted 1a a sample i mpedance pl.o e det'gee-of-treedom 
s)St.ea driven by a farce (F1} acti.Dg ( , • At low frequencies 
the plot follo\18 the cot stant ati ft'neaa .. 1IIg the spri ng COl.-

stant, (k}. At higher trequeneies, t ~~~&&s daminates and 
the plot foUovs the constant mass line the lD&ss of the 
a)'lltea (a). At the resonant f'requeney-, be e goes to 1 ts min-
~ value and the phase angle experierJ~ a l.So• shirt. The value of 
illpedanee at resonance is the damping of is s~ , (e) • Bote that 
the dimensions of both impedance and damping are rarce per veloei ty. 

Also illustrated in the impedance plot' for tvo tree sses connected by 
a spring and daJiq)er in paralleL 'l'he system is driven by the force (F ) 
acting 0'1 -.as (~t_t). This is aim:1lar to a base-driven single degree-ot-
b'eedoll syat wbere {m,) is the mass of the base. At low frequencies 
the spring can be vievea as acting as a rigid bar and thus the edanee 
plot toUovs the constant mass line representing (n;_ + ~). This sytem 
bas an ant.i-t'esonant t'requency; at this f'requency the impedance is a 
..::ltil:UD and the phase goes through a 180• shift. The resonan ~ ency 
i Character1%ed by the mini.J:lum 1.JIIpe.danee and a 180• phase shit'~. At 
high frequencies the effect of the spring becomes small and the impedance 
plot follova the constant JIIIUS line representing the drive !11888 {l1_) • 
• 1n, tbe illlpedance at resonance represents the inherent damping 
characteristics of the s.ystem. 

Sim1lar infCil'mlltion can be obtained f'l'OIIl impedance plots ol multiple 
degree of f'reedall syst • Resonances can be iden 1f1ed as minimum 
111pedance points vhere the- phase angle experiences a 18o" phase shift. 
The tmpedance at resonance is the damping of that mode of vibration. 
'l'be anti-resonances are ldentitied as mB.Jdmum impedance points vhere the 
pbaae angle experiences a l.8o• phase shit't. At frequencies vhere mass 
d<alinates the impedence, the plot will approxil:lately follov a constant 
m.aa line and the phase angle vill be +90•. Sim1larly, when a spring 
da.inates, the plot will approximately follow a constant stiffness line 
and the phase angle Vill be -~·. 

An 1lluatrat1ve e"t&&rple tar a single-degree-of·freedan system is given in 
the Appel:l&f~ pap 3.5-12. Reference (16) in the appendix gives a wealth 
of practical inforation on use of ~leal 1mpeclance and the plots far 
8ingl.e and .Utlple degrees of t:reecka. 
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t 
Mechanical 
Impedance, 

F1/V1 

t 
♦90  -. 

Phaae 
Angle, 

^   -90 

SINGLE 
DBGREE-OF- 
FREEDOM MODEL 

t 
Mechanical 
Impedance, 
F1/V1 

t +90° 

Phase  „o 
Angle 

-90°- • 

m. 

TWO DBGREE- 
OF-FREHX»! 
MODEL 

Frequency. 

IMPEDANCE PLOTS: Mass, stiffness, damping, and resonant frequency are 
found In the Impedance and phase angle plots for two simple systems. 
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3. The responding masses Inside the equipment do not affect the 
Input and therefore the equipment can be represented as a rigid 
mass. 

k.    The system conslou: of linear springs, viscous dampers, and rigid 
masses. 

5. Only translatlonal motion Is significant. 

6. The Isolator Is a center-of-gravlty suspension syston which allows 
the three mutually perpendicular axes to be considered separately. 

Information Needed 

In the lower figure the system Is shown In block diagram form, with the 
parameters needed to perform the analysis. The information needed is: 

1. The fragility curve for the equipment, Vf 

2. The mass of the equipment, m 

3. The unloaded vibration of the mechanical source, V 
5 

k.    The mechanical Impedance of the bource, Z_ 

5. The vibration response of the hard mounted equipment, V0 

■^ r 

VOLUME III - CHAPTER 3 
Section k - Applications 

IMPiDAMCE MODEL FOR VIBRATION ISOLATION OF A MECHANICAL SYSTEM 

Mechanical Impedance its used to study the effects of mounting equipment on a 
mechanical isolator which la mounted to a flexible vibrating structure. 

The System 

The system considered here consists of a flexible structure which is 
vibrating, em isolation mount and piece of equipment for which vibration 
Isolation is needed. The flt;:ible, vibrating structure is modeled as 
the mechanical source, the isolator as a four pole and the equipment as 
a mass (see adjacent figures). The source consists of a mechanical 
generator and an elastic system; the isolator consists of a spring, k, 
and a damper, c, connected between points 1 and 2 in parallel. 

Assumptions 

1. The excitation is sinusoidal vibration. 

2. The mounting structure is elastic. 

v » 

4* 

f.    An equipment fragility curve exists which consists of a slr.gle 
curve of sinusoidal amplitude versus frequency. Points below 
the curve have a very small probability of causing failure. It 
is assumed that this fragility curve is exceeded if no isolator 
is used (i.e., point 2 is mounted directly to point l). 

3.4-2 
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6. The maxlmuin allowable displacement for the equipment 

7. Tt.e stiffness, k, and damping, c, of the isolators being 
considered. 

Note that Vf., Vs, Zs, and V0 are all functions of frequency. 

The procedures for designing the isolator are outlined in the following 
section. 

SYSTEM ELEMSWTS 

Mechanical Source 

BLOCK DIAGRAM 

Isolator 

i,J 

ll 1-0-v c,k 

Equipment 

3 
I—O 

VIBRATION ISOLATION MODEL: The elements of the mechanical system are 
shown in physical and block diagram format. 
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Section U - Applications 

VIBRATK» ISOLATION TBCHMIQUES AND PROCEDURES 

Procedures are outlined for the design of an isolator using combined test and 
analysis methods. 

Procedure 

1. Establish the fragility level, V-, of the equipment by subjecting 
it to sinusoidal vibration tests. 

2. Measure the unloaded vibration, V , of the mounting area (the 
mechanical source). Obtain this Infonnatlon by recording the 
signals from transducers mounted In this area during the de- 
sired operating conditions. The masses of the transducers 
are assumed to be so light that they do not affect the vibration. 

3. Determine the response, V , of the equipment when It is hard 
mounted (no Isolator) to the vibrating structure. V0 can be 
determined by: 

a. Calculating the response, or 

b. Measuring the response under actual conditions. 

If b. is used, it if advisable to mount a dummy simulating the 
equipment to avoid possible damage. If V0 is less than V for 
all frequencies, no further study is Indicated.        ! 

k.    If V0 exceeds V^. at any frequency, mechanical isolation is 
needed. Additional Information is required. Determine the 
mechanical Impedance of the source, Z , using a mechanical 
impedance head and a force generator.8 For this study, it is 
convenient to express Z in terms of its real and imaginary 
parts (Equations 1, 2 and 3). 

5. It is now necessary to determine the characteristics of the 
isolator. The first cut is made by utilizing the transmissibility 
(T) for the single degree of freedom system (base excited). This 
approximation applies exactly if the source has infinite Impedance. 
The mass m is the mass of the equipment and a spring and damper 
are selected such that T times V8 is less than Vf for all frequencies. 
The flexibility of the Isolator is limited by the maximum allowable 
deflection for the equipment (space limitations) and the damping 
is limited by the isolator material properties. 

6. The design is now refined by considering the flexibility of the 
source. We now define the insertion ratio, n,  which is equal to 
the ratio of the response velocity before isolation (V0) to the 
response velocity after Isolation (V^). Ses  Equation k.    The 
absolute value of •» is the ratio of the transmissibility before 
isolation to the transmissibility after Isolation, and is an 
indicatior of the effectiveness of isolation. The absolute value 
of n is given by Equation 5« The isolator design is refined by 
varying values of e and k. 
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7. The Isolator design must result In values of V. less than 
Vf  for all frequencies, even when c and k are varl'id to allow 
for tolerances and temperature changes. 

Equation 5 provides a convenient method for determining the 
effectlveneBS of an icolator (described In terms of k and c) 
as fi. function of the mass being isolated (m), the Impedance 
of the mounting surface (R6, Xs) and frequency («).

- Although 

Equation 5 can be solved by hand for each frequency of Interest, 
It is more easily handled by the computer. 

where 

4» 

Za(w) = R8(w) ♦ J X8(w) 

Ra(
w)  ■  |Z.(w)|  C08<|» 

X (w) = |Z(u-)| sm^ 
s        s 

phase angle of velocity behind force 

rj = v /V  » insertion ratio 

(1) 

(2) 

(3) 

CO 

hi - 
[R -M(R k+X wc)12    ♦    [(wm+X ) ♦ M(Ruc-X k)]2|    (5) 

R2 ♦  (wm + JTT" 

where 

M 
.2   // 2 2        2, 

w m/(u) c    ♦ k ) 

Note that V , V , Ze, V , V , R , Xö, and n are all functions of I   S   S   O   1   s   s 
frequency, w. 

ISOLATION PROCEDURES: Equations are presented for the atep-by-«t«p 
procedure fo.- the design of an isolation system. 

3,4-5 
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SYMBOl/r,Y 

a Linear Acceleration 

c Viscous  Damping 

dB Decibels 

e 2.17... 

f Frequency,  Cycles per Second 

f 
n 

Natural Frequency 

F,f Force 

J v-i- 
k Spring Constant;  Stiffness 

m Mass 

M Mobility 

R 
s 

Real Part of Impedance 

T Transmisslbility 

v,*/ Velocity 

X Linear Displacement 

X 
s 

Imaginary Part of Impedance 

Y Mechanical Admittance 

Z Mechanical Impedance 

a Four Pole Parameter 

o Phasor Displacement Angle 

n       Insertion Ratio 

*       Phaser Displacement Angle 

w       Phasor Displacement Angle 

Frequency, Radians per Second 
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GLOSSARY <••» 

Damping - The dissipation of energy with time or distance. 

Degrees^of-Freedom - The number of degrees-of-freedom of a mechanical system 
Is equal to the minimum nunber of Independent coordinates required to define 
completely the positions  of all parts of the system at any Instant of time. 

Fragility - The maximum dynamic response to which a system should be exposed, 
based on the strength of the equipment. 

Transmissibllity - Non-dimensional ratio of the response amplitude of a 
system in steady-state forced vibration to the excitation amplitude.    The 
ratio may be ore of forces,  displacements,  velocities,  or accelerations. 

«  »■ 

! 

Frequency - The number of -imes  that a periodic function repeats the same 
sequence of values during a unit variation of time.    The unit  is the cycle- 
per-second which equals one Hertz (Hz). 

Impedance Head - A highly sensitive,  combined force and accelerometer % 
transducer. 

Isolation - A reduction in the capacity of a system to respond to an 
excitation,  attained by the use of a resilient support.    In steady-state 
forced vibration,  isolation is expressed quantitatively as the complement 
of transmissibllity. 

Phase of a Periodic Quantity - The fractional part of a period (for a 
particular value of the  independent variable) through which the independent 
variable has advanced,  measured from an arbitrary reference. 

Mechanical Admittance (Mobility)  - The complex ratio of velocity to force. .» •■ 

Mechanical Impedance - Ratio of force to velocity during simple harmonic * " 
motion. 

Resonance - Resonance of a system in forced vibration exists when any 
change,  however small,   in the frequency of excitation causes a decrease 
in the response of the system. 

Resonant Frequency - Vibrating frequency at which resonance occurs. 

Response - The motion  (or other output) of a system or device resulting 
from an excitation. 

Stiffness - The ratio of change of force (or torque) to the corresponding 
change in translational (or rotational) deflection of an elastic element. 

Transducer - A device for translating faithfully the changing magnitude of 
one kind of quantity into corresponding changes of another kind of quantity. 
A dynamic transducer translates a shock pulse into an electric current 
output. 

' 

3-5-2 



VOLUME III 

1 

A TYPICAL IMPEDAMCE PLOT (iO) 
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AH BCAMPLB OF FORCED VIBRATION WITH DAMPING BtPLOYING ROTATING PHASOR TECHNIQUES 

Illuetratlve BKample; For the system shown below find the steady state 
displacement of the mass using rotating phasors. 

Solution; ITie differential equation of motion for this type of system is 

A   * die 
f sinuA = m *-£■ + c -TT- + kx 

dt2     dt 

Since F = f e^**1*' = f(co8cat + J slnait) only the imaginary part of the 
solution would apply if f  is used in place of f sinuX in the differential 
equation. 

The displacement vector will be represented by x = x eJ(wt"^ and cor- 
respond respondingly the velocity vector is (June) and the acceleration vector is 

After substitution into the original equation and algebraic manipulation 
there results, 

xe -J* 
k.mür+j<jc 

= x (cos ^-j sin ♦) 

The angle of lag (^) may be determined from the plot of the Impedance on 
the complex plane shown in Figure 8 on page 3.1-5. It is given by 

0 = tan 
•1 c_ 

k 
«m-jj 

or, graphically, this is shown as 

Jus 

J_ 
IJM» - Jg| 4 

♦ 

n 
3.5-4 
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obtaining (sin 4') from the previous relationship for {tp) and substituting 
this Into the form.    For x(cos 0-J sin il>) and taking only the Imaginary 
part,  results In the displacement. 

Solution; 

Imag x    =       / ?    sin (a»t-^) 1 2 2 (ecu ) +  (k-m<«> ) 

Attention is called to the fact that when not us'.ng the rotating phasor 
techniques the lag angle (^) is obtained by substituting into the original 
equation of motion the known form of the solution to this type equation,   the 
the form x = Asinwt + Bslnwt.    After some algebraic manipulation there is 
obtained the identical solution shown lianedlately above with 

-1       CCi> 
ip    =    tan        r- 

k-mu 

3.5-5 
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APPLYING THE RULES OF FOUR POLE PARAMETERS 

MATRIX PRODUCT 

'au •IE] 

x     i 

a21 '22] 

b b 11 12 

b21        b22 

c c 
11 12 

c c 
21 22 

'11 (a11 x b11) ♦ (a12 x b21) 

'12 
(a11 x b12) ♦ (a12 x b22) 

'21 (a21 x b11) ♦ (a22 x b21) 

'22 (a21 X b12> * ^22 X V 

FOUR POLE PARAMEfERS FOR THE SINGLE-DBGREE-OF-FREEDOM SYSTEM 

5 

1 

34 

{& 
m 

(♦) 

Spring (k) and danper (c) are connected In parallel; this parallel con« 
nectlon la In series with mass (m). 

Points 1, 3, and 5 font a cannon Junction, as do points 2, k and 6. 

APPLYIMG TBE RULES OP FOUR POLE PARAMETERS FOR A PARALLEL CONNECTION 

5 6 

• » 
2 

\     (M 
fti,J 

:: 
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> 

The spring    la 
(1) 

'1,J 

and damper    lot (2) 

are comhlned to form a composite four pole 

1        o' 

Of (1) 
i,i 

L ^ 

a    (3)       a   (3) 
11 12 

a (3) 
i,i 

a 21 
(3) a   (3) 

22 

a    (3)    _    A 
11                B 

a    (3)    -    AC.B 
12          -      B 

a   (3)   ,    i 
21          "     B 

a    (3)    -    £ 
22           "     B 

-*)■ -i 
B" 2(4) • -f. 
c ■ 2ft) - -fu 

l,J 
(3)    _ 

Jw 

K/3,J • 
(2) 

1,J 

a (M 
i,J 

1        muj 
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APPLHTC IHE RULBB OF FOUR POLE PARAMETERS (Continued) 

APPLYING IHE RULES OF FOUR POLE PARAMETERS FOR A SERIES CONNECTION 

The four polee       or    /   '      and     o.   /   ' 
l»j 1>J 

are combined to form a composite four pole a (5) 

(5) 
■l,J 

a (5)   a   (5) 
11      12 

,21     a22 

a (3)  a   (3) 
11       12 

a (3)  a   W 
I  21      22 

11       12 

'21 
CO 

22 J 

(5) 
•l,J 

c + 
Jw 

"l muj 

X 

0 1 

■ j 

mwj 

_1     mw 

:: 
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THE FOUR POLE EQUATIONS FOR THE SINGLE-DBGREE-OF-FREEDCM SYSTB4 

mwj 

ir.— 

c + -J 
cwj+k 

Fl = u        7      ^ 

V2    - -       
F'   .   .   V 1 - 

2 

' ♦",    7 
cuj+k 
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DETBMIIUTION OF FOUR POLE PARAMETERS FOR A MASS, A SPRING, AND A DAMPER 

In the equations below the a terms are to be determined. These are the 
four pole parameters. 

Fl = all F2 + ai2 V2 

Vl - a21F2+0(
22
V2 

For the mass, since the body Is considered rigid the velocities • t input 
and output are equal. Therefore Vi = V2.  It la innedlately seer^ from 
the above equations that a^i =  0 and 022 ■ 1- With the output clamped 
Fi = F2 = oin F2 at V2 = 0 = ^ therefore, an = 1. 

Further, since at (sc) Fi ■ 0 ♦ o,2 Vg, Vx = V2, and a^ = (F1)/(V2) at 
F2 = 0, ai2  must equal ('F1)/(V1) - JUO « Z^. 

For the spring the input force and the output force are equal Ideally 
since the spring is considered massless. Further the relative velocity 
relationship Vi -  V2 = (jul^Ak). Hence, Ti = F2 and 

V  ■ Jü F„ + V 1    k   2   2 

To satisfy the original equations for (Fi) and (V^) a^ = 1, ar22 = 1, 
012 = 0,  <*2i = (Jw)/(k). 

For the damper F^ = F2 and the relative velocity is expressed as 
Vi - V2 = (F2)/(c). Therefore, Ti  = F2 and 

F 
2 v. = -i + v. 1    c     2 

To satisfy the original equations for (Fi) and (V^) an = 1, 022 = 1> 
«12 " 0' Qr21 • U)/{c). 

The above results may also be obtained by resorting to electric circuit 
considerations. 

For the mass, the following electric circuit analogy applies; 

1  '  v2 —> a 
Fi ! T?. 

V / 

3.5-10 
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For open circuit (oc) F    -  F 

v1 = v, = 0 

and since F    = «      T    * a      V rl      all    2      a12  V2 

ail=   0 

Further,   since Vl=a21F2
+«22V2 

a21=   0 

For short circuit  (sc) v1= vz 

F2 =   0 

and again using the above equations for (F^) and (V^) results in 
012 =  Jwm anda^g =  1. 

For the spring the electric circuit analogy is 

I 
0  

v
2 - 

 0 
vl " ~^ 

0  —0 

I 
For open circuit (oc) F    = F fl      r2 

v2- 0 

Fl 
— =  Vl 
Jw 

For short circuit (sc) V = V 
1  v2 

F2 = 0 - F1 

Applying these results to the original equation leads to o-n = 1, Oi •? ■ 0, 
"21= (Jw)/(k), «22 = 1. 

For the Damper the electric circuit is the same as for the spring except 
that the impedance is c. There results; a-,, = 1, Q^ = 0, «31 = (1)/(c)> 
0'Z2 = 1. 
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BtAMPLE ON SySTB4 RESPONSE VERSUS FREQUENCY USING MECHANICAL IMPEDANCE CONCEPTS 
AMD PLOTS 

The system shewn below in Figure 1, will be investigated for response 
with variable frequency for the forcing function. 

C\rr '  '»ax COBut 

The associated phasor diagram is as shown below in Figure 2. 

A   ^  X ^       max 

C wX 

Figure 2. 

The velocity mo^^ty of the system is given by 

M 
2Z   ' Ji .. «. 

which, after algebraic manipulation yields, 

M   =     cw2| Ju>(k-u,2m^ 

(cw)    ♦ (k -tj m) 

Note that this is in a form which readily shows the complex number 
representation A+JB. 

The magnitude of (M) la given by 

u 
|M| 

ymax    _     m^mm_ 

max        \(cu;)    ♦ (k-w m) 
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I 

) 

with the displacement angle given by 

tan v   ■    ■ 
Cw 

Note that |M| and (v) may be readily found as (w) varies. 

Since (IM |) is of the form ( yInax^
fmax)' the "»xinun1 forces on the mass, 

spring, and damper may readily be found. For example, since the velocity 
mobility of the system is (l'inax)/(fmax)> ^max maJr b* found and applied to 
the mobility of each element for determination of fmBX for each element. 

In Figure 3 (on the following page), the veloc'ty mobility curve of the 
system is asymptotic to the spring mobility line in the low frequency 
range and is asymptotic to the mass mobility line in the high frequency 
range. This means that at low frequencies the spring predominates and 
at high frequencies the mass predominates. For forcing function fre- 
quencies below natural frequency (fn) the system is spring controlled 
and the angle (v) is between 0 and +90D. For above the natural frequency 
the angle is between 0 and -90° and the system is mass controlled. 

Typical units used are: 

• Frequency (f)      - cycles per second (Hz) 

• «ses r) - pounds 

• Cocpiiacce I—-|     - microlnches per pound 

• Velocity Mobility(M) - microlnches per pound second 

Note that the spring mobility line is parallel to the (l/k) system of 
lines, that the mass mobility line is parallel to the (m) system of 
lines, and that the damper mobility lines are parallel to the (M) system 
of lines (shown in the following chart). 

In conjunction with the mobility plot the displacement plot may be made. 
This is merely a plot of the displacement (maximum) of each element in 
the system versus frequency. A typical plot is shown in Figure h,  (on 
page 3.5-15).   This is for the type of Spring-Mass-Damper System con- 
sidered for the mobility plot. 
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i 

«AMPLE OH SYSTW RESPONSE VERSUS FRBQUBICY USING MECHANICAL IMPEDANCE 
CCKCEPTS AND PLOTS (Continued) z 

Velocity 
Mobility 

* r 

Flgvire 3. 

:: 
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Force 
(lb) 

1000" 1 

\ 

F 
/ « 

L 

100' 
// \ 

// 

// 
V           'Fn 

1 // 

10- 

1- 

J Y 
\> 

s / 

—                  \— 
10 100 1000 10,000 

Frequency (Hz) 

Figure 4. 
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VOLUME III - REATD TKBHOLOGIBB 

CHAPTKR k 
STRESS OOMCWTRATI ON 

ABSTRACT: 

9trM« coocentrmtlon effects are known to cause a sharp Increase In stress 
at the local area near a notch or discontinuity. This effect Is particu- 
larly laportant to structure loaded repetitively since the stress raiser 
acts aa an Incipient crack, which nay be ultimately manifest as a fatigue 
failure, 'tiat is not so clearly understood Is the stress-anqpllflcatlon 
effect at discontinuities In equlpoent structure fron component access 
requlrmaenta, cooling provisions, mounting Interfaces^ and similar 
functional necessities. Batch of these Interruptions In the structural 
continuity baa the capability of causing a drastic decrease In service 
Ufa. 

Ulis chapter outlines the parameters used In the analysis of stress 
amplification effects including theoretical factors, fatigue factors, 
and material notch sensitivity effects. Procedures are discussed for the 
analysis of static, repetitive, and impact loading conditions. 

practical suggestions are offered on the approaches a designer nay 
employ to minimise the stress concentration effect In new designs as well 
as fixes for stress raisers in existing equipment structure, short of a 
complete redesign. A svmaary of Important stress concentration factors 
is presented in the appendix, with a selected bibliography on the subject. 

< ; 
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founizn - cHAPn» k 
Section 1 - Introduction 

HI DffOOTAICE OF STREBS COÜCHITRATIOII TO THE PACKAGIBG DEBIOflER 

Strct* •■pllflcmtlon effects due to etreea concentration may greatly Increaae the 
calculated or noalnal atreaa in a atructural neBber. This la a design fact-of-llfe 
«bleb the ILectranlc Bqulpaent Packaging Biglneer oust handle analytically and 
structurally.   

Stress ccacentratlon in an elaatie aaterial (snd most of the structural 
Materials of interest to the Packaging Bogineer fall roughly into this 
category) ia an abrupt increaae in atreaa Intensity, localized within a 
relatively ■■all region. This pheiwenon exists spart fron and In addition 
to the noadnal atreaa variation acroas a section resulting froa a distrib- 
uted load, such aa flexure. 

Theoretical atreaa concentration ia characterised by two qualitative groups: 
geoaetric factora, which include abrupt changes in section, grooves, snd 
fillets; and stress raisers, which cover a multitude of engineering and 
fabrication tins, such as scratchea, burrs, fastener boles, threads and 
metallurgical anomalies. Thia useful categorization of »tress concen- 
tration ia developed in greater detail later in thia section. 

Stress ampllflnation due to geoaetric discontinuity is handled analytically 
by multiplying the appropriate factor times the stress calculated from 
slaple theory (suds aa P/A, Mc/I, Tc/J). The stress concentration factor 
thus acta aa a correction factor to modify the calculated stress to more 
closely reflect the true situation. Almost invariably, the true stress 
exceeds the n*?"*"«1 «trees; occasionally, as for a repetitive loading 
situation, this aapliflcatlon is disastrous. 

Ibe practical significance of the atreaa magnification effect depends 
to a large degree on the cirewstances: the category of the stress concen- 
tratloo effect, and the response of the material to the effect. The high 
local atreaa intensity created by atreaa raisers such as nicks and 
scratchea is often relieved by local yielding of the material. This Is 
a characteriatic of a ductile material. For such materials exhibiting 
modi plastic region capability (i.e., ductility), stresses Induced by 
static loading rarely undergo much of a magnification due to atreaa raisers. 
Brittle materials such as cast iron, however, are much more sensitive to 
stress raisers due to their inability to deform plastically in the region 
of a discontinuity. 

The situation is much more serious under dynamic conditions, such as 
vibration and "ringing" created by a Shock disturbance. The end fracture 
due to repetitive load, such ss a vibration, la a fatigue failure. Fatigue 
failures almost exclusively originate froa a region of stress concentration, 
even in very ductile materials. Materials will vary widely In their 
susceptibility to stress raisers under dynamic conditions, an effect known 
as "notch sensitivity". 

Ductility is not s particularly good measure of a mterial's imunity to 
stress concentration effects in fatigue. Bxus, a new set of factora, 
referred to as the fatigue stress concentration factors, must be created 
to reflect thia stress anomaly. Theae factora are defined aa the ratio 
of the endurance limit in a plain specimen to the endurance limit in a 
notched specimen. The factora, tlerefore, measure the material'a 
notch sensitivity. 

4.1-0 
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Stress  concentration  is preser.t   i r. ai. electronic equipirent package  for 
threv  basic reasons:     (l) as a design necessity resulting fror, fasteners, 
access areas,   mounting arrangements,   and  changes in section geometry; 
(2) accidentally as a result of tool marks,   scratches,  burrs,   and surface 
deterioration  iue  to corrosior.;   and   (3)  inherer.tly due to metallurgical 
anomalies such as  inclusions,   slip planes,   quenching cracks and surface 
decarburization.     Tht  preceding list  is  not exhaustive.     Any experienced 
Packaging Designer could undoubtedly add many other examples of the effect 
in equipment elements.    The problem to which this chapter is directed  is 
the recognition of this stress amplification effect and  some of the 
qualitative and  quantitative approaches availnble to the Designer for 
their  control. 

AMPLDTCAHQH DUE 10 STRESS RAISERS 

Concentration 

<J 
Imaginary Stress  "Lines-of' 

Action" 
Notch or Discontinuity 

Anomolies Created By 
Fastener Holes and 
Section Geometry 

o 

V 

JZL 
5" 

x    \     \ V T 

Section Changes Due 
To Access and 
Mounting Needs 

T^ 

STRESS CONCENTRATION: Stress amplification is frequently manifest in 
equipment packages as an accidental or inherent discontinuity, or as 
a functional necessity. 
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VOLUME III - CHAPTi» k 
Section 1 — Intoductlon 

THE INFLUENCE OF STRESS CONCENTRATION ON DYNAMIC STRUCTURAL INTEGRITY 

Stress STipllflcatlon effects are critically important to structural life and integrity. 
Stress concentration must be considered when designing packages subjected to both 
shock and vibration, but for a separate set of criteria. 

The  stress amplification effect must be treated in two discrete manners 
when designing structure for shock and vibration. The treatment of stress 
raisers In Impact situations is roughly similar to the static analysis 
procedure; stress concentration in repetitively loaded structures, however, 
mainly reflects the material characteristics or notch sensitivity. 

Experience with impact loading has shown that the stress raiser effect 
is Just as pronounced and Important in shock as it Is under vibratory 
disturbances. Material ductility appears to be vital for the mitigation 
or redistribution of stress in the vicinity of a stress discontinuity. 
The maximum stress also varies directly with the square root of the 
material's elastic modulus. ^"' It follows that maximum Inpact resistance 
will be exhibited by the material with the lowest elastic modulus, provided 
that the elastic limit is not exceeded. Vhe effect of loading speed 
(strain rate) has an important influence on structure subjected to impact 
loads. The response of a resonant system to an Increasing strain rate has 
been shown to decrease dramatically. (1?) In other words, the faster the 
loading rate, the less the resonant response. In addition, test data 
indicates that the apparent strength of typical materials Increases with 
increased rate of load application. (16) As a fortunate consequence of 
these two effects, the analysis of structure under impact loading at a 
stress raiser represents a conservative approach if strain rate Is assumed 
static. 

Although fatigue is generally asjociated with a vibrating disturbance, the 
effect is nonetheless Important in certain cases of load Iteration resulting 
from Impact. Often, the accelerations associated with a shock pulse are 
relatively high. If the impacted structure subsequently "rings", or 
resonates, at the high stress level, then an early fatigue failure is 
possible at an extremely low number of cycles of stress. Ihis situation 
is compounded by the stress concentration effect since most Impact fractures 
will originate at a stress raiser or discontinuity. As Indicated previously, 
the best defense is a ductile material with a low elastic modulus. 

The most important aspect of the stress concentration effect to the designer 
is the influence of stress raisers on the fatigue life of structural mater- 
ials, a loading situation induced by repetitive distrubances (vibration) 
or resonating structural elements (shock induced). Stress concentration 
under static loading may reduce the ultimate strength of the structure 
to half the value calculated by simple theory. The  same discontinuity 
in a vibrating system could reduce the endurance limit of the material 
to 10 percent of its unnotched value. This dramatic loss of structural 
life is Illustrated at the right for notched and unnotched specimens of 
the same material subjected to the same repeated loadings. 

Surface finish is known to play an Important role in the Integrity of a 
vibrating structure since many fatigue failures originate at the outer 
fiber of a loaded member, "nius the manufacturing process is important 
as it affects surface. ^18' It follows that machine finish, surface 
protection, and corrosion sensitivity which are potential sources of pits. 

k.l-Z 



\'. 

VOLUME III 

scratches, and surface blemishes are highly Important design considerations 
for fatlgue-resistriat structure.  (See the lower figure.) 

Fatigue lallures emanating from stress raisers are not entirely confined 
to the surface, however.  Spalli/ig failures, which occur as a flaking off 
of large chunks of case material from a contact surface such as a gear 
tooth face, are the result of a rapid change in hardness. The interior or 
core material has insufficient fatigue strength to support the harder outer 
case, which eventually cracks and spalls off. 

Designing structure for dynamic loadings subject to stress concentration 
effects appears to be an exercise in moderation. Moderation is required 
in the fairing of abrupt changes in section; in the use of amplt radii to 
blend corners; in avoiding materials that are ultra-hard and strong, but 
are also very notch sensitive; in careful attention to eliminating scratches, 
sharp corners, and burrs; in selecting a material that exhibits good core 
strength even though it may not be indicated on the basis of static strength 
requirements. 

t 
Stress 

EFFECT OF A NOTCH ON THE S-N CURVE 

Unnotched 

Notched 

No. of Repetitions of Stress 

t 100 

Percent of 75 T 
Endurance 
Limit 

^0 

25 

Polished 

round 

Machined 

U0 100 160       220, 
Tensile Strength  — 

STRESS RAISERS AND STRENGTH: The presence of notches and discontinuities 
dramatically reduces the strength capacity of materials subjected to 
dynamic loading. 
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O 
of the strength-reducing effect of stress concentration. Both are useful 
In analyzing the equivalent static effect of a shock-Induced dynaalc load. 

The geometric stress concentration factor is affected by scale; the factor 
determined for a small specimen nay not be extrapolated directly to 
larger structures. The larger the model, the more the amplification 
factor. U) 

The geometric factor may be reduced by attention to the placement of 
notches, holes, and other discontinuities. A series of holes is less 
detrimental than a single, large hole. Changes in section should be 
gradual and faired smoothly with generous radii. Surface blealshes 
should be avoided, and good workmanship la imperative, particularly in 
regions of high stress. Metallurgical conaideratlcns of proper alloy 
and heat treatment are critical, surface treatment and fabrication process 
are also Important, as well as corrosion resistance. 

Ö 

TYPICAL PLOT GP STRESS C0NCH1TRATI0H AROUHD A HOLE FOR A SBCTIOH 
IN THiSlOM (-3) 

t 
12 

Stress 
Concentration 
Factor (K.) 

o STREBS CORCEHTRATIOH:    A quantitativ« representation of stress concentra- 
tions exerted on a configuration may be evaluated in terms of the stress 
factor, (1^) and a dimensional retlo. 

U.2-1 



m 
• 

fOUBB III - OURBt i» 
8«etlOB 2 - IvmluAtlng the Concentration Effect 

SB SIMEBS CCMaWBUTIO« FACTOR FOR FATIGUE 

O 
9M etreee uvllfIcetloo effect la aoet aevere for loading conditions Involving 
fatlflM. Utallke the geometric factor, the fatigue factor la affected by a range of 
varlahlea relating to the notch eeneltlvlty of the aaterlal, aa veil aa the geonetry 
of tha loadad alMwiit.  

4.2-2 

Ihe atreaa concentration effect In meatbere subjected to repeated loading 
■ay be rapresented by a fatigue atrangfth reduction factor, (Kf). Tlda factor 
ia defined aa the ratio of the endurance Halt (or fatigue strength) for 
an unnotched structural member to the enAuranee Halt (or fatigue strength) 
of the saaa member without the notch. (3) (13) in order to evaluate this 
factor, the dealgner aust unlex stand the concept of endurance Halt and 
fatigue strength. Clasicolly, endurance Halt Is the highest stress a 
■aterlal can be subjected to and still sustain repetitive loading indefin- 
itely without failure. Since sone cooaon materials (notably the aluminum 
alloya) do not exhibit an indefinite life, the endurance limit ia further 
defined at acme finite number of stress cycles, usually many million. The 
fatigue strength, then, is the maxlimmi stress that the member may endure 
for a given number of stress cycles without failure. Die fatigue factor 
(K ) tends to reduce both the endurance limit and the fatigue strength. 

■Die fatigue factor (Kf) is affected adversely by a broad range of variables, 
" ~~ of which are not particularly important to the geometric factor, (K+). 

i (20) has reported a list of variables having an Influence on (Kf), 
which nay be sraamrized as follows: form factors, including elements of 
notch form and type of discontinuity; stress factors, Including the type 
of loading, the amount of residual stress at the notch, and the degree of 
atreaa reversal; metallurgical considerations, such aa material notch 
sensitivity, hardness, grain sise, and grain direction; and certain environ- 
mental influences, such aa temperature and corrosion. As is the case with 
the geometric factor, scale has a pronounced affect or (Kf). A factor which 
la not apparent, however, is the complete lack of con-elation between (Kf), 
tensile strength, and the different types of stressing. 

A parameter wnieh relates (Kt) and (Kf) to the material characteristics 
most influential to fatigue strength, is the notch sensitivity factor, q. 
Hotch sensitivity nay be defined in these terms as: 

K, - 1 (15) 

Kt- 

It may be seen that q - 0 when (Kf) «1.0 (or no apparent reduction of endur- 
ance limit due to a notch) Indicating no notch sensitivity. A plot of (Kt)» 
(Kf), and q for a range of notch aizea la presented in the adjacent figure. 
The aecond figure presents some useful data on the variation of notch 
aenaitivity and theoretical atreaa concentration factor for the case of a 
typical structural steel in the hardened and drawn versus the annealed 
condition. Die curves represent average values for a variety of stress 
raisers, including vee notches, holes, fillets, and grooves. 

3he concept of notch sensitivity is also important in shock calculations 
since materials vary in their response to lapact in the vicinity of a notch, 
much the name aa they do under repeated loading. Ihese impact sensitivity 
factora are evaluated empirically by a range of tests Including tenslou 
isqpact, bending Impact, and torslonal impact, t8' Endurance limits and 
notch aenaitivity factors for fatigue are waonly determined by bending. 

o 

o 
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tenalon-conpresaloD, and tortional teat«. Of l.aportance to the Daalgnar 
la the knowledge that ouch of the data ia obtained from highly pollahod 
apeclnena under laboratory condition«, and thua repreaenta an upper value. 
The deleterious effect of the environmental condition« and else variation« 
of the real world of structural package« should be evaluated when uÄing 
theae nuabera In a «trees calculation. 

t 
Factor« 1^, K^ 

Notch Size 

REPRE8ENIATIC» OF NOTCH SaiSITIVm FACTOR (q) /- 

(q)   0-50 

Quenched and Drawn Steel« 

Annealed Steel« 

+ i- ■f 

L 

1       2       S       ^ 
Theoretical Strea« 
Concentration Factor (K.) 

NOTCH SHJSITIVITY OF TYPICAL STRESS 

o 
FATIGUE HTHBWJH RHXICTIO»: The effect of «tree« raiser« on structure 
subjected to repeated loading may be evaluated In ten« of (Kt), (Kf)« 

and(qX 
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3TWBS OGHCJWIHATIOH 

SKnOH 3 - STRBSS AMPLinCATIO« IH STRJCTURAL MBHBERS 

Factor« Affecting the Severity of the 
Stress Concentration 

• Strength Calculations for Members Subjected to 
Static and Impact Loads 

• Strength Calculations for Members Subjected to 
Repeated Loads 

• 
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Section 5 - Stress Amplification In Structural Meaibers 

SGME FACTORS AFFECTHIG THE SEVHU'lY OF ÜBE STRESS COMCEtfTRATIOW 

1 
The  state of stress In a dynamically loaded element Is adversely affected by design 
necessities such as fasteners and changes in section, by accidental stress raisers 
such as scratches and tool marks, and by inherent factors such as material character- 
istics an? heat treatment effects. 

Stress concentration has the effect of significantly amplifying the actual 
surface stress in '.he vicinity of geometric discontinuities. If the equip- 
ment package COIL be a smooth, continuous, uninterrupted flow of structure 
made of an optlmuL. material, with components bonded in place by large areas 
without fasteners, then stress concentration would be an academic consid- 
eration. Obviously, this is not the case in the electronic equipment 
package. By outlining some of the more important factors influencing notch 
severity, it is hoped that the designer will be better equipped to cope with 
the reality of the stress concentration effect. 

The  Independent variable most often encountered in the selection of a 
concentration factor is form, or geometry, of the discontinuity. Theoretical 
stress concentration factors eure available in abundance from the literature 
on virtually every type of notch, hole, groups of holes, fillet radii, 
changes in section, and more. The selected bibliography in the appendix 
to this chapter provides a good starting point in the designer's evaluation 
of the structural model in question. The range of this form effect nay vary 
from only slightly over 1.0 for a generous radius in a shaft shoulder 
subjected to a static load or an Impact load that can be expressed in terms 
of equivalent static damage potential, to a K factor of 10 or more for a 
severe notch subjected to a repeated, fully reversed loading. The works 
of Peterson, (13) 0omxa,(l5) Savin, (19) Griffel, (12) and RoarkU) provide 
ample documentation for stress amplification factors. It remains for the 
designer to determine the type of loading occurring at the critical section 
(tensile, flexural, shear, toreional), to estimate the geometry of the 
discontinuity, and to select a factor from the literature which best fits 
the situation. 

The notch effect discussed above is mostly design related and falls under 
the category of designing to acconodate a geometric condition which may 
be dictated by functional or mechanical necessities. Stress concentration 
effects resulting from manufacturing techniques, heat treatment, and 
environment may not be quite so apparent to the designer, but nonetheless 
Just at! important. Tool marks, rough machined surfaces, sharp edges and 
corners, undressed velds, and pitting or blow-out of material adjacent to 
a weld may reduce the element's endurance limit from 10^ to 75^. This 
effect is accidental or the result of poor shop procedure. It does, however, 
exist in most structure and must either be accounted for analytically or 
eliminated by rigorous inspection. 

Fastening techniques which apply local pressure to the parent structure are 
subject to galling and fretting, stress amplification mechanisms that may 
reduce the apparent strength of a member by 75^. Similarly, residual tensile 
stresses induced locally by mechanical assembly, grinding, or cold forming, 
have an adverse effect on fatigue strength. Reduction of dynamic integrity 
due to improper heat treatment or material selection is a conmon pitfall. 
Surface hardening for better wear resistance may cause under-surface defects 
that ultimately precipitate fatigue failures. Surface deterioration due to 
heat treatment is not uncocmen. Metallurgical anomalies such as quenching 
cracks, slip planes, hard inclusions, and surface decarburisatlun may form 

) 
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the nucleous for a fatigue failure. Ductility is known to be a poor 
measure of fatigue resistance, but is beneficial in mitigating a stress 
raiser by plastic deformation in the region of high stress in members 
subjected to static loading. Very hard materials are known to be more 
notch sensitive, and hence more susceptible to fatigue damage. Attention 
to the factors that contribute to the stress concentration effect will 
aid the designer in eliminating or accommodating them. 

SUMMARY OF FACTORS AFFECTING STRESS CONCEKTRATION 

(See Appendix For Details) 

Small Fillets 

Tool Marks 

Surface Machining Marks 

Fretting and Galling 

Corrosion 

Plating 

Heat Treatment 

Size 

Speed 

Shape 

Inclusions 

REDUCED STRUCTURAL INTEGRITY: Stress concentration leads to reduced 
structural adequacy, and is affected by a variety of physical causes. 
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VOLUME III - CHAPTER U 
Section 3 - Stress Amplification in Structural Members 

STRENGTH CALCULATIONS FOR MEMBERS SUBJECTED TO STATIC AND IMPACT LOADS 

Straightforward analytical techniques are available to the designer to evaluate the 
effects of stress raisers in structural members subjected to impact and static 
loading.  

The state of stress in a structural member is evaluated on the basis of a 
load (or morent or torque) divided by an area  (or section modulus or polar 
moment) or some  combination cf these loading situations as dictated by the 
free body diagram of the element.    The load portion of these basic equations 
are calculated on the basis  oi an input disturbance factored by a structural 
response.    The details of this input and response are the subject of 
Volume II,  "Analytical Procedures."    Once the joad has been estimated and 
section characteriatics evaluated,  then the stress calculation may be made, 
corrected by the stress concentration factor  (K ),    The expressions for 
static or impact stress resulting from three elemental loading conditions 
are: 

for tension,,  compression,  or direct 
shear 

s = i^(K ; 
area      t 

and 

_      bending moment    /„  % _      v.    JJ S =  -r-* TT-    (K.J for bending section modulus  t 

S = ^£aaS (K )   for torsion. 
polar section modulus t 

The subsequent comparison of the stress resulting from the loading conditions 
divided into the ''allowable stress" yields a safety factor, or safety 
margin. 

r,     i. c? ^ ^   allowable stress 
Factor of Safety = actual streS8    , and 

.,  ,   - e»* *   (Safety factor) - 1 . Margin of oafety = ■i »rrr '  in percent. luv 

Stress calculations Involving static loads or impact loads which have been 
reduced to equivalent static force may be made directly using a value for 
ICfc which best represents the geometry of the discontinuity. The K^ factor 
is a handbook value relating to form and loading method, as outlined pre- 
viously. The resulting stress calculation is conservative for shock since 
increasing strain rate is beneficial to material strength and structural 
response. 

Perhaps the use of the geometric stress concentration factor may best be 
illustrated by example.  Suppose we were faced with the design of a 
stepped shaft loaded in tension as shown in the figure. Also shown is a 
typical Blot of the Kt factor in terms of the geometric parameters of the 
shaft. (-'■°) If we assume a mild steel material with an ultimate tensile 
strength of 120 ksi (kips per square inch), and yield strength of 80 ksi, 
and further assume an axial load of 1C kips (10,000 lbs), we are in a 
position to calculate a safety margin far this shaft. For the geometry 
shown in the sketch, we may calculate the r d and h/r ratios to bvi 0.25 
and 4.0 respectively. Projecting the h r = k,G  curve, we see that ICj. 
will be about 1.55. 
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r 
The stress calculation for the axial load will be; 

St = | (Kt) or 79 ksi. 

The safety factor may then be calculated; 

F.S, =  -9 r-7 = 1.52 based on the ultimate strength. 

The  safety margin (on ultimate) will be 52$. Die margin based on the 
material yield strength will be virtually zero.  If the stress concentra- 
tion factor had been Ignored, we would have calculated a safety factor of 
1,57 on yield and 2.36 on ultimate, a margin which we might find acceptable. 
The  true stress at the shaft shoulder which we calculate with the Kt 
factor, shows us that yielding will probably occur at the radius, a situ- 
ation which may not be acceptable. The designer must realize the impor- 
tance of considering the stress amplification effect in evaluating the 
true safety margin In a stressed section. 

TYPICAL GEOMETRIC EFFECT 

1 2.5 

(Kt)    2.O.. 

Values 

1.5 .. 

1.0 

4? 

Values 

-0.50 

o.i 
+ 

d 
D 
h 
r 

—f— 
0.2      0.3 

r/d Values 

SAMPLE PR0BLQ4 DETAILS: 

Sms   = 

S., 

—»- 
0.4 

0.50 in. 
1.50 in. 
0.50 in. 
0.125 in 

YS 
P   = 

120 ksi 

80 ksi 

10 kips 

*• 
SOLID CIRCULAR SHAFT IN THJSION: The stress in a shaft with a shoulder 
may be magnified by 20%  to 150$ for cotmon geometric situations. 
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VOUME III - CHAPTER 4 
Section 3 - Stress Amplification in Structural Members 

STRENGTH CALCULATIONS FOR MEMBERS SUBJECTED TO REPEATED LOADS 

The strength calculation for fatigue situations involves the fatigue reduction factor 
Kr and the material characteristic q. Further, the par value for endurance limit is 
deteriorated by load category, member size, and surface finish, effects which may be 
evaluated by efficiency factors.  

Stress calculations for repeated loading conditions must involve the fatigue 
reduction factor K-. Unlike K , K is a strength reduction factor used to 
modify the material fatigue stfength, or endurance limit. Most endurance 
limit data is measured under laboratory conditions on small, highly polished 
specimens, loaded in reverse bending. The value thus collected is generally 
higher than a value for the same material under actual service conditions. 
The factor K must therefore, be modified by a set of efficiency factors 
which tend to further reduce the usable endurance limit of the material. 

The first of these efficiency factors compensates for the loading method. 
Endurance limit data is classically taken in bending. Axial and torsional 
loadings are known to reduce the limit by 15^ and k2$ respectively. (1"' 

A reasonable efficiency factor relating loading condition then, may be taken 
as; bending, 100$;  axial, 85^; and torsional, 58^. 

A second deleterious effect is member size. Stress concentration has been 
shown to increase with size, particularly in bending and torsion; axial 
loading, however, has a negligible effect. A reasonable estimate of the 
size efficiency factor for bending and torsion is 85^. (l6) 

The  effect of surface finish on endurance limit is known to be severe, and 
further, is known to vary with strength for typical structural materials. 
Illustrated is the reduction of endurance limit for a sampling of manufact- 
uring methods, for a range of material tensile strengths. The surface 
efficiency factor may then be picked from the plot to match the particular 
conditions. 

The  best estimate of K is obtained in the lab by duplicating the size, 
material, finish, and geometry of the actual element, and conducting a 
fatigue test with the same loading conditions. Without this alternative, 
the designer may estimate by calculating K in terms of K and q, and reduce 
the endurance limit by the other efficiency factors. A value for the material 
notch sensitivity (q) may be taken from the figure, which normalizes material 
hardness and notch sensitivity. K , the geometric stress concentration 
factor, may be taken from the handbooks as previously discussed. K may then 
be calculated from the expression: 

K; = 1.0 + (Kt - 1) q, (3) (l6) 

which yields an estimate of the strength reduction factor relative to a 
laboratory upeciaer.    The K'  factor must then be corrected for the difference 
between the laboratory specimen and the service member in terms of loading 
category,   size,  and finish,  as follows: 

Corrected Kf = K'   (E^)  (E^) (Efinl8h). 

4.3-J* 
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C 

The factor of safety nay then be evaluated: 

endurance limit 
F.&=- 

calculated BtresB 'Kf'" 

It Is Important for the designer to note that the fundamental difference 
between calculations Involving K and K is that K operates on the stress 
calculated to be present in the loaded member, while K modifies the 
material characteristic of fatigue strength. 

t 
Surface 
Factor 

^inish^ 

1.00 

0.75 

0.50 

0.25.. 

Brinell Hardness Numbers (BBN) 
100     200      300      kOO 500 
I       I       I       I       I 

Corroded 
Salt Water 

Machined 

Hot Rolled 

As Forged 

■•- + ■•" 

50 
I 

100      150    200 
Tensile Strength (KSI) 

250 

t 
1.00- 

0.79 

Notch 
Sensitivity 

0.50 

0.25 

160 BHN 

300 BHN 

400 BHN and Above 

ol- d- er, OB   535    0.15 
Approximately Notch Radius (in.) 

TW 

O NOTCH SHISrnvnY: The effect of material sensitivity to notches and dis- 
continuities is factored into the stress calculation.Ilo) 
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•   Dklog Force Flow UDM to Visualise Stress Ooocentretloo 
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sad Surface Protection 

Sunsatioas for Impecifiog Stress Concentration 
Effects In lilstlng Structure 3 

e   Reducing Stress Ooneentrstlon In Helded Joints 
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polarized light rays traveling through transparent models under stress. 
Regions of stress concentration are Indicated by close spacing cf the 
interference fringes. 

SOME DESIGN TECHNIQUES FOR REDUCING STRESS CONCENTRATION 

Removal of Undesirable 
Material 

Added Grooves 

Visualized 
Force Lines 

Drilled Holes 

^\ V 
Worst 

High StVfebb 
Concentration 

Undercutting 
the Shaft 

Undercutting 
the Shoulder 

Best 

Using a Large Radius Relieving Grooves 

'> 

FORCE FLOW LINEi:    Visualization of the force line patterns by analogy 
to fluid flow in a stressed section is a powerful, design tool, do) 

U.4-1 
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Section k - NinlalBiBg the Stress Amplification Effect 

ORDOzro wamuL CHARACTHHSTICS, HEAT IBEAIMEHT, AID SURFACE PROTBCTION 

Fatigue atrength eey be enhanced and notch aenaitlvlty reduced by careful application 
of heet tr—t—nt and ■urface bardenlng techalquei.  

The ellainatlon or mitigation of the geometric atreas concentration effect 
la largely one of operating on the atreaa raiaer itaelf, or at leaat 
evaluaclng ita effect. Conversely, the fatigue strength reduction factor 
K. relatea to those material characteristics that influence the notch 
aenaitlvlty of the atructural alloy. For thia reaaon, the physical 
metallurgy of the material, ita heat treatment, and particularly ita 
surface treatment, have a pronounced Impact on the strength reduction factor 
for repeated loading conditions. 

Ihe heat treatments moat cosnonly apecified for structural alloys are those 
that affect Vie entire aection, such as precipitation hardening, quench 
hardening, annealing, or tempering; or those that treat the surface of the 
material auch aa nltriding, carburising, or anodizing. The tensile strength 
of moat atructural alleys is improved by heat treatment; fatigue strength, 
on the other hand, does net improve at the same rate. Indeed, some alloys 
show a decrease in fatigue strength above a critical hardness value. It is 
apparent that only uncftrtaic correlation exists between tensile strength 
and fatigue strength, and thus the factors that Influence and improve 
material hardness and tens.le properties are of minor Importance to the 
fatigue problem. A suonary of the available data indicates that the endurance 
limit for most structural alloys ranges from 25$ to 5C$ of the ultimate 
tensile strength.w) 

Grain alee la indeterminate aa it affects stress concentration. It is 
generally accepted in the literature that fine grained materials have better 
fatigue resistance, and subsequently leaa notch aenaitlvlty, than do coarse 
grained materials at comparable strength levels. The design criteria for 
grain alse would involve the specification of a fine grained material If 
poaslble, and would protect the grain characteristics that are Inherent In 
the alloy by avoiding those heat treatment operations that are conducive 
to grain growth. (Some heat treatments, such as prolonged soaking at 
elevated temperatures, cause grain coarsening.) 

Microscopic Inclusions In structural allqys generally have a detrimental 
effect on the mt aerial fatigue strength. Nonmetalllc Inclusions, slag, and 
other nonmalleable microscopic particles are in themselves stress raisers 
as they interfere with the stress flow lines of the section. Precipitation 
hardened alloys, such as some of the aluminum alloys, exhibit hard miscro- 
scoplc particles that are rejected from the atomic matrix. During cooling, 
these particles contract at a different rate than the pare/:, material, 
causing a residual stress situation, tending to counteract the stress 
raiser effect. 

Surface hardening techniques are often helpful In raising fatigue strength, 
but are not always predictable, and are sometimes harmful. Occasionally, 
the discontinuity or nucleus for a fatigue crack will exist in the area 
between the case and core material in a surface-hardened member. Conversely, 
notched specimens have been shown to exhibit improved fatigue strength after 
nltriding, provided the nltriding operation was accomplished after the 
structure was notched. Deep carburlzing and subsequent hardening and 

k.k-Z 
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D 
tempering can provide even greater fatigue strength Improvement than 
nltrldlng.    The danger lien In the potential overloading of the core 
material rather than the hardened case.    Local yielding could then occur 
under the  'ase, causing subsequent fatigue failure from spelling.    In 
general, a through-hardening alloy is more consistent and more predictable 
a material for basic structure subjected to dynamic loads. 

D 

RAHGES OF FATIGUE STRHIGTH FOR VARIOUS MATERIAL 

Ferrous 
Alloys 

Wrought & 
heat treated 

-.ray/ Doct 
Iron 

+ 

Doctile Cast 
Iron   Steel 

■+■ \        I 

0.8 

0.6 

— 0.4 

— 0.2 

• 0 
20  UO 60  80 100 

Ultloate Tensile 
Strength (Su)(l000 psi) 

20  UO 60  80 100 
I   I   I   I 

Aluminum Alloys 

Diecast 
Permanent 

Mold 

Sand Cast Wrought 

Nonferrout.    Titanium 
Alloys   [       /—~_— 

NicVel- 
fase Alloys 

Cast 
Mg Alloys 

Copper 
Alloys 

Ceramics 
Other Materials 

i Sintered Metals 

 1 .1  ,1   I 
20  40 60  80 100 

Ultimate Tensile 
Strength (Su)(l000 pel) 

20  UO 60  80 ICO 
-I 1 1 1— 

i 

Plastics      Woods 

Ratio Sn/Su 

Fatigue Strength 
Ultimate Strength 

EWDURAMCE LIMITS: The fatigue resistance of many common structural 
alloys may be estimated (with care) on the basis of heat treatment 
or ultimate tensile strength. (ny 
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Section 1+ - Minimizing the Stress Amplification Effect 

SOME SUGGESTIONS FOR IMPROVIMG STRESS CONCENTRATION EFFECTS IN EXISTING STRUCTJJRB _ 

Reducing stress concentration in existing structure without an extensive rework is a 
formidable design task. Tliere are a few effective approaches available to the 
englpeer which may solve some marginal sitrations.  

Frequently, the packaging engineer is confronted with the problem of design- 
ing a fix for a member which has failed under dynamic load where the failure 
has progressed from a stress raiser. Stress concentrations have a way of 
coopounlitig a critical stress situation either by accident or analytical 
oversight. Designing around this handicap without ordering a major rework 
or redesign is a formidable task which will tax the designer's ability. 

Many fatigue failures result from stress raisers that are more severe than 
estinated, or are being magnified by other discontinuities in the area such 
as tool marks. A first fix in this case would involve the smoothing, ftiring, 
and polishing of the stressed area to minimize the stress amp-ification as 
much as practical. If the geometry of the member is such that the notch 
must remin, then additional approaches may be indicated. The introduction 
of a residual compressive stress in the region of the concentration will 
generally raise the effective fatigue limit. This may be accomplished 
by shot peening, work hardening, local hardening, or a complete surface 
hardening process such as nitridlng. Inus it is usually helpful to mechan- 
ically work fillets and grooves, roll machine cut threads, ream drilled 
holes, and generally work-harden the member. This is particularly effective 
in materials that have a high capacity for strain hardening. 

The removal of material adjacent to a stress raiser may fair out the force 
lines to the extent that amplification is reduced to an acceptable level. 
Shnrp corners and shoulders often may be relieved by removing some material 
from the shoulder or undercutting the face to smooth out the abrupt change. 

The naterial properties may frequently be improved by Judicious use of heat 
treatment. Surface treatments may be effective, such as nitridlng or flame 
hardening in the vicinity of the notch. 

The presence of corrosion may be the unexpected by-product of the working 
environment. The deterioration of the surface of a member, particularly 
one loaded in flexure, will often serve to magnify already existing stress 
raisers. The solution here is one of Insulating the sensitive surface from 
the corrosive effects of the environment by a hard finish such as anodizing, 
or an inert coating material. 

k.k-k 
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* 0 
SOME SUGGESTIONS FOR IMPROVING STRESS CONCENTRATION EFFECTS IN 
EXISTING STRUCTURE. 

1. REDUCE COMPOUND STRESS RAISER EFFECTS 

• Add gussets and fairing material where practical 
• Smooth surfaces in region of critical stress 
• Remove tool marks, scratches, and other surface blemishes 
• Remove surface decarburlzed material 
• Look for quenching cracks 

2. MITIGATE STRESS RAISER B3f MATERIAL REMOVAL 

• Add notches of diminishing size adjacent to principal stress raiser 
• Remove material to reduce abrupt section changes 
• Undercut shoulders with generous radii 
• Dress weld beads at critical locations 

3. HEAT TREAT TO IMPROVE MATERIAL CHARACTERISTICS 

• Surface treatment, particularily for members in bending aoi torsion 

- Light case, such as anodize or nitride 
- Deep case, such as carburize or aerocase 

• Through section treatment to Improve strength, ductility, sensitivity 

- Anneal or normalize to relieve residual tensile stresses 
- Harden and temper to upgrade strength and fatigue limit 
- Selected heat treat to reduce notch sensitivity 

4. STRAIN HARDENING BY MECHANICAL WORK 

• Shot peening, rolling, hammering 
• Work harden critical fillets, grooves, radii 
• Roll critical machine-cut threads 
• Ream or broach critical drilled holes 
• Burnish rough surfaces 
• Develop residual compresslve stress wherever practical 

5. PROVIDE ENVIROMffiRTAL PROTECTION OR LIMITATION 

• Corrosion protection by coating, plating, painting, cladding 

- Reduce surface and intergranular effects 
- Insulate from water attack, particularly salt 

• Temperature insulation 
- Avoid creep-fatigue interaction 
- Above 300oF temperatures become significant 

IMPROViMENT OF CRITICAL ELEMENTS ONLY 6. 

% 0 

• Select optimum material and heat treatment 
• Design in more fillet and radii material 
• Improve fastener pattern 
• Reduce load concentration.. .more bearing area 
• Eliminate rubbing, scoring, fretting 
• Improve lubrication 
• Redistribute high stresses away from discontinuities 
• Use direct load paths....avoid bending and torsion 

4.4-5 
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VOLUME III - CHAPTER k 
Section h - Minimizing the Stress Amplification Effect 

REDUCIIC STRESS CONCENTOATION IN WELDED JOINTS 

Correct welding techniques are essential to minimize stress concentrations in a 
welded connection. Some practical suggestions are offered for welded steel members 

Geometrical Effects and Design Considerations* 

DO 

• Change sections gradually and avoid re-entrant corners. Where welding 
Joins different thickness of plates, or sizes of plates or sections, 
provide a gradual transition. 

• Grind butt welds flush and smooth. 

• Use butt Joints instead of lap Joints. 

• Extend cover plates on beams well beyond theoretical cutoff points. 

• Align parts to avoid eccentricity. 

• Join parts of unequal stiffness with a gradual transition. 

• Streamline fillet-welded Joints. 

• Give preference to structures with multiple load paths, in which a 
fatigue crack in any one of several key members is not likely to 
precipitate sudden collapse of the whole structure. 

• Plan welding sequence to avoid shrinkage cracks and other weld defects 
as well as excessive defamation. 

• Locate welded Joints where fatigue conditions are not severe. 

DON'T 

• Use plug or slot welds; Instead, use a hole or slot of adequate size 
with a fillet weld all around. 

• Use Joints having large local variations in ability to deform under the 
applied load. For example, don't butt-weld a beam to an unstlffened 
column flange; the edges of the column flange can deform easily, 
causing the part of the butt weld opposite the flange to be overstressed. 

• Intioduce high restraint in localized regions. 

• Attti^h fittings, handles, and bosses, or make openings at locations of 
higt> stress. 

• Specify excessive welding. 

* Prepared by the Subcommittee on the Fatigue of Welded Joints, 
Committee of the Welding Research Council.'10) 

*' 

subjected to repeated loading.  
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Metallurgical and Fabrication Considerations» 

DO 

• Use welding procedures and methods that will eliminate Internal defects, 
such as mlcrocracks, gas pockets, and slag Inclusions, as well as 
excessive surface ripples or roughness. In some cases. It nay be ad- 
visable to use low-hydrogen electrodes or submerged arc welding, or to 
pre-heat or administer a suitable post-heating treatment. Some steels 
should be welded only with low-hydrogen electrodes on submerged-arc. 

• In welded Joints, avoid undercutting, cracks, spatter, and other sur- 
face Imperfections which might serve as stress raisers. 

• Machine or otherwise dress the weld at critical locations. If necessary, 
to obtain satisfactory smoothness. 

• Provide proper maintenance. Including adequate protection against cor- 
rosion, wear, abuse, overheating. Improper lubrication, and repeated 
overloading. 

• Use multipass cascade welding in making fillet welds on thick material. 

DON'T 

• Leave ircomplete root penetration. 

• Use intermittent welding, 

• Leave end defects in fillet welds. 

• Peen the first layer of a weld. Welds on steels with no pronounced 
yield point, such as ASTM A 5l4, may be peened after the first layer; 
others should not. 

Prepared by the Subcommittee on the Fatigue of Welded Joints, 
Committee of the Welding Research Council.(10) 
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Section 5 - Appendix 

GLOeSAW ^ 

Stre»t ConcentratlOD - In an elastic material IK the abrupt Increase In 
stress intensity within a highly localized region, apart froo distri- 
buted stress variation such as flexure. 

Stress Raisers — The form irregularities, dieoontlnuities, surface defects, 
metallurgical anomalies, et. al., which cause the highly localized 
stress concentration effect. 

Iheoretlcal (Geometrie) Stress Concentration Factor — A multiplying factor 
which corrects the stress calculated by simple theory to more closely 
agree with the true stress in the area of the stress raiser. It is the 
ratio of the true maximum stress to the stress calculated by ordinary 
mechanics using the net section, but ignoring the artificial change in 
stress distribution due to the notch. 

Elastic Material - It has the property of being able to sustain a stress 
without permanent deformation. The material further has the character- 
istic of conformity to the law of stress-strain proportionality, within 
the elastic limit. 

Elastic Modulus or Young's Modulus - The rate of change of stress with 
respect to strain within the proportional limit. The property Is thus 
measured as the slope of the elastic portion of the stress-strain 
diagram of the material. 

Elastic Limit- The least stress which will cause permanent deformation in ^ fc 

in an elastic material. 

Proportional Limit — The maximum stress which a material can sustain 
within the law of stress-strain proportionality, i.e., remain elastic. 

Yield Strength — The stress at which a material exhibits a specified 
permenent set. Yielding in a material is the plastic deformation of 
matezial in the region of stress which has exceeded the elastic limit. 

Ultimate Strength — Tensile strength, or ultimate tensile strength, is the 
amljMB stress that the material can sustain without fracture, calcu- 
lated on the basis of load/original cross-sectional area. 

Ductility - A material property reflecting the amount of deformation 
(usually plastic) that a specimen can sustain before fracture. This 
characteristic is proportional to the extension at rupture from the 
stress-strain diagram. 

Creep - The  continuous Increase in deformation under the action of a sus- 
tained or decreasing stress. In ccmnon structural materials, the 
phenomenon is usually associated with stresses at elevated temperatures, 
where the effect is more pronounced. 

Fatigue - The tendency of materials to fracture from progressive cracking 
due to many repetitions of stress. 

Fatigue Strength - The mxlmum stress that a material may sustain without 
failure for a specified number of load repetitions. 

■e ►■ 
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Endurance Limit - The  stress which a material nay sustain for an Indefinite 
number of load repetitions without failure. 

Stress Concentration Factor In Fatigue - (Or fatigue strength reduction 
factor) The ratio of a material's fatigue strength without a notch to 
the same material with a notch. It Is thus a measure of the effect of 
the notch In reducing the strength of the material under repeated load. 

Notch Sensitivity - The material characteristic which relates the effect 
of a notch or discontinuity to the material's physical properties. 

Isotropie - The material characteristic of eadilbltlng the same physical 
properties In all directions. The term Is commonly applied to both 
strength levels and elastic characteristics. 

Resilience - The ability of a material to store and release energy. The 
property Is analogous to the area under the elastic portion of the 
stress-strain diagram. 

Stress - The Internal force exerted by either of tvo adjacent parts of a 
body upon the other across an imaginary plane of reparation. Shear, 
cctupressive, and tensile stresses, respectively, resist the tendency 
jf the parts to mutually slide, approach, or separate under the action 
of applied forces. 

Strain - Is manlfeal as any forced change In dimension of a body under 
the action of a force or unit stress. 

4.5-3 
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Section 5 - Appendix 

GBCMBTRIC BTPICTS - SOME TYPICAL STRESS COWCHITRATIOM FACTORS 

t 2.2 
QeoBBtric 
Stress- 
Concentra- 
tion   1.8 
Factor, (K) 

Flat Bar with Shoulder 
Fillet In Bending 

D .d 

^D/d Ratio 
,1.07 / \ 

1.04 

t 

SHAFTS AND BARS III BHIDING 

3   t. 

Geometric Stress 
Concentration 
Ikctor (Kt)    2 

0.2            O.U              0.6 
D/v • Ratio   > 

0.8 

NCTCHH) PLATES IH BENDING AND TaJSIOW (18) 

L) 

:i 
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1 

^t     k 

V 
\ 

b/a- 0.63 
i 

s^ \ 
K .bui.hA 

L   '     
S0,y     S0,x 

^ ^  

\^ 

 3 1 

BODING OF PLATES MUSI 
VARIOUS HOLES (2) 

0,x 

HOLE PATTERN EFFECT IN 
TENSION PLATESC2) 

Hole Size to Spacing Ratio, d/b 
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Section 5 - Appendix 

GBCMKTRIC EFFBCTS (Continued) 

BHTOING IN    (15) 

CURVH) BBAMSV     ' 
Inner Face Bending 
Stress Factor (K) 

4.0 

Bar 

Beam 

0.4 0.8 
Flange 

sin = ^a 
Mc 

2c/R    .      Beam depth . 
Radius o" ciir^/atuire ^ 

Where, 
M    = bending moment 
1    = moment of  inertia 

S    = max bending stress  in beam inner space 
m 

4* 
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' 
■« * 

Angle In Bending 

S = KE = maxtmuin stress 
m       at fillet 

S  = —-r- = nominal 
bt '   bending 

stress in 
outer, fiber 

£ m      filx^- Radius 
Plate Thickness 

ANGLE SECTION IN BENDING 
(15) 
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Section 5 - Appendix 

GBOMETRIC BFFBCTS (Continued) 

t 
NudBUD 
Stress, 
[a—  x 

60 + 

^0 .. 

20 

1000 psi) 

■+- 

As-Received Plate 

eld Removed and Polished 

24-Grit Disc,  Scratches 
Rwallel to Principal 
Stress Axis 

Weld Prrtially Ground to 1/64" 

eld Reinforcement Intact, 
Height 1/16 in. 

♦T k ■4- 
p « U '5 

10" 10 10 10 10 
Fatigue Life,  N(1000 Cycles) 

EFFECT OF REMOVAL OF WEID REIHF0RCB4HJT ON FATIGUE LIFE OF TRANSVERSELY 
BUTT-WELDED l/U-IN.  USS "T-l"  (ASTM A Slk,   GRADE F) STEEL PLATES WITH 
R=  -1.   (10) 

t 
100 ■■ 

SO" 

Fatigue 
Strength 
(Snx 

60 

1000 psi) kO' ' 

20 

0 

1.1$  Si spring steel 

Cr-Mo steel 

9.k% C steel 
Cr-Mo steel,   am.ealed 
0.45^ steel,   annealed 

— Stainless,   annealed 
Al-Cu alloy,   aged 

■"«. ^.j-——Al-Mg alloy,   annealed 

ID"5 10-k IG"3 10"2 

Maximum Depth of Surface Irregularities (in.) 

EFFECT OF SURFACE FINISH ON FATIGUE STRENGTH OF VARIOUS METAIÄ (11) 
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STATIC STRESS-CONCENTRATION FACTORS FOR FIAT PLATES IN TENSION OF 
COMPRESSION.(19) 

3.0 "fi 

2.6 

2.2 
Geometric 
Stress 
Concentration 
Factor (Kt) 

1.4-- 

1.0' l  '  I  »  I 1 \      i h 
0.2     0.4      0.6     0.8      1.0 

r/w Ratio ^ 
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Section 5 - Appendix 

EXAMPUBS OF DESIGNS TO MINIMIZE THE STRESS RAISER EFFECT 

High Stress 
Concentration 

Reduced Stress 
Concentration 

K\N : K\N 
Hole In Plate 

Thicker Material 

Section 

Fretting iM 
Sö-E 

/ 
Large Radius Boss 

>_. r 3 

Gear, Fully, etc., Shrunk on Shaft 

.Small Radius >> BMP I X nau-xuo ^^ Large Radius 

Countersink on Plate or Lug 

/ 
Fretting K Thicker Section 

J  Larger Radius 

Clamped Bar 

Large Radius 
Fillet 

Threads on Shaft or Rod 

DESIGN TECHNIQUES FOR REDUCING STRESS CONCEKTRATION (3) 

. 
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High Stress 
Concentration 

Reduced Stress 
Concentration 

Rough Surface Smooth Surface 
Shaft 

S No Shoulder 
Shoulder & Grove 
Stress Relief 

P 
Wheel on Shaft 

DESIGN TECHNIQUES 
FOR REDUCING 
STRESS CONCHfTRATION (3) 

Small 
Radius 

J 
Large Radius 
Stress Relief 

Lug Flange or Change in Section 

i 

IS \ M TTV 

i—> 
«r-, Thicker External 

and Internal 
Material Section 

ts3 
Hole in Shaft 

a -r  

Threads Reduce Material 
Cross Section 

Thicker Cross Section 
with Large Radius Fillet 

C 

i 
s=s: 

Threaded Rod 
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BDMFUB OF DBEGBS TO MHOHISSB THE STUBS RAISER BFFBCT (Continued) 

OEBiai TBCHNIQUFS 

FOR RH)UCING 
STRESS 
CONCHJTRATION (16) 

Shafts - Collars reduce stress concentration. 

CD 

CD 

Shafts - Relieving groves reduce stress concentration 
aroudd radial hole. 

Q 
Holes - Small holes reduce 

stress concentration 
around large hole. 

Groves reduce stress 
concentration from 
sudden dimensional change. 

Comers "Streamlined" fillets for various types of 
loading:  (a) Plate in tension or compression 

(b) Plate in bending and shaft tensio 
(c) Shaft in bending or tension,  such 

fillets help reduce stress 
concentration factors. 

-& 
y —   — 

3 

Crankshafts - Eccentric internal fillets give reduced stress 
concentration. 

\     i 
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J 
WEIDING TECHNIQUES FOR STREBS 
CONCHJTRATION REDUCTIONdO) 

(-) z J   *   f   *   r   * 

Joint 

Longitudinal 
jf  /  i   l  l   r  SZ /   /   /  / Z-i^ Flange-^3-Web 

nnn LU innriii 

Stress 
Ratio,  R 

1 
1 

(-) 

r  *  f   >   f f   f 
^^ /   /   /  /   Z 

]EK C+) Ifimn 

Longitudinal 
Attachment, 
Both Ends  in 
Low Stress Regions 

(-) 

~^~^/ 

irmrf 
%L 

\+) MTl 

(-) 

I   t   * '   '   '   ' 
<ca / / ? 

rrtfn (-»-) rrrrti 

^7U 
k±: 

Traverse 
Attachment,       0 
Full Width on 
One End In 
Compressive-Stress 
Region 1 

Longitudinal 
Attachment, 
One or Both Ends 
in High Stress 
Region 

Traverse Tee 
Joint. 
No Complete- ^ 
Penetration Welds 

Lap Joint % 

Reduction» 
(percent) 

0 
0 

Ul 

2- 

Ll 

50 

59 

♦ Compared to traversely butt-welded Joints,   weld reinforcement 
in place. 

t  Plate carrying main stress   Is interrupted by a perpendicular plate 
in such a way that rrjin stress must be transferred through the 
Joint. 

S  Welded only on sides of plate parallel to direction of stress in plates. 

U.5-13 



1 ► 

VOLUME III - CHAPTER k 
Section 5 - Appendix 

EXAMPLES OF DESIGK OVERSICST WHICH CAUSE HIGH STRESS CONCENTRATION AND 
SERVICE FAILURE (9) 

Oversight Result 

Jl 

1 Hole Thru 

In drafting, hole rfas 
shown only in end 
view, waere other 
details had been 
omitted. 

O.UO-J -fcj 1*0.50 

In drafting, 2 views did 
not show complexity of 
intersection o^" 'ompound 
cuts. 

Mill Cut as Shown 

Saw cut this flange 
to face of other flange 

THD l/k -  20 NC-2 

Undercut 0.05 x 0.032 

l/l6 x 45 Chamfer 

In drafting, the thread runout 

at undercut did not show. 

In service, fatigue 
cracks developed at 
feather edges. 

In service, fatigue 
cracks developed at 
feather edges. 

In service, fatigue 
cracks developed at 
feather edges. 

k.5-lk 
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Oversight Result 

EQ SP 

Drill and Ream 

0.875 Dia 
°-™ :oo-z "•• 

Spot Face 
16 Holes 

In drafting, typical short- 
cut method provided all 
necessary Information for 
fabrication, allowing for 
bolt-head clearance in 
next assembly as well, but 

4    ^ 

In service,  fatigue cracks 
developed at feather edges 
caused by intersecting 
spot faces. 

tm 

0.125 x 1.00 x 30.00 Filler, 
1 required - to be centered 
by bolt hole. 

In drafting, only one view 
of assembly was shown. 
Filler of minimum allowable 
width for sufficient edge 
distance and bearing contact 

13 . under normal loads was 

inr called for. 

-m     h»-0.500 

__. +0.003 _. 
■750 -0.000 ^ 

500 ♦ 0.002 R 

In drafting, at least one 
possible undesirable combination 
of tolerances was overlooked. 

In service, fatigue cracks 
developed around bearing 
web due to lack of solid 
practical contact across 
face. 

In service, fatigue crack 
developed at feather edge. 
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Section 5 - Appendix 

COHDITIOIIS WHICH RHHJCE DYSAMIC STRUCTURAL nfPBGRITY 

Streai concentrmtlon Is often increased because of design necessity, accident! or poor 
iterlal of the structure.(3/ technique, or factors inherent In the 

Source 

Stress concentration irz  to 
improper design f-.all fillet 
radii in shafts, changes In 
sections, etc.) 

Stress concentratl ens due to 
Improper manufacturing (file 
marks, rou^h »chined & orfaces, 
etc.) 

Residual tensile surface 
stresses induced by grinding, 
cold forming, or assembly method. 

Importance 

Reduction In fatigue strength 
depends on the geometric factor 
and the sensitivity of the material 
to notches. Reduction can be as 
high as 75 percent. 

Difficult to evaluate since geom- 
etry of notches la usually non- 
standard. Fifty percent loss In 
fatigue strength Is not uncommon. 

Improper grinding may Introduce 
very high tensile stresses, causing 
a loss of fatigue strength of 10 to 
15 percent. Although beneficial 
compresslve stresses can be Intro- 
duced by cold forming, tensile 
stresses are sometimes produced, 
causing a loss of fatigue strength. 
Tensile stresses Induced by mechan- 
ical assembly methods usually have 
an adverse effect on fatigue 
strength. 

Fretting or galling of surfaces 
that are simultaneously sub- 
mitted to fatigue stresses. 

Corrosion 

Plating 

Fretting or galling can result in 
a fatigue-strength loss of up to 
80 percent. Most clamped, bolted, 
or riveted Joints are subject to 
this condition. 

Corrosion caused by moisture or 
liquids can reduce fatigue strength 
by as much as 75 percent. Most 
metals require an adequate surface 
protection. 

Plating usually reduces the fatigue 
strength of a part, the amount 
depending on the type of plating, 
the thickness of the plate, the 
method of plating, and the embrlt- 
tlement-relief treatment. Chrom- 
ium plating in some instances can 
cause a large loss in fatigue 
strength. 

^ »• 

•* m 
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Source 

Surface conditions Introduced by- 
heat treatment (oxide penetra- 
tion, decarburlzatlon., etc.) 

Size 

Speed 

Shape 

Inclusions In Materials 

Importance 

Only by the most careful control 
can the surface be protected during 
the heat-treating process. These 
anomalies often form the nucleous 
for a fatigue failure. 

Most published fatigue data on 
materials are based on small labo- 
ratory specimens which do not ade- 
quately jvaluate the fatigue 
strength of large parts. large 
parts may be weaker than small test 
specimens by more than 10 percent. 

Although strain rate ordinarily has 
only a minor effect on fatigue life, 
very high or very low speeds usually 
reduce fatigue strength. 

It has been found that the shape of 
a part has some Influence on its 
fatigue strength. Rectangular 
specimens may be up to 30 percent 
weaker than round ones. 

Nonmetallic Inclusions in high 
strength steels nay reduce fatigue 
strength to a point considerably 
below that of relatively inclusion- 
free steels. 

U.5-17 
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> 

CHAPTER ; 
FATIGUE 

ABSTRACT: 

Fatigue life largely determines the useful life of most structural 
packages subjected to repeated loadings. The usual structural fracture 
associated with prolonged vibration (and in some cases repeated light 
shock Impulses) is a fatigue failure. Certain types of short term over- 
load also have a deleterious effect on fatigue life, and hence equipment 
life. 

The intent of this chapter is to outline the nature of the fatigue 
phenomena and define the engineering terms normally used to describe it. 
Analytical methods are also presented to model the structural fatigue 
damage potential during sine and random excitations. 

The major portion of this chapter is devoted to the design aspects of 
fatigue resistance. The discussion includes the influence of size, 
stress concentration, improved relative stiffness, improved damping and 
natural frequency parameters, and the general design engineering 
approaches to increased fatigue strength and reduced fatigue stress. 
Design methods are discussed for reducing the effects of fretting, 
scoring, corrosion, and stress concentration in structural systems. 

) 
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1.0 

Ratio Applied 
Streaa 

Yield Stress 

Endurance 
Stress 
(Endurance 
Limit) 

Failure Region 

/ 

No-Failure 
Region 

/ 

/ 

Log. Number of 
Stress Cycles 

1HE STRUCTURAL FATIGUE CURVE: Fatigue strength Is represented by the 
clfibslc S-N curve. 
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Section 2 . the Itoture of Fatigue 

THE S-N CURVE AID THE COASTAWT LIFE DIAGRAMS D 
The fatigue characteristics of an engineering oaterlai subjected to repetitive 
loadings nay be conveniently defined in terns of an S-N curve and constant life , 
diagraas. 

The S-H Curve:    The results of a typical fatigue test are presented in the 
S-N curve in the adjacent figure.    Curves for various materials under 
several test conditions arc also available in the referenced literature. 
It is important for the designers to select an S-N curve whose conditions 
closely natch those to which the design iten will be subjected.    For 
example,  it can be seen that the stress ratio (R) has a severe effect on 
the fatigue life.    The fatigue life under given conditions is designated 
by the line or. the S-N curve.    Conditions to the right of the line (and 
above it) are expected to result in failure.    The fatigue strength line 
usually represents the average fatigue life to fracture;  it should be 
noted that there is considerable scatter in the fatigue life of a material, 
even under identical test conditions.   Therefore,  it is necessary to 
provide enough of a safety factor to assure adequate strength.   The 
designer is advised to consult the fatigue expert when using S-N curves 
for design purposes. 

The Constant-Life Diagram;    The constant-life diagram (or the modified 
Goodman diagram) is a summary plot of fatigue data,  shown in the lower 
figure.   The data lines represent the number of cycles to fatigue failure. 
If the point designating the stress conditions is above the line desig- 
nating the number of stress cycles to be encountered,  then the specimen 
is expected to fall.    Again,  the statistical uncertainty of most of the 
data available must be kept in mind.    Consult an expert. 

The convenience of these two fatigue life diagrams in defining the param- 
eters of a repetitively loaded structural model is Illustrated in th» 
appendix.    Sample problems are given for the application of both the S-N 
curve (page 5«5-8) and the constant-life diagram (page 5«5-l0)« 

1 
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CHARACTHIISTIC S-N CURVE SHCWIMG VARIOUS STRESS RATIOS (6) 

t 
UTS ■• 

TYS .. 

Maximum 
Strtas 

Stress Ratio (R)  = 
(Mln.  Stress) 
(Max.  Stress; Stress j 

R - 0.60 

Log Lifetime 

_ .  .  Stress Amplitude 
Kat10 A = Mean Stress 

Ratio R = 
Min. Stress 

A = 0 
R = 1.0 

t 
Maximum 
Stress 

A = 2.33  A = 1 
R « 0.4   R » 0 

Alternating^ 
Stress 

(Stiess 
Amplitude) 

Max.   Stress 
A -   .25 A = 0 
R =  0.6 R = 1.0 

Minimum Stress ^      v Fatigue Life 
(Cycles of Stress) 

CONSTANT LIFE DIAGRAM FOR THE S-N CURVES SHCWN ABOVE (6) 

c FATIGUE PLOTS:    The important engineering properties showing the charac- 
teristi :s of fatigue in structural materials are visible in the S-N and 
Constant Life plots. 
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Section 2 - The Nature of Fatigue 

LOADING CONDITIONS AND FATIGUE STRENGTH 

The conditions for applying the varying load to a structure greatly affect the 
fatigue strength. 

The fatigue strengths of materials are obtained by subjecting test oamples 
to varying loads and noting the conditions which cause failure. The test 
conditions of importance are as follows: 

1. The method of loading 
2. The stress levels 
3. The number of stress cycles <> 
k. The test temperature 
5. Complete description of the test specimen. 

The Method of Loading: As shown In the accompanying figure, the varying 
load can result in a constant amplitude, completely reversed stress 
0, a constant amplitude plus a steady stress ^, a random amplitude 
stress 0, and a random amplitude plus steady stress 0. Test speci- 
mens are rarely subjected to the random stresses and  they will not be 
discussed here. See the discussion of Cumulative Damage for more infor- 
mation on random loading. 

The Stress Levels: The relationship between the mean (or steady) stress 
and the oscillating stress is designed in terms of the stress ratio, R, 
(the ratio of the minimum stress to the maximum stress) or in terms of A 
(the ratio of the stress amplitude to the mean stress). See Equations 
1 and 2. 

The Number of Stress Cycles: A stress cycle occurs when the stress goes 
from the mean to the maximum, then to the minimum and back to the mean 
(illustrated at right). The number of cycles a specimen has undergone a*. 
a given test condition is n, and the fatigue life at that condition is N. 

Other Conditions; The results of a fatigue test will often Include such 
information as the test temperature, the forming process and heat treat- 
ment of the specimen, the surface condition, the static strength properties 
and the rate of loading. 

Minimum Stress , . 
Maximum Stress ^ 

Stress Amplitude , . 
A '   Mean Stress (   ' 

for completely reversed stress, R = -1 and A = •. 

! 
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t 
Stress 

Maximum 
Stress 

t 
Stress 

Stress 
Amplitude 

Stress 
Range 

Tlmew 

Minimum 
Stress 

Mean 
Stress 

COMPLETELY REVERSED STRESS 
(STRESS - TIME PLOT)  0 

CONSTANT AMPLITUDE PLUS STEADY 
(MEAN) STRESS  ^ 

RANDOM AMPLITUDE 0 RANDOM AMPLITUDE PLUS STEADY 
srasss     0 

( 

TYPES OF FATIGUE LOADS:    The manner In which the repetitive load  is 
applied  to the structure greatly affects its fatigue strength 

■'' 
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Section 2 - The Nature of Fatigue 

CUMULATIVE DAMAGE - MINER'S RULE 

Miner's Rule provides a simple method for evaluating •He fatigue damage caused by 
stress occurring at different levels.  

Miner's Rule hypothesizes that fatigue damage accumulates In a linear manner. 
As shown in Equation 1, the damage index (D) is equal to the summation of 
the ratios of. the number of applied cycles (n^) to the theoretical number 
of cycles to failure (%) at stress (Sj). 

For loads at only one stress level, failure Is expected when n = N and 
the damage index is equal to 1. For loads at various stress levels (see 
accompanying figure), D will have a range of values. According to 
Reference (?), when there is more than one discrete stress level, the 
index D can vary over a range as large as 0.3 to 3'0> depending on tie 
methods of testing. This variation becomes smaller when the discrete 
loads axe applied by increasing and decreasing the levels or when the 
loads are applied randomly. Reference (7) states that with various stress 
distributions the damage Index ranges between l/5 and 2/3, with most of 
the data near l/2. 

Two lines on the S-N curve are of particular Interest. One is the endur- 
ance stress (Sj?), also known as the endurance limit. Bel <w this stress, 
a material can experience an infinite number of stress cycles without 
failure. Some materials do not have an endurance limit. Tne other level 
is the yield stress (Sy); tne S-N curve becomes horizontal at (or slightly 
above) the yield stress for less than (approximately) 10,000 stress cycles. 

The adjacent table presents a typical example of multi-leveled stress 
applications. S is the applied stress (if the S-N curve is a plot of 
peak stress, S in this case must be peak stress), n is the number of cycles 
applied at that stress level and II is the nvunber of cycles to failure at 
that stress level. If we assume for this example that a damage index 
greater than l/2 will result in failure, it can be seen that (by applying 
Equation l) no failure is expected. 

Miner's Rule should not bp applied without recognizing its limitations. 
Uncertainties exist in the S-N curve, in structural variations from one 
assembly ■•■o another, and in the actual loading environment. Adequate 
design strength should not be assumed unless a large safety factor is 
shown, and, even then, it is recommended that critical items be subjected 
t.o comprehensive structural tests. 

n   n n 
D = r + ir+- • • • =2:^ (i) 

l c 1 
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O 

t 
Log 
Stress 

A THEORETICAL S-N CURVE 

Log Runber of Stress Cycles• 

AN BCAMPI£ OF CUMULATIVE FATIGUE DAMAGE 

S, pel n, cycles N, cycles 

1 60,000 20,000 130,000 

t 2 55,000 U0,000 370,000 

1 3 
40,000 10,000 7,500,000   j 

En  2x10 ^ 4x10 , 10^ 
N 13xl04 37xl04 750xlO4 

= .2573 = D 

.257 ^ .5> Therefore no Pallure 

o 
MINOR'S RULE:    Fatigue strength Is determined for an illustrative example 
using Minor's Rule. 
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• A Model for Fatigue Duwge During Swept Sine Vibration 
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• Sine - RenAoa Bquivelence 
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:: 

• 

lo,-' S 

D H 

lor N-- 

Lower half-pover point: f 

Upper half-power point: f 

s = CS Q Sin 

f
2 

= fl2
Kt 

:   fL = tn^'lk' 

:  f u = fn(1-^) 

EQ+1 
2Q.1 

= c 

EXAMPLE: Assume g. = 2 , K = 1 oct/min, f = 100 Hz, m 
C = 10, C = 1250 psi/g, C = (75,000)10, A = 10 s 

Solving (3)    S -  (1250)(10)(2) = 25,000 psi 

(l)tt 
Solving (7)  |gi 

R 
0.1^ Min 

(1) 

(2) 

(3) 

CO 

(5) 

(6) 

(7) 

O) 

Solving (9)    n =  60 (0.1^)(100)(100) =  3.64 x 10^ cycles 

Solving (2)  NS10    (75,000)10 

Solving (1) 
3,64 x icA  r 
5.9 x 10 

N = 5.9 x 10 cycles 

l  ^5   THEREFORE, fatigue failure 
is expected. 

■• ^ 

FATIGUE DAMAGE:    The cumulative damage from a swept-slne input may ; 
evaluated using Minor's Rule. 
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Section 3 - Analytical Methods 

A MODEL FOR FATIGUE DAMAGE DURING RANDOM VIBRATION 
• 

Using simplifying assumptions, a model is derived which Is used to obtain an estimate 
of the fatigue damage caused by random vibration.  

This model, as in the case of sinusoidal vibration, assumes that the struc- 
ture can be represented by a single degree-of-freedom system, that damage 
occurs according to Miner's rule (Equation 1), that the S-N curve can be 
expressed by Equation 2, and that the stress is proportional to the responsa 
acceleration (Equation 3). Sr is the rms stress level and gr is the rms 
response g level.  In addition, it is assumed that F(f), the input random 
vibration, is constant over a sufficiently wide band (in the area of the 
natural frequency) to be considered constant for an infinite bandwidth. 
Finally, it is assumed that the response peaks have a Rayleight distribution 
(Equation k).    In order for this approach to be valid, 3Sr must be below the 
yield stress of the material. It should be noted that the analysis given 
below is conservative for loss-stress levels because it assumes that there 
is no endurance limit. 

A single degree-of-freedom model responds to random vibration at its 
natural frequency and with a random amplitude. The number of cycles with 
peak amplitude Si is equal to +he total number of cycles, nr, multiplied by 
the probability of occurrence of peak Si. For this approach, the system 
should have a Q greater than 5 such that successive peaks and minimums vary 
by a small amount. The fatigue damage is the summation of the number of 
cycles at the various stress levels, each divided by the number of cycles to 
failure at that stress level (figure below and Equation 5). The total 
number of cycles is the test time, tr (in minutes) multiplied by the natural 
frequency, fn (Equation 6). In order to put Equation 5 in terms of stress, 
we solve Equation 2  for Ni, put this in Equation 5 and get Equation 7. Let 
X equal the ratio S/Sr (Equation 3) and substitute Equation 4 into Equation 7: 
this yields Equation 9. Calling the integral I (A) and substituting Equa- 
tion 6 yields Equation 10, the fatigue damage due to the random vibration of 
a single degree-of-freedom system. Values for 1(A) are given in the appendix. 

I     I 

If the response, gr,   is r t known, 
is constant in the area of fn. 

it can be derived from Equation 11.    F(f) 

A tabulation of 1(A) is given in the Appendix on page 5.5-6.    A sample 
problem on fatigue damage is given in the Appendix on page 5.5-7. 

A 

Stress 

N2    Nj^    NR    N2      Nj^ 
Log N _^. 

I       ) 
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0 

} 

D = T.- 

=    C 

Cs*r 

Rayleigh 
Distribution:    p(S) 

-1(f) 
/c. v \  r/ 

fe)6 

n     vn      yCs^    v(s2) 
U   =  ■i-N   "       ^ N2 

"T   =    60tTfn 

D - F2:
S
I

A
^

S
I) 

"T D   =    fE^sh e 

X   = f-           0.            s,*   .   x*s 

x2 

T 
= 

00                         Y2 

D   =   -T   60tT fn I(A)    =     ^V-^T fn I(A) 
M 

*r   -    VfF(f)fnQ 

(1) 

(2) 

(3) 

00 

(5) 

(6) 

(7) 

(8) 

O) 

(10) 

(ID 

RANDOM VIBRATION EFFECTS:    Equations are given for determining fatigue 
damage caused by random vibration. 
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Section 6 -  Analytical Mothcxlj 

SIHE-RANDOM EuUTVALENCE 

Uiln^ simplifying as8\iEp*-ior.6, a s;i.usoidal vibration input can be derived which will 
MMft the sane fatigue dara>-.e as a random Input. 

The following assunp-.ions are used to develop a model which is used to 
derive sine-random equivalence: 

1. The system In question can be represented by a linear, single 
degree-of-freedom system. 

2. Miner's rule (Equation l) for fatigue damage applies. 

3. The 3-N curve is represented by Equation 2. 

k.    The stress at the critical section is a linear function of the g 
level (Equation 3)« 

5. The random input, F(f), is constant over a sufficiently wide 
bandwidth to be considered infinitely wide. 

6. The random response peaks have a Rayleigh distribution. 

T. 3S is below the yield stress. 

8. The criterion for failure during random vibration, D,, is 
considered to be l/2 and the criterion for failure during sine 
vibration, D2, is considered to be 1. 

A sinusoidal input at the system's aatural frequency is sought which will 
cause the same damage as a given random input. For a given test time, 
the number of cycles of random vibration and sine vibration will be equal 
because the system responds at its natural frequency. • 

The damaae caused by random vibration, D]_, was derived in the preceding 
section (Equation 5). The damage caused by the sine input is the number 
of applied, stress cycles divided by the number of stress cycles to failure 
(Equation 6). Since D^ = l/2 for failure and D2 = 1 for failure, we get 
Equation 7. The equivalent stress, Seq, is introduced by using Equation 2, 
and by substitution we arrive at Equation 3. The stress Is a linear 
function of the g level (Equation 3), therefore we can substitute g for S 
(Equation 9). Equation 9 is in terms of the response of the single degree- 
of-freedom system. To determine equivalency on the basis of inputs, we 
utilize Equations 10 and 11 to arrive at Equation 12. Values of I (A) 
are listed in the Appendix. 

Note: This approach to sine-random equivalence should not be used indis- 
criminately. The equations given are restricted by the assumptions used. 
In actual situations, it is possible to have several natural frequency 
and various materials. The sine equivalent for one component could be a 
severe undertest or cvertest for a different component. 
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IlluBtratlve Example:    fn = 100 Hz, F(f) =  0.0kgz/m from 5 to 1000 Hz, 
Q = 10, A = 10,  A =  10;  find the equivalent sinusoidal input at 100 Hz 
which causes  the same fatigue damage. 

Aeq    = j'-^$P    [ 2(3.6* x 103)] 
1/10 

1.93 g (to peak) 

D S »n/N) (1) 

NS* = C (2) 

S 3 W «in         or S
r =  Cs «r (3) 

D eq 
= "T   =    60tTfn CO 

Dl 
= (5) 

h = 
eq          "T (6) 

D
2 

= 
2nTSrA 

2D1    =          C 
KA)    =    ^ä 

Neq 
(7) 

Rewriting Equation 2; N      Se       = C          or Neq    ' 
C 

s A 
eq 

Seq 
= Sr [21(A)] 1/A (8) 

geq 

6r 

— gr [21(A)] 1/A Response Levels O) 

(10) VI   F(f)fnft 

g
eq 

a eq 
. 

« (%) Sq    = 

(A)] ^ 

Input 

Input 

g Level 

Levels 

(11) 

(12) /»rF(f) f 

SINE-RAMDCM EQUIVALENCE:    The damage potential of a random excitation may 
be represented by an equivalent sinusoidal input. 
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teetlon k - Dtslgn Ntthoda for Prercntlog PAtlgue Mlure* 

TIE DESK» CHOICE:    FATIGUE STRESS VS FATIGUE STRBCTR 

The design Approach for »voiding fatigue failure la baaed on a simple premise: stress 
mat not exceed strength.    When It does, the designer has two choices: decreaae the 
fatigue atreaa or increaae the fatigue strength» 

The best tine to design against fatigue failure Is at the preliminary de- 
sign stage, when the proposed geometry of each component can be studied 
to establish where fatigue failure nay occur.    Potentially critical 
sections are easily recognised: fatigue cracks almost always originate at 
notches such aa holes,  fillets, grooves, keyways, and splines; at sharp 
corners and feather edges; or at surfaces damaged by fretting, scoring, 
or corrosion. 

Nominal fatigue stresses are decreased by redistributing loads and stresses 
aa uniformly aa possible among components.    Local fatigue stresses are 
reduced by decreasing stress concentrations; that is, the local streaaea 
are redistributed more uniformly in the vicinity of stress raisers.    There 
are several ways of redistributing stresses, as listed below: 

1. Increaae aize of critical section« 
2. Reduce atreaa concentrations 
3. Redistribute stress 
k,    Increaae natural frequency 
3.   Reduce mean atreaa 
6.    Change shape of critical section 

When decreasing fatigue-causing stress will not eliminate a possible 
fatigue failure, the only alternative is to Increase the strength of the 
part or system.    The Increased strength approach has analogies in the 
stress analysis methods.    Nominal stress corresponds to bulk (average) 
strength; local atreaa corresponds to local strength.    Local strength 
depends on micro-structural changes resulting from forging, casting, or 
heat-treating.    Ttata,  local strength involves a strength distribution 
analogous to atreaa distribution. 

The approaches to increasing fatigue strength cure as follows: 

1. Increase bulk strength 
2. Increase local strength 
3. Eliminate fretting, scoring and corrosion 
k. Eliminate sharp corners 
3.    Improve surface finish 
6.    Inprove ductility and impact strength 

The methods listed above are discussed in detail in the sections that 
follow. 

«Mach of the material preaented in this section waa edited with permission 
from a aeriea of articles entitled "Bow to Prevent Fatigue Failure", by 
Robert E. Little of the University of Michigan.    The articles appeared 
in MAOLUIB DESIOI, June and July, 1967, and are copyright 1967 by The 
Penton Publiahing Co., Cleveland, Ohio. 

•» * 
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Areas In Which Stress Areas In Which Strength 
May be Decreased May be Increased 

Critical Sections Bulk Strength 

Stress Concentration Local Strength 

Distributions Surface Defects 

Natural Frequency Material Properties 

Mean Stress 

STRESS VS STRE'JGTH: Fatigue failures may be minimized by increasing 
strength In combination with decreased stress. 
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Section k -  Design Methfv's for Preventing Fatigue Failure 

THE IMFLUENCE OF SIZE ON THE FATIGUE GTRENGTH OF CRITICAL SECTIONS < ► 

Fatigue stress can te reduced by Increasing the size of critical sections. 

The sinplest way to decrease fatigue stress is to Increase the size of 
critical sections. Yet this nethod is seldom acceptable because larger 
components obviously cost ir.ore and weigh r.ore.  Also, size alone is a 
poor neasure of crood fatigue proportior.s; other fatigue design paraceters 
are Just as icportant. The relationship between size and fatigue propor- 
tions is discussed in this section. 

In a component with good strength proportions, failure is equally likely 
to occur at any of the critical sections, whatever the mode of failure. 
The objective, '.hen, is to size components by trading useless material in 
noncritical components for stronger critical sections in highly stressed 
components. Maximum reliability is attained when all components have the 
same factor of safety whatever the modes of failure. 

In practice, the factor of safety for each component and each mode of 
failure should be adjusted slightly up or down from the overall (nominal) 
design factor, depending upon the relative cost and importance of the 
poten^-".al failure. For example, factors of safety for fatigue are gei.er- 
ally somewhat higher than for other modes of failure because fatigue 
failure occurs abruptly and often leads to considerable system damage. 

Since fatigue failure is commonplace in high performance equipment, 
fatigue proportions are usually the best criterion for establishing the 
size of components. For the simple situation in which all mean stresses 
are zero. Equation 1 applies. Good fatigue proportions require that both 
Sf and K* be fixed, and that nominal alternating-stress amplitudes be 
adjusted such that the ratio of alternating stress to fatigue strength is 
a constant (Equation 2) for all components. Thus, size is based on the 
ratio of nominal alternating-stress amplitude to the fatigue strength of 
the unnotched component. Fatigue strength can be estimated from laboratory 
data, using correction factors for important fatigue factors such as mode 
of loading, surface finish, temperature, etc.  (see Equation 3). In most 
preliminary designs, SJJ^ can be substituted directly for SJJ in equation 2 
provided that care is taken that the fatigue data pertains to the appro- 
priate mode of loading. 

When one or more mean stresses are not zero, the corresponding values of 
SJI must be estimated from a fatigue working-stress diagram. 

This topic is further illustrated by example, which appears in the appendix 
or. page 5.5-12. 
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h 
sf 

(Mean Stresses are Ze^O (1) 
%Sa 

s 
a 1 Constant (2) SfKf 

N 
S

N    = *»t   Z h (3) 

Where: 

S
Nt    = Fatigue strength obtained from laboratory tests 

Sf    = 
Fatigue safety factor 

SN    = 
Fatigue strength,  psi 

Kf    • 
•    Fatigue- •strength reduction factor 

Sa    = 
Nominal Alternati;.g stress,  psi 

DECREASE FATIGUE STRESS:    Increasing the size of critical sections Is 
effective first step toward reduced stress. 
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Section k - Design Methods for Preventing Fatigue Failure 

IMPROVn) FATIOUE STRHIGTI THROUGH RJDUCH) STRESS COHCEMTRATION f^ u 
Another approach to reducing fatigue stress Is to keep the stress concentration factor 
M ■mil ae poeelhle.     

Most fatigue failures In service can be attributed to poor fatigue propor- 
tions. In the majority of cases the problem Is that the bulk strength of 
the material Is not used effectively because the fatigue strength reduction 
factor Kf Is toe large. This means that stress-concentration factor 1L 
must be kept as small as possible. Ideally, K,. should be such that the 
corresponding Kf values are constant. 

Various types of notches can have markedly different effects on low-cycle 
fatigue strength. The notches have similar stress-concentration factors, 
yet the drcumferentlally grooved shaft (solid curves) Is noticeably 
better for low-cycle fatigue. But regardless of how "benign" the notch 
may seem, reducing stress concentrations Is always beneficial when re- 
quired fatigue life Is more than 1(V cycles. 

Fatigue-strength reduction factor Is shown In Equation 2, where notch- 
sensitivity Index q can be estimated from appropriate curves shown at the 
right. Values of Kf predicted from these curves have been found accurate 
within 20 percent. All curves end at a notch radius of 0.02 in. because 
smaller radii offer very poor fatigue performance. For materials other 
than those given in the plot, specific notch-sensitivity data should be 
used. In the absence of such data, the following comments are helpful in * ». 
estimating q: 

1. Wrought copper, nickel, magnesium, and titanium alloys have 
roughly the same notch sensitivities as wrought steels of the 
same ultimate strength. 

2. Wrought metals are more notch-sensitive than cast metals. But 
wrought metals tested in the transverse direction have approxi- 
mately the same notch sensitivity as cast metals of the same 
ultimate strength. 

3. Cast metals are normally notch-sensitive; but q can be as low as 
0.1 for gray cast irons and porous aluminum sand castings. 

k.    The only structural materials practically insensitive to notches 
are reinforced plastics. 

The best way to reduce stress concentrations is to increase notch radii. 
However, in many cases consideration must also be given to the form of 
the notch. The appendix material on fillets and notches shows examples 
of the Influence of notch design on fatigue strength. 

S«     i 
^ = r-~ = Constant (l) 
SN    Sf Kf 

Kf =  1 + (Kt -l)q (2) 

*> 
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HPTBCT QF WO DDTERHfT NOTCHES ON STATIC AND FATIGUE SUtaiGTH 
OF AN ALLOY STEEL (S 

1.0 -f     Dotted 
Curves 

t 
Notch 
Sensltlvitj 
Index,  q 

Ultinte Strength) 

Solid 
Curves 

103 105 

Fatigue Life, N (cycles) 

t 
1.0 4- 

0.9 .- 

0.8 + 
Notch 
Sensitivity 
Index,  q 

0.7 

0.6 - 

0.5 

O.k 
0.02 0.06     0.10      Q.Ik              0.16 

Notch Radius (in.)    ^ 

NOTCH SWSITIVm CURVES FOR STEELS (SOLID LINES), HEATTREATBD 
AUMDIUM ALLOYS (DASHED LINK), AND STRAIN-HARDENED ALIKIHÜM 

NOTCH SENSITIVITY: Notch design has a major Influence on fatigue 
strength. 
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SMtion k * D««lgn HpthoAs for Preventing Fatigue Failure 

m llfWl'B Of RDI8TRIBUIH) SIRE8S AND IWraCVH) RELATIVE STIFFNESS 

UM relative «tlffneae of aember« In a aystem muat be balanced In order to effectively 
dlatrlbute 

A «yete» or aachlne can be thought of a« consisting of members that e. 
betaave as a network of elastic springs. Hence, the stiff er a member the 
greater the share of the total load It carries. In designing for fatigue 
strength, relative stiffness can be so arranged that each member carries 
its share of the load. 

The key to balancing stress distribution In a system lies In tearing force 
flow between meribers In much the same manner as stress flow within mem- 
bers. Construction of approximate force-flow diagrams for coaqplex 
structures Is particularly helpful. These diagrams usually show which 
members are too stiff or too flexible. Force flow can be Improved by 
adding tapered sections, extra rivets, brackets, ribs, or cutouts. 

Force-flow diagrams also show that: 

1. The Mailer the nunber, the better It can distribute the stress. 

2. Loads can be carried more efficiently by meanbers In direct 
tension or compreeBlon than by menibers subjected to bending 
and/or torsion. 

3« Members should be sized and positioned to carry distributed "***, 
loads, rather than to have Individual members carry concentrated 
loads. v ' 

A eo—OB example of changing relative stiffness to redistribute stresses 
occurs in the bolted Joint. As shown In the accompanying figure, the 
simplest way to reduce the stiffness of a bolt Is to undercut the shank. 
The tapered nut balances the stiffness of the nut and the threaded portion 
of the bolt so that each mating thread carries Its share of the total load. 
Reducing the elastic modulus of the nut by using aluminum or magnesium 
has the same effect as tapering a steel nut. The objective is to make the 
stiffness of the bolt as low as possible relative to the stiffness of the 
"TtTT^* members; then the bolt abaoros only a small portion of the imposed 
fatigue loading. 

Another case where relative stiffness is Important is in the design of 
bolted, riveted, and glued Joints subjected to shearing stresses. In 
such eases, there has been widespread use of scarfing, tapered splice 
plates (or auxiliary splice plates), and attention to number and spacing 
of fasteners. The "relative-stiffness principle" is also used to relieve 
stresses loposed by shrinking a hüb on shaft. When the hub is too stiff, 
a disproportionately large share of the bending stress is concentrated at 
the edge of the hub. This problem can be mitigated by reducing the stiff» 
ness of the hub, illustrated in the lower figure at right. 

0 
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EXAMPLE OF RELATIVE STIFTHESS IN BOLTH) JOINTS 

Undercut 

ME3HOD OF MODIFYING RELATIVE STIFFNESS IN SHRIMK-FIT 
HUB/SHAFT ASSBfBLY 

Critical 
Section 

Reducing Hub Stiffness Reduces 
Bending Stresses 

D 

STRESS DISTRIBUTION: The relative stiffness of canon Joints any be 
Improved to improve fatigue resistance. 
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Of IHCREASH) NATURAL FREQUQiCY, LATISAI. STIFFNESS,  ARD DAMPOG o 

8tr*st «MlyMS baaed on force-flow concepts are valid only as long as 
robust hanonics of the lojoeed (exciting) forces act at frequencies veil 
below the lowest natural frequency of any of the members analysed. Other- 
vise, one or aore of these members may be excited at or very near its 
natural frequency, vlth the corresponding dynamic amplification of nominal 
stresses eventually leading to resonance fatigue failure. 

Resonance fatigue failure is most likely in high-speed, high-performance 
•qulsasnt. In such eases, fatigue failure is generally attributable to 
bending stresses caused by large lateral vibrations. Accordingly, lateral 
stiffness of all members should be as large as practical. 

Three effective vays to increase the lateral stiffness of structural 
■sabers are: 

1. Increase moment of inertia of the cross-section by using beads, 
ribs, and flanges; if possible, use I, round, or square sections. 

2. Modify mounting conditions by using angle braces to simulate 
built-in supports rather than elmple (pivotal) supports. 

3. Reduce effective length of the member by mounting struts 
parallel to the direction of vibratory motion. 

In designing against resonance fatigue, it is necessary to consider not 
only each member but also groups of members acting as an assembly. 

Resonance fatig. of mechanical origin can also be minimised by using 
vibration-isolation techniques to reduce the magnitude of transmitted 
forces. In certain cases vibration absorbers are also effective. 

If cosponent natural frequencies cannot be increased substantially, and 
if the magnitude of the transmitted forces cannot be adequately reduced, 
the only remaining alternative is to use damping - either external or 
internal. 

External *f-r<«e involves mechanical slip between mating surfaces; energy 
is dissipated by coulomb friction associated with rubbing on dry surfaces, 
or by hysteresis associated with cyclic shear strain in viscoelsstic 
gaskets and adheslves. For example, riveted Joints can be used in place 
of welded Joints to Increase the damping capacity of a structure. 

Internal flwpiag is also effective in reducing dynamic amplification of 
resonance. The damping material should have a high specific damping 
energy; this generally means use of a magnetic material such as 1*03 
stainless to take advantage of msgnetoelastic hysteresis. Special high- 
fiMpiag materials and laminates are also being used more and more. 

It aust be noted that it is possible for situations to exist where 
decreasing the natural frequency will increase the fatigue life. This 

0 

0 
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0 
will depend on the nature of the Input vibration. In all cases It Is 
necessary to maintain the proper balance between the stiffnesses of the 
various eonponente of a system (See "Redistribute Stress"). More detailed 
Information on using the natural frequency of a structure to controx the 
loads can be found In the chapter on Natural Frequency and the chapter on 
Shock Absorption and Vibration Attenuation Techniques. 

METHODS FUß MODIFYING DYNAMIC RESPONSE 

• Change the Weight of the System 

• Change the Mass Tistrlbutlon 

• Change the Stiffness of the System 

• Change the Material Properties 

• Add Structural Damping 

• Use Dynamic Attenuation Techniques 

J DYNAMIC RESPONE:    The natural frequency of a structural system can be 
easily modified to improve the fatigue life. 

o 
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Section k - Design Methods for Preventing Fatigue Failure 

THE INFLUENCE OF REDUCED MEAN STRESS AND IMPROVED STRESS FLOW IN CRITICAL SECTIONS 

The mean stress and the shape of critical sections of £ member can he modified to 
Increase fatigue life. 

In ooet cases (especially where there is axial loading) tensile mean stress 
decreases fatigue strength; compressive mean stress increases it.    Accord- 
ingly,   it is often advantageous to superimpose compressive mean stress on 
critical sections by preloading. 

Some form of heat treating is the most common aeans of inducing compres- 
sive residual stresses at the surface of components.    But such stresses 
can be induced by localized plastic flow at the surface of the material. 
When this flow is caused mechanically by overloading the component until 
yielding occurs,  the mechanism is termed overstraining.    The best known 
example of overstraining is "scragging"  of helical compression springs. 
In this process the spring is compressed well beyond its elastic limit 
(often to solid height)  so that it takes on a residual stress distribution 
such as shown in the upper figure at right when unloaded. 

Variations of overstraining are found in rolling of fillets and grooves, 
shot-peening of stress concentrators and surfaces,  and. in processes such 
as vapor blasting,  tumbling,  and burnishing.    In each case,  the surface 
layers of the material are plastically deformed while the core material 
behaves elastically.    The depth of localized yielding  (penetration) and 
the resulting surface finish obtained from the difference processes differ 
markedly. 

Residual stresses generally fade over a period of time when components 
are subjected to cyclic loading.    The improvement in fatigue strength 
therefore depends upon the ability of the material to prevent fading 
during service operation.    Occasional overloads are often beneficial in 
reestablishing residual stresses.    In fact, occasional proof stressing of 
critical components not only rids the Hyatem or machine of deteriorating 
components,   it enhances  the strength of sound components. 

Improved stress flow means that stress flow lines are more streamlined 
in the vicinity of notches;  it can also result in more strealined stress 
flow lines throughout the critical section.    In this case,   the objective 
is to decrease the nominal stress.    The lower figure shows the increase 
in the fatigue strength of a crankshaft obtained by improving the stress 
flow from the Journal to the cra^k pin.    In this case,  fillet geometry 
was not changed; rather,   the overlap at the critical section was modified 
such that the transition from one cross section to the next is much 
smoother. 

Improved stress flow Is  especially effective in increasing fatigue strengths 
(by reducing nominal stresses) where,   in spite of complex component geom- 
etry,  there is still freedom to modify cross-sectional shapes - for 
example,   in cast and forged components.    Tips on designing common com- 
ponents for fatigue life are in the literature. 

A word of caution: The above methods are general and do not apply to all 
situations.    If applied improperly,  these methods will result in reduced 
fatigue life.    As in all fatigue problems,  it is advisable to consult the 4 ». 
fatigue,  stress and materials experts. 
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RESIDUAL STRESS DISTRIBUTION IN SCRAGGED COIL SPRINGS. 

Spring Wire 

Point A t 
Shear 
Stress 

Sheer Stress 
/at Point A 

Cyclic Loading Wave Forms are for Scragged 
(Solid Curve)  and Unscragged  (Dashed Curve) 
Springs 

EXAMPLE OF IMPROVED FATIGUE STRENGTH OF CRANKSHAi . OBTAINED 
BY SMOOTHING STRESS FLOW FROM JOURNAL TO CRANK PIN 

f?77n 
Crankpin Fatigue 

Strength, 

y^pza-; 
Overlap SN (1000 

pSD 

<—h 
-0.10    0 0.0      0.20 

Overlap (in.) 

Improvement was Obtained  by Modifying the Overlap at  the Critical 
Section,     Effect of the Amount of Overlap is shown in the Graph. 

■• ^ 

MEAN STRESS:    Fatigue life can be improved by modification of the etrese 
flow characteristiCB in critical sections. 
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Section h  -  Design Methods for Preventing Fatigue Failure 

THE EFFECT OF INCREASED BULK STRENGTH ON FATIGIC LIFE 

The fatigue life of a member is increased by Increasing its bulk strength. Bulk 
strength is affected by the geometry of the con'ponent, the composition of the material 
and metallurgical considerations.  

Equation 1 shows that increasing bulk fatigue strength of a material is 
equivalent to decreasing the nominal alternating stress (shown in the 
upper figure). For the stress and strength distribution (and probable 
failure) shown in (a), the strength may be increased, ©, or the stress 
may be decreased by making the part larger, (§) . Increasing bulk strength 
by changing material or process is usually much cheaper and simpler than 
decreasing nominal alternating stress by changing component size or load- 
ing. However, this does not necessarily hold true in preliminary design. 

Several alternative component geometries should be considered during 
preliminary design. Equation 1 can be used to estimate the bulk strength 
required for each proposed geometry. Next, a table can be made listing 
materials with appropriate bulk strength, for each geometry. On the 
basis of material cost arid relative volume, the best geometry and material 
can then be chosen. 

Composition: Fatigue strength generally increases in proportion to the 
increase in ultimate strength (or hardness). Thus, a 10 percent increase in 
bulk fatigue strength generally requires a 10 percent increase in ultimate 
strength. Increases of this order are easily obtained for most materials 
by minor changes in composition or processing. 

This proportional relationship is valid for fatigue life as low as 10 
cycles. But for shorter life - below 10 cycles - other factors are as 
important as ultimate strengtn or hardness in establishing fatigue strength. 

The relationship between material fatigue strength and ultimate strength 
must be used with care for materials with high tensile strength or hard- 
ness. This is especially true when there are considerable differences in 
mlcrostructure at different strength levels. Fatigue strengths for com- 
mercially heat-treated steels peak out at very high values of hardness, 
shown in the lower figure. The mlcrostructure at high hardness levels is 
essentially as-quencned martensite. This very brittle mlcrostructure may 
have an Sjj/Sy ratio as low as 0.20 to 0.25. 

Several metallurgical mechanisms are available to increase the bulk 
strength of engineering materials. The most effective hardening mechan- 
isms are: grain-size refinement, work or strain hardening, dispersion 
hardening, and solid-solution hardening, although some of these are rot 
effective for certain materials. As an example, for mild steels, work 
hardening and dispersion hardening are very effective in increasing bulk 
strength. Thus, shifting from hot-rolled to cold-rolled stock increases 
fatigue strength. 

Changing from a coarse to a fine pearlite also increase^ fatigue strength. 
Often it is possible to simply change to a low-alloy steel, retaining the 
same processing. In some cases, increasing the "effective" bulk strength 
of the existing material may require only that cyclic stresses act in the 
longitudinal rather than the transverse direction. 

Sa/% = 1/Kf Sf (!) 
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TWO BASIC MRTH0D6 OF AVOIDING FATIGUE FAILURE 

Stress Distribution 

■*— Strength (hardness) 
Distribution 

E^B 
EB-^ 

t 130+ 

no-- 
Fatigue 
Limit 
(1000 psi) QO 

TO"/ 

0.60 - 0.65^ C 

0.50 - 0.55^ C 

0.40 - 0.45^ c 

50 4- 
20 

-♦- 4- ■4- 
ko 60 
Hardness (RC) - 

REIATIONSHIP BETWEEN HARDNESS AND FATIGUE LIMIT FOR 
VARIOUS HEAT-TREATED STEEIS 

BUIiC STRENGTH: Fatigue life can be improved by modifying the geometry or 
material composition of a structure. 
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Section h • Design Methods for Preventing Fatigue Failure 

IMPROVIWJ FATIGUE UFE THBOUGH INCREASED LOCAL STRENGTH ^ 

Another approach to greater fatigue strength Is to Increase the local strength of a 
member.    The fatigue strength Is affected by hardenablllty, the amount of local 
strengthening and the manufacturing process. 

It Is often difficult to distinguish precisely what Is meant by the terms 
local and bulk strength.    (The same problem occurs In describing stress 
distributions.)    For this reason,  strength,  like stress, should always be 
evaluated at the point of Interest - for example, at the surface of the 
component,  or at the root of a stress concentration.    Accordingly, hard- 
ness readings usually are more meaningful In fatigue design analysis than 
tensile test data. 

From the standpoint of strength, the best use of a material occurs when 
ration Sa/S^ (Sa = local alternating stress, psl.S^ = local fatigue 
strength, pel)  has a constant value throughout the component,  or at least 
across the section which Is critical In fatigue.    Thus, axial loading of 
normalized and annealed steels represents the best balance of stress and 
strength distributions.    However, when the stress gradient Is large,  part 
of the material experiences negligible stress.    This material contributes 
to excessive cost and weight.    Balancing stress and strength throughout 
the component always helps In choosing the best materials and processing 
methods. 

As was Illustrated in the previous topic, hlgh-hardenablllty steels seldom 
Justify their expense for large stress gradients.    However,  It should be 
remembered that typical Jomlny curves tend to overestimate the effect of 
hardenablllty on strength distributions,  unless attention is given to the ,   , 
effect of tempering.    Jomlny curves for the appropriate tempering temper- 
ature should be used to predict strength distributions, rather than curves 
for as-quenched micrestructures. 

For good fatigue proportions, the product of the fatigue strength reduc- 
tion factor and the fatigue safety factor should be a constant (Equation 5). 
For best results, Kf should be a constant;  that is, all stress raisers 
should be designed such that Equation 1 applies, where Kt = stress con- 
centration factor;  q = notch-sensltlvity Index. 

However,  It is generally Impossible to attain the conditions established 
by Equation 2 for all components.    Localized strengthening then should be 
used for highly stressed components to reduce the effect of excessively 
large stress raisers.    The amount of local strengthening required can be 
estimated from Equation 3« 

Effect of Process:    Any manufacturing process which produces a non-uniform 
strength distribution can be used to Increase local strength.    Casting and 
forging are versatile in this regard.    Also widely used are various heat- 
treating methods - flame and Induction hardening,  carburizlng, and 
nitridlng.    Surface rolling and shot peening have found wide application 
in increasing local fatigue strength.    The adjacent figure Illustrates the 
beneficial effect of local strengthening in terms of stress and strength 
distributions.    In 0 ,  localized strengthening Is Ineffective;  fatigue 
life may even decrease because of tensile residual stresses at the center 
of the bar.    In  © , strengthening is moderately effective, depending on 
the size of the stress gradient; the larger the gradient, the greater the 4^ 
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Increase In life. In ©, localized etrengthening Is very effective. In 
this case, for less-sharp notches, fatigue cracks nay originate at points 
shown in 0 ;  thus,  life may be further improved by increasing case depth. 

Removal of decarburlzed surface layers (or white layers in nltrldlng) also 
Increases local strength.    Similarly,  certain platings and coatings In- 
crease local strength by resisting corrosion or wear acting simultaneously 
with cyclic stresses. 

Stress Distribution 

^P <■ 

G) i 
Strength Distribution 

Localized Strengthening 

■» IP 

^Failure 
Expected Here 

iMii ©' 
Sharp Notch 

llure 
Expected Here 

P) 

Failure 
Expected Here 

EFFECT OF STRESS DISTRIBUTION ON FATIGUE LIFE, FOR A 
GIVEN STREMiTH DISTRIBUTION 

(1) 

(2) 

KfSf    = Constant 

1  +   (Kt-l)q    = Kf   =    Constant 

Kf (actual) SN (local) 

Kf (desired) SN (bulk) (3) 

LOCAL STRENGTH HARDENABILTTY:    Loc&l strength and the manufacturing 
process affect the fatigue life. 
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Section k - Design Methods for Preventing Fatigue Failure 

THE IMPORTANCE OF FRETTINC} EFFECTS TO FATIGUE LIFE 

Surface damage such as fretting, greatly reduces fatigue strength.    Fretting damage 
can be minimized by proper design practices.  

The effects of fretting,  scoring,  and corrosion on fatigue strength are 
similar in several respects.    The simultaneous action of these mechanisms 
combined with cyclic stressing is far more serious than their action 
preceding fatigue stressing.    With this simultaneous action,  failure will 
inevitably occur - it is only a question of time.    Adequate surface pro- 
tection and control of surface deunage,  however,  can often restore the 
fatigue strength,  but at a reduced level. 

Fretting fatigue can occur whenever any component experiencing cyclic 
stresses rubs against a mating component.    Press fits and bolted or 
riveted Joints are the most common problem areas. 

Rubbing motions as small as 10"    in. can cause surface damage.    This 
damage causes fatigue cracks to be initiated at comparatively low stress 
amplitudes. 

The decrease in fatigue strength with simultaneous fretting increases 
markedly with increasing hardness and may be so large that all materials 
In a given class have approximately the same fretting fatigue strength 
regardless of their ultimate strengths.    It is not unusual that the 
fatigue strength of a bolted or riveted Joint is not noticeably affected 
by changing the material.    In certain cases,  fretting damage so completely 
dominates fatigue strength that the effect of mean stress is negligible. .   „ 

Fretting fatigue can be minimized by: 

1. Eliminating nibbing motion;  in some cases clamping pressure can 
be Increased sufficiently to eliminate rubbing.    In press fits, 
clamping pressure is increased by increasing the nominal Inter- 
ference or decreasing the nominal area of contact.    Increased 
pressures in bolted Joints can be attained by using more bolts 
and higher prestressing.    Coarser surface finishes may also be 
effective.    The complete elimination of the rubbing motion, 
however,  is difficult to attain.    Thus this approach Is less 
effective than the redldstrlbutlon of stresses. 

2. Inhibiting local welding;   fretting damage can be reduced by lubri- 
cants which act as antifluxes.    Molybdenum dlsulphide is most 
often suggested, but its effectiveness is erratic.    The basic 
problem Is to find a lubricant that is not squeezed out by the 
clamping pressure.    This problem has led to the widespread use 
of platings and coatings.    Several investigators have shown that 
electroplating with the cadmium,  chromium,nickel,  or zinc 
Increases fatigue strength.    Phoephating is also effective In 
certain cases. 

3* Separating rubbing surfaces; mating surfaces are often separated 
by shims and Inserts of rubber, plastics, and asbestos-reinforced 
resins.    In some cases, use of elastic flex-arms to isolate 
moving components from stationary components is the only sure 4^ 
remedy. -. 
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The only technique of fairly consistent effectiveness In Increasing 
fretting fatigue strength Is to Introduce cospresslve residual stresses 
Into one or both of the rubbing surfaces.    Plane and Induction hardening, 
case hardening by carburlzlng or nltrldlng, surface rolling, and shot 
peenlng have been used successfully. 

Selecting relative hardnesses of mating surfaces to concentrate surface 
damage In the least critical component Is worthwhile whenever practical. 

r 
Fatigue 
Strength, 

Surface Protected 

Ho Surface 
Protection 

Fatigue Life %, 
(Log N) ^ 

TYPICAL S-N CURVES FOR SPECIMENS SUBJECTED TO SPtHIEAMEOüS 
FRETTING, SCORING, AND CORROSION COMBINED WITH CYCLIC STRESS 

1 

FRETTING:    The fatigue strength of most engineering materials Is signifi- 
cantly reduced by fretting fatigue. 
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VOIÄK in - CHAPTER 5 
Section k  - Design Methods for Preventing Fatigue Fsllure 

BJMHATB 3C0RIHG AHD CORROSION TO ENHANCE FATIGUE LIFE 

The designer must evaluate the environmental conditions which can cause surface damage. 
Scoring and corrosion will greatly reduce the fatigue life of a structure.  

o 

In scoring, «ear debris Is flushed from between the rubbing surfaces by 
the motion of the lubricant or the components themselves.   The compati- 
bility of metal pairs with respect to localised welding, as well as the 
tenacity of the surface films, are Important factors in both fretting and 
scoring. 

Surface dsmage is generally greatest when materials of similar hardness 
are mated.   For example, in one experiment the fretting fatigue strength 
of hard steel specimens (Re ho) was reduced to 91, 8l, 39 and 50$ of the 
unfretted fatigue strength when clamping pads of aluminum, soft steel, 
brass and hard steel respectively were used. 

Metals that develop strong, tough, oxide layers resist continued surface 
damage.    The same effect is Obtained artificially by surface coatings and 
platings. 

Corrision fatigue, like fretting fatigue, can be severe.    As shown In the 
adjacent figure, for moderate and severe corrosive environments, the 
fatigue strength may be,  for all practical purposes,  independent of mater- 
ial hardness.   Thus, minor changes in composition or processing often 
provide no noticeable Improvement in fatigue strength.    (Even austenltic —^ 
stainless steels are only about 50 percent stronger than common structural 
steels in sea water.)    Only surface treatments and coatings are consistently v  ' 
effective in improving corrosion fatigue strength. 

Case hardening usually protects a component against serious reduction In 
fatigue strength due to corrosion, even when the case is only a few 
thousandths of an inch.    Mechanical work hardening by surface rolling also 
provides effective protection.   However, the damaging effect of simultan- 
eous corrosion and cyclic stress depends on time as well as on number of 
stress cycles.   Thus it is usually worthwhile to coat surface-hardened 
components.   Tables for the effects of surface hardening, surface rolling, 
and plating on corrosion fatigue strength are given in the Appendix. 

:: 
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80 4. 

60.. 

UO-. 
Fatigue 
Strength, 
Sj, (1000 pel) .. 

20 -• 

Conventional 
Tests (In Alr)> 

0.5 

Fresh Mater 

See Mater 

ifO 80 120 
Ultliante Strength, 
Su (1000 pel) 

RANOES OF OORROBIQN FATIGUE STRENGTH FOR COtMON 
CONBTKUCTIONAL STEEIfi 

CORROSION:    Surface damage caused by corrosion or scoring will signifi- 
cantly reduce fatigue strength. 
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Bcetion k . DMICB MtthoAa for Preventing Fatigue Itilure 

JUNDIMS SHARP CORHERB AIC DC*CVE fKTLJUE UTE 

Sterp «dlM »m slgDlfloect •aur*-.* at incipient fatigue ermekt.   Good practice 
ellalpetlop of thle earf^ee lefect.   

Ooci fetlgue design eleeye requires provision for generous fillets at 
Ynth Internal and external comers.   The need for a large fillet is 
obvious «ban stress concentrations exist; but generous fillets are also 
Important evtun «ben there Is no stress concentration, to reduce the pos- 
sibility that fatigue cracks will originate along sharp edges. 

Under a microscope,  sharp edges are seen to be very Jagged, particularly 
when the direction of aachining is perpendicular to the edge.   Thus, a 
sharp edge is in effect a series of small notches, each Increasing the 
chance of local failure.    Improving the surface finish only produces more 
notches of more uniform depth.   For coarse surface finishes, such as com- 
coaly result from production machining, edge notches may be so severe that 
each may realistically be viewed \s an Incipient fatigue crack. 

Chamfers are especially effectiva in improving fatigue strength, when 
they are machined along sharp edges so that they eliminate perpendicular 
aachining Murks.   However, it must be remembered that chamfering is 
simply replacing one sharp edge by two moderately sharp edges.   Thus the 
improvement in fatigue strength for chamfering is seldom as great as when 
a sharp comer is carefully broken or when a fillet is machined along the 
edge. 

Sharp edges left by shearing sheet metal are especially detrimental to 
fatigue strength; the problem is compounded when forming (bending or 
stretching) follows a shearing operation.   Since it is seldom possible to 
Insure that stamped components are not highly stressed in a direction 
parallel to their sheared edges, subsequent operations such as grinding, 
milling, or peening to eliminate burrs and sharp edges in local areas are 
often necessary.   Sometimes,  fatigue problems can be eliminated simply by 
providing a hensed flange, made by folding the flange back on Itself. 

The «ffeet of sharp edgea on fatigue strength is often confused with 
shape-effect.   Shape-effect data is generally explained in terms of 
voluae of highly stressed material, cyclic dependent m&terial behavior, 
localised inelastic behavior, etc.   None of these factors normally has as 
much Influence on fatigue strength as sharp edges, especially for steelß 
between Rockwell "C" scale ^3-60.   For these hardnesses, rectangular 
specimens may be only one-half as strong in fatigue as circular specimens. 

nie severity of the effect of sharp edges on fatigue life is shown in the 
adjacent figure.    Mean life is decreased; in a specimen with sharp edges, 
the test data also displays much more pronounced scatter.   Assuming that 
only a small percentage of failures IF. acceptable, the detrimental effect 
r>f sharp edges is magnified because of Increased scatter. 

In areas of high stress,  feather edges are even more detrimental to 
fatigue strength than sharp edges.   In such eases, a feather edge almost 
grjirantees a fatigue problem. 

n 

~ u 

Z 
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! 
Probability 
of Failure 
If (Log N)] 

Probability of Failure 
Sharp Bdgee   /   Between ^ and N2 Cycles 

Conventional 

Fatigue Life 
(Log H) 

FATIGUE-LIFE DISTRIBUTIONS FOR CONVENTIONAL 
SPECIMENS 

SHARP CORNERS:   The fatigue life of speclDena with sharp corners Is 
significantly reduced from the norm. 

::) 
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Section U - Design Methods for Preventing Fatigue Failure 

IMPROVE SURFACE FINISH TO IMPROVE FATIGUE STRENGTH 

Die depth and direction of surface-finish marks are Important factors In the fatigue 
strength of a part. 

Surface finish Is one of the most ccnplex areas of fatigue analysis 
because residual stresses cannot be disassociated from true surface- 
finish effects. It Is Important therefore that data fron curves such as 
those In the upper figure at the right be used with caution. Experience 
has ahcwn that "direction" of surface finish Is as Important as the finish 
Itself. The effect of surface finish on ccmponents produced by such 
processes as shaping, broaching, and milling depends largely on the number 
and sl7,e of the deepest surface-finish marks. Deep surface scratches 
should not lie perpendicular to the direction of stressing. Drawings 
should specify direction of machining for components critical In fatigue. 

Moat connonents are highly susceptible to failure at deep tool marks In 
fillets and other transition sections adjacent to hardened surfaces. The 
problem often arises because less care Is taken In rough machining when 
stock Is to be left for subsequent grinding. Deep tool ^rks are especi- 
ally detrimental to fatigue strength In transition areas if the material 
la hardened and therefore more notch-sensitive, or if the material has 
been somehow weakened. Simple remedies to this problem are: greater care 
in machining transition areas, and routine grinding of troublesome tran- 
sition areas. 

Assuming that deep tool marks are eliminated, there is a point of dimin- 
ishing return in further improving surface finish, as shown in the lower 
figure. Thus, gentle grinding (finishing with a moderately light cut) 
will give the best results. Precise rms values are difficult to state 
because the effect of surface finish depends on the hardness of the 
material, and residual stresses are generally erratic in their effect on 
surface finish. 

Gentle grinding has a secondary beneficial effect in that ground surface 
finishes tend to be more uniform from component to component. This 
reduces the magnification factor (as discussed in the section on sharp 
corners). Abrasive tumbling or shot peenlog is often beneficial in im- 
proving the fatigue strength of ground surfaces. 

/ 
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EFFECT OF SURFACE FINISH ON UUTIMATE STRENGTH OF MIID 
STEEL SPECIMENS 

A 

Surface- 
Finish 
Factor 

Polished 

Ground 

Machined 

120     160 
Ultimate Strength, 
Sy (1000 pel) 

4. 
200 

EFFECT OF SURFACE FINISH ON FATIGUE STRENGTH OF 
VARIOUS METALS 

80-- 

Fatlgue 60' ■ 
Strength, j- 
SN(1000 pal) 

20'" 

1.7^ SI Spring Steel 

Mo Steel 

0.45^ C Steel 
w^"" Cr - Mo Steel, Annealed 

 ~    ^^\. 0'k^ Steel, Annealed 
~~" ~~ "^"-c^^ ^ Stainless, Annealed 

~"  ■'^A1 " ^ Alloy, Aged 
NA1 - MS Alloy, Annealed 

10 10 10 10 

Maximum Depth of Surface 
Irregularities (in.) 

SURFACE FINISH: Tool marks and scratches caused by finish nachlnlnlng 
affect the fatigue strength. 
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Section k •  Design Methode for Preventing Fatigue Failure 

MPROVH) DüCTILITY AMD IMPACT STRENGTH ALSO IMPROVES FATIGUE LIFE ^ 

High ductility and good Impact strength are important considerations in selecting 
mteriala for flnlte-llfe fatigue applications. 

High ductility (particularly notch ductility) and good impact strength 
are Inportant considerations in selecting materials for finite-life 
fatigue applications. On the other hand, these parameters have little 
effect on fatigue limits. Conversely, material parameters such as hard- 
ness and tensile strength are important in establishing fatigue limits 
but nay or nay not be Important in finite-life fatigue, depending on the 
node of cyclic straining. 

Fatigue life is dictated by the range of strain regardless of the alloy 
when cyclic strains fluctuate between fixed limits (see adjacent figure). 
As a rule of thumb, a range of strain of 0.02 Inches/inch (l 0.01 
inches/inch) i.e., 2  percent, gives a fatigue life of about 500 cycles 
for unnotched specimens of various structural alloys. Accordingly, the 
universal remedy for low-cycle fatigue applications (whether the material 
is notched or not) is to reduce the range of cyclic strain. Since the 
total range of strain is governed by Equation 1: 

(where Att = total range of strain, in,/in,;  A«E = elastic range of strain; 
Ätp = plastic range of strain) this reduction can be accomplished in two 
ways; by selecting materials with higher elastic moduli, and higher cyclic 
yield strengths. Cyclic strain hardening materials are preferable to 
cyclic softening for applications involving constant-amplitude loads. With 
the strain hardening material, the actual range of strain will diminish 
during fatigue stressing. 

Notch ductility is not particularly important in long-life fatigue 
because nominal stress amplitudes are relatively small. At these stress 
amplitudes the bulk material experiences only elastic stresses. Ihis 
means that the stress-strain behavior of the very small volume of highly 
stressed material at the root of a notch Is governed by the elastic 
behavior of the bulk material. Accordingly, the material at the root 
of the notch appears to behave elastically with regard to range of strain, 
even though localized yielding may nave taken place. Thus, fatigue 
strengths eure not markedly influenced by the type of notch; that is, only 
the magnitude of K^ has primary Importance. 

For large nominal stresses, such as are imposed during low-cycle fatigue, 
much more material at the root of the notch is highly stressed. In 
addition, the bulk material Itself may even exhibit some plastic deforma- 
tion. Local strains are much larger than elastic strains computed with- 
out considering yielding. These strains may be so large that fatigue 
strength is dominated by the static strength of the notched material. 

ThiB means that the type of notch is very important in determining 
strength. For sharp circumferential notches the resulting three- 
dimensional state of stress results in notch strengthening. But for 
sharp two-dlmensloaal notches (for example, V-notches in sheet stock) 

4 » 
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the notched strength nay be reduced to well below the yield strength of 
the unnotched sheet. Thus, sharp two-dimensional stress raisers should 
be avoided. When they cannot, a material should be selected with high 
notch ductility. 

High notch ductility Is even more Important after a material has Initiated 
a fatigue crack during service loading. Ideally, the presence of a 
fatigue crack only decreases the static strength in proportion to ths 
cracked cross-sectional area. However, even materials with high nominal 
ductility eure seriously weakened by fatigue cracks. 

The influence of impact strength on selecting materials to obtain good 
finite-life fatigue characteristics is similar to that of notch ductility 
for cracked specimens, except that the cracked component is now viewed as 
a nonconventional Impact specimen. The (potential) presence of a fatigue 
crack is sufficiently serious to warrant specifying good impact strength. 
Materials with sharp ductile-brittle transition temperatures should be 
avoided, especially where low service temperatures occur from time to time. 

=  A. (1) 

t 
Total Strain 
Amplitude 

-1^ 
10 f 

10 

10 

•2.. 

•3" 

10 4- -*- 4- ■4- 4, 
10       10       10 

Patigue Life " ^ 
(Log N) 

DUCTILITY:    The relationship between total strain amplitude and fatigue 
life le illustrated. 

') 
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GLOSSARY 

»■ 

Cycle - The cjmplete sequence of values of a periodic quantity that occur 
during a period. 

Degrees of Freedom - The manbe:: of degrees-of-freedom of a mechanical 
system is equal to the mlnlmuiri number of Independent coordinates required 
to define completely the positions of all parts of the system at any 
instant of time. 

Ductility - The property of undergoing considerable permanent deformation 
when tested in tension. This property Is correlated with ability to be 
drawn into a wire. Ductility is measured by percent elongation and 
percent reduction of area from the tensile test. 

Elastic Limit - The greatest stress which a material is capable of with- 
standing without permanent deformation upon release of stress. 

Endurance Limit - The maximum stress to which a material may be subjugated 
many millions of times without failure. Ten million cycles without failure 
is generally regarded as indicating a stress below the endurance limit for 
steel. 

Failure - An irreversible process of o] j ation outside .f specified toler- 
ances, upo;. removal of the environmental load, the equipment remains 
Iroperative or out of tolerance. 

Fatigue - Progressive fracture of a member by means of a crack which spreads 
urder repeated cycles of stress. Resistance to fatigue is often expressed 
ir. terms of "Endurance Limit," but this term pertains to a specific test 
generally. 

Natural Frequency - The frequency of free vibration of the syste: . For a 
multiple degree-of-freedom system, the natural frequencies are the fre- 
quencies of the normal modes of vibration. 

Random Vibration - Vibration whose Instantaneous magnitude is not specified 
for any given Instant of time. The  Instantaneous magnitudes of a random 
vibration are specified only by probability distribution functions giving 
the probable fraction of the total time that the magnitude (or sane sequence 
of magnitudes) lies within a specified range. Random vibration contains no 
periodic or quasi-periodic constituents. If random vibration has instanta- 
neous magnitudes that occur according to the Gaussian distribution, it is 
called "Gaussian Random Vibration." 

Stiffness - The ratio of change of force (or torque) to the corresponding 
change in translatlonal (or rotational) deflection of an elastic element. 

Stress - Internal force exerted by either of two adjacent parts of a body 
upon the other across an imagined plane of separation. 

Transmissibility - Non-dimensional ratio of the response amplitude of a 
system in steady-state forced vibration to the excitation amplitude. The 
ratio may be one of forces, displacements, velocities, or accelerations. 
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Section 5 - Appendix 

SWBOLOGY 

a Characteristic of the varying load, the ratio of stress 
amplitude to mean stress 

A Characteristics of the S-N curve, where NS* = C 

a Equivalent sinusoid Input level, g 

0 Fatigue constant, NS* = C 

0 Stress factor, psl/g  S = C Qg1n s s  ^ ^ • 
D Damage Index, D = Z(n/N) 

f Frequency, Hz 

f Natural frequency, Hz 
n 

P(f) Input random vibration, g2/Hz 

g Acceleration amplitude, 0 to peak, g 

a rms g level (response), g 

g Equivalent sine level,  response, g 

l(A) Integral which Is a function of A 

K Sweep rate, octaves per minute 

Kf Fatigue strength reduction factor 

M Number of sine sweep cycles 

n Number of applied stress cycles 

n Total number of stress cycles 

N Number of stress cycles to failure 

P(S) Probability of occurrence of stress level S 

Q Amplification factor at resonance 

R Ratio of minimum stress to maximum stress 

S Stress, psl 

Sa Nominal alternating stress, psl 

S- Fatigue safety factor 

S Fatigue strength, psl 

S . Fatigue strength from laboratory tests nt 
S rms stress level, psl 

S Ultimate strength, psl 

t Test time, minutes 

tfi Test time at resonance, minutes 

t_ Total Test Time 
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z FILLETS AND NOTCHES 

1 

PROPER WAY TO UNDERCUT 

A FILLET 

Poor Better 

This not only decreases  stress concentration,  but also decreases 
nominal stress at the critical section. 

"STREAMLINED" FILLETS tOR VARIOUS 
TYPES OF LOADING 

EFFECT OF STRESS-RELIEVING 
NOTCHES ON STRESS FLOW LINES 

Stress 
Concentration 

Stress-Relieving 
Notches 

a) Plate in tension or compression 
b) Plate in bending,  and shaft in 

tension 
c) Shaft in bending or torsion 
Such fillets help lower stress- 
concentration factors. 

Because stress concentrations 
are smaller with these notches 
flow lines become less abrupt. 

EFFECT OF SUPERIMPOSH) 
STRESS CONCENTRATIONS 

In this case,  running the spot-face into the fillet of 
the bearing support bracket can cause failure. 
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Section S - Appendix 

OGMCH FACTORS MFLUHICIIIG FATIGUE STRHWTH 

{) 
Table 1 - Effect of Surface Hardening on Corrosion 

Fatigue Strength* of Steel 

Material and Treatment 
Fatigue Strength {% of original) 
Air Fresh Water 3* NaCl 

i   IQlfS Steel (100)1 ■ 36,300 psl) 

Homnllzed, no surface 
1     protection 

Short-period nltrldlng 
i   Shot peenlng 
I   Induction hardening 

Induction hardening with 
!     subsequent zinc coating 

Alloy Steel (100)1 - 78,100 psl) 

|   Nltrlded 

Alloy Steel (lOOJl « 10U,600 psl) 

Nltrlded 

100 
11*0 
116 
187 

• • ■ 

100 

100 

65 
1U2 
• • • 
187 

• • • 

100 

81 

39           i 
77           ! 
79           j 

1U0           j 

177           ! 

• • *                         | 

• • ■ 

1 »All steels have fatigue Units of 10^ cycles;  nltrlded alloy steel           \ 
with 10i»,600 psl fatigue strength has fatigue limit of 105 cycles. 

Table 2 - Effect of Surface Rolling on Corrosion 
Fatigue Strength* of Various Steels 

Ultimate 

Corrosion Fatigue Strength 

In Air In Water 
Tensile In After In After       | 
Strength Air Surface Vater Surface 

!    (1000 psl) (1000 psl) Rolling {%) (*) Rolling ii)\ 

!          US. 5 31.9 102 77 95           i 
63.3 29.9 131 88 107           1 

!         6S.U 33.U 132 73 101           | 
i         98.1 kk.9 119 53 98 
\       101.0 U2.7 129 U7 106 
1     137'5 57.7 118 kB 90 

139.4 54.0 111 55 Bk           I 

•Bending fatig Hie limit - 2 x ICr cycles. 

a 
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Able 3 - Effect of Platings and Coatings on Corrosion 

Fatigue Strength of 1050 Steel 

Corrosion Fatigue Strength (% of original) 

Cold-Drawn |            Normalized             j 
(lOOJl = i              (1(X* " 

Type of 
Surface Protection 

54,900 pal) j           36,700 psi) 

Air Salt Spray Air Salt Spray       | 

1    None 100 Ik 100 Zk              I 
1    Enamel 93 kk 105 68 
|    Hot galvanizing 101 95 90 101                 | 
{    Zinc electroplating 100 87 98 90                 ! 

Cadmium electroplating 93 77 93 3k                1 
i    Cadmium plating and enamel 95 72 96 82                 1 

Phosphatlng and enamel 93 kk 106 79                 S 
Spray metallizing with Al 105 80 •  •   • t • •                                  | 

j    Spray metallizing with Al 
and enamel 

L  

103 93             j •  • • • • •                                   | 

D 

:) 
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Section 5 - Appendix 

VALUES OF I (A) 

I   (A)   - 

When A is an odd integer:      I (A)    = 

X**1   e- 2    ^ 

1,  3,  ^...(A)]/^ 

When A is an even integer:     (A)    = 2,  k,  6,..^A) 

A I  (A) 1         r\ I  (A) 1     A 
I  (A^ 

2 o 10 3.8U x io3 18 18.58 x  10T 

3 3-756 11 13.01 x 10-5 
19 81.97 x  107 

k 
i 

8 12 1+6.08 x 103 20 37-16 x 108 

5 18.78 13 16.92 x I0k 21 17-21 x 109 

6 US Ik 61+. 51 x 10k 22 81.75 x 109 

T 131.1*6 15 25-38 x 105 23 39-59 x lO1^ 

8 3BU 16 103.2 x 105 

9 I.183 x 103 
17 

I 
1+3.11+ x 10° 

A is a parameter in the equation for an S-N curve,   where NS    = C. 
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PROBLEM ON FATIGUE DAMAGE DURING RANDOM VIBRATION 

Illustrative Example: 

Consider the following Illustrative example (the equations evaluated are 
taken from page 5.3-3,  Section 3). 

The material lias no endurance limit,   the total test time is 30 minutc-s. 

f      =    100 Hz 
n 

F(f)    =    0.01+  g2/Hz from 5 to 1000 Hz 

0      =    1250 psi/g s 

C    =     (75,000)10 

Q    =    10 

A    =    10 

1(A)    =    3.84 x 10        (See adjacent chart.) 

Solving Equation (10); 

*• (1250 g)10 3 
mM D    =     HTT    (60)(30)(100)(3.8U x 10  ) 

(75,0OO)iU 

Simplifing Equation (10); 

klO 
(1250 x gV 

75,000    / D    =    l_-^__-LI       6.91 x 108 

From Equation (11); 

gr    =     ^f    (0.0U)(100)(10)    =    7. 

Completing Equation (10); 

91 

(9900   y 
75, 000i ( ^^-\10 (6.91 X 108)    =    1.53 

Therefore,  failure is expected. 
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Section 5 - Appendix 

A TOPICAL APPLICATION OF THE S-N DIAGRAM 

Assume a prismatic bar which is to be subjected to an alternating stress 
(load/cross-sectional area) of +60,000 psi (tension) maximun and -30,000 
psl (compression) minimum. At this stress ratio (R), what is the 
anticipated fatigue life of the bar for the typical material shown in the 
S-N plot at the right? 

Stress Ratio (R) = Minimum Stress 
Maximum Stress 

"Hti, 
000 psi 
000 psi 

-0. 

Examination of the S-N plot will show that the worst case (lowest fatigue 
life for a particular value of naximum stress) will occur when R = -1.0. 
TSils represents the completely reversing stress situation.    Most fatigue 
data is taken in the materials laboratory by specimens loaded in this 
manner; a rotating beam type specimen with a load  in the center and 
supports at the ends. 

Alao of Interest from the S-N plot is the relative  increase in fatigue 
life (for a given maximum stress value) as the value of the stress ratio 
(R) becomes larger positively.    As the value of  (R) becomes very large, 
the maximum stress approaches the ultimate strength of the material. 

For R = -0.5 

and Maximum Stress  = +60,000 psi 

Fatigue Life = 10° cycles 

If the maximum stress were increased to 70,000 psi,   at the same stress 
ratio R = -0.5 (miniinum stress also increased to -35,000 psi),  then the 
anticipated fatigue life will reduce to ICr cycles. 

Similarly,   if the designer can find a way to make the stress ratio more 
positive by altering the support geometry,  then the expected fatigue life 
may be increased dramatically for the same maximuE strest. 

The designer should also note that most fatigue date,   similar to that 
shown,  is a plot of the mean experience at that particular set of 
parameters.    In other words,  50 percent of the specimens will fail at 
this value and 50 percent will not.    The data scatter   is log-normally 
distributed,  and adheres to the laws of the Gaussior. function.    The 
importance is in the potential erosion of the safety factor for a 
particular set of design parameters. 
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LOADING CHARACrmiSTICS 
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i 

THE S-N DIAGRAM:    Illustrated are families of fatigue curves for 
varying stress ratios. 
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USWG THE MODIFIED GOÖDMAM (CONSTAHT-LIFi,) D1A(2^AM 

The Goodman plot synthesizes a theory of failure for loading situations 
where an alternating stress Is superimposed on a steady stress.    This 
plot (shown at right) defines a failure surface that Is conservative; 
that is, most failure points (stress ratio parameters) fall outside of 
the arbitrary straight line.    The Gerber failure surface is perhaps more 
realistic,  but the Goodman theory represents a conservative approach and 
is easy to use. 

The classic Goodman diagram has recently been modified into a constant- 
life diagram,  which has utility for the stress analyst in manipulating 
the fatigue parameters of loading conditions and material properties,   for 
a given or desired fatigue life.    Constant life plots are assembled in 
recent handbooks (e.g., Reference 6) for a variety of engineering materials. 

Shown at right i.n the lower plot,  is the modified Goodman plot for a 
7075-T6 wrought aluminum alloy.    The test specimen had a polished (900 grit) 
surface finish,  and exhibited ultimate and yield tensile strengths of 
82 ksi and 72 ksi respectively.    The loading direction was axial (tension 
and compression)  for the constant-life diagram shown. 

Assume that a service life of 10^ cycles was required for a given 
situation using this alloy.    If the steady-state stress (mean stress) was 
known,  (say for example 20 ksi) what alternating stress or stress amplitude 
could safety be superimposed on this structure and still maintain the 
10^ cycle life requirement?   Moving into the diagram at a mean stress 
value of 20 ksi,   the alternating stress intercept at 10^ cycles can 
be seen as 30 ksi.    This corresponds to a loading situation where 
R = -0.2 and A = +1.5.      The factor R as before,   is 

R ■ Minimum Stress 
Maximum Stress 

and 
A = Stress Amplitude 

Mean Stress 

The loading parameters are determined by construction of a line through the 
origin,  upwards to the A and R axis; A = +1.5 and R = -0.2 for this case. 
The importance of a change in stress ratio to fatigue life for a given 
alloy may be easily assessed from the diagram. 

Assume another example to exercise the plot; for a maximum stress of 60 ksi 
and e minimum stress of 20 ksi,  what would be the anticipated fatigue life 
for this alloy?    Plotting Sjnin and Smax indicateo an alternating stress of 
20 ksi and a mean stress of kO ksi.    The loading parameters are R = 0.33 and 
A = 0.5,  which checks with the loading situation.    The anticipated fatigue 
life lies between 105 and 10" cycles. 

' 
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THBORIIS CF FAILURE 

Ratio Allowable Stress 
Gerber üheory 

s Gocdjnan Theory 

Ratio Tensile Strength 

Loading Parameters (A and R) 
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> > I I | t 

♦1.0 
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40 

TYPICAL CONSTAOT LIFE DIAGRAM FOR 7075-T6 WROUGHT ALLOYS 
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Section 5 - Appendix 

CALCULATIHG A SAFETY FACTOR IN A REPETITIVELy LOADED MBfflER 

Illustrative Problem:    A rectangular steel bar with a circular hole in 
It Is subjected to an alternating bending stress of 35,000 pel.    The 
mean stress Is 0 (that is, R ■ minimum stress/maximum stress ■ -l). 
The fatigue strength is U5,000 psl.    The factor of stress concentration 
for repeated stress (the fatigue-strength reduction factor)  Is 1.20. 
What Is the fatigue safety factor? 

S =30,000 psl 

K 

Sj, = U5,000 psl 

Kf = 1.2 

Evaluating Equation (l): (from Section k,  page 5A-3) 

sf =      kajMQ        = 1.8 
(1.2) (30,000) 

A more complete discussion cf '-his topic appears In Chapter k,  Volume III, 
entitled "Stress Concentration." The topic illustrating the strength 
calculation for members subjected to repeated loads (page k.^-k)  treats 
this subject in detail. In summary, it may be said t.iat the geometric 
stress concentration factor and material notch sensitivity may be used to 
estimate the fatigue life reduction factor. Further, the factor may be 
corrected for loading type, size effect, and surface finish. Tie 
corrected factor is then close to the actual structural situation and 
yields good results. 

For additional information see R. J. Roark, "Formulas for Stress and Strain' 
McGraw-Hill Book Company, Articles 8, 9, 10 and Table XVII. 

' 
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VOLUME III - REIATB) TECHNOLOGIES 

CHAPTER 6 
DYNAMIC SIMULATION 

V    P 

ABSTRACT 

The science of testing to simulate the dynamic environments has several 
useful functions for the equipment engineer.   First, the required 
Quality Assurance Tests represent the first-line of design loads criteria 
upon which the strength of the package \% scaled.   Hie successful! com- 
pletion of these tests also provides a level of assurance of the dynamic 
structural integrity of the equipment package.   Secondly, the same test 
experiences may be used as developmental tests to establish dynamic 
parameters of the equipment support structure.   Some of the test pro- 
cedures may also be useful as procurement test standards for components 
and small equipment elements. 

This chapter reviews some of the qualitative details of the Amy's 
spectrum of dynamic testa, the nachlnes used to accomplish these testa, 
and some insight into problems of fixturing. Instrumentation, and failure- 
acceptance criteria.   Most importantly, the dynamic excitations resulting 
from each test experience are delineated in the frequency donain, and the 
design implications of the experience discussed. 

% 
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•nie equipment designer thus has two categories of tests to apply to the 
equipment package structure; the developmental test which aids in the 
definition of loads, load paths and responses; and the Quality Assurancf. 
provisions which he must contraoturally pass within prescribed limits, 
and which generally dictate the design loads criteria. 

EQUIPMENT CLASS SUMMARY 

1- Transported as loose cargo - Man-packed 

2. Vehicular Mounted - Non-operating 

II             3. Vehicular Mounted - Operating 

k' 
Tracked Vehicular Mounted - Non-operating 

j             5' Tracked Vehicular Mounted - Operating 

\          6. Airborne - Operated or Transported 

QUALITY ASSURANCE TEST REQUIRJMOJTS SUMMARY 

12          3 k 5 6   1 

j     SHOCK Ballistic X X 

Bench Drop XXX X X 

Shipping Drop XXX X X 

Shaped Pulse x 

Railroad Hump X X 

i    VIBRATION   | Survey X            X X X    | 

I Dwell X 

SPECIAL Cargo Bounce                    1 X 

Vehicular Bounce X          X X X 

Road Mobility                  1 X          X X X 

) 

EQUIPMENT CLASS AND QUALITY ASSURANCE TESTS- Army equipment systems are 
normally required to pass a set of dynamic tests, as dictated by the 
equipment class. 

6.1-1 
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SHOCK, VIBRATION, AND COMPLY EXCITATIONS RESULTING FROM THE QUALITY ASSURANCE TESTS 

The dynamic tests required by Amy Quality Assurance provisions nay be categorized 
into three groups according to characteristics of the excitation; shock, vibration, 
aM eosplex,  

The dynamic test environments discussed in this chapter will be categorized 
into three groups; vibration, shock, and special test requirements. Each 
of these test categories and all of the individual tests included within 
them are required by Quality Assurance Provisions of the equipment contract. 

> * 

Vibration is a mechanical oscillation featuring a displacement about a 
central point or equilibrium datam level. Vibration is Inherent in most 
modes of transport, partlcularily transport by aircraft or ship, as veil 
as ground vehicles. Failure of equipment structure as a result of pro- 
longed vibration may take tvo basic modes; a fatigue of the structural 
material which is manifest as a crack leading ultimately to fracture; and/or 
an excessive excursion of the equipment elements resulting from a resonant 
rise excited by repetitive loading at a frequency numerically near the 
natural frequency of the equipment. Vibration Inputs encountered in the 
range of Quality Assurance tests may be sinusoidal, as in the case of the 
resonant survey, or they may be random as typified by vehicular bounce. 

Shock is characterized by a sudden, relatively large, displacement within 
a short time period which tends to develop significant forces within a 
system. Shock loads occur in a variety of ways during the service envir- 
onment. Bounce and drop during transport as well as ballistic Impact of 
a near-miss are examples of shock loadings connon to Any equipment. 
Failure of equipment exposed to  shock energies may be manifest as initial 
fracture from the overload resulting from dynamic amplification; overex- 
curslon of the equipment elements due to the Impact causing collision of 
adjacent elements; or in rare cases a fatigue failure resulting from the 
excitation of structural elements at their natural frequency due to the 
shock impact. Shock loads resulting from the specified Quality Assurance 
tests may be complex in their time characteristics (e.g., railroad hump- 
ing) or they may be tailored to a specific pulse such as the crash safety 
requirement for airborne equipment. The shock information presented for 
design criterion in this section is given in frequency spectra format, a 
style that is readily adapted to structural analysis. 

Certain of the special Quality Assurance tests contain elements of both 
shock and vibration excitations. Bounce tests and road mobility tests 
are examples of this category of dynamic excitation. The dynamic distur- 
bances into the base of the equipment elements eure random and complex and 
are most conveniently displayed as power spectral density plots. Failure 
of equipment elements due to this special environment may follow the form 
of either the vibration or shock failure modes. This test category is 
used to demonstrate endurance of equipment packages, in lieu of a sinu- 
soidal vlbratlor dveil. The excitations, being complex, are quite repre- 
sentative of the actual service environment and thus are valuable 
demonstratIocs of dynamic structural integrity of field equipment. 

The demonstration of equipment integrity by dynamic testing demands the 
best exanjple of the equipment execution. Quality Assurance tests are 
frequently aborted by such avoidable mistakes as loose nuts, incomplete 
assemblies, and loose debris left in electronic chassis which may cause 4 ^ 
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n 
malfunction, übe specimen presented for Quality Assurance evaluation 
should be the best example of the equipment package. Slmllarlly, develop- 
mental tests should reflect the best representation of the equipoent 
masses and their orientation, if valid results are to be anticipated. 

VV 

ö 
Acceleration 

(g) 

Sinsuoidal 
Vibration 

Random 
Vibration 

A Specific 
Shock Pulse 

A Complex 
Shock Pulse 

A Typical 
Service Environment 
Environment 

Time O 
DYMAMIC E3CETATI0NS:    The shock and vibration environment Imposed on Army 
equipment systems may be quite complex. 

:> 
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LABORATORY METHODS FOR DYNAMIC ENVIROMMENT SIMULATION ^ 

The Quality Assurance test provisions employed to qualify Amy equipment for service 
■ay be conveniently classified Into shock, vibration, and special categorle%  

The preceding topic outlined the arbitrary categorization of the Army 
Quality assurance tests by test type; shock, vibration, and special tests. 
It remains for the test engineer to Implement these excitations by test 
machine, fixturing, and operational procedures consistent with the Quality 
Assurance requirements. There are several significant choices which must 
be made, the details of which are developed In the following paragraphs. 

Shock; Shock has been defined in terms of a sudden positional change, 
significantly high accelerations, relatively short pulse time durations, 
and a non-periodic excitation characteristic, übe shock pulse is created 
In the laboratory by one of two fundamental means; the specimen Is allowed 
to impact against a prepared surface or body, or a high Impact Is generated 
by allowing the test loplement to impact against the specimen. 

The  first shock category (i.e., specimen impacting against a stationary 
body) is typified by tho drop tests. Bench drop, for example, employs no 
fixturing and is simply a drop onto a prescribed surface from a given 
height. Simllarily, shipping drop Imparts a shock representative of that 
encountered In shipping handling and accidental drop. The shaped pulse 
test is also accomplished by dropping the specimen from a predetermined 
height (to accomplish the desired peak acceleration) onto a prepared im- 
pacting surface. The surface characteristics determine the shape of the * ^ 
shock pulse, as plotted on an acceleration-time scale. ■* » 

Ballistic shock and railroad coupling (humping) impact eure examples of the 
shock testing category where the specimen is impacted with an energetic 
test implement. Ballistic shock for Army equipment is designed to simu- 
late the shock resulting fron a near miss shell impact, or nearby explo- 
sion. The impact pulse is sharp and Intense, that is, a relatively high 
acceleration for a short time duration. Ballistic shock is simulated 
with the Light Weight, High Impact Hammer, a Navy testing device for 
shock testing in accordance with MIL-STD-901C. The hammer may impact the 
specimen and fixture in a horizontal direction (after swinging from a 
predetermined height), or may drop vertically onto the specimen. 

Railroad husping impacts are designed to simulate the shock experienced 
as the rail cars are coupled. Coupling may occur at speeds up to 20 mph; 
the Army criterion is 7 mph which represents an average experience. The 
specimen is attached firmly to the bed of the rail car, backed up by 
another loaded car, and coupled at 7 mph by a third car. The resulting 
shock is severe and complex and represents a formidable design criterion. 
There is a great deal of variability of loading from the rail hump test 
due to variations of blocking and tiedown stiffnesses, as well as differ- 
ences in the response characteristics of the specimen. 

Vibration; Vibration, as it is used to qualify Army equipment, is a sinu- 
soidal, steady state experience. The vibratory excitation is a mechanical 
oscillation about a reference point of equilibrium. The acceleration- 
time plot of the excitation is Intended to be as close to a sine wave as 
the physical restrictions of the test machine allow. 4^ 
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There are three widely used methods for generating the desired vibratory 
oscillation; mechanical, hydraulic, and electromagnetic. Bach of these 
types of vibration testing machines have their own peculiarities and lim- 
itations. The characteristics of the machines, their operational advan- 
tages and disadvantages, flxturlng requirements, and other details are 
discussed in depth in a following topic, übe intent of the vibration in- 
vestigations for Army equipment qualification is to determine the main 
resonant frequencies of the equipment, and to establish the extent of 
amplification at these resonances. The dwell or sustained aspect of the 
oscillating environment is left to the bounce and mobility tests for veri- 
fication. An exception is the airborne equipments. Class VI, which require 
a resonant dwell during qualification. 

Special; An important group of tests which are hybrids from the previous 
shock and vibration categories are the bounce and road mobility test 
requirements. These test excitations contain elements of both shock and 
vibration and cause a random disturbance in the specimen. 

Both the cargo bounce and vehicular bounce tests are performed on a bounce 
test machine of suitable capacity; 1000 lb and 5000 lb capacity machines 
are common. The bed of the machine is oscillated by a motor driven eccen- 
tric, which Imparts the bouncing motion to the test package. The object 
of this test is to simulate the experience that a loose package would feel 
as it is being transported by ground vehicle in the field. Some differ- 
ences between the vehicular bounce and cargo bounce tests are: 

1. The specimen is mounted to a steel base plate for the vehicular 
bounce test and is loose for the cargo test. 

2. The input is controlled by machine speed for the cargo test while 
an input range is specified for the vehicular bounce test. 

3. Bumpers are employed for the vehicular test while wooden fences 
are used to restrict the specimen during the cargo bounce test. 

One of the most effective and environmentally realistic of the Quality 
Assurance provisions are the road mobility tests. In these tests, the 
equipment is installed in its transport vehicle which in turn is driven 
over the Munson and Ferryman road mobility test courses. The Munson 
course is a collection of rough road experiences which represent most road 
conditions to be found in service. The usual mobility requirement is five 
trips around the Munson circuit, which includes six-inch washboard, belgian 
block, radial washboard, spaced bump and two-inch washboard roadways. The 
vehicle speeds used for each road segment are  somewhat dependent upon the 
vehicle capabilities. The Ferryman course is a collection of cross-country 
terrains ranging from a moderately rough experience on a substantial road- 
bed, to a track of extremely rough terrain including marshy areas. Normal 
procedure calls for equipment to be transported over the Ferryman courses 
for 200-500 miles during qualification. Vehicles designed for Army ser- 
vice, by contract, are driven over the Ferryman courses until failures eure 
precipitated. 

Some other tests which are occasionally used to qualify Army equipment 
Include the vibration isolation test and the acceleration test, which are 
demonstrational, and do not normally constitute a severe design loading 
criterion. 
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complete system, or may he the response of a specific element within the 
system. 

Roughly defined, the shock spectra represents the maximum response of a 
series of single degree-of-freedom systems to a given shock experience, 
as a function of the fundamental frequency of the elemental systems. Tte 
shock spectra plot Is given In terms of static equivalent acceleration 
vs. natural frequency, and Is the recommended method of analysis presented 
In Volume II of this design guide. The shock spectra may also be expressed 
In units of displacement or velocity; It la often desirable to use all 
three forms. 

A SERIES OF ELEMENTAL SINGLE-DEGREE-OF-FREEDOM SYSTEMS 
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SHOCK RESPONSE:    The complex excitations imposed on Army equipment Dy 
the shock tests may be conveniently defined by the shock spectra. 

6.2-1 
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Section 2 - Shock Testing 

A PHYSICAL DESCRIPTION OF THE RAIL CAR COUPLIMG TEST 

The rail humping test is usually conducted with standard rolling stock, equipped with 
standard draft gear.  

Railroad "humping" is a test requirement pertaining to Classes III, IV, 
and VI equipments; Classes III and IV deal with equipments that are 
shelter mounted or vehicular mounted, while Class VI equipments are 
armored vehicle mounted. Bach of these classes could potentially be 
shipped by rail. The equipment would visually not be expected to function 
while in transit or  motion, but rather would be required to operate as 
intended upon reaching the destination after rail transport. The humping 
procedure is a t-jrni derived from the switching or coupling operation 
associated with a group of rail cars. The switching "hump" is a carry- 
over term describing the raised portion of track in a switching yard. 
The cars to be coupled are moved to the peak of the hump and then released, 
imparting a velocity sufficient to activate the coupling mechanism. These 
velocities average about 5 mph and range to 12 mph as an upper limit. The 
Array humping requirement is dc-signated at 7 mph Impacting speed, a good 
practical number toward the upper end of the operational average, w»^) 

The humping test is usually performed with actual rolling stock, although 
recent developments include a ramp and abuttment setup to simulate the 
spectrum of frequencies and accelerations encountered in the actual 
eoupUttf impact.'5' The humping test is conducted with two cars, each 
with a «ross weight of 105,000 lbs., and a flat car (or other typical 
transport rail car) with the test equipment mounted to its floor. The 
mounting and stabilizing techrdques must be in accordance with the 
"Standard Railway Freight Mour.ting Procedures" associated with cargo of 
the type under test. Generally, the larger modules are blocked and 
cabled in position, with the blocking tied laterally into the flatcar 
stake pockets through 6" x 6" wood beams. The blocking thus provides a 
certain amount of compliance which tends to soften the impact. Any 
failure in the blocking or cabling is considered an inadequate test and 
must be repeated after repairing the gear. 

The impact velocity is specified at !*}•  mph measured in the last 50 feet 
before the impacting car collides with the equipment ceo*. The equipment 
car must be backed up by a separate 165,000 lb. car, similar to the 
impacting car. Both stationary cars must have their manual brakes set, 
and must be coupled together such that no play exists between then. All 
the rail cars must be equipped with American Association of Railroads 
standard draft gear. Some special draft gear currently available will 
substantially attenuate the humping shock and thus are not representative 
of standard gear likely to be encountered during military rail operation 
anywhere in the world. 

The equipment car is Impacted from each end while the test equipment Is 
mounted both longitudinally and laterally, for a total of four coupling 
Impacts. An exception is made in the case of an equipment that cannot 
physically be rotated on the rallcar bed; the test is then conducted 
twice on each end, for a total cf four Impacts, as before. Upon comple- 
tion of the four Impacts, the equipment Is constrained to meet the normal 

1 
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operational requirements under ambient conditions without significant 
performance degradation.    The rail humping test is always conducted under 
ambient environmental conditions. 

Although the humping test is of the go/no-go variety,  instrumentation is 
usually desirable to enhance the backlog of empirical knowledge on this 
extreme test.    Accordingly,  a straight level stretch of track at least 
l/k mile long is indicated, with an adjacent area or road for an instru- 
mentation car or shelter.    In addition,  the prime mover must be able to 
switch ends of the car-test setup,  necessitating a shunt track available 
to the engine. 

Test Specimen 

165,000 lb 7l* mpn During 
'Last 50 Feet Engine System 

<^ 

w:  UK-r    n™   fro0 
T- "V ■^ ^r ^r 

Equipment Car 

Standard Draft Gear 
Tightly Coupled 
Manual Brakes Set 

»165,000 lb 
Impacting Car 

RAILROAD HUMPING:    A severe  shock test for cargo to be shipped by rail, 
simulating the impact associated with coupling of standard draft gear 
rail cars. 
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DYNAMIC EXCITATIONS RESULTING FROM THE HUMPING IMPACT 

The shock pulse resulting from the railroad humpiajg impact nay vary substantially. 
The net effect of the coupling Impact Is, In all sases, a severe design constraint. 

f 
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The humping requirement Is perhaps the most severe of all the Army dynamic 
?uallty assurance procedures.    The accelerations encountered are extreme 
to 100 G's and higher at certain frequencies) and the pulse duration long 

(to 50 milliseconds) which together may manifest as a critical damage 
potential to sensitive equipment.   To further complicate the Issue, there 
Is a pronounced variability In the Input pulse to the equipment under test. 
Most of this variation Is due to differences In rail cars and their draft 
gear as well as variations In track alignment, spacing, and lineup of the 
•oupllng devices.    Other differences may be traced to the manner In which 

the data was acquired and transformed and a feedback effect on the test 
bed Inputs resulting from Impedance variations of the test specimen, 
partlcularlly weight,  natural frequency, and the amount of damping present. 

The adjacent rigure presents a time plot of various shock pulses attri- 
buted to rail humping by several sources.  Including some test data on 
actual equipments.    The most significant pulse for Army equipment require- 
ments was taken from Army transport criteria.(6)    Other pulse Information 
Is presented from a NASA document on transportation criteria (3) ^^ 
tests conducted on a range of equipments.('«^,9)    The Army criteria Is 
given for coupling Impacts at 10 raph, and is adjusted artificially for the 
7 mph test speed requirement.    A pulse Is given for two types of cargo; 
"heavy" cargo which presents a significant footprint on the rallcar bed 
and has a C.G. some distance aborc the floor;  "light-dense" cargo which 
Is very stiff and mounts close to the deck.    It is significant to note 
that the equal criteria presented for both the vertical and longitudinal 
directions Implies that excitations are equally danaging longitudinally as 
well as vertically, a fact that Is not always apparent In this type of 
Impact. 

The second adjacent figure presents the shock spectra taken from several 
sources as well as some test validation.    The spectra of those Impacts 
Judged to be most pertinent to the Army requirement lead to an envelope 
(in the frequency domain) which represents a reasonable design criteria 
for equipment to be subjected to the humping Impact at 7 mph. 

The shock spectra are transforms of the half-sine pulses pictured in the 
upper figure shown on the adjacent page.    This approximation may be made 
by standard analytical transforms such as that presented in Reference 13. 
Ihe response spectra are representative of a single-degree-of-freedom 
model with no damping subjected to a half sine shock pulse.    Obviously, 
this acceleration plot will suffice as a first-cat- approximation only,  and 
should be substantiated by test data obtained from a structurally similar 
model of the equlpnent under consideration. 
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HUMPING IMPACT:    There is a great deal of variability in the input 
shock resulting from the rail humping experience. 
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HUMPING IMPACT AND ITS EFFECT ON DYNAMIC STRUCTURAL IOTBG»m OF EQUIPMEKT PACKAGES 

x. 

The shock spectra resulting from the railroad humping intact excites most major 
structural fA-equencies. The pulse is bi-directional and extremely destructive. 

The accelerations and frequencies presented in the preceding plot of a 
design spectrum for railroad humping impact is at least a very imposing 
requirement. Only very rugged equipment can be expected to survive the 
shock, a consideration which the equipment designer must address early in 
his design concepting. In fact, the accelerations are such that serious 
consideration should be given to a weight tradeoff study to determine 
whether beef-up and internal isolation is as efficient as a shipping sup- 
port system, designed specifically to attenuate some of the coupling 
impact. 

The impact pulse must be considered to be bi-directional; that is, the 
load will rebound to a negative value as severe as the initial positive 
peak. The designer must view the forces as completely reversing, from 
fully positive to fully negative. In addition, the forces resulting from 
the energy pulse must be combined vectorially since excitations will exist 
in two orthogonal planes simultaneously. This occurrence is not always 
fatal, as long as the designer is aware of the possibility and provides 
structure and fasteners in both planes, loaded concurrently. 

The first-cut design criterial must address the possibility that vertical 
loads could equal loads in the direction of impact. There is some test 
data to the contrary, however, and an early dynamic model of the system 
is strongly Indicated to definitize the actual humping accelerations for 
the particular system under consideration. Accelerations could easily be 
reduced In order of nagnltude from the given peak criteria. It should be 
noted that recomaended design criteria reflects the sumnation of many 
humping experiences on a variety of equipment geometries, some of which 
may be too conservative for the problem at hand. 

Another hazard to the structure not readily apparent is the possibility of 
fatigue damage and subsequent failure resulting from the humping impact. 
Ringing iterations of the initial pulse could number as many as 50 per 
hump; four humping impacts thus could impeurt a considerable damage poten- 
tial at the high end of the fatigue curve. 

Damping has a considerable effect on the intensity of the shock spectrum, 
particularily at the higher frequencies. At frequencies in excess of 
100 cps, introduction of 5 percent damping could reduce the longitudinal 
acceleration to one-fifth the original. Similarly, the vertical accel- 
erations could be reduced by one-half with a 5 percent damped system. 
A lesser effect will be experienced under 100 cps.(^) 

Certain generalities nay be drawn from testing experience with complex 
structures subjected to the humping impact. The impact pulse in the 
vertical direction may transfer at virtually the same acceleration as the 
input, while the pulse duration often is increased, exciting the lower 
range of natural frequencies to a higher value. The longitudinal pulse 
however, is often reduced to some 60 percent of the input value. The 
pulse duration Is usually increased, as before. This response is probably 
due to the difference in stiffness, and thus compliance, of the structure * 
In shear as compared to tension and compression. 

6.2-6 
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COUPLING SHOCK:    The Army rail humping requirements may be conservatively 
enveloped by two shock spectra;  heavy cargo -nd dense/light cargo equip- 
ment configurations. 

♦These shock spectra were transformed from the half-sine pulse given In 
Reference 6.  and adjusted for 7 mph Impact speed.    The transform method 
employed^') assumes a slngle-degree-of-freedom model with no damping. 
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CHARACTERISTICS OF THE SHAPH) PULSE SHOCK TESTS 

The shaped pulse shock test Is required for Class VI equipments. Ihis test category 
Is also useful as a component procurement standard, and as a simplified method for 
■laulating a comple« shock acceleration history.  

The shaped pulse shock test Is an Impact test where the plot of the 
acceleration-time accelogram Is contralned to a given shape, within oper- 
ational tolerances. The most cannon pulse shape of Interest to designers 
of Amy equipment are the terminal sawtooth and half-sine pulse. Die 
designated pulse Is a plot of acceleration vs. time and Is defined by 
pulse height (peak acceleration) and pulse width (pulse duration). In 
addition to the pulse shape. 

Bach of the pulse shapes may be transformed readily Into shock spectra, 
a fact which Is useful In comparing the simple pulse with complex accel- 
eration histories.(I3) This approximation Is often employed as a pro- 
curement test requirement for electronic components. The assumption is 
that the simplified pulse (which may be readily simulated In the lab) will 
demonstrate a minimum level of structural adequacy for the component, 
such that when the element Is assembled Into the equipment system, there 
will be a reasonable change of survival. The design choice Involves the 
careful selection of peak acceleration and pulse duration to effectively 
reproduce the shock energy within the system complex. 

The shaped pulse test is also employed as a Quality Assurance test pro- 
vision far Class VI (airborne) equipments. This test Is required to 
demonstrate the structural integrity of the equipment mounting facility, 
when the system Is subjected to a crash situation. The equipment may 
experience some distortion and permanent set, but must not come adrift, 
to satisfy the crash safety requirements. A similar test such as high 
intensity Impact may be employed with different pulse parameters and 
acceptance criteria, as noted In the equipment procurement specification. 
Both test categories nay be conducted on Identical test machines. The 
basic source of information tar these tests is available In MIL-STD-810. 

The shaped pulse test owes Its pulse characteristic to the deformation 
qualities of the Impacted material. Changes in impact block material and 
geometry are made by the test engineer to tailor the shock to the desired 
shape. Thus early setup impacts are usually accomplished with dumny 
weighted platforms, while monitoring the shock input for waveform. The 
tests are then usually conducted in each of the orthagonal directions, 
repeated as required. 

This category of test is usually conducted on a drop or ram type machine, 
with a progrannable impact surface. Some important Impact test machines 
available to the test engineer are: 

1. The sand-drop system - a scheme which relies on the variable 
stiffness of the base platform to tailor the shock pulse. The 
specimen and platform complex is dropped from a variable height 
onto a sand surface. The resulting pulse may range to 60 g peak 
and up to 30 MBCC duration. The machine produces a ragged pulse 
somewhat difficult to duplicate, with an approximate half'sine 
shape. 

(  I 
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2.    The controlled pulse drop system - an Improved version of the 
sand drop machine, featuring more rigid structure to minimize 
spurious excitations within the machine.    The impact surface Is 
also variable, and is capable of reproducing accurate, repeatable 
pulses with a minimum of hash and distortion.    The pulse par- 
ameters range to several hundred g's and 50 Msec for average test 
specimens. 

3.    Ram impact machines - which rely on a pneumatic or hydraulic 
system with a high specific impulse to impact a ram against the 
specimen base.    The pulse shape is usually controlled by metering 
the pressurized fluid.    Machines of this type are capable of 
producing shocks up to several hundred g's on small, relatively 
rigid, test specimens. 

Other shock test machines, such as air guns and high energy slings, are 
not usually employed on Anqy equipments.    They do find application on 
small,  stiff, components when a procurement standard is required. 

Square 

t 
Peak Response 

Input Peak 

1 - « 

^P 

Pulse Duration 
Natural Period 

SHAPED SHOCK PULSES:    The various shock pulse shapes Imposed on equipment 
and components nay be easily converted Into shock spectra plots. 
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ÜBE LIGHT-WEIGHT, HIGH IMPACT HAMMER TEST FOB BALLISTIC SHOCK ^ 0 
The ballistic shock test required for equipnent Classes IV and V is conducted on the 
llAt vel^tti hlA lapsct hw—rr drop aaehlne patterned after MIL-S-90IC procedures. 

Ballistic shock tests are normally required for Classes IV and V equipments, 
an equipnent category which Includes items Installed in tracked vehicles. 
Hie equipnent may or may not he required to operate during impact, as 
specified In the detail procurement documents.    The Impact characterist cs 
of the ballistic tests are designed to simulate the shock effects of an 
explosion created by a near-miss shell impact, or the firing of the 
vehicle^ own weapon systems. 

The machine normally used for this demonstration is the High Impact Shock 
Testing Machine, designed originally for Navy equipment under specification 
MIL-S-901C.   The machine has two hammers weighing about U00 lbs., which 
are capable of inpactina the test specimen and platform frau the three 
orthagonal directions.    Hie energy of Impact Is obtained by raising the 
hasners to a specified height, and allowing it to Impact against a 
special plate.   One hum i  swings through a vertical arc to accomplish 
two impact directions, while the other haaner is dropped onto an anvil 
for the vertical impact direction.    Generally, the shock spectra repeat- 
ability of the swinging banner is superior to that of the dropped hammer. 

The specimen is secured to a standard plate which receives the impact of 
the haamter.    The test complex is snubbed with springs and retaining bolts 
to restrict the excursion of the specimen after Impact.   The resulting 
rebound condition creates a unique ringing response which results in high 
transient acceleration levels.    In addition, the resonant characteristics 
of the mounting plate and test specimen also have a feedback effect on 
the Input shock.    The net effect Is considerable variability in input 
excitation, from specimen to specimen, and test to test. 

The light weight machine is limited to specimens under 250 lbs, and has 
a mounting surface approximately 2k in. square.    Each of the ^00 lb 
hammers may be raised to a maximum height of five ft above the impact 
position, to deliver a wtadmm energy of 2000 ft-lbs at contact.   The 
test sequence normally requires blows from three increasing heights, 
along all three axes.    Ho tightening or adjustment of the test specimen 
Is allowed during the test, which highlights the necessity for good 
assembly practice on the test article.   Finger tight bolts usually 
loosen during this test. 

*    m 
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BALLISTIC SHOCK: Highly energetic shocl{ pulses re ui red for equipment 
Classes IV and V are generated by a hammer drop test machine, the High 
Impact Shock Testing Machine for Light Weight Equ.i pment, patterned 
after MIL-S-901C shock test procedure. 

6.2-ll 
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KXCIIATIOIB AND DESIGN IMPLICATIONS OP THE BALLISTIC IMPACT TEST 

(  ,) 
The ballistic shock test Imparts severe accelerations to equipment constrained to 
survive the test. The available data on shock response from this test experience 
should be used with caution because of the variability that exists between different 
etructurml conflauratlone. 

Die ballistic Impact test creates a formidable design criterion for equip- 
ments constalned to survive or operate within this shock environment. 
Typical shock spectra data indicates that the static eiuivalent accelera- 
tion which nay be experienced during a back blow to the mounting plate 
will be several hundred g's for natural frequencies around 10 Hz, and 
will exceed 1000 g's for natural frequencies above 100 Hz. Since 
support structure for electronic equipment often exhibits fundamental 
frequencies in this 10-100 Hz range, the design Implications of several 
hundred g's inrvtt are extreme. 

The ballistic a 'k test is ncmally mounted to a plate fixture and im- 
pacted in all th.   principal dirsctions. Both the vertical drop and 
swinging hammer at  vployed to accomplish a back impact, an edge Impact, 
and an end Impact.  \e geometry of the plate and its support creates a 
differing stiffness  tuation, which results in significantly different 
shock spectra for th  %ck vs. end (or edge) experiences. There is 
characteristically a    at 100 Hz for the back blows for most speci- 
mens, while the edge tu    lerally peaks at natural frequencies in the 
range of 350 Hz.  In ge.    the worst case accelerations result from 
the five foot hananer helfe.   »et, and is considered to be a con- 
servative design criterion. 

Another variable in the excitation resulting from the ballistic impact is 
that of weight/mass distribution, natural frequency, and damping char- 
acteristics of the test specimen. Since the impedance characteristics of 
the specimen are the same order of magnitude as the test plate, then 
feedback effects from the specimen become important. Tine differences in 
shock input between rigid specimens of different weights are apparent in 
the adjacent figure. In either case however, natural frequencies in the 
100 Hz range should be avoided. 

It is apparent from the diversity of shock data in the literature on the 
ballistic impact test that much variability in the input shock spectra 
ex sts. For this reason, the designer should exercise great care in 
establishing the loads criteria that he will use for basic design. The 
best approach for evaluating the dynamic structural necessities of an 
equipment to be subjected to the ballistic impact test may be sunnarized 
as follows: 

1. Use the input loading criteria presented in this design guide 
and in the literature with caution. The acceleration levels 
should be considered as a point of departure for basic design. 

2, Construct a structurally accurate model of the equipment element 
as early as possible in the equipment development program. 

•■ 
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3.    Conduct well Instrumented developmental tests on the model, 
monitoring the response characteristics at critical locations 
within the equipment and at the mounting Interface. 

U.    Evaluate the damage potential of the Impact on the particular 
structural geometry under consideration. 

SUMüff OF SHOCK SPECTRA FOR BALLISTIC SHOCK TESTS ON VARIOUS SPBCIMEIIS 
TO 250 US. ALL BLOWS FROM ?IVE FOOT HEKST INCLUDING, BACK, EDGE, AND 
TOP ORIHITATION. 
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BALLISTIC SHOCK:    A typical acctleration tlT.e history and shock spectra of  Jie 
ballistic impact Indicates the severity of this hammer-drop test. 

6.2-13 



VOLUME III - CHAPTER 6 
Section 2 - Shock Testing 

DETAILS OF THE BENCH HANDLING DROP TEST 

The bench drop test la a shock experience which Is representative of the rough handling 
that a chassis might receive during maintenance and repair.  

The bench handling drop tests are conducted to prove the structural ade- 
quacy of an equipment component to survive accidental Impacts encountered 
during routine servicing. Accordingly, the test specimen Is a chassis or 
subassembly with front panel or other accoutrements removed, in the con- 
figuration for normal bench servicing. 

The drop Is performed on a solid wooden bench, at least 1-5/8 in. thick. 
The specimen Is placed on the bench in the manner simulating its normal 
servicing placement. Each of the horizontal edges that may conceivably 
be used for elevating during servicing, are required for pivot edges 
during the test. The chassis is then lifted about that edge until Its 
base forms a kb"  angle, the lifted edge is four in. off the bench, or the 
lifted edge is Just below the point of balance on the elements whichever 
geometry occurs first. 

The chassis is then allowed to drop freely upon the horizontal bench 
surface. The test is repeated for the other potential edges, for a total 
of four drops. The test may be repeated for other horizontal faces of 
the element. If the face represents a potential servicing configuration. 
Acceptance criterion is visually normal operation after the bench drop 
experience without functional degradation. Certain inspection procedures 
are also normally described in the procurement specification. 

No structural help is allowed for the element during test. The unit must 
be represented in its exact servicing configuration. Instrumentation is 
not usually employed during this test, since the test is of the go/no-go 
variety. 

The  shock excitations resulting from the experience are usually not too 
severe. Fal'ures of the chassis are unusual as a result of the bench 
drop. It is possible however, to develop accelerations up to 50 g's 
under certain conditions which could represent a significant design con- 
straint. The element is usually excited at its natural frequency from 
the shock. The input energies are also established in both the + and - 
directions, as a result of rebound. Accelerations in both the horizontal 
and vertical directions are not uncommon. The sharpness of the resulting 
shock response spectra is dependent upon the natural frequency and 
damping characteristics of the specimen. 

The bench drop test is quite representative of the rough handling envir- 
onment which may be encountered in the field, and as such is a practical 
demonstration of integrity. Local isolation and strengthening of compo- 
nents that are loosened during the drop may usually be handled without 
great design difficulty. 
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Acceleration 

(G    ) se 

100 -- 

EriVelope of 
Bench Drop   "^ 
Accelerations 

100 1000 
Natural Frequency  (Hz) ^ 

ASSUMPTIONS 

1. Two inch center of gravity drop,   no rotation. 

2. One Degree-of-Freedom System 

3. All potential energy transformerd kinetic energy,  manifest as 
stored energy in spring. 

h.    Rigid floor,   no pJastic deformation of specimen. 

BENCH DROP IMPACT:    This demonstraticnal test develops accelerations 
which reflect the natural frequency and damping characteristics of the 
test specimen. 
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SHOCK LOADS RESULTING FROM THE TRANSIT DROP TESTS 

The transit or shipping drop test series, are designed to approximate the Impacts 
resulting from Inadvertant drop of the equipment package during load and unload 
operations In the field. 

All classes of ground systems equipments are normally required to pass a 
series of transit drop tests, to complete their Qualification Test spec- 
trum. An exception are the Class \n equipments which are not normaJly 
shipped by ground vehicle, and hence not constrained to the test. 

Transit drop, or shipping drop as it lb som-•times known, is an arbitrary 
impact test of the equipment package, complete with its transport case, 
as prepared for field use. Ihe intent of the test series is to duplicate 
the shock loads which might be induced into the equipment through inad- 
vertant drop of the package while loading or unloading. For this reason, 
the equipment package is dropped onto a floor or barrier of wood backed by 
concrete, or concrete alone for the large equipments over 1000 lbs gross 
weight. 

The drop test series Is performed on face, edge, and corner, as outlined 
In the test category table below. The  Independent variable of drop height 
is determined by the equipment package weight and largest dimension of the 
package. The  exact details of the individual drop setup including the 
numbei of drop Iterations required are  usually noted In the equipment 
procurement specification. 

The excitations resulting from this Impact experience will of course be 
dependent upon the potential energy developed during the test, as given • « 
by the drop height. The same limitations occur with the shipping drop as 
have been noted for the bench drop impacts. The exact characteristics of 
the resulting shock spectra input Is dependent upon the Impedance feed- 
back of the specimen Itself. The curves presented In the accompanying 
figure are Idealizations representing the maximum accelerations that 
could occur if all of the limiting conditions were met. Some of the 
important assumptions leading to this plot are: 

1. The impact floor is assumed to be rigid and completely elastic. 

2. No permanent deformation or damping occurs In the specimen. 

3. The specimen acts as a one-degree-of-freedom spring. 

k.    No rotation occurs In the specimen during drop and Impact. 

5. All the stored potential energy is converted to kinetic energy 
at Impact. 

As may be noted, the extreme accelerations nay be critical to the equip- 
ment system if some protection is not designed into the equipment 
package or shipping container. The presence of damping or some permanent 
deformation characteristics In the package will tend to decrease the 
severity of the Impact. 
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TRANSIT DROP TEST PARAKETHtS 

Weight of Equipment 
Including Case 

Under 100 lb 
Man-packed and 
Man-portable 

100 to 200 lb 
inclusive 

Over 200 to 
1000 lb 
inclusive 

Over 1000 lb 

t 
se 

1000' 

100- ■ 

10. 

Largest Dimension 
(in.) 

Under 36 

36 and over 

Under 36 

36 and over 

Under 36 

36 to 60 

Over 60 

No limit 

Height of 
Drop (in.) 

30 

No. of Drops 

30 

21» 

24 

36 

24 

18 

Drop on each 
face« edge, 
and corner 
total of 
26 drops. 

Drop on each 
corner. 
Total of 
8 drops. 

k edgewise 
drops. 2 
corner drops. 

SHIPPING DROP SHOCK SPECTRA 

Drop Height (in.) 

48 
36 1 Gse  ^   K fn         1 
30 
18 Height K       | 

48' ir        | 
36' 2.72 

.      30" 2.48 
18" 1.92 

 H 
10       100        1000 

Natural Frequency (Hz) ^ 

SHIPPING DROP: Preliminary design loads criteria may be taken from an 
idealized spectra of accelerations for a family of drop heights. 
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0.10 

t 
Double 
Amplitude 
(In.) 

0.01" 

D 
0.001 

\ (20) 
Acceleration Levels 
are ?0 (peak) 

(10) All Others 

A (20) 

C (50 fwd) 

100 

Frequency (Hz) 

Curve 

D GE 

Equipment Description 

Equipment Installed on Vibration isolated panels 
and racks when the panel or rack is not available 
for test. 

Hard mounted hellcoptor equipment. 

Equipment in forward half of fuselage or equipment 
in wing areas of aircraft with engines at rear of 
fuselage, and isolated hellcoptor equipment. 

Equipment in recur half of fuselage or equipment in 
wing areas of aircraft with wing mounted engines. 

Equipment located in the engine compartment or 
pylon. 

Ground Equipment 

VIBRATION TEST CURVES: Illustrated are the vibration parameters for 
the various classes of Army equipment. 
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son vmAnoi nsnnc TBOWLQUEB AND FROCJBXIRBB 

0 
FtxturlQ« U Important to the lavettlgttlon ud valldetlon of a teat equlpoent, ■Ince 
tbe drlvli« exeltetlooe «uet tzmandt tbroutfi this structure. The determluetlon of 
reaomnt frequsney is the fundamntal purpose of «ost vibration sunreys. These two 
t—t fuaetiOBS hars a h—wr influanee on the success of a Tlbratiop test. 

Two important aspects of vibration testing of interest to the structural 
ensineer are the f ixturing requiieasnts to accoBplish the test end the 
deteralmtion of naejor resooaneefl within the equipaent during the test. 
The flxturlt« has a heavy influsnee on the response äwraeteristies of 
the equlpoent, since the fixture transartts the lapoeed energy Into the 
equlB«Bnt fro« the teat aachlne, The d<(tetslnation and evaluation of 
rescmnees within the test equlpaast is also fundanental to the evaluation 
of the dynaalc adequacy of the equlpMnt, whether the teat la developmental 
or required by Quality Aaaurance provialon. 

The taak of fixture design is moat heavily influenced by the structural 
paraaater of atiffneaa. Since the teat aachinea usually have aone sort 
of physical limitation. It la uaually deairable for the fixture to trana- 
ait the aachlne energy to the specimen aa efficiently aa poaalble. For 
this reason, it is usual practice to design the fixture aa stiff aa 
practical, which in turn Implies a high reeonant frequency. A good rule 
of thumb la deaign the fixture for a natural frequency at least 
twice the hlgheat anticipated test frequency range. Thl» Is practice}. If 
the upper limit of test frequency does not exceed 55 Hi. 

Some structural design tips to Improve fixture stiffneee are: "" 

1. Use the stiff eat materlala available. (Material attffaaae la 
aaaaured by the elaatlc modulus.) Steel la ahout •/,-■•♦ tlmee aa 
stiff aa alvaBlnun, although It la ale.* three tlaa» < 

2, Stress la uaually not a limiting ccoalderatlaa :- flxta*« deelgn. 
Sti  less (hence resistance to deflection) la more lavortant, 
and the deaign should reflect this need. 

3. Use structural members In direct load configuration. Member a 
designed Into tension and compression (such as a truaa) are 
usually at Iff er and lighter than an equivalent bending member. 
Avoid bending membera where poaalble, partlcularlly the canti- 
lever 

k,   Uae faatenera and weldaanta In ahear wherever poaalble, clnce 
they are at If far and more reliable when atreaaed In this manner. 

An alternative to aaKiawi atiffneaa In the fixture la the near approxi- 
mation of the atlffnera of the actual mounting structure when the equip- 
ment la in aervice. In either caae. It la wiae to place the control 
tranadueer at the Interface of fixture and apeclmen, and adjuat the 
wmMxm activity to achieve the dealred test input at that point. The 
MMiflae input to the f Ixture-apeclmen complex may then be progranaad to 
adjust for any reaponae variationa livoeed by the fixture. Thl a apnroech 
la partlcularlly lnqportant vben the fixture reeonant frequency falla 
within the test frequency apectrv». Some degree of damping nay alao be 
employed to reduce the reeonant reaponae of the fixture. —^ 

Ü 
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The determlmtlon of resonance In the equlpaent during vlbretioo «urvay 
!• accoopllebed by e variety of nethode In the laboratory. Most of these 
methods, however, take advantage of the buoan senses of the cett engineer; 
sight, sound, and feel. The main problem In Identifying a structural 
resonance Is that of observation. This Is a severe limitation of a trans- 
ducer which measures response, since the measuring element must be placed 
close to the physical point of resonance. In eases Where the twnrtrmi 
response can be estimated, acceleroaeters and direct reading "Vee-Scopes" 
nay be used. Resonance appears then, when the ratio of output to input 
is naxinna. 

Resonance nay be found In certain cases by noting a functional anamoly, 
such as a relay chatter, which nay indicate an extreme excitation of the 
support structure. The sound of a chatter Is occasionally evident at 
resonance when «lements bang together from extreme dieplaceneat. Other 
high excursions nay sometimes be located by touch; that Is, lightly 
touching the structure with the fingertips, and noting the frequency 
where the wudmm excitation occurs. 

The most effective method for resonant survey is probably the technique of 
stroboscopic investigation. When the strobe light is adjusted 1-2 Hz 
"out of sync" with the vibrating frequency, the visual Image of the struct- 
ural element may be made to slowly oscillate back and forth. At resonance, 
this activity is maximum. 

e Use a high elastic modulus material 

e Keep Stress low (high bulk) 

e Use tension and compression members 

e Avoid bending members, partlcularily cantilever 

e Use fasteners and welds in shear 

e Use ample gusseting to minimize Joint rotation 

FIXTURE STIFFNESS: Stiff fixtures for vibration testing are generally 
desirable. The chart above lists some techniques for increasing thle 
parameter. 

D 
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RAHDGM VIBRATION TESTIMG PROCEPUKES 

The techniques of randan vibration testing are becoming increasingly important to the 
qualification of Army equipment, as the service environment becomes less periodic and 
unpredictable with time.  

X 

Historically, vibration testing has been accomplished with a steady-state, 
sinusoidal excitation. The random aspects of the ground environment were 
left to the pheaomlnological tests, such as vehicular and loose cargo 
bounce, and «ae road mobility experiences. As the Army equipment require- 
ments became more versatile, equipment transport accomplished more and 
more by air, and the equipment application more universal (euch as air- 
borne equipment), the need for more random vibration qualification became 
more urgent. 

Excitations in the service environment that exhibit displacements which 
vary in an unpredictable manner with time, are said to be random. Often, 
the vlbrational disturbance is a super-position of many steady state 
excitations, which result in a complex variation with time, but is 
stationary or repetitive in interval. This stationary vibration may be 
found in the helicopter environments. It is complex, but not truly 
random. The duplication of both types of complex vibration in the labor- 
atory is accomplished in the same manner. 

The application of random vibration testing became more prevalent follow- 
ing War II, with tue advent of high amplification drive systems for the 
shaker machines. Thus, by properly Inserting a signal into the drive 
servo control loop of the vibration test system, virtually any vlbrational 
profile may be duplicated. Tbus, the shaker systems that are controlled 
by high gain amplification schemes are useful in random vibration testing. 
These systems cure known as progranoable, and are typified by the electro- 
dynamic and electro-hydraulic vibration test systems. 

The randoa vibration test is accompJl-Jhed by amplification of a random 
signal, created either by a noise generator, or reproduced from an actual 
environmental experience. The results at the shaker table may then be 
compared with the input characteristic to form a closed loop servo 
system. This concept is illustrated in the block diagram below. 

Environmental 
Reproducer 

7" 
Alternative 
Signal Sources 

V-, 
Random 
Noise 

Generator 

I 
I 
I 
I 
I 
4. 

I Transducer 

Spectrum 
Analyzer 

lucer  i 

v   / 
Excitation 

Feedback 
Loop 

Test 
Specimen 

Table 

Vibration 
Machine 

Spectrum 
Equalizer 

Signal 
Amplifier 

I 
FUNCTIONAL DIAGRAM OF A RANDOM VIBRATION EXCITATION SYSTB4 
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t 
Acceleration 

SUM OF TOO SINUSOIDS 

Time 

'v%. ivvv 

NARROW-BAND RANDOM VIBRATION 

Time 

BROAD-BAND RANDOM VIBRATION 

RANDOM VIBRATION:    Typical time histories of complete vibration excita- 
tions show the nonperiodic nature of this environment. 
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DETAILS OF TUE MECHANICAL VIHV.TION TEST MACHINES 

The mechanical vibration machine Is well suited for testing large, bulky specimens, 
An important limitation of the mechanical exciter system however. Is the constant 
amplitude sweep capabilities.  

Vibration tests and Investigations are normally accomplished by firmly 
fixing the test specimen to the bed of a vibration exciter. The test 
machine lo usually required to maintain the excitation to within 1 lOjt, 
and Is usually large with respect to the test specimen. Some Investlga- 
tlonal work is done with small exciters which "tickle" the equipment 
structure sufficient to excite the major frequencies, while structural 
response Is noted. The vibration Quality Assurance Tests however, are 
universally performed on machines that have a large specific Impulse and 
are able to drive the test specimen through the necessary displacements. 

Vibration test machines In current use fall generally within one of three 
categories; mechanical, electro-mechanical, and hydraulic. Bach of these 
machine types have unique features, advantages, and limitations which are 
Important to the test engineer when Implementing the vibration test. 

Mechanically actuated vibration machines rely upon , ^me direct mechanical 
linkage to excite the machine table. Included in this category are the 
mechanical reaction type, which are cam or eccentric driven and react 
against the earth or a seismic mass. These machines are known as the 
"brute force" variety, since the exciting energy is supplied directly to 
the test machine without assistance from a suspension system or dlaphram. 
These machines are constant displacement devices and are capable of 
sweeping through only the low frequency range. 

A more prevalent group of mechanical vibration machines are those that 
are mechanically actuated, but suspended on a low natural frequency sys- 
tem such as a soft spring or torsion bar. The nominal displacement of 
the machine Is preset, and remains constant through a frequency sweep. 
Since the vibrating system Is a two degree-of-freedom model (the machine 
bed plus the test specimen), feedback effects become important. Thus, 
the Input accelerations exerted upon the specimen will vary as the speci- 
men Is swept through its natural frequency. This effect is small for 
specimens that are small relative to the machine mass. Larger specimens 
however, occasionally require an adjustment In the driving eccentrics to 
maintain test tolerances. 

The mechanical type vibration machines are available In a wide range of 
capacities which adds to their versatility. In general, these machines 
are used to test equipments larger than the capabilities of the electro- 
machanlcal types. They are partlcularlly well suited to large, bulky 
specimens, large displacements, and frequencies up to 60 Kz. 

Rocking of the test assembly occasionally becomes a problem when the 
C.G. of the test specimen Is high, and the specimen mass significant with 
respect to the total machine. Counterbalancing Is indicated under these 
conditions when performing a horizontal test sequence. The use of flex- 
ures which restrict the vertical motion while permitting a horizontal 
excursion, Is also indicated in extreme cases to react the overturning 
moment of the test complex. Again, the Intent is to Input a relatively 
pure horizontal excitation, without rocking. 
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'Ihe recha ica::. y ac ed v'brstion t:achines are capable of a consta t 
a~plit e s~eep hrough he .o~er f r equency ranges . I f a constant accel­
eration s~eep is ~eeu , or higher f requency investigations required, 
then ar. electro-~echar.ica or hydraulic shaker system is indicated . 

flOClUU~ICAL SF~: The ~echar.ical vi ration tes t:achir.e ~s el sui ed 
for test.:ng lance, bul!{y, specir::er.s through the 1 fre:;uency ran e . 
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DETAILS OF THE ELECTRODYNAMIC VIBRATION TEST SYSTEMS 

ELectrodynamlc shaker systems are versatile, progranable devices capable of providing 
excitation to about 2000 Hz.  External support of the specimen weight Is usually 
required, particularly for heavy, bulky equipments. 

The electrodynamlc shaker systems are capable of providing vibrato^ 
excitations from 5 Hz to 2000 Hz approximately, with force capability 
ranging to 30,000 lbs. The systems are versatile, programable, and cap- 
able of performing many vibration testing Jobs within certain limitations. 

The electrodynamlc systems operate on a principle aimllar to the familiar 
audio speakers. The vibratory excursion is created by a controlled coil 
which excites an armature, which in turn is mechanically linked to the 
test specimen. The armature is supported on a low frequency spring sys- 
tem called flexures, which allows the armature to excurse within the 
physical limits of the springs. In general, as the specimen weight 
approaches that of the armature, the mechanical system must be supported 
by external means. This is the fundamental limitation of these shaker 
systems; they are primarily excitation devices, and are not capable of 
supporting heavy specimens as are the mechanical and hydraulic systems. 
This external support nay take the form of springs, bungee cord, pneumatic 
devices, or other low natural frequency systems, depending upon the ingen- 
uity of the test engineer. 

Most electrodynamlc systems have self-contained shaker heads which have 
the capability of being rotated in a trunnion through 90s, to provide 
horizontal as well as vertical excitations. The mounting face of these 
machines provide bolt patterns for specimen attachment, and range in ^ r 

size to about three feet in diamter. The shaker head and specimen support 
portion of the system cure commonly used with a bank of electrical gear 
which provides power amplification, excitation control, and positional 
feedback for the system. 

The shaker heads may be ganged together and synchronized to provide exci- 
tational energy for large specimens. These schemes have the usual prob- 
lems of synchronizing multiple units, but in general prove successful 
provided external support of the specimen weight is considered. Thla 
type of multiple system competes directly with the mechanical and hydrau- 
lic shaker systems, with the additional capability of high frequency 
(to 2000 Hz.) range. 

The electrodynamlc system has a velocity cutoff in the range 100 in./sec, 
which limits the acceleration capability at high frequency. Nevertheless, 
this type of machine is the only effective method of vibrating specimens 
above 200 Hz, the practical limit of the mechanical-hydraulic systems. 
The usual Army requirements of 10-55 Hz vibrational surveys for Class I 
through V equipments may be met with all three types of shaker systems. 
The higher test frequencies required for airborne equipments. Class VI, 
are limited to the electrodynamlc systems for test execution. 

!Rie degree of control Inherent in the electrodynamlc systems is often 
helpful to the test engineer. Both frequency and amplitude may be con- 
trolled within the machine limitations. Amplitude may be varied while 
the machine is in motion; thus, an intermediate resonant frequency may be 
explored without the necessity of exciting the lower frequencies by 4 », 
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driving to the desired frequency at zero amplitude. The required accel­
eration range may then be achieved by slowly raising the excursion ampli­
tude, while the machine is vibrating at the desired f requency. 

Virtually any waveform may be programmed into these systems, a direct 
result of the versatility of the control electronics. Due to the direc ­
tional rigidity of the armature guides, the electr~c systems ha¥e 
the least amoun~ of cross-axis excitation of the shaker systems . 

ELECTRODYNAMIC SHAKERS: These vibration t~st systems are 
easily programmed, and a~ versa•ile machines for high fre­
quency investigations. 
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DETAILS GF THE HYDRAULIC VIBRATION TEST SYSTEMS 

Ihe modem hydraulic shaker system is a velocity limited, high fores capability 
excitation system which is ideally suited for testing large, heavy, bulky 
speciaenB throua>x the low and intermediate frequency range.  

The chief advantage of the hydraulic shaker system, as previously noted, 
is the high dynamic force capability in the low ana intermediate fre- 
quency ranges.    The hydraulic systems are capable of providing relatively 
large force-pounds of excitation from virtually i.e.   (around one hz) to 
250 Hz, and in some instances up to 500 Hz. 

The hydraulic systems cure velocity limited, which implies a cutoff of 
force capability at high frequencies, but also permits very large excur- 
sions at the lower end of the frequency spectrum.    Thus, it is possible 
to conduct constant acceleration tests at the low frequency end without 
the displacement cutoff associated with other vibration system». 

The hydraulic shakers are quite useful as a programable testing tool, 
nils advantage results from the inherently responsive characteristics of 
the hydraulic system.    The input waveform to the specimen however, is 
subject to some feedback effects from the specimen, and thus is generally 
somewhat distorted from the traditional sine wave. 

Sie principal operational limitations of this type of excitation system 
stem from the hydraulic system itself, and reflect the usual problems of 
hydraulic mechanisms.    There are more moving parts associated with these 
shakers, and generally closer tolerances are required.    A high capacity 
hydraulic supply module is required with a high degree of filtering for 
system cleanliness. 

Once the operational difficulties are mastered, the hyuraulic vibration 
system is a valuable addition to the dynamic test laboratory. 
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As the Quality Assurance Provisions are constrained to increasingly large 
electronic systems, the need arisee for high dynamic force capability 
Vibration test machines.    The hydraulic excitation systems have been 
developed to fill this need, and are Ideally suited for vibration Investi- 
gations of large, heavy, or bulky equipment systems. 

The hydraulic shaker system combines the features of the electro-dynamic 
machines with the high specific Impulse capabilities of a hydraulic sys- 
tem.    The electro-magnetic element is used to excite a hydraulic servo 
valve, which in turn activates a hydraulic cylinder.    The usual features 
of frequency and amplitude control (of the electro-magnetic system) are 
inherent capabilities of this combined electro-hydraulic system. 

The hydraulic shaker systems eure programable for frequency and amplitude, 
much the same as the electro-magnetic systems.    The output of the hydraulic 
system is monitored by a displacement transducer to provide positional 
information and close the servo-control loop.   The hydraulic servo valve, 
which controls the flow of hydraulic energy to the actuating cylinder, 
acts as an amplifier of the signal generated by the electro-dynamic 
exciter.    The excitation is thus generated, amplified, used to drive the 
specimen, and fed-back to provide closed-loop control. 

Z 
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HYDRAULIC EXCITATION SYSTEMS: The electro-hydraulic shaker machines 
offer a high force, low to intermediate frequency range,vibration test 
machine with great versatility. 
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■ahg^gd to tg goBBg trmiwporud. 

Road TwrU mtm a uart— at «pacific road 
*tt<ir>«* to qualify oartaln claaaaa at «laetroole •qpdpmutb fc 
■öbllltar.   Althootfi tha Muaaon Couraa doaa not aaetljr alatflata all poa- 
albla ■otollitgr aarlro—nta that an Anqr aqulpirt aitfkt asparlaaea auf- 

la UM «arid, tha couraa doaa boaanrar rajaiaant «ach of tba varloua 
of Any aqulpMot,   Tbm, a finite nafcar of trlpa 
will expoa« Mm equlpaaiit to axcltatlooa repraaantatlT? 

of ptMad trafal tor tranaport Tahlela.   BM frequsney of tha road taat 
dlaturtanc« la «ncounterad aor« oftan than tba actual aanrloa aaparlanoa, 
thua prorldiag an accalarmtad life taat of tha aqulpant.   The couraa la 
**r1irvt* to eaelte the frequeDclea auaeaptlble to this aode of Tahleular 
tranaport In tha aquliiiri atrueture und« quallf Icatloo. 

Bquipaenta that will be iwaally traaaportad Iqr ground Tehlclea, both 
traekad and «healed, are uaually cooetralnad to qualify on the Nunaoa 
Couree.   Specifically, equlpaant claaaea HI and V are nomally required 
to eurvlve the rood couree coaplex with the equlpaent operating, while 
equipment Claaaes II and IV are only tranaportad toy ground vehicle and 
thua are conatralnad only to aurvlwe the experience. 

Ihe road aoblllty teat», or Nunaon tecta, are unique 
Ity aaauranee pronalooa. In that tha equlpaent la aecured upon the actual 
tranaport wehlele with vhlch the equlpant daaa will be ■oblllsed.   Bma 
the contributing factor» of tire preeeure, eprlng characterlatlce, and 
chaaala coapllanee are accurately rapreaantad during the taat In a aaanar 
Identical to the actual operational ennraaaant. 

Ihe Nunaon couree la a collection of road eondltlona of varying length 
and aererlty, arranged In a cloeed loop.   Ihe uaual Aray taat requlre- 
nente Include traveree of the alx-lnch «aahboard, Belgian block, radial 
vaahboerd, «paced buap, and two>lneh waahboard, for a total of flwe 
circuit«.   A «aooth track to aeeoModata an Inatruaentatlon wehlele la 
usually anlntalned adjacent to tha teat couraa.   The aoat widely uaed 
road ccurae facility la tha Nunaon couraa at the Anqr AutoaotlT» hagln- 
eerlng Inboratorlea, Aberdeen ITanrlng Orounde, Nuyland.vU-)   Becently 

r, other qualified coureee have been cooatructed to naet the 
lhaala on road nobility and the aaaoelnted «book and wlbratlon 

An eanple on tha Veat Coaat le the Nunaon Couree at 
Huahea-Fullerton, California.v12' 

Croaa-country alnulatlon by ground tranaport la «ceoapllohed on the 
Perrynan Teat Area, or Ita equivalent.   9M Perryaan couraa la a collec- 
tion of crocs-country terralna, which Include « aoderate couree with 
loop« and curves on a substantial roadbed; a aoderately Irregular terrain; 
a routfi course of native soil; and an uitrsnsly rough couraa Including 
nsrahy terrain.   Ihe uaual Arny requlrensnts for cross-country qualifica- 
tion of electronic equlpwnt are 200-300 «lies of tranaport ever the 
Perryaan terrain.   Aray vshldea, converaely, «re driven over the couree 
until failure« occur, to uncover any weebnesass In the tranaport vehicles. 
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t 
There are no set fIxturlng requirements for the Muneon Road Tests, other 
than the hold-down provisions needed to transport the test equipment upon 
its transport vehicle. The test acceptance criterion for this requirement 
is the ability of the equipment to meet Its operational constraints after 
completion of the test with no evidence of physical damage in the case of 
Equipment Classes II and IV. Class III and V equipments are required 
to operate during the test experience without functional degradation 
or physical damage. 

r 

r Corduroy (300 ft) 

VV          ?V-'^h»^             r sPaced Bunip (831 ft) 

1 1            ^»v 

Radial              II                         Jj 
Washboard        IT               ^_ y^ \ 
(128 ft)           U     4^^ 

V^.      /- 6" Washboard^^ 
V^y     (800 ft) =/A ff         \_   Imbedded Rock    1 

ff                    (905 ft) 

1             (10,865 ft)                   \ yk 
(around course)            \ \^ 

\_ Belgian Block 
(3936 ft) 

MÜNS0N T8ST ARSA                               j 
ABERDEEV PHU/ING GROUND, 
MARYLAND 

THE MÜNSC» COURSE:    This test course Is a collection of road conditions representing 
the conditions which might be experienced during road and cross-country mobilization. 

(' 
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VOLUME III - CHAPTER 6 
Section k - Testing for Complex Environments 

DYNAMIC EXCITATIONS RESULTING FROM THE ROAD MOBILITY TESTS 

The Input load characteristic of the Road Mobility Tests varies greatly hetveen 
wheels and track-laying vehicles.      Accordingly,  the design approach employed 
must reflect this varying condition.  

The Munson Road Test provides a dwell or time exposure for the test equip- 
ments under varying loads '.hat simulates the service environment very 
closely.    Other Quality Assurance Provisions, such as the vibration search 
tests, do not ccmpletely cover the fatigue damage potential present in the 
real service environment.    Thus, one function of the Road Mobility Test 
and the bounce tests, is the simulation of a sustained excitation to the 
test equipment of a random nature.    Accordingly, these excitations are 
highly variable and thus difficult to represent for input loads design 
criteria. 

Useful information on the characteristics of the road test excitations 
may be abstracted from reference (ll), and is suncarized at the right 
of this section.   The bpectral envelopes differ greatly between wheeled 
and track-laying.vehicles; thus it is necessary to determine In advance 
which type of vehicle will be used to qualify the particular test equip- 
ment.    The spectral plot for wheeled vehicles reveals a high PSD Input 
for the low frequency end of the environment.    This response results from 
the individual disturbances of the course in the frequency range below 
30 Hz.      The M-35 vehicle generally exhibits the worst excitation, and 
should be used for design load criterion in lieu of a specific vehicle 
designation. 

The track-laying vehicles reported also exhibit a similar phenomenological 
response in the frequency range below about 30 Hz.      A generally higher 
Input Is evident for frequencies above 5C Hz for tracked vehicles, a 
response which is speed-related, resulting from track-roller-wheel dis- 
turbances created during transport over smooth terrain.    Thus the most 
serious excitations resulting from transport by track-laying vehicles 
will occur at high frequencies.    If the test vehicle may be either 
wheeled or track-laying, then characteristics of the differing spectra 
must be considered in structural design due to the frequency anomaly. 

When designing for the road test criteria, the effect of potential 
fatigue damage must be evaluated.    In the case of transport by wheeled 
vehicle, an estimate may be made on the number of iterations of load 
resulting from the experiences below 50 Hz,    based upon an assumed expo- 
sure time over the course.    Thus,  the number of stress iterations was 
estimated between 12., 000 and 42, (XT cycles, a first cut fatigue life 
figure based upon 1500 seconds of excitation.    For the frequencies above 
30 Hz,    the input loads should be considered to be iterated an infinite 
number of times, and the material endurance limit used as a basis for 
design. 

Transport by track-laying vehicle exhibits excitations peaking through 
the higher frequency range.    The loads should be considered to be iter- 
ated indefinitely since the disturbance emanates fron smooth road travel; 
again, the material endurance limit should be used for the design allow- 
able load.    The excitations below 30 Hz   are probably not critical in this 
case, since higher loads are developed by wheeled vehicles. 
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VOLUME III 

Since most of the dynamic activity resulting from transport by wheeled 
vehicle exists below 30 Hz, it is imperative that natural frequencies 
of equipment structure be designed to be above this level. In addition, 
rotational accelerations will exist in this test environment. Pitching 
accelerations may be expected up to 15 rad/sec and rolling accelerations 
of 30 rad/sec are common. These rotational disturbances will be present 
up to 30 Hz, similar to the vertical linear acceleration. Ihe applica- 
tion of damping is indicated for resonant structure below 30 Hz to limit 
the amount of resonant rise during test. 

12,000 
Iterations 

t 
Power 
Spectral 
Density 

(G2/Hz) 

Typical 
Track 
Laying 
Vehicles 

0.1 • nflnlte 
Iterations 

50 100 
Frequency  (Hz) 

150 

MUNS0N C0UHSE LOADINGS: Spectral envelope of input excitationt. for 
wheeled and track-laying vehicles over all Munson courses at various 
speeds. (^J-) 
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VOLUME III - CHAPTER 6 
Section k  - Testing for Complex Environments 

RANDOM EXCITATIONS RESULTING FRCM THE BOUNCE TESTS 

The loose cargo and vehicular bounce test requirements are intended to simulate the 
random vibratlonal experiences of transport by ground vehicle over rough terrain. 

The Army requirements for dwell or sustained excitation which might be 
experienced during transport are covered by a random exposure on a pack- 
age bounce test machine. Where the vibratlonal requirements are Inter- 
ested in surveying resonances in equipment structure by sinusoidal 
excitation, the bounce tests subject the package to a sustained random 
excitation quite similar to the excitations experienced on the cargo area 
of a transport vehicle traveling over rough terrain. 

A bounce test is normally required for each of the equipment classes, 
with the exception of Class VI, airborne. In addition, the bounce tests 
are divided into two categories; bounce tests for cargo normally trans- 
ported loose in the cargo area of the transport vehicle, and vehicular 
bounce for equipments normally shipped on a base or platform which tends 
to keep the equipment upright on its base. Both categories of bounce 
tests are conducted on a special machine which duplicates the gyrating 
environment of a ground vehicle traveling over rough terrain. The machine 
most often employed for these tests is the L.A.B. bounce tester, available 
in 1000 and 5000 lb capacity sizes. 

The vehicular bounce test has the equipment specimen mounted to a base 
plate which restricts its activity during excitation. The  specimen thus 
tends to stay upright with the random excitations delivered through the 
base. Chassis and equipment sub-assemblies are typical of equipments 
shipped in this manner. The  machine table is driven by eccentrics which 
impart a bouncing motion to the specimen. The speed of the drive motor is 
adjusted to create input peak random accelerations which average 7.5 g's. 
The maximum anticipated peak accelerations may reach 10 g's. The 
specimen-plate complex is turned in a horizontal plane to expose all four 
base directions. The bounce is required to continue for a total experi- 
ence of three hours, and the equipment is required to function without 
degradation upon completion. 

The  loose cargo bounce tests are conducted on the sane machines without 
the base plate restriction. In addition, the specimen is turned onto all 
six box surfaces, and exposed for a total of three hours. The  machine 
speed is adjusted to 284 rpm. 

Both types of bounce experiences impart a random excitation to the speci- 
men. The input to the base of the specimen is also dependent upon the 
response characteristics of the equipment structure. For these reasons, 
there is a great deal of excitation variability between tests, specimens, 
and test machines. The plot (right) shows envelopes of random spectral 
densities for some typical bounce test experiences. A conservative 
approximation for first-cut design loads appears to be 0.30 g2 /Hz power 
spectral density constant throughout the Investigated frequency range. 
Further, these experiences should be considered indefinite In duratloni 
the material endurance limit should be used for design allowable strength 
levels. The  severity of the horizontal and vertical components of the 
excitation appear to be equal In intensity. 
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BCJUNCE TESTS: A gyrating platform is used to simulate the raooom 
vibrational experiences of equipment transported by ground vehicle . 
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GLOSSARY 

Accelogram - A pictorial plot showing acceleration levels versus time 
which a test specimen experiences as a result of an Input excitation. 

Amplitude - The maximum value of a sinusoidal quantity. 

Cycle - The complete sequence of values of a periodic quantity that 
occur during a period. 

Damping - The dissipation of energy vlth time or distance. 

Degrees-of-FrqeioiTi - The number of degrees-of-freedom of a mechanical 
system Is equal to the minimum number of Independent coordinates required 
to define completely the positions of all parts of the system at any 
instant of time. 

Dlssemiiiatlon - Damping caused by spreading out and redistribution energy 
throughout a system. 

Fatigue - Tendency of materials to fracture under many repltlotlons of a 
stress considerably less than the ultimate static strength. 

Frequency - The number of times that a periodic function repeats the 
same sequence of values during a unit variation of time.    The unit is the 
cycle-per-second which equals one Hertz (Hz). 

Impedance -    The ratio of a force-like quantity to a velocity-like 
quantity when the arguments (distance,  etc.) of the quantities Increase 
linearly with time. 

Impulse - The product of a force and the time during which the force is 
applied. 

Natural Frequency - The frequency of free vibration of the system.    For a 
multiple degree-of-freedom system,  the nautral frequencies are the fre- 
quencies of the normal modes of vibration. 

Fhenomenologlcal - Relating to the formal structure of phenomena in 
abstraction from Interpretation or evaluation. 

Response - nie motion (or other output) of a system or device resulting 
from an excitation. 

Resonance - Resonance of a system in forced vibration exists when any 
change, however small,  in the frequency of excitation causes a decrease 
in the response of the system. 

Snubber - A device used to increase the stiffness of an elastic system 
(usually by a large factor) whenever the displacement becomes larger than 
a specified value. 

Stiffness - The ratio of change of force (or torque) to the corresponding 
change in translational (or rotational) deflection of an elastic element. 

Stress - Internal force exerted by either of two adjacent parts of a body 
upon the other across an imagined plane of separation. 

Transmlsslblllty - Nondlmenslonal ratio of the response amplitude of a 
system In steady-state forced vlbraclon to the excitation amplitude.    The 
ratio maybe one of forces, displacements, velocities,   or accelerations. 
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CHAPTER 7 

INSTRIMENTATION 

ABSTRACT: 

Proper execution of present data acquisition methods will afford technical 
insight into the problem of structural dynamic integrity.    The instrumen- 
tation and data reduction techniques presented in this chapter will yield 
information that is vital to the design engineer for the initiation and 
validation of electronic equipment elements. 

The first section of this chapter introduces the tie-in of instrumentation 
vith structural design.    Sections 2 and 3 present the various methods of 
data acquisition and practical applications of many types of shock and 
vibration measuring equipment and techniques.    The topics in these sections 
will acquaint the reader with the technical information necessary In the 
selection of a particular equipment for a particular Job. 
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>!/ imfUmmttA, lostruMotatloo jr—tntly vmUäbl» to the ptckaclug 

ywriäm > u—ful ecg^Ugggt to äjmaie «mrlro—nf 1 t—ting. 

BM lostrunatation «nglf T and tho ■jotamtnal Amignar ihculd datcndn» 
•t an Murly •taft, the data raqmlT—nta of tha agulpawt daal^n» and ovt- 
liaa It la graat datall«   Nadi too often, exeaaalv« data la aoqiulrad «hieb 
U of DO real bantfit to the aqpLpBant daalgnar.   It la prlaarily the 
raapoMlblltty of the Inatruawatation a^inaw to raaaareh out the 
ItMtloal data naada.   With ragaxd to thla, It la ausseatad that the 
ijaij—it iadlfT ■eraly define hla requireaanta and allow auffIcient 
fraodoa for the iastrwantaUan eogliMer to datanlm how the taak of 
aequlrlog the nacaaawy data la to be aeeo^llakad.   Bieh an aiToinaaent 
«ill inaure the actulaltlon of only the nwinlngful data. 

9M teehnlquec of data reduction that are to be applied mat be tbougbt 
out «ell la advaaea of any teatlng.   Since the prlaaiy ian'yoae for proto- 
type teatlag la the naaaurenent of jroduet parfonanee, the pt^faraanDe 
»übaequant to tbe teat auat be neaaured la tana that are «alle .   For 
laatanee, -vibration and ehoek can be neaaured In tema of acceleration 
diaplafie—nt or «alocltgr.   Vbat to aaaaure, «have to aeaaure, how to 

i, aad «hare the tranaducere are to be placed and the type to be 
i« ahould all be decided loi« before teatlng beglna,   9M Identifica- 

tion and evaluation of poaalble aacondaiy effecta la alao an important 
aapect of fnatt—n*. aeleetlon. — 

Hhaa all of the aforeewntloned principles are eaployad, the acquisition of 
the dyaaalc teat data «ill aid aignlficantly In the deolsa of equlpennt 
that «ill eventually bava a high probabUity of aaetli^ the teat, as «ell 
aa tbe tactloal, aiwt us Menial requlreaente. 
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INSTRIWENTATION AND STRUCVURAL DESIGN 

• Acquisition Of Meaningful Data 

• Data Format Which Is Useful To The Mechanical 
Engineer 

• Data Accumulation and Reduction Techniques That 
Fit The Problem 

• Proper Placement  Of Transducers 

• Effective Pre-Test Planning 

• Data To Initiate Changes and Improvement 

INSTRUMENTATIOII TECHTUQUES:    The effective use of dynamic instrumei.tation 
and data reduction procedures will provide greater insight into the j.robletDs 
of dynamic integrity. 

7.1-1 

■ iH-tiiindlW 



. i ' i 

o 

D 

J 

'/DUMB III - CHAPTER 7 

SBCTIÜ» 2 - mtUMLC TBT DATA ACQOTSITICII 

• Organization of Test Data Collection 

e Current Graphic Data Recording Net&oda and Preaentation 

• lapravlng the Usefulness of Dgmaaic Response Data by 
of Hkgnetic Thpe 

a Refining the Pretest Planning and Bqulpaent Selection 
Proeesa 

a Direct Reading Vibration and Shock 
Instruaentation 

a Current Trends in Data Recorders 

a Optlainizing Transducer Characteristics for Dyneaic 

a Transducer Calibration Methods 

e Tranaducer Mounting Methods and Techniques 

a laproring the Signal Conditioning Sjwtrm 
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CHECK LIST  (TO DEFINE TEST OIUECTIVES) 

• Design Data 

• Qualification Data 

• Outline Important Parameters 

• Acceleration,  Velocity,  or Displacement Outputs? 

• Static or Dynamic? 

• Reproducible Format Desirec'? 

TEST PROCEEDINGS JOURNAL (TO RECORD DATA CHRONOLOGICALLY) 

• Photo-Media References 

• Record Transducer Locations 

• Record Transducer Sensitivity Axes 

• Phasing Orientation 

CALIBRATION CERTIFICATE (TO SUPPORT EQUIPMENT ACCURACY) 

• Description of Calibration Methods 

• Clear Substantiation of NBS TraceabiHty 

ELEMENTS OF THE DATA COLLECTION TASK: Careful attention to the details 
of the task, a rigorous chronology of the test events, and clear 
documentation of the equipment calibration will result in greater 
usefulness of test data. 
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Seetlor 2 - Dynamic Test Data Acqulstlon 

CUBRBRI GRAPHIC DATA RECORDING METHODS AND PRESENTATION FOEMATS 

Graphic data recording methods and the presentation formats currently obtainable 
provide a very useful adjunct to the data collection process in shock and vibration 
twte.  

The basic structural response variables with which the test engineer is con- 
fronted during the course of shock and vibration tests eure acceleration, 
displacement,and velocity.    In the majority of test cases, displacement 
and velocity data can be derived from the acceleration data by various 
data processing methods.    Thus,  only the recording and presentation of 
acceleration data will be discussed in detail at this point. 

The graphical presentation of acceleration as a function of real time 
(accelogram) is a basic prerequisite for meaningful analysis of the test 
specimen's response to the Imposed environment.   To acconplish this, two 
basic equipment categories are available; I.e. various chart recorders 
and the cathode-ray oscilloscope/camera combination.    It must be stated 
at this point that either method will provide a useful accelogram. 
Neither method, however, provides data which could be used as a possible 
signal source to recreate the test environment at a future time.    Data 
acquisition methods which do provide this capability are called "live 
data", and these will be discussed in detail later. 

Perhaps the most common chart recorder in use today is the direct-writing, 
light sensitive, osclllographlc recorder.   This type of recorder utilizes 
a light-sensitive photographic paper as the recording media.    The heart of 
this recorder is a D'Arsonval galvanometer.   The galvanometer consists of 
an armature coll suspended within a permanent magnet structure.   Attached 
to this coll is a tiny mirror.    The armature and mirror are free to rotate 
within a defined sure.   A high-intensity light beam is focused onto the 
mirror and the reflection In turn is focused through a complex mirror and 
optical prism system onto the light sensitive emulsion of the photographic 
recording paper. 

The signal voltages derived from the accelerometer (after proper level 
conditioning) are used to deflect the galvanometer   armature/mirror 
assembly and In turn record the history of acceleration vs time.    Current 
recorders of this type yield a readable record within 5-15 seconds after 
recording.    This type of record will however be subject to gradual 
"fading" if exposed to direct light for extended periods.    Chemical 
processing must be employed If permanent records are a requirement; this 
procecs takes from 15-20 minutes. 

The final data is presented with high contrast on white background with 
sufficient time resolution,    de frequency response is limited primarily 
by paper speed and the galvanometer used.    Current recorders and galvan- 
ometers provide DC to 10 KHz response, which is adequate for most shock 
and vibration data acquisition needs.    Direct writing oscillography has 
without question established itself as the most useful method for reliable 
"quick-look" shock and vibration data acquisition and display. 

Where frequency response in excess of about 10 KHz is required the      thode- 
ray oscilloscope/camera combination can be used to obtain accelera. xc. vs 
time histories. 

t 
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The principle of operation is quite similar.    The amplified signal fron 
the accelerometer is utilized to deflect the electron beam of the cathode- 
ray tube,  a standard photographic camera is mounted to the display screen 
to photograph the display.    The principal disadvantage of this system is 
that only a relatively short real time history is presented on the 
resultant picture;  typically 10-15 milliseconds.    However,   the practical 
upper frequency response is limited only by the oscilloscope's electronics, 
and is therefore much higher than even thj most stringent requirements of 
a shock test. 

To obtain consistantly reliable data with the oscilloscope/camera combin- 
ation,  the problem of scope triggering must be treated in considerable 
detail.    This is true in each data acquisition case; vibration,  shock,  or 
other non-periodic data. 

In order to trigger the scope's sweeping electron beam,  it is important 
to generate a voltage spike of predictable amplitude and lead time ahead 
of the data to be recorded.    The simplified diagram shown on the appendix 
(   7.4-3  ) illustrates a typical method which has been used with consistent 
success.    Similar methods can be arranged for other reiuirements. 

Recent developments and improvements in the area of oscilloscopes with 
long retention time capabilities on the cathode-ray display screen make 
this instrument desirable for presentation of relatively short pulses, 
such as shock data.    Several companies produce instruments with excellent 
storage capacity retention in the order of several hours.    The storage 
scope is treated in a manner identical with the common oscilloscope. 

7.2-3 
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Section 2 - Dynamic Test Data Acquisition 

DOROVIHG THE USEFULNESS OF DYNAMIC RESPONSE ^ATA BY MEANS OF MAGNETIC TAPE 

Magnetic tape yields a data format which cannot be duplicated by any other present 
day recording media. Advantages such as instant replay of the environment and ease 
of starage for future use are only two of its many attributes. 

For years shock and vibration engineers have complained strenuously about 
the vast amounts of data being collected during dynamic testing without 
much thought being given as to how this data would ultimately be put to 
use. 

In the majority of the cases, data was collected by some form of direct 
writing recorder (pen or light beam sensitive type). Although this yields 
a data format somewhat better than the indication obtained from a panel 
meter, it does not provide a live data format; one which provides for 
essentially instant replay of the test environment. 

Let ut! now examine what advantages magnetic tape has as a recording media. 
Magnetic recording tape has a coating of a permanent magnetic material 
deposited onto a synthetic film base. Initially the magnetic mßterial is 
In a demagnetized state. Recording heads in the form of electromagnets 
are arranged in such a fashion that their tiny air gap is bridged over the 
magnetic material coated side of the tape as it is drawn across at a con- 
stant velocity. As the tape leaves the trailing edge of the recording 
head gap, each particle in the coating is left permanently magnetized. 
The Intensity of magnetization is proportional to the instantaneous signal 
current in the recording heaa winding at the instant the particle left the 

gap. 

The reproduce (replay) head is F.n electromagnet similar in construction 
and arrangement to the record bead. When the magnetized particles are 
bridging the gap of the reproduce head,a magnetic flux is established in 
the core. As the tape is drawn past this gap, variations in the flux 
Induce a voltage in the reproduce head winding proportional to: the ampli- 
tude of magnetic intensity of the tape particles; and the tape velocity. 
The resultant voltage recreates the original input signal. 

The magnetic tape recording process thus described, uses what is called 
the "Direct Recording Process". Several other methods are available to 
the user and each have their particular advantages and disadvantages; 
these will be treated in detail in sections to follow. The advantages of 
magnetic tape as a recording media may be defined as follows, regardless 
of the selected process: 

1. Reproduces original dynamic signals in electrical form. Permits 
further study by chart recorder, X-Y plotter, oscilloscope, wave 
analyzer, A/D conversion and by many other display and investi- 
gating instruments without the necessity of manual data plotting 
and reduction. 

2. Provides a frequency range much wider than other recording 
methods. 

t 
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3. Allows the speed of events and frequencies to be changed. Thus 
rapidly occurring events may be reproduced and analyzed at 
reduced speeds. This  enables the user to utilize the more common 
low frequency analyzers and associated data processing equipment. 
Alternatively, long time recordings of slow events or low fre- 
quencies may be speeded up for study by simply reproducing the 
signal at a faster speed than was used during recording. 

k.    Time and phase relationships between numerous signals are accur- 
ately preserved. This permits identification of the sequence of 
parallel events and is especially valuable where shock propaga- 
tions through a test specimen are to be determined, 

5. Has great inherent flexibility in reproduction. The record 
(tape) may be reproduced immediately without special processing. 
Copies can be made for possible parallel use or for a variety of 
other purposes, 

6. The process is economical because the magnetic tape may be erased 
and reused many times. Ulis makes it practical to freely record 
many signals of Interest at a low cost. Only data which proves 
to be of significant interest need be preserved or transferred 
to a da>a library "or storage. 

A DIRECT RFADING RECORDING PROCESS 

Signal 
Condition 

Record V 

KT]    Transducer 

Specimen 

Input 

Sobs 
vO+Q, 

Read 
Head 

A/D 
Conversion 

I 
Analysis 
Equipment 
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Magnetic 
Tape 

Storage 

I 
Plotted 

Data 

MAGNETIC TAPE:    Etynamic phenomena may be permanently recorded on tape for 
subsequent use or analysis.    The signal may be plotted,  analyzed,  or 
converted into other formats without compromizing the originally recorded 
data. 
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Section 2 - Dynamic Test Data Acquisition 

RiTINING THE PRETEST PLANNING AND EQUIPMENT SELECTION PROCESS 

A detailed eaanination of the measurement and equipment requirements prior to the 
•tart of any test Is a prerequisite to efficient data collection, which will 
ultimately prove useful to the equipment design engineer.  

0 

Since the instrumentation which is used to acquire the desired test data 
will vary with what is to be measured, it is important that the parameters 
be established well in advance of the test. The test engineer should 
discuss with the instrumentation engineer his measurement OBJECTIVES in 
greet detail. Quite often a test is "over-instrumented", yet little if 
any data of real value to the equipment design engineer is obtained. The 
solution to this problem in most instances is a precise delineation of 
the measurement and objectives by the equipment design engineer, since he 
knows best what data he needs in the design of his product. The instru- 
mentation engineer is now equipped to select the best methods and equip- 
ments to accomplish the task. The tabulation of the parameters to be 
measured can be of great value in organizing the test data collection 
process. 

Consideration must also be given to the type of test to be performed. In 
the case of a qualification test, for example, the requirements for test 
data recording may be minimal, whereas in the case of a developmental 
test, data acquisition requirements Fay call for far more sophisticated 
equipments and methods. 

The location of transducers on the specimen is one of the most important 
steps in the process of meaningful test data collection. Data obtained ' *■ 
from locations chosen rather arbitrarily can be misleading and at times ^ r 
is worse than no data at all. In most cases a near optimum location can 
be determined from data which was obtained during a similar test or per- 
haps during the developmental test phase of the same test specimen. 

Even though the meaningfulness and ultimate usefulness of the test data 
to the equipment design engineer must be used as the major guideline in 
the choice of methods and equipments, the factor of cost must also be 
considered. Relative cost comparisons can be made on this basis. 

Another basic decision which must be made in the early test planning 
stage is the choice of direct reading vs data recording (storage) type 
instrurentation to be used. The details, advantages and disadvantages 
of both will be discussed in succeeding topics. 

t 
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PRETEST PLAMHIG: The careful consideration of test objectives, test 
type, and transducer location (including interaction) will aid in the 
optimization of the instrumentation support equipment. 
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Section 2 - dynamic Test Data Acquisition 

DIRECT READING VIBRATION AND SHOCK MEASUREMENT INSTRUMENTATION 

Direct measuring and Indicating shock and vibration instrumentation when properly 
utilized provides a means of rapid and economical on-line data collection and 
display.  

In today's demanding pace of shock and vibration Instrumentation, the 
trend seems to be to ever Increasing equipment sophisticetion. Ihis trend 
has Indeed resulted in advancements which allow the Instrumentation 
engineer to provide the structural designer with data in engineering terms 
he can use to better design his equipment. 

The  Instrumentation p^siücer however is sometimes tempted to over- 
instrument the test; the result being a lot of sophisticated data often 
useless to the equipment designer, Bie choice of instrumentation equip- 
ment must be based on the actual data acquisition needs for the particular 
Job at hand. 

In many trat instances, a collection of the basic variables (acceleration, 
velocity and displacement) nan still be accomplished rellaMy and econ- 
omically with some of the time proven, direct measurement meuiods. One of 
the more popularly known methods is the use of a gage to determine the 
amplitude of vibration. As a rule, this method is somewhat limited to 
simple harmonic motion rather than complex vibration or shock. However, 
this method presents a means of rapid data presentation in terms of ampli- 
tude. A black-colored wedge is attached on a white background, and thence 
to the specimen. While the test specimen undergoes the vibration cycle, 
the wedge is viewed under stroboscoplc light. The  trigger source is 
derived from the vibration machine; synchronization is such that the 
stroboscoplc light source is approximately four cycles above or below the 
frequency of the forced vibration. The result is that the wedge appears 
stationary to the observer's eye. By holding a linear scale against this 
wedge, one can directly measure the vibration displacement. As the ampli- 
tude of vibration decreases, movement of the wedge becomes increasingly 
difficult to measure. By using a simple magnifying lens, one can extend 
the range of measurement possibly by a factor of 10 to 1, Even so, this 
method does not fall in the area of sophisticated instrumentation. It 
presents an economical and rapid method of determining the vibration 
amplitude In gross terms. The approximate range of useful amplitude 
measurements of this method is limited to about .02 Inches. 

The hand held vibration pickup la another excellent method for obtaining 
quick on-line vlbrational data in terms of amplitude and frequency. 
These pickups consist of an extremely light moving coil element which 
produce an electrical signal proportional to either velocity or displace- 
ment. The  obvious advantage of this method is the capability of reading 
the variables directly on the face of a meter without complicated 
recording techniques and equipments. 

In most cases direct readings are available in terms of vector veloclty 
in inches per second, or vector acceleration In g units. A sweep through 
the frequency of Interest, holding a constant level of Input at the 
exciter table t.r.d monitoring the response of the test specimen, will 
readily Indicate the resonant frequency. 

i. 
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DIRECT READING METHODE:    The stroboscopic wedge and hand-held probe are 
two familiar methods for direct measurement of dynamic excitations. 
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Section ?. -  Dynamic Test Data Acquisition 

CURRENT IBENDS DJ DATA RECORDERS 

Recording of variables as a function of time In a form which can be stored and 
reproduced must be evaluated with respect to other available data collection 
methods prior to the test start. 

The recording equipment available on today's instrumentation market can 
be subdivided into three categories: 

1, Graphic Level Recorder 
2, Direct Writing Oscillograph 
3, Magnetic Tape Recorder will be discussed 

Each of the three categories will be discussed In greater detail. The 
graphic level recorder was for years the most common recording method for 
variables such as acceleration, velocity and displacement. Its main « 
attribute Is the low cost of initial acquisition plus the on-line readout 
capability of the acquired data. Basically, this type of recorder consists 
of a D'Arsonval meter movement to which a writing element Is attached with 
either a hot-tip or an Ink-filled cartridge which writes onto common 
recording paper. The vritlng-pen is deflected by the electrical current 
flowing through the armature. The resultant trace on the recording paper 
is a history of the amplitude and frequency to which the transducer is 
subjected to. Its greatest disadvantage is the fact that this type of 
recorded data cannot be reproduced In a live format. That is, it cannot 
be used as a signal source for a vibration machine In order to recreate 
the vibration environment. 

The direct writing light-beam oscillograph in contrast to the graphic 
level recorder, utilizes a light beam galvanometer as the writing element. 
This  method consists of a tiny mirror attached to the armature of the 
D'Arsonval movement. A colllmated light beam is directed against this 
mirror. The reflection of this light beam is focused directly onto a 
light-sensitive photographic recording paper. Tills recording paper is 
drawn past the light beam at a constant velocity, impressing a time 
history of the vibration. The resultant trace becomes an acceleration 
versus time history of the phenomenon under observation. One distinct 
advantage is the higher frequency response realized. Frequencies from 
DC to well above 5000 Hz can easily be recorded by this method. However, 
the data is not reproducible in an electrical form. This method does, 
however, present a quick one-line readout of the data. It has a distinct 
advantage over the graphic level recorder in its higher contract and 
nlgher frequency response capability. 

The third recording category is magnetic tape. This is by far the most 
commonly used method In today's field of instrumentation. The basic 
advantage is that the electrical analog received from various sensors such 
as accelerometers Is recorded in a live format which can ^e replayed many 
times over. The signal derived from the magnetic tape in the playback 
process also lends itself to use as a signal source for electrodynamic 
vibration machines. A major advantage of this method is the industry 
standardization on tape speeds, frequency response, center frequencies, 
and bandwidths. Thia  allows greater data communication between test 
laboratories. 

^» 
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DATA RECORDERS:    Currently, dynaalc data Is recorded by one of three 
means; graphic level recorders, direct writing oscillographs,  or 
magnetic tape recorders. 
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Section 2 - Dynamic Test Data Acquisition 

OPTDCrZIllG TRANSDUCER CHARACTERISTICS FOR DYNAMIC MEASUREMENTS 

By simple definition, a transducer is a device vhicc converts energy from one form to 
another. Transducers used In shock and vibration instrumentation provide a means of 
converting mechanical forces into proportional electrical currents which can be 
aapllfied for meaBurenent ami evaluation. 

For a basic understanding of the transducer principle, one might think of 
a phonograph pickup as an example. In this application, mechanical forces 
sensed by the phonograph needle are converted into small electrical signals 
which are then amplified for practical use in the form of sound. Just as 
there are different principles employed in phonograph pickups (i.e. 
crystal, magnetic), there eure several types of transducers used in shock 
and vibration measurement. 

The shock and vibration measurement transducers discussed here represent 
three of the most commonly used types. These are: the piezoelectric 
accelerooeter, the velocity pickup, and the unbonded strain gage. The 
selection of the type of transducer for a particular application depends 
upon the nature of the mechanical force to be measured with respect to the 
magnitude and complexity of the shock or vibration signal, and upon range 
limitations of the monitoring Instrumentation. 

Present-day technology places many demands on transducer performance 
criteria. Of prime consideration, is the ability of the accelerooeter to 
be useful over a broad frequency range, a wide dynamic range, and its 
ability to faithfully reproduce the dynamic acceleration which it senses. 
In addition, since dynamic tests are often combined with climatic envir- 
onments, the transducer must also be capable of performing within its 
tolerance limits under extreme conditions of temperature and humidity. 

The most versatile end widely used transducer for both shock and vibration 
applications is the piezoelectric accelerometer. The piezoelectric theory 
relates to a pressure-sensitive property of the crystalline material used 
in the accelerooeter. That is, when the material is subjected to a force 
or compression, an electrical charge is produced. The electrical charge 
is proportional to the quantity of force applied and, therefore, provides 
a practical means for measuring that force. The crystalline element of 
the piezoelectric accelerooeter responds with high sensitivities to 
measurement of shock impacts of up to 10,000 g's and sinusoidal vibrations 
of up to 2000 g's at frequencies of up to 15,000 Hz. Adding to its 
versatility, is its ruggedness in design and its compactness in size which 
facilitate handling and mounting. 

The velocity pickup is em Induction type transducer which uses a principle 
similar to that of the variable-reluctance (or magnetic) phonograph 
pickup. Its output voltage is developed by the movement of a permanent 
bar-magnet within a magnetic field. The voltage developed is proportional 
to the displacement velocity and can be monitored directly. For a vel- 
ocity of about 10 centimeters per second, the output voltage is in the 
order of 10 millivolts. However, the velocity pickup Is limited only to 
use in the measurement of shock motions having relatively small displace- 
ments. 

Another transducer of interest is the unbonded strain gauge type where a 
resistive principle is used. The strain sensing element consists of four s 
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sets of strain-sensitive wires connected to form a Wheatstone bridge 
(a balanced resistive circuit used for accurate resistance or voltage 
measurements)» Ihe wires are mounted under some pre-stress between a 
frame and a movable element. As the element moves about a pivot point, 
strain is created which changes the wire resistance, thereby causing an 
unbalance of the bridge. If an external voltage is connected to the 
bridge circuit, the output of the strain gage will be zero when the 
bridge is balanced (no movement); a force acting upon the movable element 
of the strain gage will unbalance the bridge, giving rise to an  output 
voltage which is proportional to the displacement. 

Although their accuracy can be better than 0.1 percent, a disadvantage is 
the susceptibility of the wire materials to changes in temperature, making 
it necessary to restrict thsir use to measurement under constant temperature 
conditions, unless temperature compensating measures are applied. 

In summary, it can be stated that generally the transducer types discussed 
fall into three basic categories: 

1. Piezoelectric (Crystal) - Shock excitations and others above 5 Hz. 
Data acquisition. 

2. Velocity (Moving Coll or Magnet) - Vibration and other periodic 
motion data in the range 5 Hz to 2 Hz, 

3. Unbonded Strain-Gage - Vibration and shock situations (less than 100g) 
in the frequency range X - 500 Hz. 

The most comnon form of signal conditioning used today for category No, 1 
is the change type amplifier. It provides for more rapid and reliable 
procedures during field calibration.  Various voltage amplifiers and 
readout instruments can be used with the category No, 2 type transducer; 
the most comnon is the self-contained vibration meter (e.g, MB, CEC). 

The category No. 3 transducer requires either a DC or an AC excitation 
voltage coupled with seme method for balancing. Numerous comnercial 
equipment is avallable(e,g, Endevco, CEC, Honeywell), 

Each of these transducer categories is illustrated in the Appendix, 
page 7.-+-4. 
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Section 2 - Dynamic Test Data Acquisition 

TRARSDUCER CALIBRATION METHODS n 
In order to guarantee the accuracy and validity of any shock or vibration measurement, 
it is essential that the calibration of the transducer be verified. Various methods 
for accomplishing this have been employed; the most conmon is the "comparison" method, 
vfaich is rapid, accurate, and easy to perform. 

Determining the basic sensitivity of a transducer, that is, the ratio of 
change in electrical output to a change in mechanical input, requires 
accurate measurement of both the mechanical input and the resultant 
electrical output. Initial sensitivity calibration of each transducer, 
using the comparison method, is performed by the manufacturer. The same 
method is also employed by the shock or vibration laboratory as a reliable 
and rapid means of verification. In this method, the calibration of the 
transducer to be verified is compared to that of a reference transducer 
whose accuracy has been established and is traceable to the National 
Bureau of Standards (NBS). In performing such a comparison, both the 
calibrated transducer and the transducer to be calibrated are mounted in 
a "back-to-back" configuration as shown, enabling both transducers to be 
subjected to the same input motion and their output signals to be moni- 
tored simultaneously. 

Factory sensitivity calibrations are performed using the instrumentation 
shown in the block diagram. While the shaker table is vibrated at 50 cps 
and 10 G's, the voltage divider is adjusted with the switch in either 
position. The ratio indicated on the decade voltage divider is then used 
to compute sensitivity; the sensitivity of the standard transducer divided 
by that ratio, yields the sensitivity of the transducer being calibrated. 
The degree of accuracy obtained using this system is better than 1 percent. N J 

To eliminate errors which might be introduced by a transducer-controlled 
drive system, the amplitude of vibration is determined optically by means 
of a high resolution microscope viewing an illuminated light spot on the 
shaker table and measuring table displacement in terms of inches double 
amplitude (peak-to-peak displacement). 

Acceleration for any given frequency can be calculated using the following 
formula: G « 0.0611 Df2, where 0.0611 is a constant, D is double ampli- 
tude, or peak-to-peak displacement in inches, and f is frequency in cycles 
per second. Other useful formulae are available for determining the 
sensitivity of a transducer when a reference standard is not available for 
comparison. Calibration data supplied with each transducer includes the 
necessary parametric values for such calculations. 

The graph illustrated on the opposite page represents a typical sensitivity 
calibration curve. The linear portion of the curve represents em accel- 
eration of 10 G's. Sensitivity is given in peak millivolts per peak G 
(if read on an rms voltmeter, this value is then converted to rms milli- 
volts per rms G). This information, along with a calibration certificate, 
is documented by the manufacturer and accompanies each transducer. 

8 
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CALIBRATION:    Sensitivity calibration of dynamic transducers is accom- 
plished by comparison with a known transducer 
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Section 2 - Dynamic Test Data Acquisition 

TRANSDUCER MOUNTING METHODS AND TECHNIQUES 

0 
The transducer mounting and coupling techniques must be considered and evaluated for 
each test case since they form an important and integral part of the overall data 
acquisition system. ,  

In order for an accelerometer to generate accurate and useful data, it 
must be properly coupled to the equipment under investigation. Bie 
methods of attachment should not introduce any di  r'ion. This requires 
that the accelerometer mounting method be rigid <.   '■he frequency range 
of interest. It is necessary that the bonding metu-i mployed does not 
introduce either an amplification or filtering effeci. to the stimuli that 
is acting upon the accelerometer. 

A popular method of mounting accelerometers of relatively low weight is 
that of cementing the accelerometer and an intermediate mounting stud to 
the test specimen surface. In rare instances it may be desirable to apply 
the cement directly to the accelerometer to reduce the effective accel- 
erometer weight. To insure adhesion sufficient for efficient energy 
transfer at higher frequencies, it is recommended that an oil film or a 
slllcone base Jelly be applied between the accelerometer mounting surface 
and that of the specimen. 

Another conmon mounting method for lightweight accelerometers is pressure 
sensitive tape. The tape has an adhesion layer on both sides, and is 
placed between the accelerometer and the surface of the test specimen. 
This method should be restricted to frequencies below 500 Hz; higher 
frequencies may result in em alteration of the response of the accel- 
erometer. s J 

At times fixtures may be required to attach an accelerometer to a test 
specimen In order to transfer the energy from one plane into another plane. 
Prior to application of this method, one should investigate possible alter- 
ation effects which the fixture might have on the accelerometer's response. 
In order to properly design such a fixture, the exact nature of its use 
must be known. Frequency range, G levels and, of course, the mechanical 
specification of the test object must be well defined. A common rule is; 
the more complex the test fixture, the more points will have to be 
examined since the probability of this fixture having several resonance 
points is quite high. Some ground rules for use of a mechanical fixture 
are: the major resonant frequency of the fixture should be well above 
or below the frequency test range; the test fixture should be as light 
as possible in order to minimize undesirable loading effects of the 
test specimen. 

The cable which transfers the signal from the accelerometer to the signal 
coniitioning equipment must be properly supported. It is recommended 
that the cable be fixed with tape or similar methods every three inches 
over Its length. Failure to do so nay not only result in spurious out- 
puts but it caui behave as a noise renerator. This is especially true in 
cases where the acceleration levex is relatively low which may result in 
an erroneous indication of the test specimen's behavior. 

f * 
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TRANSDUCER MOUOTING: The effect of the transducer mounting technique 
on the specimen response and signal distortion characteristics should 
be carefully evaluated. 
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IMPROVIBG THE SIGNAL CONDITIONING SYSTEM 

The  equipment used to condition a transducer output signal into a recordable level 
must be evaluated with respect to the expected and non-expected situations which 
mia^t occur.  

Since any transducer is a device which converts mechanical motion into an 
electrical signal having a linear relationship to the mechanical motion, 
it Is Important to amplify this electrical with "high fidelity". 

A typical signal conditioning system Is Illustrated in block diagram. 
The  output from the crystal accelerometer, normally in millivolts per G of 
acceleration, Is transmitted to the high Impedance input of a voltage 
amplifier by a special low-capacity cable having low noise characteristics. 
The high input Impedance (in the order jf several hundred megohms) of the 
amplifier provides a matched termination for the high internal source 
Impedance of the accelerometer. This results In a relatively long RC 
time constant, assuring good low frequency response. The  sensitivity of 
the accelerometer can be attenuated by simply lengthening the inter- 
connecting cable between the accelerometer and the amplifier input. How- 
ever, In most cases, it is desirable to utilize a separate capacltlve 
attenuator to facilitate the control of the attentuatlon value. Usually, 
a decade capacitor is used for this purpose.  Precisely known amounts of 
capacity are placed at the output of the accelerometer and in parallel 
with the input to the amplifier. A new value for the effective sensitivity 
of the aeceleroneter may be calculated from the circuit parameters when 
this attentuatlon method is used. The attenuated output thus introduced 
to the input of the voltage amplifier is then amplified to a level suit- 
able for further processing. ThiB amplifer is normally a linear-voltage 
type. 

In many instances, it may be desirable to subject the data signal to some 
filtering in order to separate spurious signals from the basic wave shape. 
Normally, the filtering is accomplished subsequent to the amplification of 
the transducer signal; that is, at the output of the amplifier. When 
filtering is applied, care should be taken to avoid applying the technique 
indiscriminately. An analysis should first be made as to whether the high 
frequency content of the basic sine wave is actually a part of the data 
being received or is noise which is introduced somewhere between the 
sensor and the read-out device. Once this has been determined, the type 
of filtering can then be considered. One must be fully aware that if 
filtering is applied, the apparent acceleration levels will be decreased. 
As a general rule, if the high frequency cut-off is five times the basic 
frequency of a half sine wave signal of the vibration frequency, this will 
not produce undue distortion of the signal. Ratios as low as one and one- 
half times the signal frequency eure being applied and have been quoted as 
acceptable. In all cases, the filter should have a sharp roll-off at its 
cut-off frequency. No recognized commercial filter is available, within 
the budget range of most users, which has a sharp enough roll-off to be 
used at the lower filter cut-off ratio. 

o 
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TYPICAL VOLTAGE ACCEI£ROMETER/AMPLIFIER SYSTEM 

FEATURES: 
• Transducer Generates a Voltage Proportional to Acceleration 
• Precision Capacitance Decade Box May be Used to Attenuate the 

Signal to Desired Level 
• linear Voltage Amplifiers Provide the Relatively High Input 

Impedance  (*10 Mß) Required for Low Frequency Response and 
Also Provide Current to Drive the Readout Instrumentation 

Summing Junction 
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— Input From Charge Acceleroneter 

TYPICAL CHARGE AMPLIFIER SYSTEM 

FEATURES: 
• Output from Piezoelectric Charge Accelerometer Is a Charge 

(Number of Picocoulombs per g) Proportioned to the Acceleration 
Signal Which is Converted in the Charge Converter to a 
Conventional Voltage Proportioned to the Acceleration Signal; 

 From Here on. It is Treated as the Voltage System 
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Section 3 - Reduction of Dynamic Test Data 

o A DISCUSSK» Ci OSCILLOGRAM INTERPREEATIOR TECHHIQUEB 

In order to tranafonn oeclllograms and other chart records Into data which can be 
effectively reduced and analyzed, a well defined methodology and technique must be 
developed. 

In spite of the Increased applications of magnetic tape as a recording 
■edla, the vide use of the oscillograph In dynamic data acquisition still 
prevails. For practical design purposes, It Is necessary to be able to 
extract fron the osclUogram the meaningful data required. Soae of the 
■ore comonly used methods of osclllogram analysis will be discussed in 
this section. This discussion also Includes oeclUogra- reduction, 
osclllogram to oagnetlc tape transformation, osclllogram waveform analysis, 
and interpretation of shock data osdllograms. 

Examining the illustrated shock waveform, the number of g's per unit of 
trace deflection Is determined from the oscillograph calibration employed 
during the data acquisition phase. Similarly, the paper-speed established 
determines the real-time tc recording-paper length relationship. Once 
these quantities have been established, the recording can be edited by 
simple visual means. Parameters such as acceleration peaks and time and 
frequency of occurrence can now be evaluated. Another parameter of 
Importance to the equipment designer, is the comparison of acceleration 
propagation time throughout the structure under test. This is determined 
from the time required for the shock pulse to propagate from the first 
point of impact to the various accelerometer locations on the equipment 
structure. Knowing the frequency response of the recording galvanometer, —»v 
the degree of damping, if any, within the structure can also be determined. 1 

When analyzing shock data, the characteristics of the particular acceler- 
ometer used during the test must also be taken into consideration. Some 
crystal aceelerometers experience a change In these characteristics when 
subjected to repeated blows. This will manifest itself as an apparent 
low-frequency base-line shift of the recording trace. Also, «hen a 
"ringing" of the trace is noted, one should Investigate the possibility 
of the accelerometer having been excited near its natural frequency. 

In order to approach osclllogram interpretation from an analytical point 
of view, it becomes necessary to transform the graphic data into a live 
format; that is, to transform the traces into electrical analogs. Recent 
developments in osclUogram reading equipment have made this possible. 
Sie equipment illustrated transforms the oscillograph trace into voltage 
levels which are in turn recorded on a digital magnetic tape system. Hie 
final data fornat of this conversion process Is a digital presentation of 
the original analog oscillograph trace on magnetic tape. Bxis format 
lends itself to a number of methods for further processing. One of the 
most useful Is Its use in conjunction with a shock spectrum analyzer. If 
the tape is properly formatized, it can also be interfaced directly with 
present-day computers. Punched card or tape is still another application 
for further analysis. 

o 
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03CILLOGRAM RECORDS:     Oscillograms  are  still widely used as  permanent 
records of shock and vibration phenomena. 
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APPLICATION OF AMPLITUDE SPECTRUM AMLYSIS EQUIPMENT 

A significant portion of shock and vibration test data analysis can be performed 
with relatively simple,  yet reliable,  amplitude spectrum analysis equipment and 
techniques. 

Analyzing data in which the signals are essentially sine waves,  presents 
no real problem.    Analyzers for determining signal amplitude and phase 
(vector represertatlon) are readily available and perform this function 
satisfactorily.    Hie plot of such a vector is referred to as a Hyquist 
diagram.    When amplitudes are plotted against frequency on a separate 
chart,  the familiar Bode charts are used.    However,  analysis becomes more 
complicated when signals are not repetitive,  or are somewhat noise-like, 
and their inter-relationships more Involved. 

Most Mechanical Engineers prefer the power type over the amplitude type 
spectrum analyzer. The accuracy of the indications of a typical power 
spectrum analyzer depends greatly on the amount of time spent on the 
analysis and on the bandwidth of the filter used. For example, the use 
of a narrowband filter Implies an analysis limited to part of the spec- 
trum, requiring less time to accomplish, but with a net result of lower 
confidence. 

A common system of filtering employed in the analysis of a spectrum uses 
a set of comb filters which operate simultaneously and are in parallel 
with the data signal.    Generally,  the spacing of the center frequency of 
each of the comb filters is one-third of an octave or a full octave apart. 
Each filter requires a separate detector; thus,   the parallel outputs that 
are provided require the use of multl-channel recorders for output 
communication. 

Another commonly used analyzer employs a single filter in a heterodyne 
system.    In this system,  the data input signal beats with a local oscil- 
lator signal, and a resultant sum or difference signal is fed to the 
filter.    The advantage of this system over the type previously discussed 
is that a single filter of exceptionally good characteristics may be 
used, thereby requiring the use of only a single detector or recorder. 
With a pair of such analyzers,  transmissibllity ratios which so often have 
to be plotted from typical vibration and shock data can easily be derived. 
Also,  scalar ratios of the output spectrum versus the input spectrum can 
be plotted as a function of frequency, where the input spectrum could be 
that derived from an accelerometer at the base of the equipment under 
test;  the second channel could be any one of several accelerometers 
located within the equipment structure.    The results can be used for auto- 
matically analyzing resonances and losses in mechanical structural integ- 
rity.    The final data format of this type of data reduction will usually be 
represented by an acceleration-squared versus frequency plot such as the 
one Illustrated.    Ihis plot provides the Mechanical Design Engineer with 
data presented in engineering units useful for practical application. 

1.3-2 
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TYPICAL TRACKING/X-Y PLCTTEF SYSTEM 

Filtered Signal 

Data 
Input 0— Tracking 

Filter 

/ 
X-Y Plotter 

Damping 

Factor 

Correction 

Local 

Sweep 

Oscillator 

L 

FEATURES: 
• Provides Power Spectral Density Plots 

• Can Be Reconfigured to Show Frequency Distribution 

• Determines Phase and Amplitudes of Periodic Motion Data 

• Similar Systems are Available for Analysis of Non-Periodic 
(Non-Stationary) Data 

o 
TRACKING SYSTEM: Now data from a dynamic test can be input into a 
tracking complex to provide a graphical plot of power spectral density. 
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Aeeelogr»» - A pictorial plot shoving acceleration level« vereue tlae which 
a test speclaen experiences as a result of an Input excitation. 

Accuracy • The capability of an Instrunent to follow the true value of a 
given phencnenon.   Often confused with "Inaccuracy", which Is the departure 
frost the true value Into which all cases of error are lumped - Including 
hysteresis, nonllnsarlty, drift and temperature effect. 

Amplitude - The magnitude of variation In a changing quantity from Its zero 
value,   nie word must be modified with an adjective such as "peak", 
"R.M.S.", or "aaxlaW which designates the specific amplitude In question. 

Amplitude Response - The maximum output amplitude Obtainable at various 
points over the frequency range of an Instrument opemting under rated 
conditions. 

Analog - An adjective which has come to mean continuous,  cursive, or having 
am infinite number of connected points.   The Instrumentation Industry uses 
the words analog and digital where the more precise language would be con- 
tinuous and discrete. 

Attenuation - Reduction or division 01 signal amplitude while retain', m, the 
characteristic waveform. It Implies deliberately throwing away or discard- 
ing a part of the signal energy for the sake of reduced amplitude. 

Bandwidth - The range of frequencies over which a given device Is designed 
to operate within specified limits. 

Oalibratlon - The process of comparing a set of discrete magnitudes or the 
characteristic curve of a continuously varying magnitude with another set 
or curve previously established as a standard.   Primary calibration Is a 
calibration procedure In which the Instrument output is observed and 
recorded while Input stimulus Is applied under precise conditions, usually 
from a primary external standard traceable directly to the U. S. Bureau of 
Standards.    Deviation of Indicated values from their correction (or   cali- 
bration) curve   for Inferring true msgnltude from Indicated megnltude. 

Calibration Curve - Ifee path or locus of a point which moves so that Its 
coordinates on a graph are corresponding values of Input signals and output 
deflections.   Also the plot of error versus Input (or output). 

Distortion - An unwanted change In waveform.   Principal forms of distortion 
are Inherent nonllnearlty of the device, nonunlfoim response at different 
frequencies, and lack of constant proportionality between phase-shift and 
frequency.    (A wanted change would be called modulation.) 

Electrooagnetic - Pertaining to the mutually perpendicular electric and mag- 
netic fields associated with the movement of electrons through conductors, 
as In an electroamgnet. 

Feedback - In a control system, a short form of the expression "closed loop 
feedback control."   In such a system, either the forward or the feedback 
path includes an active sensor whose output Is mixed with Incoming signal. 

7.U-1 
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OlflSSART (Continued) 

Ttm, the ■yetem "throughput" 1B always the BUB of sensor output and raw 
Incasing signal.    This throughput Is soBctlaea called an error signal, 
«hid) enables the systeni to govern Its own behavior.   In an amplifier, 
the return of a portion of the output from any stage to the Input of that 
stage or of a preceding stage. 

Fraquency - Ita number of times that a periodic function repeats the'sane 
sequence of values during a unit variation of time.   The unit Is the cycle- 
per-second which equals one Hertz (Hz). 

Frequency Respooee - The portion of the frequency spectrum which can be 
passed by a device as It produces an output within specified limits of 
amplitude error. 

Xntpedance - An indication of the total opposition that a circuit or device 
offers to the flow of alternating current at a particular frequency.   A 
combination of resistance R and reactance X at a designated frequency (all 
expressed in ohms): « o     1 

|Z| =  (R* + X*) * 

Linearity • The "atraight-lineness" of the transfer curve relating an 
input to output; that condition prevailing when output is directly propor- 
tional to input. 

Hoise - Any unwanted electrical disturbance or spurious signal which 
modifies the transmission, measurement, or recording of desired data. 

( } 

Piesoelectric - The Interaction between the electric charge and the defor- 
mation of certain asynetrlc crystals having piezoelectric qualities. 
Piezoelectric transducers subjected to excitation give out an electric 
current proportional to the severity of excitation. 

Reluctance - The opposition offered by a magnetic substance to magnetic 
flux; specifically, the ratio of the magnetic potential difference to the 
corresponding flux. 

Repeatability - The maximum deviation from the mean of corresponding data 
points taken from repeated tests under Identical conditions.   Also, the 
maximum difference in output for any given identically repeated stimulus 
with no change in other test conditions.   Also, the maximum difference in 
output for any given identically repeated stimulus with no change In other 
test conditions. 

ResponBe - The notion (or other output) of a system or device resulting 
from an excitation. 

Rolloff - The condition (and its magnitude) which describes an intentional 
or desired attenuation at frequencies above (or below) a certain point. 
Thus, a low-pass filter is designed to provide rolloff at high frequencies, 
and a high pass filter is designed to provide rolloff at low frequencies. 
Commonly rated in db per octave.   Unintentional rolloff is more properly 
called decay. 

Scale Factor - The amount by which a quantity being measured must change 
in order to produce unit pen deflection.   Also, the ratio of real to analog 
values. 

7.^-2 
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Sensitivity - The property of an Instrument which determines scale factor. 
As connonly used,  the word Is often short for "maximum sensitivity",  or 
the minimum scale factor with which an instrument Is capable of responding. 

Streboscope - An Instrument consisting of a light source which blinks off 
and on at a desired frequency. Permits visual slow motion observation of 
maximum tert specimen deflections caused from an Input vibration. 

Transducer - A device for translating faithfully the changing magnitude of 
one kind of quantity Into corresponding changes of another kind of quantity. 
A dynamic transducer translates a shock pulse Into an electric current 
output. 

t 
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TYPICAL DYNAMIC TRANSDUCERS 
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DATA RECORDING BY OSCILLOSCOPE 
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VOLUME III - REIATED TECHNOLOGIES 

CHAPTER 8 
FRAGILITY 

ABSTRACT: 

The concept of fragility is defined and its application to the design of 
equipment discussed. The methods used to determine fragility are 
reviewed and the application of the various methods during the course of 
a design development outlined. The influence of failure definition and 
measurement on the determination of equipment fragility by test is dis- 
cussed. Hie influence of various modes of failure on the limiting 
fragility surface is considered and the possible failures considered by 
type. Consierations Involved in the use of high strength, light weight 
structures and the effects on failure modes are presented. Common types 
of electronic equipment failures are discussed at component, sub-chassis, 
and console levels. 



VOLUME III - CHAPTER 9 
FRAGILITY 

CONTENTS 

Section Page 

1 INTRODUCTION         8.1-0 

• The Use of the Concept of Fragility in Electronic 
Equipment Design   8.1-0 

2 THE CONCEPT OF FRAGILITY  6.2-0 

• The Role of the "iilure Concept in Fragility 
Determination    8.2-0 

• The Determination of Fragility in Equipment 
Design  8.2-2 

3 MODES OF FAILURE         8.3-0 

• Causes and Types of Failure        8.3-0 
• Chassis and Console Failures      8.3-2 
• Assembly Failures at Sut-Chassis Level      8.3-4 
• Failure Modes at Component Level      8.3-6 
• The Influence of Fracture on Equipment Design  .   .   . 8.3-8 
• Analysis of Service Failures      8.3-12 

k              APPENDIX  8.4-0 

• Bibliography   8.4-0 

• Glossary  8.4-1 



o 

r 

c 

VQUMI in - CHAPTHl 8 

FMGiLmr 

3BCTI0H 1 - IBTRODUCTION 

• The Use of the Concept of Fragility in Electronic 
Bquipnent Design 



vcu» in -CBAPma 
tecUon 1 - lotroductloo 

THE ÜBE (F THE OQKBT (V PMaiUTT II EUCTROnC BQUIFIOr DSBIOH 

Th« dsfinltlon af tte fngillty c€ mn •Itctraolc tqulpant !■ « requlrionit far tlw 
Wdtctlop of tbm •mtlvmat'» wcfcablllty af »urrlv»! In » gjvmn «>rlro—yit. 

In prMlctlng tte proteblllty of turvlv»! far an electroale •qulfot In 
• «l^ilflc dynMdc «BnrlrmMnt, UM 1S nnd« af tte concept af fragility. 
Fragility la n —ianra of tte dynanlc exdtntlon ttet nn »igilj—et «an 
•xperleaee with n 50 percent ctenee of survival.   It Is n function of 
both the flrequMncy of excltntion end the nunber of stress cyelee. 
Preclllty Is gsoermlly exporessed as the allowable a^Mtufle of an 
excitation far a jpecific frequency ani given duration.* 

Alternatively, It nay be apedfied In tens of acceleration, 
and tine.   A typical fragility surface Is shovn in the adjacent figure. 

Fragility reqplrsnents are saeetiaes specified by a two dinensional curve 
giving allowable aaplltude or aeoeleratloo ao a function of frequency. 
The assunptioo is that In ttaeee saeee tte fragility le not tine dependent. 
The tine axis intersections of tte fragility surface are therefore straight 
lines parallel to tte frequency-tine plane.   When tte fragility is tine 
dependent, tte value to be used in selecting or specifying eonponeots or 
asseablies is tte value eorraspondlng to tte intended service life of 
tte equiiawnt. 

üben design criteria are to be specified for an eqialpnent which is not 
directly sxpoeed to tte eystea external dynanic environnent, tte systsa '—v 
inputs Mist be nodlfied by appropriate transfer functiona.   Tte survival I 
probability of tte equipaent will then be detemined by a caaparlaon of *— 
the systen input tines the transfer function to the fragility of tte unit 
under consideration.   If tte designer knows tte systen level dynanic inputs 
and tte transfer functiona nodifying tte inputs for n given unit looetloo, 
the required fragility af tte unit nay then be stated aa part of tte unit 
specifications. 

Alternatively, if tte fragility of tte conponent unite of an equipMnt 
and tte transfer functions for tte unit to systen interfaces are known, 
tte fragility surfaces for tte equlpuent nay be defined in tens of 
allowable input.   Tte equipaent fragility surface will be nade up of tte 
nininun value envelope of tte unit fragility eurvea divided by their 
respective transfer functions.    Conparison of tte equipaent fragility 
surface with tte systsa dynanic snviro—snt speclfiontion will then show 
where alteration of either conponent fragility or transfer function is 

«This definition is an expenaion of tte einplifled fragility concept 
Introduced in Voluae II.   The concept used there aesusee that failure 
will occur at tte fragility surface; no statistics are enployed to 
explain the distribution of test values about the failure surface. 
This distribution is slnllar to the scatter encountered in the 8-1 
fatigue curve, discussed in Chapter 5. 

Slntlarily, other factora which nay influence the fragility surface 
(such as the naher of strees iterations, as illustrated) are also 
ignored for slaplicity in the analytical procedures outlined in 
Voloae n. ("J 
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The penplselble values of the transfer functions will Influence the 
mechanical design of the equlpoent in auch areas as material selection, 
location and type of fastener«, and resonance polr.cs of the structure. 
Modification of the effective fragility of a particular area in an equip- 
ment by structural changes which affect the transfer function to the area 
will frequently be required in iaproveaent of existing equipment in order 
to eliminate excessive failure rates in sub-units,   nie effective fragility 
in an area may be altered through the use of dynamic attenuators.   The use 
of fragility in the selection of attenuators is discussed in detail in 
Chapter 8 of this volume. 

c 

A primary advantage to be gained by the specification of component or 
sub-assembly requirements in terms of the actual fragility required lies 
in the possibility of reducing the severity of the environmental require- 
ments.    Components of an assembly which will be subjected to severe 
dynamic environments may not be required to survive the assembly level 
enviroomental extremes.   If the transfer function from the assembly to 
the component interface is low,  (for those frequencies at which the com- 
ponent has low fragility) the component requirements will be reduced. 

1 t Acceleration 

Idealized failure surface 
described by three 
parameters. 

Number of 
Iterations 

o 
ÜBE FRAGILITY ENVELOPE:    A description of the acceleration response 
limits within which the equipment element has a 50 percent probability 
of survival.    Beyond this surface, the element will experience failure 
50 percent of the time. 
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1- Definition of Failure Criteria                    j 

•  Structural 

•  Operational 

!       *• 
Selection of Dynamic Test Inputs                  1 

•  Exterior Environments                        | 

•  Transfer Functions to Sub-assemblies            { 

3. Selection of Failure Detection Methods              1 
for Test                                     j 

• Structural 

•  Operate onal 

FAILURE AMD FRAGILITY:    Decisions involved in determination of equipment 
fragility by test. 
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THE DETERMINATION OF FRAGILITY IN EQUIPMENT DESIGN 

The methoc used to aetermlne the fragility of an equipment design will vary during 
the courae of the fiesign effort. 

The concept of fragility is certainly of value to the equipment designer. 
The information necessary for its application however, is usually diffi- 
cult to obtain. The methods that are used to determine the fragility 
surface for an equipment include the following:  dynamic testing of the 
complete equipment, testing of partial assemblies with simulation of 
interface conditions, mathematical analysis of the structure, and esti- 
mates based on the personal experience of the designer. 

Testing of the entire equipment is the most accurate method available but 
also the most expensive and time consuming. In order for an equipment to 
be tested It must first be built. Correction '-f any design deficiencies 
revealed by the test program will therefore involve redesign and modifi- 
cation of the equipment. The Ideal procedure to be used for determination 
of the equlpment fragility should allow an initial design which will 
require a minimum of redesign. 

The most efficient determination of equipment fragility will involve all 
of the methods listed above, as indicated ir. the figure in reverse order. 
That is, conceptual design decisions involving fragility are initially 
based on the designer's personal experience. The conceptual design will 
then be reviewed, inalysis conducted in any questionable areas anc resul- 
tant design changes incorporated. As the development of the equipment 
progresses, tests of partial assemblies will be conducted. Finally the 
prototype equipment will be verified by complete assembly testing. 

The earlier fragility c«terminations provided by this sequence will be 
less accurate than the uata taken from the final equipment test. The 
initial estimates however, should be sufficiently accurate to permit 
Identification of critical areas and prediction of required fragility 
levels for sub-assemblies. 

Both the final equipment testing and the testing of partial assemblies 
involve the simulation of the dynamic inputs that the unit under test 
will see at its interfaces during actual use conditions. For equipment 
level tests, these dynamic inputs will generally be defined by an appro- 
priate Quality Assurance test fx^cification. For partial assembly tests 
and undefined equipment tests tne interface inputs must be determined 
from field data or analysis. 

After the actual dynamic inputs that the equipment will see in service or 
qualification have bee:, determinea, a method of simulating these inputs ir. 
the laboratory must be selected. The subject of dynamic simulation is 
discussed in detail in another chapter of this volume. The dynamic 
inputs used in test may consist of sinusoidal or randon vibration or may 
Involve various shocks. The most commonly used excitation is sinusoidal 
vibration as the information resulting from this dynamic input is the 
easiest to evaluate while still yielding adequate information. An advan- 
tage of equipment level tests is that not only the fragility of the 
specimen but also the structural transfer functions may be determined. 

X 
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FRAGILITY DETERMINATION:     Fragility values  for equipment elements are 
usually determined by a  combination of experience,   analysis,   and  tests. 
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CMBB AMD TIPS <F WflUJRE 

c 
QM itept of the llaltlng fregllity «urfece Is detemloed by a nuaber of different 
types of fhllure. Vhtn the fragility surfece Is being constructed by enslysis rather 
than cawlete eqwlMant teat all poaalble fttllare aodee «Mt be eoosldersd. 

In constructing the fragility surface for an equipaent by analytical 
■sthods, the affects of all poaalble failure aodes oust be considered. 
The cosaon types of failure aodes Include the following: 

First Iteiatloo Pailures; First Iteration failures, correspooding 
to the sero tlae Intersection of the fragility surface, are gener- 
ally overload failures caused by excessive stress levels in soae 
eaapouant or failures das to excessive defonation. Overload 
failures «HI be Independent of frequency; however, failures due to 
excessive defonation will be frequency dependent. First iteration 
failures are generally associated with shock loading. 

lailare alth Bepetltloa; Muy of the failures resulting fro» both 
shock and vibration envirooMnts can be attributed to fatigue of 
aaterlals. The shock spectra presented In the Cynaalc Slaolatlon 
chapter illustrate the fact that shook can excite vibration. Shock 
induced vibration aay exceed the asgnltude of the specified Vibration 
tests for an equiiawnt. Both shock Induced vibration and the speci- 
fied vibration can cause fatigue failures if the aeeoaulated number 
of iterations Is greater than the endurance Halt for a part of the 
equlfaent. The allcwable acceleration response will decrease as the 
total number of Iterations increases. '— 

- 

It Is possible to change the ahape of the fragility surface by altering 
the reaooant frequency of portions of the structure or of coaponents. 
This is Illustrated In the figure vhieh shorn test data for several sizes 
of capacitors and resistors. Increasing the resonant frequency «111 
generally xalee the eqpilpBsat fragility by decreasing the internal trans- 
fer functions. 

Typloal fatigus failures are Illustrated in the figure. As Indicated in 
the adjacent figures, the fatigue failure point a are those of high stress 
concentration - areas around holes, sharp comers, scratches, and siailar 
stress raisers. 

o 
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Physical Considerations 

G's 

G's 

Fatigue Effects 

Iterations 

Frequency Effects 

Frequency 

FRAGILITY DETERMINATION: Fragility may be defined by calculation and 
estimation as well as by testing and measurement. 
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Section 3 - Modes of Failure 

CHASSIS AND CONSOI£ FAILURES ^ 

While the possible variation in designs at chassis or console level prohibits failure 
node classification by assembly type, the use of certain general design guidelines will 
improve the fragility of the units,  

The majority of console level failures observed during dynamic testing e e 
caused by either lack of stiffness In the structure or areas of high stress 
concentration. 

Shock tends to cause permanent deformation of the chassis or console 
structure although, according to M. E. Gurln, '10 some deformation may 
also result from vibration excitation. Typical structural deformation 
resulting from a shock test is illustrated at the right. It should be 
noted that as the weight of the components increases, the importance of 
their location increases. If the designer must cantilever a chassis off 
it's front panel, heavy components should be placed near the supported 
end. This raises the natural frequency of the assembly and thus raises 
the relative height of the fragility surface. Resonant frequencies can 
be raised in chassis panels by dimpling the panel. (M 

A major design consideration for chassis and console design is the 
natural frequency of the basic structure. The natural frequency should 
be outside the vibration test range, preferably outside on the high end. 
If it is not, then the structure is not only subjected to unnessarily 
high repeated loadings but the components are also subjected to these 
high loadings. If it is impossible to design the system with an ade- 
quately high resonant frequency, then this should be compensated for by ' ' 
modifying the fragility envelope for this area. 

-- 
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SHOCK ~~GE: Distortion und fracture are common in poorly designed 
chass ~. Bendihg and unsupported masses shouid be avoided. 
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VOLUME III - CHATTER 8 
Section 3 - Modes of Failure 

ASSEMBLT FAILURES AT SUB-CHASSIS LEVEL 

Ffciliire »odes of soae sub-chaBsls level asBemblles may be considered by asflembly type. 
U 

The  equipment assembly sub-dlvlslons considered In the chapter on Dynamic 
Attenuation are: component, sub-chassis, chassis, and console levels of 
assembly. Failure modes for the lowest of these, component level, have 
been discussed In the previous paragraph. Failure modes for the next 
level (sub-chassis), like the component level, may be classified by 
assembly type for some ccomonly used sub-chassis units. Some of the 
failure modes, such as those involving wiring and fasteners, will be the 
same as those considered at the component level. 

Assemblies that might be considered as belonging to the sub-chassis level 
are meters and Indicators. The U.S. Naval Research Laboratory (7) has 
Investigated the operation of moving-coil galvanometer units, bourdon tube 
and drive-type synchro units either in various dynamic environments and 
found that, in the most cases, the indicator needle needed either bal- 
ancing or damping for satisfactory operation in vibration environments. 
The bourdon tube and synchro indicators had some erratic performance and 
sero shift difficulties. The "ruggedlzed" meters that are on the market 
performed quite well. 

Other assemblies that may be classified as a sub-chassis level are.cable 
connectors. In general they have a very high damage resistance.'" 
When failure does occur it is usually due to loose or bent pins. These 
failures occur when the plastic discs separating the pins become worn 
allowing excursion of the pins. Experience haa shown that wires which 
are soldered into many-pin connectors are difficult to inspect and are 
thus prone to failure as a result of either cold solder Joints or insuf- 
ficient solder. Cables of this type are very difficult to trouble-shoot 
as an electrical discontinuity is usually intermittent. 

i 

t 
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SUB-CHASS:s FAILURES: Unsupported el~~t~ica ~ire leads are partic­
ularly &usceptible to failure frOffi shoe~ and vibration exci tations. 
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Section 3 - Modes of Failure 

PAIIURE MODES AT COMPONENT LEVEL 

CoDponents are frequenty tested to determine their fragility and failure mode. These 
test« Indicate the effect of orientation, mounting and other related considerations. 

Many types of components have undergone extensive testing to determine 
their fragility and failure modes. Typical failure modes for various 
types of components and methods of increasing the critical fragility level 
are discussed below: 

1. Relays are prone to failure to hold position during shock and to 
chatter during vibration.'3) This is due to mechanical problems 
such as imbalance, weak springs, weak coils or flexible arma- 
tures. According to M. E. Gurin,'^) relays withstand vibration 
best when energized. 

2. Capacitor failures are due mostly to low resonant frequency 
mounting n suits in a fatigue failure of the electrical leads. 
This failure mode is also coomon in resistors and similar com- 
ponents and can be corrected by restraining the components with, 
as an example, a conforml coat which will raise the resonant 
frequency of the assembly. 

3. The vibration resistance of potentiometers may be increased by 
either reducing the mass of the shaft or increasing the shaft 
stiffness. Either change decreases the transfer function of the 
shaft which Increases the effective level of critical fragility. 
Potentiometers are least susceptible to vibration in planes per- 
pendicular to the shaft axis.™) 

k.    Connector wire flexibility is detrimental to shock and vibration 
resistance as it increases the possibility of tearing and 
fatiguing of the wire system. Malfunctions are very difficult 
to locate. Unsupported leads fatigue most rapidly. Solid con- 
ductor wire and plastic cable clamps are not usually desirable; 
sufficient slack should be provided to allow for the relative 
motion of subassemblies. The wire should be looped around ter- 
minals to provide mechanical support in addition to the solder. 

5. Fasteners (bolts with nuts or elastic stop nuts) loosen easily 
under both shock and vibration.(3) in addition aiost fasteners 
are susceptible to fracture or bending. In aeaign review, 
fasteners should be checked to insure that their selection is 
based on the dynamic environment and required fragility rather 
than on static loading. 

The application of components should always be reviewed in light of the 
test and operating environments. Components havlig low values of criti- 
cal fragility, such as cathode ray tubes, should be Isolated from the 
dynamic environment. The use of friction fits or spring clips for the 
retention of components should be avoided in high shock environments, as 
should the use of electrical connectors for mechanical retention of 
tubes or circuit boards. 

* ^ 

t 
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COMPONENT FAILURES: Fai ures of componen~s and other small elements can 
be minimized by good design review habits. 
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Section 3 - Modes of Failure 

THE INFLUENCE OF FFvACTUHE ON EQUIPMENT DESIGN 

In design involving highly stressed,  high strength materials,  elementary stress 
analysis methods vill not accurately predict  failure. 

In designing structures  that are not highly stressed,  the normal design 
procedure consists of selecting sections and materials such that the 
yield strength of the material is not exceeded.    If local stress  raisers 
such as holes,  bosses,  or small flaws  in the material exist,  it  is 
assumed that local yielding will permit  plastic deformation to redistri- 
bute the concentrated stress.    When high strength materials are used this 
assumption may not be valid.    The stress concentration may cause propa- 
gation of the flaws and result in failure of the structu'-e at stress 
levels considerably below the predicted yield point.    Use of stress con- 
centration factors to account for the  local conditions Is of little use 
If the design Is to efficiently utilize the strength of the materials. 
This Is due to the fact that the stress  concentration factor Is a geo- 
metric correction which does not take  Into account the fracture  resis- 
tance of the materials.    If this material property is to be considered 
In an attempt to Insure efficient design,  a new parameter,  the stress 
Intensity factory, must be used.    The stress Intensity factory Is a 
measure of a materials resistance to unstable crack propagation.    It Is 
independent of the geometry of either the flaw or the part and of the 
method of loading. 

Development of the stress Intensity factor is based on the assumption 
that a crack of less than some particular size exists In the material. 
The size  Is determined by the Inspection procedure.    If the Inspection 
method used can detect flaws larger than a specific size,  cracks  o'J just 
less than the detectable size are assumed to exist In tht material.    The 
stresF Intensity at the crack tip Is proportional to a scalar quantity 
which Is designated as the stress-Intensity factor K.    An unstable frac- 
ture Is assumed to occur when the stress intensity factor Is greater than 
a critical value called the fracture toughness.    When crack geometry and 
applied stress are known, K Is determined from the equations given In 
the table at the right. 

Fracture toughness  (KQ) IS a mechanical property that places an upper 
limit on the value of K.    The fracture toughness Is established by test, 
using specimen types,  procedures,  and data analysis methods,  which 
result In a Kc factor which Is Independent of crack and specimen geometry 
and external loading.    Reference (8) goes into some detail concerning the 
determination of KQ.     It is known that fracture toughness varies with 
specimen thlclmess;  the thicker the specimen,  the lower the toughness and 
thus the lowest value (minimum Intrinsic fracture toughness) is designated 
as KJQ.     In practical situations, the critical toughness is not expected 
to be lower th:in the intrinsic critical value and hence the latter Is the 
basic Index of crack toughness. 
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Basic Form of Stress Intensity Factor 

K2 =  Q   ff2   »r a 

where «f = stress 

a = crack radius for circular cracks 

or   a = length of semlminor axis for 
elliptical cracks 

and Q is a function of the geometry. 

Q = 1 for through crack in infinite plate 

4 
Q = -=• for internal circular crack 

»'- 

Q a -=■ for internal elliptical crack 

Q = 1.2 for long shallow surface crack 

Q = 1.2 * for elliptical surface crack 

where   0  = /V1-^) ^de 

c = length of semitnajor axis of ellipse, 

STRESS INTENSITY FACTOR:    A design parameter reflecting a material's 
resistance to unstable crack propagation may be calculated. 
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THE INFLUENCE OF FRACTURE ON EQUIIMENT DESIGN  fContinued) 

For thin sections,   the strain in the  thickness directioi. is unsuppressed 
and as a result considerable plastic  flow is associated with the cracking 
phenomena especially for ductile materials.    Since considerable plastic 
flow occurs, linear elastic fracture mechanics is :.ot applicable and can- 
not be used.    Although experimentation is being carried on in this area, 
and mathematical modeling is being worked on,  most of the present effort 
Is directed towards the more needed and more easily interpreted plane- 
strain fracture such as  is experienced with thicker sections of ductile 
material,  or more importantly,   thin sections of brittle material. 

Although the field is relatively new some progress has beer, made in 
relating behavior of test specimens   to the design of structural parts. 
Test specimens are used which contain a sharp crack which is induced by 
crack starters subject to fatigue  loading.    The crack starter may be in 
form of a sharp notch as a prime example.    The crack is extended suffici- 
ently so that the particular geometry of the starter crack does not 
influence the stress field it the crack tip.     Reference ( 8 )  in the 
Appendix brings out the importance of the effect of the maximurr: fatigue 
stress  used  in fatigue cracked specimens as related to the  "sharpness" 
of the  induced crack.    The "sharpness" being an important consideration 
in the determination of the fracture toughness (KJC) obtained through 
testing  specimens.    The reference  indicates  that fatigue cracks should 
be induced at the lowest possible level of stress. 

The size of the specimen also is an important consideration.     The accuracy 
with which the experimentally determined  (Kic) describes fracture behavior 
depends on how closely the stress intensity factor represents   „he condi- 
tions of stress and strain inside the fracture phenomena region.    Practi- 
cally,   if the plastic region at the crack front is small with respect to 
the region around the crack for which the stress intensity factor is a 
good approximation,  then the accuracy of the exp^'imentally obtained (KJQ) 

is sufficient.    The present state-of-the-art suggests that the character- 
istic parameter of the plastic region useful in choosing minimum character- 
istic  specimen dimensions is the square of the ratio of (KJQ) to tensile 
yield strength.    Recent tests suggest that 2.5 times this characteristic 
parameter is satisfactory for minimum characteristic specimen dimensions. 
The characteristic dimensions are specimen thickness,  crack length,  and 
uncracked length. 

The top two figures on the opposite page show a tensile specimen and a 
bend specimen.    The details of the starter cracks are not shown.    As an 
example,  if a material which is to be used in simple bending has a (KJQ) 

of l60 ksl/in.2 and a yield strength of 180 i A  then the vidth of the 
specimen should be 2.5 x (löO/lBO)^»-'<■   inches with the crack length equal 
to 2 Inches and the uncracked length e>iuai   to another i   Inches. 

To determine specimen dimensions  for a n<v.  material,   It is  necessary to 
have an indication of the highest   (Kic/ayld)'   that the material is likely 
to exhibit.    The bottom figure may  be used  for this purpose.     It repre- 
sents  a plot for steels but the  reference ''ialms  that all non-ferrous 
results known to the author fall within the  Indicated region.    More 
detailed information on testing is  ^Iven in the reference. 
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TENSILE SPECIMEN 

Starter Crack 

Thickness 
/ = B 

K = Y / P^t \ 
\ B W / 2 2 

Where:  y =  ..77 + 0.227 (f) - 0.51 (f) + £.7 (f) 

BENDING SPECIMEN 
Thickness 
= B 

K = Y 
/ G Mvfa \ 

\    BW2) 

k  W 

Where: y = 1.92 - 3.1 (|) + 1^.5 (|) - 25 (|) * 25 (|) 

1.6-- 

1.2-- 

yld    .1;.. 1 

0 2  4   .8   12 

|x 1000 
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ANALYSIS OF SERVICE FAILURES ^ ^ 

Identification of common modes of material failure by their characteristic appearance 
will aid in elimination of the failure cause.  

In examining failed equipment in order to determine the cause of failure, 
characteristic symptoms of various failure modes should be  carefully checked. 
Service failures which occur after considerable exposure to operating 
environments will involve a greater variety of failure modes than veri- 
fication test failures which occur in the laboratory.    General causes of 
failure which should be considered in the exsunination of equipment 
include the following: 

Wear 
Overload 
Corrosion and Stress Corrosion Cracking 
Heat Treatment and Phase Change Failures 

Quench Cracking 
Transformation Stress Failures 
Flaking 
Hydrogen Qnbrittlement 

Wear: Failures due to wear of operating parts are among the most easily 
recognized types of failure due to the dimensional changes Involved. 
Wear failures which occur before the design obsolesence point will gener- 
ally be due to overloads or lubrication failure. 

* %. 
Overload:     Service failures which occur after successful completion of 
design verification testing of a prototype system should be examined for 
evidence of improper use of materiftls or material treatments or of 
operator error. 

Corrosion:    Failures due to corrosion may be difficult to identify with- 
out laboratory analysis.    Stress corrosion cracking is a brittle type of 
failure even in normally ductile materials;  little or no plastic defor- 
mation accompanies the cracking.    Visual evidence of corrosion may not 
be apparent without microscopic examination which will reveal grain 
boundary attack.    Corrosion failures may be minimized by the use of 
rrotective coatings. 

Quench Cracking:    Quench cracking is caused by the austenlte to marten- 
site transformation which involves an increase in volume.    Recognizable 
characteristics of quench cracks include the fact that the cracks run 
from the surface straight into the center of mass.    No decarburization 
will be evidenced,  the fracture surface will show a fine crystalline 
texture.    Quench cracking can be reduced by elimination of design stress 
raisert; and proper process control in heat treatment. 

Transformation Stress Failures:     Quench cracking is one type of trans- 
formation stress failure,  that is, material failures caused by a change in 
physical properties due to a phase change.    Other transformation stress 
failures involve the austenite to pearlite  transformation in steels. 
Characteristics of the failures are similar to those described for quench 
cracks. 

4  V 
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* 

Flaking;    Flakes are small internal fissures found in heavy rections after 
forging.    They are not visible from the surface of the material and there- 
fore require specialized testing methods for location.    T^e term flake 
comes from the appearance of the fracture surface which has a glistening 
appearance similar to snowflakes.    Flaking is an internal form of quench 
crack.    "Hie occurrence of flaking can be reduced by the same procedures 
recommended for the avoidance of quench cracks. 

Hydrogen Bnbrittlement;    The presence of relatively small quantities of 
hydrogen in some metals will cause a major reduction in ductility. 
Elastic behavior of the material usually will not be greatly affected,  the 
embrittling effects are limited to the plastic region of the stress-strain 
diagram.    Fractures due to hydrogen embrittlement will usually show bright 
round spots known as "fish eyes" on the fracture surfaces. 

Probable causes of hydrogen embrittlement include welding and plating 
processes. 

«ear 

Jverload 

Corrosion and Stress Corrosion Cracking 

Heat Treatment and Phase Change Failures                 j 

Quench Cracking 

Transformation Stress Failures 

Flaking 

Hydrogen Qnbrittlement 

COMMON SERVICE FAILURES:    Reduction and elimination of service failures 
may be accomplished by careful examination of the failure mode. 
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Cycle - The c l ete se _uence o f values of a er i odi c quan ity t hat occur 
uring a per ~od . 

excurs ion of a harmonic vibr ation i s 1ouble he ampl · t ude 
rna i ud, of displ a cemen t . 

F~·lure - An i rrever sibl e rocess of opera ion ou side of spec ified 
~olerances . Upon r emoval of he environm~ntal load, the equipmen 
rerr2·ns inopera~ i;e or ou-. of tol erance . 

Fatigue - end ncy of materials o f racture under many repe itions of a 
stress consider ly l ess -han he ul imate s ati c s r ength . 

Fl king - Fl akes are small i n ernal fissures found i n heavy sections af er 
or ing . Flaking is an ·n ernal form of quench crack . The occurren ce 

of ~lakin can be red ced by he same procedures recommended for avoidance 
of _uench cracks . 

- A .echanical roper y that places an upper l i mi on 
factor . 

Fr ag"lity - A measur of -.he dynamic exci a ion hat an equipmen can 
experience wlth a 50 perce~t chance of surviv 1 . 

- The presence of r elati 1ely small quan i ies of 
s whi ch cause a major reduc i on i n uctil ity . 

Mal func i011 - A revers ible process ou s i de of specified tol er ances . 
Upo r emoval of the environmen al load the equipmen wi ll return o 
0peration wi hin olerance . 

Overload - Service fai lures whi ch occur af er successful compl etion of 
desi ver "fica ion es~ ing of a pro o ype system. 

-.:uench Cracking - ench cracking · s caused by he austenite to ma r ten­
si e t ransformation wh" ch i nvolves an i ncreas e i n volume . The cracks 
run from he surfaces raigh in,o he cen er of mass . 

Resonance - Resonance of a sy.,;tem i n forced vibr a ·on exis s when any 
change, however small, in the fre uency of exc tation causes a decrease 

n he response of ~he sys ~m . 

_he ra io of change of f orce (or orque) o t he cor responding 
l n ransla : onal (or ro a ional) defl ection of an elastic el emen • 

cracking . 

In er nal force exerted by either of wo adjacent par s of a body 
o her across an imagined lane of separation . 

- A br it le ~e of fai l ure even i n nor mally 
or no plas i c deformation accompanies he 
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.lection k    - Appendix 

GLOSSARY (Continued) 

Stress  Intensity Factor - A measure of a materials resistance to unstable 
crack propagation.    It   is  independent of the geometry of either the flaw 
or the part and of the method of loading. 

V<ear - Wear failures will occur before the design obsolesence point  is 
reached ind is generally due to overloads or lubrication  failure. 

Transfer Kui-riian - The quantitati/e descripri.)n of a system's dynamic 
characceristics which relates  the dynamic inputs to the dynamic responses. 
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CHAPTER 9 

DYNAMIC ATTENUATION 

ABSTRACT: 

liiere are two basic approaches available to the structural engineer for 
the control of the imposed dynamic environment; provide equipment elements 
of sufficient structural integrity to withstand the raw environment with- 
out external help, or reduce the environmental Intensity that is felt ^y 
the fragile component to a level which it may sustain without failure. 
The  latter alternative, attenuation, is the subject of this chapter. 

An attenuator selection procedure is outlined in general terms, which 
reviews the specification, the design limitations, and features the first 
approximation of a working transmlssibility curve which will protect the 
fragile equipment elements. 

A major portion of the chapter is devoted to a discussion of the various 
materials and configurations currently in use as attenuation devices. 
Included are the coulomb damped devices, the fluid devices, elastomers, 
composites, and the old standby, the spring. 

Some practical design suggestions are offered on the application of 
attenuation devices to common dynamic situations. Techniques are offered 
for the attenuation of equipment elements with respect to equipment level, 
a concept developed to categorize the various elements of Army  equipment 
packages. These levels begin at the component division and extend to 
console and module level of equipments. 
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VOTiUME III - CHAPTER 9 
Section 1 — Controlling the Dynamic Environment 

THE ALTERNATIVES OF STRUCTURAL IMPROVOiEST AMD DYNAMIC ATTEMUATION 

Structural Improvement and dynamic attenuation are the two alternatives available 
to the designer for the protection of electronic equipment from shock and vibration 

D 
inputs 

The Packaging Designer is faced with the problem of designing equipment 
to survive a specific shock and vibration environment and must decide 
upon a constructive course of action. If, through intuition or as a 
result of preliminary testing, the designer does net believe his equip- 
ment capable of surviving these environments, he must select one of two 
alternatives: structural improvement or dynamic attenuation. 

Structural improvement of the electronic equipment can be accomplished 
in many ways, discussed in detail in other chapters of this design guide, 
and reviewed here for reference. One tool often utilized by the designer 
is the technique of substituting materials to change resonant frequencies 
or masses. It is often feasible to select a material which will do an 
adequate Job but which has a resonart frequency which la outside the excita- 
tion region and, therefore, unaffected by the excitation. 

The most drastic changes in resonant frequency can be obtained by changing 
the geometry of the electronic equipment package or some ox" its components. 
The designer may accomplish this geometric change through a variety of 
avenues which include the relocation or reorganization of the components 
in a trouble area or modification of critical area. The designer must 
first try to obtain a rigid structure which will survive the anticipated 
shock and vibration environment. Only after this alternative has been 
pursued in its fullest should the designer consider the second alternative, 
dynamic attenuation. 

Dynamic attenuation is the technique of utilizing a group of devices to 
reduce the effect of the imposed environment. This group of devices 
consists of shock absorbers, dampers, foams, isolators or resonant 
devices. Through the application of dynamic attenuation techniques, 
the designer may incorporate devices which will either reduce the amount 
of energy actually getting to the electronic equipment by isolation of 
the equipment or he may utilize devices which will abosrb the energy once 
it is within the electronic equipment. These techniques are the subject 
of this chapter. 

Included in this chapter are: a general procedure for selecting an 
attenuator; a discussion of the materials utilized in attenuators in both 
Isolation and absorption applications; and some information and suggestions 
regarding the applications of these materials. 

~) 
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Section 2 _ Attenuator Selection Procedures 

SUMMARY OP THE PROCEDURES FOR SELECTING AN ATTOIUATOR 

The cooparlson of the environment with the element's fragility will establish an 
allowable tranmnissibillty envelope. Comparislon of that envelope with the actual 
hardware capability results in an effective selection procedure for an attenuation 
device.  

The procedure for selecting a dynamic attenuator has been arranged in a 
sequence which will lead the designer to an accurate and rapid conclusion. 
This procedure will require slight modification for each individual ap- 
plication but the general philosophy will still apply. 

As illustrated in the adjacent block diagram, the first information which 
must be determined is the environment to which the equipment will be 
subjected. This is usually specified in the Quality Assurance provision 
section of the procurement specification. These provisions tell the 
designer which shov./ and vibration tests must be performed, the parameters 
of the teats, and how many specimens must be subjected to the tests. 
Unfortunately, this basic consideration, the required envirionment, is 
often neglected by the designer. In addition, the basic inputs of some 
of these environments, such as ballistic shock, have been neglected to 
the point where little research has been don^ or published. The pack- 
aging engineer thus has a formidable task in defining the design criteria. 

It is next necessary to consider what level of assembly will be affected 
by the environment and estimate how the electronic equipment will most 
probably fall. The load tolerance, or "fragility," of each level should 
be occasionally estimated to establish those parts needing attenuation. 
Occasionally it is advisable to isolate the entire system. The knowledge 
of the failure or malfunction modes of the equipment elements is also 
useful during preliminary design stages. 

Hext a transmisslbility envelope is computed by comparislon of the environ- 
mental input data with the fragility data. This transmisslbility envelope 
is such that any attenuator with a tiansmissibility curve everywhere less 
than the envelope, will be acceptable. It will be obvious that several 
attenuation devices will appear suitable. 

Additional consideration must be given to the physical properties of the 
electronic equipment package and where it is to be mounted. These 
considerations include the weight at each mounting point, physical size, 
any mounting restrictions, the inertia of the package, the amount of 
excursion the package is allowed, the stiffness of the adjacent mounting 
structure, the location of the package's center of gravity, and acces- 
sibility requirements to name Just a few. 

Consideration must be given to the presence of extreme temperature, active 
chemicals, or other adverse environmental influences which can affect the 
life of the attenuator selected. 

After the primary design constraints have been defined, the designer will 
select an attenuator by comparing the transmisslbility curves of actual 
attenuators with the theoretical envelope. It Is also possible that an 
ideal attenuator will not be apparent. In that instance, it will be 
necessary to repeat the sequence changing the assembly level considered 
for attenuation or adjusting the fragility restrictions through struc- 
tural improvement of the electronic equipment package. 

9.2-0 
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ATTENUATOR SELECTION PROCEDURE:    Environmental severity,  element fragility 
and other considerations influence the choice of an attenuation device. 
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VOLUME in - CHAPTER 9 
Section 2 - Attenuator Selection Procedures 

REVIEW OP THE APPLICABLE SPECIFICATION AND DEFIHITICW OF THE ENVIRONMENT ^ 

The first step In the selection of a shock and vibration attenuator is the study of 
the related specification to determine the dynamic environment which must be met.  

When selecting an attenuator, one of the preliminary pieces of information 
to be accumulated is a knowledge of the dynamic environment that the equip- 
ment package will be subjected to and within which the equipment package 
will be expected to survive and function. This shock and vibration envi- 
ronment is specified in the Quality Assurance Provisions Section (usually 
Section k.O)  of the procurement specification. 

According to the American Standards Association, shock occurs when "the 
position of a system is significantly changed in a relatively short time 
in a non-periodic manner. It is characterized by suddennesj and large , , 
displacement, and developes significant internal forces in the system."^^ 
There are several kinds of shock of interest to the designer which are 
required of specific equipment classes. These include balliBtic shock, 
shaped pulse, bench drop, shipping drop and railroad humping. Related 
to these are cargo bounce and vehicle and road bounce. A complete 
description of each of these excitations with their characteristics can 
be found in the chapter on "Dynamic Simulation" and are summarized as 
well in Volume II of this Design Guide. 

Vibration, on the other hand, is defined by Viayne Tustin as "a.mechanical 
oscillation or motion about a reference point of equilibrium."^' As with 
shock, vibration test requirements vary and are specified for particular 
classes of electronic equipment. These include sinusoidal, random, forced, 
deterministic, and others. A further discussion of these can also be found 
in the chapter on "Dynamic Simulation." 

Since shock is characterized by large accelerations and large displacements, 
a relatively stiff attenuator which will limit equipment over-excursion is 
occasionally Indicated. Vibration, however, is many repetitions of smaller 
acceleration and displacement which sometimes requires a soft suspension 
system to take advantage of the inertia effects of the equipment to be 
protected. Unfortunately, the exact opposite is also true, due to the 
resonant effects of the attenuation. This conflict between shock and 
vibration will obviously require a compromise on the part of the designer. 
The problem is eased somewhat by the development of combined isolator/ 
absorbers for some levels of equipment. These products will be discussed 
later in this chapter. 

For the purposes of analysis, the en/ironment should be plotted as accel- 
eration versus frequency as shown in the adjacent figure and these 
Individual plots then combined into an overall environment plot which 
Is extremely usable. 
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VOLUME III - CHAPTER 9 
Section 2 - Attenuator Selection Proceduree 

REVIEW OF DESIGN LIMITATIONS 

Consideration nust be given to the Imposed design constraints and other physical 
restrictions vfaleh may limit the attenuation selection process.  

The selection of an attenuator can be restricted by tr.e design  itself or 
by the design specification.    The  stage of the design,  whether the design 
1B in a preliminary,  developmental,   or production phase,  has a bearing on 
which attenuation method can be adapted.    It should be obvious  that  if the 
equipment has been complied it will be  impossible to optimize the  location 
of Isolators between the components and subassembiles.    If the philosophy 
of dynamic attenuation  is  Incorported at an early enough stage,  many more 
avenues are available to the designer.     The components and subassembiles 
chosen by the designer will ultimately establish  'he equl;imer.t   size and 
weight  (the design specification will probably establish maximum totals for 
these)  as well as  the location of the center of gravity    'he moments of 
inertia of the electronic equipment and accessibility o1' the components. 

The design specification will probably mention such  "hM^e HP  '   »• rigidity 
of the supporting structure,   the amount  of sway and Jthe. 'irelon space 
available,  and trie required life of the electronic equlpmen       icka^e.    It 
can be seen that many of these considerations diminish  In magnitude when one 
conside:s which components need protection.     It   le much eacler   to  »reat   the 
part rather than the whole. 

The designer has  the fundamental  choice of whether to Isolate  the equipment 
from the input or absorb the energy within the equipment;  Isolation devices 
are external to the equipment being protected and thus increase the volume 
occupied by the equipment.    Absorption devices arc added internally to the 
package and thus increase the object's density.    Both have advantages and 
disadvantages and will be discussed in detail in this chapter. 

The designer should also consider how the equipment will be used and whether 
or not it will be subjected to negative accelerations.    If negative accel- 
erations are anticipated,  then an isolator must be chosen which will be 
capable of sustaining this reverse deformation.    During ballistic shock, 
some electronic equipment has been seen (through high speed photography) 
to Jump six inches or more laterally.      This excursion can completely 
dislocate It relative to its isolators.    When the equipment  slams back 
onto the base support,   the results are usually disastrous. 

A calculation will be required to determine the portion of the total weight 
which will apply at each isoxator,   should isolators be selected.    This 
individual weight will be utilized in the final selection of the isolator. 
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THE SECOND STEP:    Review the design limitations and allowances. 
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Section 2 — Attenuator Selection Procedures 

EVALUATHIG FRAGILE COMPONHJTS 

. 
It is necessary to visualize how different areas of the equipment will be affected by 
both short and long term dynamic excitations to determine which areas need protection. 

The designer must now establish which portion of this electronic equipment 
package will be most critically affected by the dynamic environment. The 
designer does this by estimating the fragility of the portions of his 
equipment under consideration. Fragility is defined by R. D'Agostino as a 
"qualitative index of the 'G' load limit that the equipment can sustain 
without damage."(3) An example may best illustrate this concept: if a 
radio has an even chance of surviving a 20 "G" acceleration at 30 Hz, then 
this is said to be its "fragility" for this frequency. If, for some reason, 
it is subjected to a slightly higher acceleration at this frequency, it will 
probably be damaged. If this radio must (as a design requirement) survive 
in a 30 "G," 30 Hz environment, then attenuation is mandatory to reduce the 
acceleration the radio "sees" to at least 20 "G's." Not all levels or 
portions of the equipment will have the same fragility curve and the curve 
usually varies with frequency. The determination of this fragility parameter 
is discussed in detail in another chapter of this Design Guide. 

Since boxb shock and vibration are normally part of the dynamic environment, 
the designer is interested in which of them will have the most severe 
effect on the equirtaer.t. The usual mode of failure associated with these 
two disturbances varies as does the excitation itself. Shock, for example, 
usually causes failure due to the first impact of load, either as a direct 
fracture, or as an overextenslon or excessive excursion of an equipment 
element. Vibration failures are typically fatigue fractures or operational > ' 
malfunctions due to chatter. A low level shock disturbance, such as bounce, 
may also excite the equipment into some resonant activity and subsequent 
fatigue problems. "Hie decision is, therefore, one of evaluating the extent 
of the damage potential, whether it is due to Initial or repetitive 
excitation, and relating this information to both the fragility of the 
element and the "safe loading level" or endurance limit of the equipment. 
These properties are illustrated in the adjacent figure. Detailed infor- 
mation on the design of structure for failure resistance is discussed 
in other chapters. 

An overall fragility curve should be plotted as acceleration versus 
frequency and on the same scale as the environment to facilitate later 
use. This plot may range from a straight line limit which might be found 
in a procurement specification, to an undulating characteristic which 
might evolve from empirical test data. 

:} 
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FRAGILITY: The elements of the equipment complex must be determined and 
their sensitivity to either repeated excitations or Initial Impact 
evaluated. 
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Section 2 - Attenuator Selection Procedures 

ESTABLISHHIG THE TRAMSMISSIBILITY ENVELOPE ^ 

A calculation may be performed to determine the naxlnum transmissibillty envelope for 
the attenuator location for both shock and vibration by factoring the environment 
vlth the fragility of the system.  

Mow that the preliminary work has been accomplished, the designer is ready 
.o determine the transmissibility envelope for the particular attenuator 
application. A convenient definition of transmissibility is the ratio of 
the energy transferred through an object to the energy originally applied 
to the object. The electronic analogy is "gain." The region of the curve 
where this ratio is greater than unity is called the amplification region. 
ThlB is a character!Btic of a resonant system which is excited at a frequency 
near its natural frequency. It must be realized that most attenuation de- 
vices have such a region and it is imperative to choose an attenuator whose 
amplification region is below any anticipated excitation since this is a 
frequency-related factor. When the output to input ratio is less than 
unity, the attenuator is reducing the effect of the input or the device is 
behaving like an attenuator. As can be seen at the right, this curve has 
one fundamental peak (though it may have many other peaks present) whose 
height is the maximum amplification at the system's fundamental resonant 
frequency. The other peaks often represent the resonant frequencies of the 
subassemblies within the system. 

The frequency of the fundamental (and any other resonance, for that matter) 
may be changed by altering the mass/spring relationship of the resonating 
body. The amplitude of tne peak is an Indication of the damping properties 
of the system. Both the peak frequency and the peak amplitude may be 
modified Intentionally or by chance when the mass or damping properties 
of the system are changed. 

The envelope developed will be the locus of the maximum allowable (without 
failure) transmissibilities for the span of frequencies of interest. Since 
this envelope is a locus of maximums, any actual curve which lies everywhere 
below this envelope will be acceptable for the applicatio... 

The evolution of the envelope may be described in the following manner: 

Ff T =  L_ 
f   E ^f 

where:  T = Transmissibility at a given frequency (f) 
F = Fragility level in G's at a given frequency (f) 
E = Environmental input ir. G's at the given frequency (f). 

This is shown in graphical form at the right. An example is the hypothetical 
case where, at a connaon frequency, an electronics package can withstand 
25 G's (fragility) but the environment is applying 50 G's (perhaps due to 
shock). The maximum transmissibility would then be 0.5 and an isolator 
with a transmissibility of 0.U.5 at this frequency would be acceptable. 
The designer should be alert to the fact that he is not working with 
single frequencies, but rather a span of frequencies which menas he is 
exercising two curves to establish a third. 
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TRAMSMISSIBILITY CURVES:    The amplification and attenuation regions as 
well as the limit for usable attenuator may be defined in the 
frequency domain. 
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Section 2 - Attenuator Selection Proceduree 

FINDIMG A SUITABLE TRAMSMISSIBILITY CURVE 

x r 

can be rearranged Into 

TfEf = Ff 

which, If the Input environment is a fixed requirement, will produce 
a new fragility curve for the equipment. This fragility envelope will 
assist the designer in altering the electronic equipment structurally. 

The selection is complete when an attenuator is found which possesses a transmissiMlity 
characteristic that lies within the theoretical curve and has the correct physical 
requirements. 

Once the transmlssibility envelope has been established, the task of lo- 
cating a suitable attenuator remains. Some shortcuts are available to 
the designer, however. The weight of the equipment will restrict the 
size of the Isolator or absorber; the location or excursion restrictions 
will also eliminate many attenuators. As a result of this and other 
thinning, the designer will have only a few attenuators whose curves 
will have to be compared with the allowable envelope. The actual selec- 
tion is done by fitting the actual curves to the theoretical. In some 
instance it may be necessary to combine two different attenuators (such 
as an isolator and an absorber) to obtain the desired result. 

Should the end result be unsatisfactory for sane reason, it will be 
necessary to return to the selection procedure and alter some of the 
assumptions made. In such a case it is possible to let the selection 
procedure indicate what assumptions should be changed. If the designer 
finds an attenuator or combination of attenuators that are suitable in 
every way but transmlssibility, then he can generate a transmlssibility 
envelope which will enclose the desired attenuator. The basic equation 

T -  Ff 
f" -;— 

9.2-10 



VOLUME III 

1 

X 

Jln 

'out 

Transmlsslblllty Envelope 

Actual Transmlsslblllty 

Frequency 

ATTENUATOR SELECTION: The attenuator should possess a transmlsslblllty 
characteristic that lies within the established envelope. 
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Spl:tion 3 - Materials Coalonly Used for Attentation Devices 

l)ynamic attenuation material.a can be arranged into a spectrua in icb 1r 
1nterreleted p~rtiee bee apparent. This attenuator spec r-epl.acea 
the 1'aail1ar ~, isolator, ancl absorber tel'lllinology. 

There e.re many kinde o'f attellU'ltion devices ranging f'rom aut01110tive shock 
abaorbere, to springs, to felt padding, to elastomeric vibration isolators. 
This section presents a croas section o'f these devices arranged in order of 
their general location within the spectrum shown in the adJacent 'figure. 
The search for a comparative base has resulted in the attenuators bet.- ~ 
presented a& part of this continuous spectrum of devices. 

In order to evolve this spectrum, it JIIU8t be realized that there are really 
only tliO properties o1' a transmissibility curve which act'U.tU.l.y are necessary 
tor the deacr1pt1cm o'f the basic curve; the propertieAJ of resonant frequency 
aDd aJQPlification or "gam. n It is possible to normalize the frequency 
ax1e of the tran8lltlss1bU1ty curves with the resonant frequency as wnity. 
This normalization removes the dependence on mass or loading and relegates 
the eurve to a point, the IBrlmum transmissibility for the primary resonant 
trequency which is nov unity. 'lbe maximulrl transmissibility is a characteri­
atic ot the attenuator alone &ncl raDges from 1.0 for a critically damped 
qat.• haVing no reaooa.nt rise, to :ln1'1n1ty for a solezy resonant system 
With no dulping. Al1 a tenuation ayatems (i.e., isolators, abosrbera, 
clapers) 111117 be cbarted Vi thin this spectrum. 

Tbe available data on contemporary attenuators was plotted and is presented 
at the right. A8 l10Ul4 be ected, considerable overlapping does exist. 
Five aJar d.ivisiana ot terlal.,hovever, tend to group themselves within 
the apeetna. Thee~ are, in arder or increasing magn1 tude: coulomb damped 
4ev1cee, viae<N8 devicee, ela£tc.ers, composite 1118terials, and springs. 
These devices are diseuaaed herein in the order mentioned. 

Th18 "apectna ot deY'ieee" coocept great:cy simplifies the actual. selection 
ot an attenuator aeotioned previously in that once the tra.nsmissibility 
envel.ope is 'known and the reaooant f'reqy.eney ot the nev system (the 
electrome equ.i~t includins the attenuator) estimated, then the trans­
lliasibUi ty eil'lelope can be noralized. 

1'!\e transmiss1b111 ty at this resonant frequency then becomes the maximum 
al.low.ble for the application. Any deviee located lover on the spectrum 
than thte l1m1 t is acceptable in the application, provided it al.ao meets 
the other pb.yaical restrictions illpoeed. 
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SectloTi 3 - Materials Connonly Used for Attenuation Devlcee 

CHARACTERISTICS OF "DRY FRICTION" DEVICES 

Coulomb damped (dry friction) devices combine high damping capability with low resonant 
reaponse characterlstlce gad dominate the lov end of the spectrum.  

Dry friction dampers are attenuation devices which dissipate energy only, i.e., 
no energy can be stored as potential energy as in springs. These damping 
elements dissipate energy through sliding friction and exert a force which Is 
independent of velocity. In addition, these devices are dependent only upon 
relative displacement, i.e., they do not exhibit restoring forces from stored 
potential energy such that they return to the original equilibrium position. 
These dampers are very useful for providing additional damping to a suspension 
system without adding resilient properties since the only force they generate 
is related to equipment motion. These devices are operable through a wide 
temperature range and are only slightly affected by dirt, sand, and dust. 
Ibeir performance is deteriorated, however, by lubricants such as water, oil, 
or gasoline which tend to destroy their frictional properties. 

Sophisticated devices are now available which combine dry friction with spring 
properties. These devices are available both in series and in parallel and 
are excellent for specific applications. 

The combination-type device would be located more toward the middle of the 
spectrum depending on the ratio of damping to resonance. Once the decision 
has been made to employ a combination device, it is best for the designer 
to contact the component manufacturer for transmlssibility data on these 
systems. 

9.3-2 

It should also be noted by the designer that the transmlssibility curves 
for these devices indicate that the devices do not isolate as effectively 
at the higher frequencies as well as some other classes of attenuators. 
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COULOMB DAMPED SYSTEMS: "Dry Friction" type devices generally exhibit high 
damping characterlsites coupled with a low frequency resonatn response. 
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VOLUME III - CHAPTER 9 
Section 3 — Materials Cooaonly Used for Attenuation Devices 

ISOLATING WITH WOVS» METAL _ 

*-    1 
In certain applications, wire mesh devices have a distinct advantage over other 
Isolation syst« 

A typical design for a woven metal mesh attenuation device Is shown at the 
right.  As can be seen In the Illustration, It consists primarily of woven 
metal In combination with a spring. The metal mesh provides damping while 
the spring supplies resonant characteristics and load support. Buffers 
are also shown, but these only come Into play In the event of over-travel 
or bottoming of the primary attenuation material. 

Also shown is a typical transmlsslblllty plot for these devices. Since 
this is a combination device, the peak is toward the middle of the 
attenuator spectrum as might be anticipated. It may also be noted 
that the transmlsslblllty drops off much more rapidly than the dry friction 
devices, with a similar Increase in frequency. 

The metal mesh in these devices mechanically damps motion by dissipating 
energy through friction losses due to the rubbing of the mesh strands 
against one another. As such, the operational efficiency is little affected 
by temperature changes. By proper selection of metal used for the mesh, 
the temperature extremes which the isolator will endure may be altered. 
Metal alloy selection may also facilitate corrosion resistance non- 
magnetic properties. The energy from the shock or vibration excitation 
is converted into heat which Is readily dissipated by the mesh. The 
stress within the woven metal mesh is usually feu* enough below the 
fatigue limit of the material to preclude a fatigue failure. These 
devices usually exhibit excellent life characteristics. 

Woven metal devices are presently available only as Isolators. There are 
several configurations on the market, each having specific advantages for 
given applications. 

:: 
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WOVEN MEEAL ISOLATORS: There are times when these devices have an 
advantage over other attenuation systems. 
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Section 3 - Ntterlalt CoBBonly Uaed for Attenuation Devices 

ISOLATIHG WITH STRAXDED WIRE 

Cable Isolators are resent developments within the range of dry frication devices 
vhich exhibit great versatility of application. 

z 
Cable isolators are a recent development in the field of isolators that 
are capable of attenuating both shock and vibration. Typical configu- 
rations of this device are aa illustrated at the right. These devices 
are classified as coulomblc since dynamic energy is dissipated due to 
friction between the individual strands of wire in each cable. This 
dissipation process is similar to that exhibited in the woven metal 
Isolators. In this case, however, no additional spring is required since 
the cable is sufficiently stiff to support loads ranging from four ounces 
to several thousand pounds (depending upon the size of the isolator). 

These cable isolators can operate in all environments, but some instances 
of fatigue problems have been reported. The all-metal construction 
results in electrical and thermal conductivity as well. Their function 
is relatively unaffected by temperature changes. 

As with "Dry Friction" devices, cable isolators are  affected by oils, 
lubricants, or abrasives which tend to alter the coefficient of friction 
within the cables. The damping generated by these mounts is related to 
the stress applied, which equates to large damping from large displacements 
and small damping (or predominant resonance Isolation) at small amplitudes. 

The response characteristics (resonant frequency, damping, displacement) 
may be varied by altering cable diameter, number of strands per cable, 5 ^ 
cable length, cable twist or lay, and the number of cables per isolator. 
This latter variation, the number of cables per isolator, is easily 
reduced by clipping, which results in a lowering of the resonant frequency 
of the system with an accompanying increase in the excursion for a given 
shock excitation. 

t 
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STRANDED WIRE ISOLATORS: A recent development In the coulomb damped 
category of Isolators having good versatility. 
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VOLUME III - CHAPTER 9 
Section 3 - Materials Comnonly Uaed for Attenuation Devices 

USEFUUIESS OF FLUID DEVICES 

Fluid devices have long been used for shock absorption, but are now finding additional 
application as vibration Isolators. Their attenuation capability is manifest by the 
netering of fluid through an orifice or by the utilization of the elastic properties 
of the fluid.  

Fluid devices eure very versatile In resisting the shock and vibration 
environment. They may be used with components as small as transistors, 
or modules as large as a room. Fluid devices operate primarily on tvo 
basic principles: the compressibility of a fluid and -,he flow of a fluid 
through an orifice. 

A technique which employs both of these principles of operation may be 
Illustrated by the Insertion of a small amount of grease under such 
components as transistors or integrated circuits. This technique provides 
a higher capacity path to the heat sink but it also allows for some shock 
and vibration absorption by coupling the component to the mounting base. 

Examples of fluid devices which operate primarily on the compressibility 
of a fluid are the liquid springs, either servo-controlled or fixed air 
bags, and automobile tires. Liquid springs are essentially a filled and 
sealed hydraulic cylinder with the shaft in place, but without a piston. 
As the shaft moves in and out, the volume of the fluid within the cylinder 
changes. This change in volume manifests as a change in pressure within 
the cylinder. Air bags and servo-controlled air bags are commonly avail- 
able; vibration isolators have even been made successfully from auto- 
mobile tires and inner tubes. The tire may be used as a container for 
the tube. After all excess rubber is removed from the carcass, a very 
low frequency system at low cost results. 

Familiar to all of us is the common shock absorber used on motor vehicles. 
These devices are hydraulic cylinders with an orifice (leak) through the 
piston. Fluid, being viscous, is restricted in its flow through this 
orifice; the energy of the shock pulse is thus converted to heat at the 
orifice. These shock absorbers need the assistance of a spring (liquid, 
mechanical, or elastomeric) to support a load, as the restoring force is 
not displacement related. In this way, they are similar to the dry 
friction shock absorbers discussed earlier. 

i \ 
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FLUID ATTENUATION SYSTEMS: There are a variety of attenuation systems 
whose characteristics depend on the viscosity and compressibility of 
the fluid. 
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VOUME in - CHAFTTO 9 
Section 3 ■ Materials Commonly Used for Attenuation Devices 

PROPERTIES OF ELASTOMERS 

Elaatooeric compounds have elasticity and fonnablllty characteristics which makes 
thea particularly adaptable to shock and vibration attenuation. 

t 

The elastomer Is basically a rubber. It may be either natural or synthetic 
and can range from extremely pliant to a very rigid material. This diversity 
Is due to the fonnulatlon or "blend" and results In many different chemical 
and physical properties. Elastomers may range from encapsulants to self- 
adhering sheets, to Isolators, to ship dock fenders. 

The energy originating from a shock or vibration environment in some 
Instances may be controlled by absorption and subsequent conversion to 
heat within an elastomer. This conversion is usually accomplished 
throu^i the internal friction properties of the attenuator. Elastomers 
are most efficient at this transfer of energy when the applied strecs 
manifests Itself as shear within the device. There are many available 
attenuators which are specifically designed to take advantage of this 
shear characteristic. 

Encapsulants are elastomeric compounds which are available in a full 
range of hardness. Almost all are cast in place for the best attenuation 
effect. While they are available in either an opaque or transparent state, 
filters may be added to the encapsulant for a desired optical effect. 
Some encapsulants may be stripped off for repair of failed units and 
subsequently "patched" back In place. 4 »> 

Epoxy material is an example of the elastomer used primarily to raise 
the resonant frequency of the assembly above the anticipated excitations. 
The molds used for this encapsulation may be either rigid metal or pliant 
R. T. V. (room temperature vulcanizing) slllcone rubber. 

R. T. V. slllcone rubber is also an encapsulant often used with small 
elect-ronic assemblies. It must be employed with discretion since it 
has poor adhesion qualities to the rigid parts being potted. It will 
easily peel off connectors if the connector is handled often. A primer 
is suggested when using R. T. V. slllcone rubber encspsulants, but its 
effect is small. Slllcone rubber is very useful where a short term, 
high temperature environment is expected (as on a launch pad) as it forms 
a crust which provides a good thermal insulator. Because the slllcone 
rubbers exhibit a poor adhesion to the part they encapsulate, the 
encapsulant may be easily cut away and the part repaired. After the 
repair, the cavity may then be filled with new slllcone rubber. 

When only a limited amount of damping is required along with environ- 
mental protection, a "conformal coat" may be employed. This method lends 
Itself to production as the assemblies are dip-coated without molds. 
The parts of the assembly can, in most cases, be repaired and the coating 
patched. This is a thinner coat than the other encapsulants which results 
in an overall cost saving. 

4* 
4P 
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THE ADAPEABLE ELASTOMER:    Elastomer!c compounds are available in forms 
ranging from sheet materials to sprays. 
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Section 3 -Materi als Ccnmonly Used for Attenuation Devices 

RESPONSE CHARACTERISTICS OF ELASTOMERS 

The t ranam1se1bili ty and load curves for elastomers ve... 
upon campq~it1on, temperature, and the mechanical conf~ 

'Ver a broad range depending 
~ation of the elastomer. 

s.3-l2 

It may be seen in the attenuator spect rum presented earlier that the 
attenuator manufacturers have taken advantage of the versatility of 
elastomers to produce a wide variet y of absorbers and isolators. 
Elastomers &re available in sheets which may be used as absorbers by 
bonding to a vibrating panel, or as an isolator by placing it between 
the subject component and t he damaging exc .:. .• f.i .)·~. Wlv:n appli ed to a 
vibrating panel, the absorption properties may be enhanced by forming 
a sandwich with t he elastomer between sheets of metal sin~~ elastomers 
absorb energy best in the shear mode. This type of s~1dwich material 
is commercially av~ilable. 

Isolators are available in virtually all shapes and. sizes fran a varie ty 
of manufacturers. The response curves presented in the adjacent figure 
are representative and do not apply t o any particular configuration. 
The amount of ampli fica tion and attenuation depends upon the configu­
ration of the i solator; the resonant frequency depends upon t he load 
applied. Some of the elastomers used are subJect to aging and ozone 
attack whi ch results in cracking and decomposition of the elastomer. 
Others are affected by gasoline or oil. The designer should care~ully 
review the other enviror~ental influences on the equipment to optimize 
his choice of elastomeric material. To aid in the selection procedure, 
a list of manufacturers is provided in the appendix. 
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RUBBER ATTENUATORS: Characteristics of elastomeric devices vary with 
composition,  temperature and configuration. 
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F0AMH) MATERIALS:    Properties of some of the more common foamed 
materials. 
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Section 3 — Ntterials Conanonly Ui«d for Attenuation Devices 

RESPOilSE CHARACTERISTICS OF FOAM 

Much data !■ available on the properties of foam materials. Their application BUS*. 
ba e«jf fully tailorad to the problen. 

The data preaented here applies to the more cannon foams «hieh are used 
for Isolation and absorption. A recent development Is an adhesive- 
backed resilient foam sheet which may be used for the Isolation of light 
conponents. It was developed primarily for acoustic deadening. When 
using adheslves It Is wise to verify the aging properties of the bonding 
material as well as the solvent effect of the adhesive on the foam. 
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PQAMH) MATERIALS: Useful composites for both absorption and isolation. 

9.3-17 



'WWW—————B»»»^MI wmnamim *>-- —^. - —«- ———~"J''~*^—"^ 
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Section 3 -Material« Cc—only Used for Attenuation Devlcea 

PROPERTIES OF NATURAL ANT SYNTHETIC FIBER FELTS 

Natural and synthetic fiber felts taop In a manner almllar to open cell foam and 
are used a» abaorption de/lcee as well as dagplng materlala for resonantlng panel«. 

Both natural and synthetic fiber felts find application as electronic 
cqulpnent attenuators. Their normal usage, however, is intended as 
acoustic energy absorbers. 

Natural fiber felts are not affected by sunlight or oxidation as are 
some foam«. They are also very stable In oil. All natural fiber felts 
are usable between the temperatures of -80^ and +200*F. All exhibit 
a very low (or negligible) coefficient of thermal expansion. 

Synthetic fiber felts may also survive service temperatures above 200aF; 
some have the added safety feature of being fire retardont. Most 
synthetic fiber felts merely shrink or melt when subjected to excessive 
heat. 

Like foam, felts have a low thermal conductivity and actually behave 
much like an open-cell foam. When felt is used as a damper on panels, 
the damping properties can be improved by the addition of a metal sheet 
to the exposed side of the felt. The barrier enhances the damping action 
by converting compressive stress into shear stress and by restricting 
the air flow through the felt. This technique is applicable to foams and 
elastomeric sheet as well. 

Vai xous types of felt are frequently seen in commercial applications such 
as interior panels of television sets and office typewriters. Another 
example is the felt pad that is often used under some office machines to 
minimize noise amplification. AU of the applications cited are primarily 
for acoustic noise reduction. This is the reverse of the problem presented 
throughout this Design Guide; the electromechanical equipment is generating 
the disturbance and the surrounding are to be protected. It should be 
noted that all of the attenuators can be employed in this way and that the 
selection procedure still defines the decision parameters. 

„ 
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1 natural Fiber Pelts (Wool) 

Comprees Coef of 
Specific (lOH Def) Holte 

Grade Gravity PSI Reduction Utet 

I  9R3 0.181 3 0.6U Sound Deadening 
|  12FU. 0.262 6 0.58 Shock Duping    f 
|  12R2 0.262 6 0.58 Vibration Mounts 
1  12R3X 0.256 - 0.58 Sound Deadening 
}       I2S1 
i   12S2 

12S3 
0.256 18 0.58 Dampers 

i   12S4 
16R2 0.342 21 0.50 Vibration Mounts 
16S1| 
16S2| 

!   16831 
0.342 32 0.50 Vibration Mounts 

j  16S4I 

Hot effected by sunll ght or oxldat Ion.  Bicelient stability In oll.  | 
Very low coef of thei •mal expansion 

1                   Syntl aetlc Fiber ] Pelts                      1 
Compress Coef of 

Specific (lOjt Def) Holse 
Type Gravity PSI Reduction Uses 

Dacron 0.08-0.25 1.3-5.3 0.59-0.69 Sound Deadening 
j    Polyester • 

Polypropylene 0.13 h.5 o.6i 
Rayon Viscose 0.08-0.25 2.0-4.2 0.59-0.68 
Acrylic 0.08-0.25 2.1-5.0 0.59-0.68 1 
Nylon 0.08-0.20 1.5-3.2 0.62-0.68 Sound Deadening 

!  Teflon O.hO 6.7 0.43 Vibration Mounts | 

Some are fire retardant, most shrink ai id melt. 

FELTS: Pelts have many applications In vibration attenuation. 

J 
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Section 3 - N»t«rlala Comonly Used for Attenuation Devices 

CHARAcrnasncs OP OTHER SPECIAL COMPOSITE MATERIALS ^ 

There are aany special coBposlte materiale that can be applied to the shock and 
vibration attanuation problea.  

Cork is one of the ccaposlte materials that have been utilized as an 
attenuator for a number of years. It consists of granules of pure 
cork (a wood tissue) that have been compressed and baked under pressure 
to form blocks or boards. Since these sheets are entirely of wood, they 
can be worked with normal woodworking tools. The flamnablllty of this 
material can be reduced through proper chemical treatment. Cork Is 
resistant to sunlight, normal temperature extremes, oil, and water. 

Cork la best employed In permanent Installations since it has a tendency 
to crumble. It works best with tne "heaviest permissible loading on the 
greatest practical thickness of cork." *®' 

The load natural frequency and transmlsslblllty curves for cork are il- 
lustrated In the accompanying graphs. 

Granular cork may also be utilized as an in-transit shipping material by 
placing It around the equipment to be protected. Other materials 
mentioned In this chapter, such as the rigid and pliant foams, may also 
be used In this manner. 

A recently developed material which may prove useful In shock attenuation 
Is a foam made entirely of glass or metal. It Is presently difficult to 
obtain and has seen little application to problem as yet. From the 
nature of the material. It should provide excellent thermal insulation 
as a bonus. 

A fairly recent release In acoustic absorbers Is an adhesive-backed 
flocking. 'Rils material appears best suited as an acoustic coating 
for panels. 

.1 
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SPECIAL COMPOSITES:    There arr> unique composite materials possessing 
suitable properties for dynamic attenuation. 
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SprtQI devices attentate d¥DUUc exc1 tation pritari.ly from tbe1r resoDant response 
c:Mractertst1cs1 vltb only a -u aseocated da!i!1!!1 effect. 

9.3-22 

!'he spring is pri :'ll8.rily a mechanism vbi ch s ores the energy appl ed to i 
&Dd release• this energy a a later time. Sane small losses are encount­
ered due to hystersis dampine; within the materi al of the spring. 

Bec:auae ot extr-l.y lov damping properties, sprine; isolation systems 
exhibit extre.ly larse amplitudes at resonance. Tbis characteristic 
does not detract from be spr ' s usefulness as a shock isolator, bu 
does warrant caret'Ul a te ion when us i g his ype of elemen as a 
vibrati o isola or. 

When aprtne; atten\ators are e~~~ployed for vibratio isolation, it is 
oeceasary to choose the primry r esonant frequency of the system ( equip­
•nt aDi attenuators ) veil below (or above) any anticipated excitations. 
A poor choice vill mnifest as a bi~ly amplified input, causing exces­
sive excursion and acceleration due to the resonant effect of the device. 
Tbis decision fa~tor is reflected in tbe single-degree-of-freedom response 
illuatnted in the adjacent figure. 

Occaaional.l.y the des!gner f1ods equipmen contain ng panels hat "drum" 
or resonate unnecessarily a certain f requencies. A des i gner m:;;y redu..:e 
his condition h uned absorbers. These device are ~erely masses o 

the end of a spring (ill s ra ed i e acccapa.nyir.g s'ke ~h) . By forcing 
in o in en ional resonance, hey absorb he energy rom he paren 
a rue m·e a . discre e frequa1cies near he r esonan fr quency of he 
device. The energy is hen dissi pat ed as on-de6 rue ive excurl•ion of 

he spring-mass complex. 

Many configura i ons o. s pr s are presen available to he pac'kagir.g 
designer. Theee at enua ion sys ems have become c npla ce as i sola io 
devices . The ma ~;erials emp"oyed are as diverse as he '<laY 1 e fi nal 

' s u ilized. Recen developmentR employ glass and plas i ce o 
c en etal all s. r ings are commercially available o isolate 

i re rooms; spring clips small enough o ho d and isola e elec t roni c 
en s are examples o he o her end of h~ size range . 
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VIBRATION ISOIATION WITH SPRINGS 
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SPRING ABSORBERS 
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I£AF SPRING ISOLATOR 

• 

SPRING DBVICBS: Good for shock but poor for vibration because of low 
sanplng. 
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onuNic ATTBumcn 

SBCTIOH h - A REVIEW OP ATTHIUATIOH TKUltmB 

• Classification of Electronic Equipment by Level 

e   Attenuation at the Coaponent Level 

s Absorption at the Sub-Chassis Level 

• Isolation at the Sub-Chassis Level 

• Techniques of Chassis Absorption 

• Isolation cf Chassis With Highly Damped Devices 

• Isolation of the Chassis With Predominantly Resonant Devices 

s Use of Padding at the Console Level 

a   Isolation Devices for the Console Level 
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Section k— A Review of Attenuation Techniquee 

ATTHfUATION AT THE COMPONENT LEVEL 

Attenuation Is accomplished at the component level primarily by absorptioc. 
Improved structural integrity through encapsulation is the most important 
method of absorbing a dynamic disturbance.  

The component level lends itself readily to the application of encapsulants 
for dynamic attenuation due to the small average size of the parts involved. 
This encapsulation can Involve foam-in-place composites, cast-in-place 
elastomers, a conformal coat, or Just plain grease. 

The foam-in-place composites and cast-in-place elastomers are readily 
adaptable to "Level 1" components since the volumes Involved are not 
usually very large. Their use greatly enhances the structural integrity 
and stiffness of the component in addition to reducing the probability of 
damage due to handling. The repairability of the encapsulated component, 
for example, will depend upon the hardness of the encapsulant used and 
the ease with which it may be removed. The presence of encapsulant will 
also change the cooling mode of the component from convection to conduction. 
This can be important if the design has inadequate heat sinking or is 
relying upon a blast of air for cooling the components. 

A technique that has been In use for some time is the placement of silicone 
grease under transistors and other small components. The presence of this 
viscous fluid hydraullcally couples the component to its mounting thus 
increasing the unit's structural rigidity. This procedure also increases 
the thermal conductivity to the heat sink. 

It is possible to design a tuned damper which will absorb some energy at 
the component level. Cost, however, makes this technique impractical in 
all but a few cases.  It is usually easier and more effective to encapsulate 
the component or isolate the next assembly group, the sub-chassis level. 

.. 
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COMPOHBTT ATTHJUATION: At this level of assembly the primary means 
of attenuation lo absorption. 
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Section k - A  Review of Attenuation TechnlqueB 

ABSORPTIOW AT THE SUB-CHASSIS LEVEL 

Several effective methods of absorption are avallcble to the packaging designer at 
the sub-chassis level of assembly Including conformal coating, encapsulants, small 
isolators, and tuned dampers.  

Many of the techniques that are effective at the component level nay also 
be applied to the sub-chassis group (or Level 2). Again either a foam-ln- 
place composite or a cast-in-place elastomer may be efficiently applied 
to encapsulate the assembly. A conformal coat may also prove useful for 
environmental protection and attenuation. The problem of repairablllty of 
the encapsulated element remains roughly the same as It was for the 
component level. Structural reinforcement is still a significant factor 
due to encapsulation, but the volume of material involved in encapsulating 
at this level may be prohibitive. 

The application of "elastomeric sandwiches" and pads is physically practical 
for Level 2 absorption. Circuit board dampers are also commercially avail- 
able for this level of assembly. 

Another device which may be useful is the tuned damper. This approach can 
consist of a mass on a springy medium, such as an elastomer or spring. The 
resonating mass can be a component in certain cases if the electrical leads 
are adequately protected. 

9.k-k 
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SUB-CHASSIS ABSORPTION TECHNIQUES:    Several methods of energy absorption 
at the board level are available to the equipment designer. 
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Section U — A Review of Attenuation Technique* 

ISOLATK» AT TIPS SUB-CHASSIS LEVEL 

Isolation at the Büb-chaasls level may compliment the aheorptlon system previously 
Aeacribed or may be used alone to combat the dynamic envlromnent.  

Several types of Isolators are applicable to equipment elements near the 
size of the sub-chasslo level.    When the sub-chassis Is the size and shape 
of a circuit board,  it Is possible to Isolate it by:    applying a foam- 
backed (circuit board isolator); mounting the board between springs; 
mounting it to an elastomeric isolator; utilizing a woven metal isolator; 
applying a small friction or viscous isolator which is available for 
light loads;  or utilizing a combination of these devices. 

Occasionally,   sub-chassis elements are rather heavy masses bordering on 
the chassis level.    Many of the above-mentioned techniques,  however,   still 
apply,  with the exception of the "foam-in-shear" circuit board isolator" 
which may be too weak for the weight to be supported.    As the mass 
Increases  it becomes increasingly Important to orient the isolators on 
an axis through the center oi gravity of the assembly.    This orientation 
reduces the roll,  pitch and yaw modes of oscillation so that only the 
translator:,  modes remain.    The designer should also note that a combina- 
tion device (external shock absorber,  external vibration Isolator and/or 
internal energy absorber) may be effectively employed to attain similar 
results.    Frequently,  more than one approach is indicated to reduce the 
excitation to an acceptable level. 
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SUB-CHASSIS ISOLATION:     Isolators generally applied  to the sub-chassis  level 
^ano-e  froT  foam materials  to various  snring  devices. 
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Section I* — A Review of Attenuatlor. Technlquea 

TECHNIQUES OF CHASSIS ABSORPTION 

Many of the chassis level absorption devices available to the disigner originate 
from atten\iators used in acoustical insulating and air-conditioning prsctice. 

The sizes and masses usually associated with the chassis level add a new 
range of problems  to those discussed previously.    The resonant frequency 
of the structures Involved  is sufficient to cause both acoustic and 
fatigue problems.    The electronic equipment at  the chassis  level is of 
sufficient size that panels may occasionally be in resonance (dmmiming) 
with frequency excited by  the dynamic environment.    This problem hus 
been defined in air conditioning systems for some time;  many of  the 
solutions and techniques are applicable here.    These solutions  involve 
the use of foam,  felt,  cork,   elastomeric sheet and similar materials used 
alone,   or as the center of a sandwich to damp the vibrating "drumhead." 
The sandwich assembly will  absorb more energy because  it subjects the 
medium to more shear than the absorption medium alone would receive. 
Careful selec  ion of an elastomeric media will result  in such bonuses as 
fire retardance and fungus  resistance.    Another material frequently used 
is undercoat.    These absorbers usually have an asphaltlc base which can 
result  in other problems when us^d in military electronic  equipment. 

The simple spring mass system can be effectively employed to damp out 
resonanting panels.    The spring may be composite,   elastomeric or 
metallic  in nature and  the mass may often be a component from the 
electronic equipment.    Resonant absorbers for this application are easily 
designed and tuned for specific applications. 

If the chassis  is not  to be accessible  for repair,   it  Is  then possible to 
fill with a foam-in-place material that may range from rigid to pliant. 
The resultant package would show an increase in resonant frequency and 
effective mass through stiffening.     Some disadvantages are  an  Increase 
in weight and additional difficulty  in repairing the unit.    Convection 
cooling effect  is eliminated,   which may result  in additional heating 
problems. 
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Sec ion - A Revi ew f Attenua ion ech i ques 

ISOLATI ON OF CHASSIS WITH HIGHLY AMPED DEVJCES 

Chass is may be i solated with coulombi c or viscous devices as long as certa in 
res tr i c i ons and limi a t i ons are observed. 

. - 10 

Tb chassis level of asq mbly is usually of such bulk and veight to varrent 
extra care i n he ap lica ion of various coulombic and vi scous devices . 
The coulombic devi ces i cl de he c on dry- f r iction absorbers, the voven 
me al i sola r~ and h r e atively ne stranded- wire isolators . I t mua be 
no~ed he he dry fric ion dev ces will probably require he add ition of a 
load beari .g spring if one i s no i corporated in o he isolator design . 

The oven me al an s rand - wire devices usually have a sligh ly 4 her 
r esonan frequency bu are usually as easy o employ as he dry- f r i c ion 
isola or. The e is a l so a larger selec ion avai.lF.ble han v i h the dry 
f r ic io dev ces . The s randed wire has the ad van age of being "tuna e" 
by clipping he s rands to lower t e resonan~ f~equency or sof ening he 

sol a or. 

Man viscous ev ices are available o isola e an assembly of bulk approx­
ima ely he size of a chassis . The energy absorp ion capabili y of 
cylinders con aining liquids can be altered by varying apera ure size 
or by incorpora ing ~apered pin ~onstrictors vi hin he aper ure . I 
may be necessary o add a load s ring o some sof isola ors o r even 
"sagging" of the load. o her stances, he s rings are in ernal to 
the isolator. 0 her fluid devices vh ch can be utilize are t he pneumat ' c 
systems such as air bags, balloons and inner u e • These devic s can 
be o ained in various degrees of sophia ication and wi h varyin~ amoun s 
of damping . 
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CHASSIS LEVEL ISOLATION:    These devices are exacples of the appiicatior.  of 
predominately dairped  isolators. 
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Section U - A Revlev of Attenuation Techniques 

ISOLATION OF THE CHASSIS LEVEL WITH PREDOMTNANTLY RESONANT DEVICES 

The chassie level of aBsembly may also be effectively isolated with resilient devices 
exhibiting only eoall degrees of damping. The ma^.or attenuation results from the 
resonant characteristicB of the system.  

In addition to the coulombic and viscous damping devices previously 
mentioned, the other three classifications of attenuators contain hardware 
that can be utilized to varying degrees to this level of assembly. When 
the decision has been made to isolate some electronic equipment, then 
thought must be given concerning how the equipment will be used; what 
"class" the equipment is.  In most cases the equipment will be subjected 
to negative "G" loading due to rebound during shock environments. 
Excursion must be restricted for these negative loadings. Should either 
elastomerlc or composite pads be employed, then they must be firmly an- 
chored. They must act in both tension and compression during excitation. 
An additional pad may be added that will receive the rebound compressive 
load.  On the other hand, if the designer is only concerned with the 
isolation of the equipment after it has been placed in a structure where 
negative loads are not anticipated, the double mounting is not required. 
These last three classifications of attenuators rely more on the resonant 
properties of the system. Resonance often implies rebound. 

Another problem which is present at this assembly level is space. The 
type of isolator selected and the load capacity of the attenuator determine 
the size of the device. This size adds to the volume occupied by the 
electronic equipment.  Care should be exercised to insure that the overall 
volume does no* exceed the maximum allowed. 
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Section U - A Review of Attenuation Techniques 

USE  OF  PADDING AT THE CONSOLE LEVEL 

Several effective padding materials are available  to the designer to reduce the 
dynamic energy transfer at the console level.  

4» 

The large resonetlng panels sometines present in conventional consoles may 
best be deadened by the use of composite padding, elastomeric sheet, or 
sandwiches containing combinations of these.  The sandwich will absorb the 
most energy per unit weigh*, but weight or space limitations often restrict 
their selection.  Some absorption is possible through the application of 
flocked foam, precast foam, cork, or undercoat. These approaches are 
usually lncorpora*ed for acoustic reasons rather than structural. 

Composite and elastomeric pads can be employed externally as well as 
internally.  Precast foams, cork, felt, and elastomeric pads are all 
available to the designer and are well worth consideration for electronic 
equipment isolation.  Some of the materials, such as rigid, closed-pore 
foam, will crush under shock load and have to be replaced. Nevertheless, 
in some applications this solution might be advisable. 

The high roll moment inherent in the taller (higher center of gravity) 
consoles will usually necessitate the use of a stabilizer toward the top 
of the console.  This requirement is also present when the other kinds of 
isolators are used; that is, the centroid of the lines of action of the 
individual isolators should coincide as close as possible with the center 
of gravity of the equipment element. 

i.k-lh 
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THE USE OF  PADS:     Methods  of  reducing extraneous   noise  and  dynarr.ic 
excitations at  the  console level. 
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Section U - A Review of Attenuatior   Techniques 

ISOLATION DEVICES FOR THE CONSOLE LEVEL z 
A great range of hardware Is available for isolating consoles.    The designer must 
chooee the one which best fulflHs his needs.     

The designer nay choose many from among the mechanical devices vhich will 
Isolate a console,   in addition to the  composite and elastomeric pads 
previously mentioned.    Due largely to the number of manufacturers making 
similar products,   the first that draws attention  is the elastomeric device. 
Smaller versions of this device have been mentioned in connection with 
isolation of subassemblles and sub-chassis which make up the console. 
When used at  the console level,   however,   the elastomeric devices are es- 
sentially scaled-up versions of the previously discussed hardware.    Since 
they are generally located outside the console,   they are subjected to more 
dirt,  oil,  and other contaminants than those located on the subassemblles 
within the enclosure.    This applies to any isolator used in this location. 

Also of interest  to the console level are the stranded wire isolators and 
woven metal devices.     Caution should be exercised when applying the stranded 
wire devices as they are subject to fagigue. This effect,  however,   can be 
reduced by deliberately underloading them.    With  the larger consoles,   an 
air spring can lower the resonant frequency of the system to a very few cycles. 
Additional damping may be added in parallel tc reduce resonant excursior.. 
Once again,   if the console is tall and  rocking modes  can be visualized,   some 
form of stabilizer will be indicated. 

The old standby,   the spring,   is  quite useful when combined with an appropriate 
damper.    Care must be used by the designer to insure  that  zhe resonant  fre- >  ' 
quency of the system differs from any excitation  range.     It must be remembered 
that  the amplification at resonance is  quite high unless sufficient damping 
is employed in the system.    The rocking mode of oscillation may also be 
important when this  type of attenuator  is used.     A stabilizer may be 
needed,  as before,   to minimize the overturning effect. 

* * 

< fr 
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ISOLATING THE CJJJ^OLE:     The  devices are similar to those  normally used 
to isolate  chassis  level  elements. 
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GLOSSAItf 

Absorb — To receive the shock and vibration energy and convert a portion 
of the energy to heat e.g. a shock absorber. 

Attenuate - To reduce the amount of energy transferred through a vibrating 
eyatem by either absorption or Isolation of the Input disturbance. 

Damping - The checking or lessening of a dynamic environment usually through 
the utilization of a contrivance. 

Excursion - Dynamic displacement of a system. 

Fatigue - Itie action which takes place In material,  especially metals, 
causing deterioration and failure after a repetition of applied stress. 

Fragility - The qualitative Index of the acceleration load limit that 
equipment can withstand without damage. 

Isolate - To prevent the shock or vibration energy from passing through 
as with a vibration Isolator. 

Resonance - The phenomenon shown by a vibrating e„stem which responde with 
maximuni amplitudes when excited by an t-pplied force whose frequency Is 
the same as the natural frequency of the vibrating system. 

Resonant Frequency - The frequency at which a vibrating system resonates. 

Shock - When the position of a system Is significantly changed in a 
relatively short time in a non-periodic manner.    It is characterized 
by suddenness and large displacement,  and develops significant  internal 
forces in the oystem.     (l) 

Structural Improvement - The redesign of electronic equipment  so as to 
improve the survivability and reliability of the equipment when sub- 
jected to dynamic environments. 

TranBmlBSlbllity - The ratio of the energy transferred through an object 
to the energy applied.    If the ratio is greater than one,   amplification 
is occurring;   if the ratio is less than one,  attenuation is occurring. 

Vibration - A mechanical oscillation or motion about a reference point 
of  equilibrium.     (2) 
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AIR- LOCK PRODUCTS 
FRANKLIN, MASS. 
Vi~l-bonded cork & sizal sheet, pads 

AMmiCAN FELT COMPANY 
GLmviLLE, CONN. 
Pel pads, wool and syn he ic fiber fel · 

ARJfO A.IEESIVE TAPES, INC. 
MICHIGAN CITY, IND. 
Lo - densi y ure hane foam tape 

Elas er mO\m s, springs wi h 
fric io air springs 

BLOCKSO & COMPANY 
MICHIGAN CITY, IND. 
Bonded curled hair shee & molded 

BUSHING INC. 
ROYAL OAK, >ITCH. 
Elasto er bushings & mounts 

CLEVITE HARRIS PRODUCTS 
MILAN, OHIO 
Elas omer mounts wi h foam damping; 
ubular moun s and bushings 

CONSOLIDATED KINEI'ICS CORP. 
COLL'MBUS 15, OHIO 
Glas s fiber shee , pads & moun s 

DOW CORNlNG CORP . 
MIDLAND, MICHIGAN 
Elas 0 er shee , liquid, foam 

F:U.TERS CO., SORB DIV. 
BOSTON ll, MASS . 
Hi.gb- densi ty fel , shee and pads 

FIRESTONE TIIDUSTRIAL PROD. CO. 
NOBLESVILLE, INC. 
Air springs, elastomer moun s 

GENERAL EL.rel'RIC CO . 
SILICONE PRODUCTS DEPT. 
WATERFORD, N. Y. 
Elastomer shee 

GEm:RAL TIRE & RUBBER CO. 
LOGANSPORT, IliD. 
Bonded and bonded elastomer bush­
ings & moun s; air springs 

GIF.DER PROCESS .u.C: . 
f ACKENSACK, .J. 
Spc.:~ge rubber shee & ape 

HAMILTON KENT MF.:~. CO. 
KENT, OHIO 
Neoprene shear pads 

HENRITE PRODUCTS CORP 
MORRISTOWN, TENN. 
Bonded pla e, r ing & tubular mounts 

Il'fl'EGRATED DYNAMICS INC . 
BUFFALO, N. Y. 
Viscous shock absorbers 

K. • JOHNSON & CO . , INC . 
DAYTON , OHIO 
Steel spring mounts, wire mesh 
damping 

KORFUND DYNAMICS CORP. 
WESTBURY, N. Y. 
Cork & elastomer pads & mounts, 
s · ee springs ith fric ion and 
wire mesh 

LO MANUFACTURING CO. 
ERIE, PA. 
Bonded elastomer plate, sandwich & 

bular moun s; s eel springs 
i h fric ion 

MB ELECTRONICS 
N»1 HAVEN 8, CONN. 
Rubber & Neoprene pads; ela sto.mer 
pla e & shear mounts; s eel springs 

OHIO RUBBER COMPANY 
WILLOUGHBY, OHIO 
Bonded elas omer plate, sandwich & 
tubular moun s 

ROBIN TECH INC • 
BURBANK, CALIF . 
Kni ted mesh, s ·~el spring Vi h 
mesh & elas omer snubber, 
elas omer mounts 



TECHNICAL WIRE PRO UCTS 
CRANFORD, N. J. 
Met.al esh 

VIBRA ION ELIMINATOR CO . 
LONG ISLAND CITY 1, . Y. 
Cork, rubber & steel spring rails, bases 

VIBRATION MOUNTING AND CONTROLS INC • 
CORONA, N. Y. 
Cork & bonded elastomer pads & 

oun s. S eel springs wi h snubbing 

VIBRO YNAMICS CORP . 
BROOKFIELD, ILL . 
Elas omeric isola ors 

WESTERN PEL WORKS 
CHI AGO 23, ILL. 
Fel pads, wool & syn hetic fiber fel 

ZERO MANUFA TURI G CO . 
BURBANK, CALIFORNIA/ MUNSON, MASS . 
Polyure bane Foam Cushioning 

voiDm nr 
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ILLUSTRATIVE PROBLH« ON ATTENUATION 

PROPT.HX:     Consider an electronics package as shown In Figure 1 with the 
Indicated fragility curve which has been empirically determined.    IMs 
package is to be used as Class III or Class VI   (helicopter) equipment, 
depending upon the specific application chosen by various users.    The 
environments which will be imposed upon this package are shown in 
Figures 2 ani 3.     The equipment designer's problem is to choose from 
those isolators available to him (for problem simplicity the two 
isolators of Figure k)  the proper Isolator such that the equipment pack- 
age will never experience a loading which exceeds the fragility curve 
limits. 

SOLUTION:    For ease of Illustration,   the example problem is limited to 
one-degree-of-freedoc and the Input excitations on the following pages 
are applied In the vertical direction.    Likewise,   this problem compares 
only two Isolation systems,  whereas In actual problems one may have to 
consider a much  larger group of possible Isolators. 

From Figures 1 and k, one can innediately calculate the basic parameters 
describing the two candidate Isolation systems.     Using four isolators 
with  the CG.   synmetrically located gives: 

'* = ä V^i^ -- 
'o2 = f.   «^ - i" - 

In addition, from the transmlsslblllty curves (Figure U)  we calculate: 

Q  =  7.J    or    f  =  7.15 percent 

Qr.    -■=    5.0 or t,  =  10.0 percent 

Having the above parameters which describe the isolation systems, we pro- 
ceed accordingly to the theory outlined in Section 3 of Volume II. The 
first step is to determine the composite (most severe) envelope for each 
type of excitation.  Note that Class III does not have a sinusoidal 
environment specified nor does Class VI have a random input specification: 
therefore, the composite envelopes are made up from the random excitation 
of Class III (Figure 2), the sinusoidal inputs of Class VI (Figure 3 - 
helicopter), and a superposition of the shock spectra from Class III and 
VI which is shown in Figure 5, 

The  next calculations pertain to the actual determination of the anti- 
cipated responses of the two isolation systems to the imposed environment 
as given in Figures c,   3, and 5. 

Sinusoidal Response: In Section 3 of Volume II it is shown that the 
transmissibility of an Isolator may be written (for the one-degree-of- 
freedom model) as; 

-f =  J r    : MzT}2 ; ^ MQ) T 

9,5-6 
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This equation,   in  fact,   describes  the two transmlssibllity curves given 
in Figure h.    Multiplying the  transmissitility curve  (point by point) 
times the sinusoidal input from Figure 3 determines the sinusoidal vibra- 
tion level imposed on the package by the isolation systems  (shown in the 
table below as values of Ss).    These two results are superimposed on the 
same plot with the fragility curves,   showr.  in ?lgure  l(b). 

Frei. 
(Hz) 6 8 1C :;':-' 16 18 20 22 28 5k 40 

TR, 

TR. 
c 

1.57 

1.10 

2.75 

1.20 

6.93 

1.33 

E. 0311. JC   2.63 

1.56 ..-I -.61 

C.U5 

3.96 

0.34 

U.95 

0.27 

3.27 

0.15 

1.02 

0.10 

0.54 

0.06 

0.35 

E s 
0.2 C.32 ^       4* ^ C.7   h.C  : 1.2 ■i- • ^ 1.6 2.2 ' . 2 2.2 2.2 

Random Response:   Using Equation  (1),   Section 3)   Volume II,   Page 3-4, 
3(7 responses  are: 

Gms : = V' 2 (5-?) (T-9) (3-3)      = 5-T 

.'. G       (3(7)    = 3 x 5-7  = 17.1 g'e 
sel 

Grms2   =   V^MläTäTTsXTÖTT     = 6.8 

•••GSe2
(3<T)     -20-5 g's 

Note in  Section 3 that the  3(T levels were tasen to be  the design peak 
levels. 

Shock Response: From the shoe« spectra plot given in Figure 5 one finds 
that the response of these two systems to the specified shock input will 
be: 

G =     11.5 g's    at fni   -  9.9 Hz 

se, 53.5  g's    at f      =  19.a  Hz 

Moreover,   converting these responses  to pseudo response displacements 
(relative isolator displacement) gives: 

■"sei 11.5 

0.1322 f. 1.1022  (9-9) 

1.15 in. 

9.5-7 
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53-5 
X? =  ■   = 1.32 Inches 

0.1022 (19.9) 

Note that with system B the Isolator will bottom out under shock which is 
not acceptable, however, the travel for isolator A Is acceptable.  It 
should be noted that the problem of isolator selection is most critical in 
in this particular area - allowable travel without bottoming. 

Problem Suamary; Having determined the response of the two isolation 
systems to the three environments, the remaining comparison is to deter- 
mine if the fragility limits are exceeded in any instance. This compari- 
son is shown in Figure l(b). Note that isolator A will limit the excita- 
tions to the package below exceptable limits for all three environments. 
Isolator B, however, performs as desired only in the sinusoidal vibration 
mode with the random and shock responses being in excess of the allowable 
limits.  Therefore, Isolator A provides the acceptable system. 

9.5-8 
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FIGURE l(a^     -     E^UIFMENT  PACKAGE 
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IIIAJSTRATIVE PROBLB4 ON ATTENUATION (Continued 
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FIGURE 2  - INRJT EXCITATIONS FOR EQUIR4ENT CLASS III 
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SINUSOIDAL VIBRATION (a) 
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ILLUSTRATIVE PROBLB4   ON ATTOlUATIüH  fContinued) 
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VOLUME III  -  RELATID TECHNOLOGIES 

CHAPTER 10 
MATERIAL AND PROCESSES 

ABSTRACT: 

Balanced structural design of equipment constalned to survive the Army 
shock and vibration environments Involves the consideration of a material' 
resistive capability in the light of the environmental pressure;  that is, 
the balance of environmental stress with dynamic structural integrity. 
Dynamic integrity of dynamic strength as it is used here,  is the inherent 
load carrying capability of the structural material as modified by the 
particular manufacturing process employed to accomplish the package 
geometry.    This dynamic strength quality of the engineering material also 
encompasses the properties of toughness and resilience;  properties which 
are modified by the material processes employed.    This chapter discusses 
some of the Important aspects of this Interrelationship - material 
capability-manufacturing procedures-material processes and their 
Influence 01. the dynamic  structural integrity of the equipment package. 

"    | 
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tt. ~t1011 ~ tbe ~c stn&etw.l 1ntegrity in an elec',ronic equi~nt package 
ta tale prooeu ot ~ng t.poeed. strees and enerv v1 th 1Dher"C1Dt etreagtb am 
t"'lhctu. 'Dle upper ll.a1t of ~c strength is the ultillate rest.tive capability 
ott tale nnactval •terial; the t'abricatioo process •Y enhance or 4.1ain18h these 
'!11•· 
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Jlal•ncect duien tor 4Jmaic structural iDtegrity in an eleeti"'Olic equi~nt 
eleeeat is a ccapaative process. '!'bat is, the eval.1atioo or tbe laa4a 
induced within th~ equi.:s-ent f:rc:. the ~c euvi.rol:llient with reepect to the 
1nbenmt resistance capability ot the etn&etual t;ackap. '1!le ~c streaa 
induced 1n tbe stn&eture ts a tancUoa ot the tnprt excitatiooa as IIOditied 
by the structural respoaee or tbe packase. ~poaae is mown to be parti­
cularly sensitive to natural t'requeney and cSa.piQg characteristics. In 
addi tton, some resid\al. locked-in stresses often result fran thermal differ­
ences encountered during fabrication. 

The stl"eelgtb capability ot tbe equi~nt pac:kage conversely, 1s determined 
by the 1.ntrinsic resistance or the •terlal to d;ynaaic loads, 68 influenced 
by the fabrication technique employed to cooa"Cruct the packqe. The de­
signer's tluk tlM>-n, ie the caapariaon ot strength capability vith envtron­
•ntal input and evaluation ot the reeu.ltant ~ety -.rgtn. Obviously, equal 
attention IIU8t be given both eidea ot' tbe equation to gain a b1gb probe1bility 
ot auccee" • 

Volu.e II, "Ana.J..ytical Procedures" treats the problem ot' inputs, transfer 
tu.nct101Ul1 and structural responaee. Tbis chapter v1ll outline the important 
detaiu ot tbe •teri&l. and fabrication processes aa relates to their tougb­
neas and strength eharacterietice. 

Streagth ~ be considered to be tbe ultiate or hf8hest load resistance 
pab1lit7 ot a •terial at the !natant Juat prior to failure. ihua, strength 

-.at be defined, or at leut bounded, by a tina definition ot failure. 
P'aUure is an electronic equipMDt package 1e otten a functional interruption. 
Pa.1l.ure 1n •ebanical syete. ~ be tbe fracture ot the •terial; an excessive 
a ion or elaatic det'onatioo; or a pl.aatic det'on~&tion which places the 
CCIIpoiDe!llt:s oot ot or1entat1.on. 

1!le •tertal ebaracteristiee or iaportance to the electronic equipMDt 
~encs qg EDgineer are all those cbaracterietice vbich intluence the ter­
i&l's resistance to tailure. Tbeee characteristics are elaaeically -.eured 
in tbe teriala Iaboratoey by tensile teste, fatigue teste, various !JIIpact 
teet., and asaesa.ent ot' certain pbyaical properties such u onductirtty, 
b&rdness, 111 cro-etruct:.uoe 1 and ebell:1 cal co.poei tion. 

e fabrication technique& that int'lnence dyraa:1c structural integrity are 
thoee which t.ve an effed oo "' inherent fracture resistance ot the basi~ 
structure. In et.ple approxiation, 1108t fabrication proeeeaee tend to 
d1ainish the ~ic terlal strength or toughness; an ua.ple or this type 
ot fabrication procedure 1a a r1 ted conoection. Tbe •terial in the joint 
1a latOV"ed to pel'l!it insta.il.atiGj or t'aetener. The discontinuity alae 
creates a load .agnit'icaticm e to at s concentration. The net effect 1e 
then generall;t deleterioua to pareat •ter1.al, and ec.e increase in 
•teri&l bulk is indicated to ecwpenaate tor the increaaed stress. 
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Fabrication techniques may also have an important Influence on dynamic 
integrity where failures get built into the structure,  such as a non-pene- 
trated weld or a heat effected zone.    Proper balance in the selection of 
fabrication process  for a given situation car^ however,  improve the long- 
time material strength and toughness. 

Material  finish affects both equipment strength and appearance.    An example 
is the coating or surface protection afforded by various cases,   clads, 
and finishes used in the electronic packaging industry.    The effect is 
to Insulate the parent material  from the corrosive environment,  and hence 
protect the surface and minimize fatigue  failures emanating from the surface. 
It is apparent that surface finish considerations are critical to proper 
selection of the fabrication process,  particularly in fatigue situations. 

DYNAMIC STROJOTH 

j    • Material 
Capability 

j    • Fabrication 
|     Process 

DYNAMIC STRESS        1 

« Shock and Vibration 

Input Environment  } 

• Structural Response 

• Residual Stress   < 

Comparative 
Evaluation 

Design 
Adequacy 
Decision 

DYNAMIC STRESS AND STRENGIH:    Material capabilities,  factored by the 
limitations of the fabrication process,  are the basis of dynamic strength 
which must compare favorably with dynamic stress. 

10.1-1 
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IEBIGN IMPLICATIONS OF THE PHYSICAL PROPER!'llS OF MATERIALS 

A working knowledge of the Jilysical properties of engineering material is the basis 
for good design. These physical characteristics o importance are derived from a 
eeries or standard tests as vell as the assessment of the materi al's metallurgical 
properties. 

10. 1 - 2 

The discipline of good material selection habits for the structural design 
eogioeer begins with a thorough understanding of the mo1-e important Jilysical 
characteristics of the materials themselves. Important, that is, to the 
structural dynamic integrity of equipnent package a nd its support ~ ructure. 
Tbe design task is one of matching those desirable characteristics knovn to 
have an i fluence on the material response to the dynamic environment, with 
the proper choices available to the designer . These characteristics include 
selection of the best material group, the selection of the optimum alloy 
vi thin that group, the choice of optimum heat reatment for the alloy, con­
sideration of its susceptibility to other environmental i nfluences, designi 
the most efficient method of j oining and f abricating the structure from the 
alloy, and the choices of surface finish . The degree of skill that the 
designer can mus er in dealing with these important choices (and there are 
ma ny more than are listed ) will to a large extent, dictate the ultimate 
capability of the package to insulate the dynamic e ov"l ronment away from its 
fragile componen s • 

The traditional stress-strain plot which yields many of the familiar physical 
material properties, results from a rather straightforward tensile t est; a 
testi08 technique familiar to the met!Lllurgist for many years. Parallel 
iofonD&tion is also available from a n assortment of simple tests, similar to 
the tensile est. Lead-deflection plots obtained from standard shear, bend­
ing, torsion, and compression tests heavily influence the selection of the 
manufacturing technique for '!l given material.. 

Tbf" importance of these Jilysical properties to the equipnent packaging de­
signer lies in their influence on the materia~ resistance to dynamic loadings. 
The correlatio of static tensile properties with fatigue resistance in 
s ructural materials for eliiUIIpl.e, is not abays linear. The comparison of 
impact resistance vith these static properties, however, is more direct, and 
~ conservative analysis may be made on the basis of equivalent static load 
or acceleration, using the static properties from the stress-strain curve. 

There i s a range of other est s f or phys i cal properties worthy of not e to 
the structural e08ineer, many of which are directed toward specific dynamic 
characteristics. Fatigue tests for example ere the basis of an entire 
sc ience of phys i cal metallurgy of mater i als s ubjected to repetitive 
loads. Properties obtained from the fatigue tests include endurance limit, 
fatigue strength for a finite number o f load iterations, notch sensitivity, 
and life expectancy. 

Many of the s tandard i mpac t tests yiel d data on material strength directly 
applicabl e to the shoe impac t problem. Energy-to - fai l ure information may be 
obtained f r om the Charp -Izod type impact tests f or specimens with various 
notches(8) . Other impac t tests have been devised to obtain material 
resistance data for a variety of loading situations, such as torsion, 
tens • 'Jn, and bending (9). The design task is one of matching the type of 
i mpulsi ve oadi ng anti c ipated in a member wi th the <..vai lable test data, 
for a give n engineeri ng material. 



VOL' t>m III 

Many of the ether important cha.~cteristics of interest to the designer 
are i nherent metall rgi~al properti es of he material . Data on dampit g, 
isotrophy, creep resistance, corrosion resistance, hard~ ~ss and harden­
abili y, among ma y o hers, must be factored into he final decision as o 
be sed in a given equipnen }:Sckaging situation . This chapter will ou -
line the Qualitati e aspects of this decision matrix, and provide some 
ground rules for the application of common er~ineerir~ materials a nd 

a rica ion processes to the eq ipnen J:SCkaging problem . 

PERI'INENT LABORATORY TESTS FOR MATERIAL CHARACTERISTICS 

• Tension, compression 

• Bending, torsion 

• Impact 1 fa igue 

• Wear, corrosion 

• Hardness 1 ha.rdenabili ty 

PHYSICAL PROPERI'IES OF lliPORI'A CE TO THE DYNAMI C 
INTIDRITY iF A STRUCTURE 

• Toug.l}ness 1 strength, uctility 

• Stiffness, resilience 

• Isotropy, homogeniety 

• &1vironmental resistance 

• Cr eep resistance 

• Damping ability 

• Heat treat capability 

MATERIALS TESTING: Laboratory tests cor.d c ed der control ed conditions 
yield useful data on a material 's res stance to impulsive and repetitive 
loadings . 

10. 1 - 3 
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THE IMPORTANCE OF FABRICATION TECHNIQtill) TO EFFECTIVE EQUIPMENI' PACKAGING 

'nle f'abrication processes employed in a n equipnent pickage serve to limit the inherent 
aaterial capibili ty. Fabricat ion techniques include j oining, forming a nd surface 
treatment and are closely rela ed to material properties and heat treatment selection 
criteria. 

0 . -

Effec ive structural design for electronic equipnent pickages is the proper 
balance of material characteristics and optimum fabrication processes . If 
aaterial properties may be likened to heredity in human developnent, then the 
fabrica tion procedure is analogous to the environmental limitations. The 
conntruction chnique may a best develop only the inherent strength capi­
bility of the basic material; at worst, the process may limit the strength 
of the f'abricated structure to a small fraction of its. potential. The 
fabrication technique employed to pickage electronic components must be 
selected o enhance and protec the base material as much as practical. The 
designer must match he wo characteriF~ics to optimize the structural 
integrity of the pickage. 

F brication processes include the func ions of forming and j oining base 
ma e rials into an an acceptable pickage. The technique also interfaces the 
discipline of component l ocation due to nction , cooling, access, f ragility, 
ana o her system constraints . Fabrication processing also includes con­
siders ion for materia_ heat reatmen a nd surface finish, and appearance 
of the fi nal nroduc • 

Joini , a s a subdivision of he f abrication processe , may be further 
b oken down into three main ca t egories: joining by mechanical means; 
joining by welding, brazi , or soldering; and j oining by adhesives. 

Forming, the second fabrication process category, may also be subdivided into 
three g roups: forming by casting and molding; forming by material removal; 
and forming by material deforms. ion . 

De ign decisions concern! he f&brication processes of j oining a nd form-
ing are incomplet~ without due consideration f r the material's inherent 
capibili ty to have the process performed upon it . Obviously, sane mate rials 
are ore rea;Uly machined, or cast, 01 welded, than others. In fact, great 
differences in fabrication ease exist between alloys of the same material 
grQup . A case in poin is he range of weldability of the aluminum alloys. 
Thus, consideration for he formability and joinabili y of the material con­
templa ed for use in a gi ven structure must be evaluated before the final 
ecisio on f abrication technique can be made. These characteris ics are 

real ly material pr operties, bu serve to emphasize he necessary balance 
between ma erials a nd processes in good desig . 

Surfa ce finish ia a nother example of h~~ matel"ial properties heavily influ­
ence the characteristics of the manufa cturing echnique. ThP. surface pro-

rties of the finished struc ure are vitally important to dynamic integrity 
since ~os fa igue failures emanate fran surfa ce disconti nuities or anamolies. 
The s sceptibility of t he material to scratches, blemishes, pits a nd surfa ce 
decarburi zatio will dictate to the designer the optimum material for a 
given ma ufac ring process . Similarly, be ability of the mate ria l to be 
formed without tearing or chipping will influence t~e selection of bes 
forming a nd j oining process for a given engineering material. 
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Surface protection is also importan to the e uipmen structure in the 
service envi .·onment. The designer mus select surface finishing process 
that ~ill protec and ~nhance he inheren physic 1 properties of the 
s rue ural material . This is particularly rue of corrosive environme n s 
~here surface pit ing may provide he nucleus for a fatigue crack. Material 
re oval by cor rosion may cause a func ional f ilure ir, service long efore 
the esign life of the e uipment has been reached. Proper surface treat-
ent hus serves to pro ec the proper ies inheren in he material . 

Sealing 
and 
Encapsulation 

Material 
Properties 

I Heat 
--------------~ Treatment 

Fabr ication Techniques 

Joining 

• Mechanical 

• Weld, Braze, Solder 

• Bond 

Forming 

• Casting, olding 

• Mater al Removal 

• f-1ater ial Deformation 

l- - ---41 Surface l Treatment 

1-----~ 

Str ctural 
Dynamic 
Characteristics 

DESIGNI FOR STRUCTURAL INI'EGRITY: Strength begins ~1 th the inhere 
physical pr operties of the material as eveloped by heat treatment . The 
fabr icatio process , sealing pr ovisions , arrl surface treatment enhance 
and protect ese properties . 
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MATERIALS AHD PROCBBSBS 

SBCTIGH Z - TSE  FWfSICAL PROPERTIES OF BNGIHEERING MATERIALS 

• The Classic Stress-Strain Curve as an Indicator of 
Material Properties 

• Material Properties Derived Fran the Fatigue Test 

• Design Properties of Engineering Materials Developed 
Froa lapaet Tests 

• Metallurgical Mechanisms and Their Importance to Material 
Properties 

• The Influence of Surface Effects on Material Properties 

• Considerations of Wear and the Application of Engineering 
Materials 
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SecUoa 2 - Pb,Jaical ProperUes ot lbg1neering Materiala 

'Die pbJ!Ii.cal properti derived traa the tenaUe a trees -strain plot bave loa& been 
UHd u a --..ure or the taportant •terial obere.c:terietica. ~ ot then cbarac­
teriiJttca correlate veil with the dytaaic properties ot interest to the -pacbgf.og 

~1f!!!T· 
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'the etandard te.naUe teat ia pertomed ora apec111ens td th a tvo-1nch sase 
leD«f;h, aDd a dielleter ~ abo1t one bal.t inc::h. The spect.ena are streelled 1n 
tenaioo aDd the independent uu1.able is tbe increMnt ot appUed tenalle 
torce. !be extension over the tve inch lensth 1a -.au.J1ed tor -.ch force 
tntenal, and subsequent etresa-atrain plot Mde. etre • ie cl&aeically 
calculated ora the bute ~ or1g1.nal eroea-aectiooal area. adJacent ttcu.re 
illaatratea a typical streaa-etra.in plot tor a du.ctUe •terial tested in 
tenalora, and del1tw~~tee the Jlb781cal ebaractertstica which ~ be aeuu,red 
f'rca it. 

Many ot the t'U111ar terial Pl1'81cal properties are deril•ed trca the atreaa­
atrain plot. Tbeae •terial ebaracterletica include ettr'i'beU (Maa'Ul'ed by 
tbe elastic IIOdulua, or elope ot the elaetic portion ot tbe plot); toughneaa 
{proportloml to the area UDder the entire atreee atftln curve); resillence 
(a --..ure ot a •teri&l 's ability to store and releaae eneJ'ID", proporticnal 
to the area under the elastic portiora ot the curve); ductility (-.au.red by 
tbe total exteutoo ot the teat speeaen to tailu.re); aDd a variety ot 
atrensth valun, au.ch as u.ltilla1:e strength, elaatic 11111t1. yield strength 
&Dd proportiooal l1a1 t. 

St.1ffneee, u -.au.red by the elutic JD.OCbllu.e, ia perba.pe the aoet illportant 
ot the ten.eile propertie • Since atu.ral frequency ot a et:ru.ctural ..tier 
18 p:roportioal to the square-root ot the spring constant ot the eyetaa, a 
atp1t1eant range ot values 1a available to the des18ner. 'the elaattc IIOClu­
lu.e te tbe •Jil"in8 rate ot the •terial since it relates the rate ot defiec­
tiora ot the •terial to the etreaein& force. A glaDce &t a tab~ ot elaat1c 
aorJuU1 tor the ~ structural •terl&l..e (5) reveal.a: 

Ma.gneet allo,ye E • 6.5 X ].()6 pel 
Cut trona and steele E • 10-20 x~()b psi 
T1tan1\la alloys E • 16 x 1~ psi 
Al.UIIim• &llo,ys E = 10 X 1~ pet 
Stee1 &llo,ys E -= 30 X 10'-' psi 

Tbua the desf8uer .;y vary the natu.ral f'requency ot a structure by ../30/6.5, 
or about two, merely by su.tstitutiog steel for magn.esiUIII &Dd 1. '-.thout ebaJl8ing 
the gec.etry or the r. 

'ft»e modu.lws r4 resilience &leo re:tlecta the stitrnesa pu"allleter 1 aa veil as 
the yield strength or the terial, since it is proportional to the area 
UDder the elaetic portion or the curve. Since 110et acceptance critertora 
requires no appreciable permanent set af'ter stressing, & high IIOdulu.s or 
resilience is desirable 1n moet structural appllcationa. 

'l'be importance ot ductility &Dd toagbueas to structural packages ia ot'ten not 
ccapletely understood. Both ~ these •teri&l ~rs are depeudent upon 
the extenaioo ot the ter1Al at :rupture. A high percent eloogat1CIIl .-na 
high ducti.lity &Dd high twchnesa aodulua (tor the sue strength levels). 
'lbe dero:naation involved ia almoet caaplete:ly plastic; thu.e, naaial failure 
ot the package y have already occu.rred due to exceasive plastic excu.raion. 

( 

( 
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•Rie tcjughneee property does, however, provide a measure of the energy re- 
quired to cause rupture of the material, a factor of Importance to struc- 
ture constrained to remain Intact after Impact. 

The relationship of material tensile strength to fatigue strength is not 
always linear.    Camparisons of fatigue strength with ultimate tensile 
strength for most steel alloys appears to be quite predictable, while the 
same Is not true for the caamon aluminum alloys (3).    The magnesium alloys 
ani the copper,  copper-base,  and nickel-base alloys exhibit a linear rela- 
tionship between fatigue and tensile strengths, but with a large scattering 
of results. 

In general,  tensile strength (implying toughness)  is a reasonable estimate 
of resistance to impact loads. For  nost common structural materials,  the 
variation Is direct.    In fact,  Increases In loading rate or strain rate 
are known to Increase the apparent. >leld and ultimate strength of comnon 
materials (?)•    This is particularly true of the ductile alloys, such as 
copper, magnesium, aluminum alloys,  irons and moat steel alloys. 

t 
Stress 

|  Load 
lOriginal Area 

.Yield Point Ultimate Tensile 
Strength 

■Elastic Region 

Strain 
(Deflection \ 
Unit Lengthj 

THE STRESS-STRAIN CURVE: The physical properties derived from this classic 
plot define many important material characteristics. 

10.2-1 
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Section 2 - Tlie Physical Properties of Engineering Materials 

MATERIAL PRO.-ERTIES DERIVED FROM THE FATIGUE TEST 

Fatigue test data, cumulative and probable damage criteria, and early crack detection 
are the »ost effective design tools for dealii^ with repetitive stress situations. 

Material failure from vibration excitations Is usually a fatigue fracture 
which propagates from a scratch, crack. Joint or area of high stress con- 
centration due to a geometric discontinuity. Other types of fatigue fail- 
ures nay be caused by resonant ringing of structure which has been excited 
by impact. In either case, the physical characteristics which describe a 
material's ability to withstand these repetitive excitations are fatigue 
properties and relative values may be extracted froc fatigue test data. 

Fatigue tests are commonly conducted on specimens containing varying notches 
and surface finishes. The familiar rotating beam test provides stresses 
that are completely reversed in bending; the outer fiber of the specimen 
experiences stresses ranging from IOC percent tension to 100 percent com- 
pression. A variation of this test Is also available where the amount of 
stress reversal is investigated through a range of stress ratios. Thus 
data is available on bending fatigue for virtually any mean stress and 
fluctuating stress level. The concept of stress ratio is illustrated in 
the accompanying figure. 

Other fatigue tests have been devised to duplicate a variety of loading 
modes, such as torsion, axial loads, or combinations of stressing methods. 
In addition, standard tests are conducted on notched and unnotched speci- 
mens to evaluate the effect of stress raisers In the test material. This 
gives rise to the notch sensitivity parameter, which is the ratio of 
endurance limits for plain versus notched specimens. This is a very 
Important material characteristic which correlates material properties 
with the geometric stress concentration factor and fatigue strength 
reduction factor(5). 

The data collected during a fatigue test is customarily plotted into a 
stress versus number-of-stress-l * orations format. This is the familiar 
S-N curve. Illustrated in the adjacent figure, and is the basis for the 
physical parameters assocated with fatigue. 

Two concepts of Interest to the designer are probable damage and cumulative 
damage of engineering materials subjected to repetitive stress. The prob- 
able damage region of the S-N curve. Illustrated at right, means that ^ny 
stress cycles experienced within that region will probably result ir. ooce 
degradation of the material's mean fatigue curve, and hence endurance 
limit. Cumulative damage theory states that the summation of overstress 
(i.e., above the material endurance limit) experiences is predictable. 
•Ulis theory, first stated by Mlnor(lO), may be written analytically: 

\\j        »1  »2  »J 

where ni, ng, etc. represent the number of stress cycles at specific over- 
stress levels, and Hl, N2, etc. represent the mean fatigue life at these 
stress levels. This concept enables the designer to closely approximate 
the anticipated experiences of repeated stress in the equipment package, 
even if the summation is not exactly unity. 

10.2-2 
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A major ra~back in the evalua tion of fatigue problems in existing str uctures 
is the earl y detec ion of fati~e cracks. Fa igue f ailures . unlike elastic 
fracture, will give warning of an i ncipient fatigue fracture only if i ntense 
and continuous observation of the st:n1cture i s practical . There are a 
number of non-dest:n1ctive test metnods available for the early detection 
of the presence of surface nucleii from which a fatigue crack could pro­
J:8g&te . Thse methods inc l ude critir:al visual, X-ray a nd ultrasonic 
investigation, magnetic and fluorescent penetrants, caustic etching, a no­
di7.ing, a nd surface plating . 

I 
Stress 

i 
Maximum 
Stress 

tress Ampli ude · 
I 

- .l_ Maximum Stress 

.____Mi-nim ........ = Stresl 
Time ~ 

A TYPICAL FATIGUE STRESS CYCLE 

f or Vir gin Metal 

Endurance Limi t "---.. r---- _;-.:: __ .... __ _ 
Probable Da.mege Line 

Fatigue Life, Cycles ~ 

A TYPICAL S- CURVE 

FATIGUE DATA: Stress vs umber of Cycles (S- ) data may be applied 
directly in design, rtth ~areful attention t o the loading and material 
parameters. 
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Section 2 - The Physical Properties of Engineering Materials 

DESIGN PROPEPTIES OF ENOINEEPING MATERIAIß DEVELOPED FROM IMPACT TESTS 

Impact, tests are an important source of material design data when packaging for the 
shock envlroment. Temperature and strain rate variations exert a heavy influence 
on inroact strength of most structural materials. 

Much attention in the technical literature has been directed towards material 
properties associated with static tensile and fatigue strength characteris- 
tics. Sane material properties of interest to the packaging designer are 
best described, however, by an impact test, particularly for equipment con- 
strained to survive a shock or impulsive load environment. It is a well 
established metallurgical fact that many materials are subject to a complete 
loss of impact strength below certain critical temperatures. This tempera- 
ture-impact strength interaction is solved by early definition of the ser- 
vice environment and use of the proper alloying elements in the structural 
material. 

Impact strength is most often roeasured fron a simple pendulum impact test. 
The  value of input energy required to fracture a standard notched specimen 
is the basis ol' both the Charpy and Izod impact tests. The principal dif- 
ference lies in the mode of test specimen support. The Charpy test is con- 
ducted on a simply supported beam, with a specified notch arranged away from 
the impact. The Izod impact test is conducted on a notched cantilevered 
specimen. Both tests yield a relative impact energy to fracture, usually 
noted in units of energy per unit area at the notch. Thus, the additional 
variable of notch sensitivity is factored into the test, and results are 
often referred to as notch toughness or notched impact strength. 

Other types of impact tests may be important to the designer as the impact 
mode and specimen support parameters may more closely duplicate the method 
of loading in the actual equipment. Impact tests on tension members, as well 
as torsionally loaded specimens yield useful data on material behavior for 
these loading conditions. 

As is usual for members subjected to dynamic loads, the stress concentration 
effect should be kept to a minimum. This stress magnification influence 
may be tolerated during impulsive loading of the general stress level is 
kept low and uniform across a section, and if sufficient material ductility 
is available from the alloy. htitTial ductility has the effect of miti- 
gating the high local stresses in the region of a notch or discontinuity 
by local yielding of the material and redistribution of the stress. Since 
maximum stress varies directly with the square root of the material elastic 
modulus, (5) then low modulus is desirable for impact load design. Suffi- 
cient ultimate strength is mandatory to preclude failure and the designer 
should recognize that low modulus means equivalently low natural frequency, 
usually contra-indicated in vibration design. 

laboratory tests have shown that strain rate, or speed of impulsive loading, 
has a pronounced effect on material strength and other dynamic properties. 
Ultlmrte and yield strength increase dramatically with increasing strain 
rate, andyield tends to close with ultimate at high load rates(5),  This 
combination happily aids the designer, since structure may successfully 
withstand impact loads unknown to the analyst at the Inception of design. 

Many other physical characteristics differ widely under Impact loading from 
the same properties under static conditions. Steels are known to exhibit a 

10.2.-k 
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wide   /ariation in Impact strength with  variations  in carbon content,   manu- 
facturing process,  and degree of cold work to nane a few (8).    The designer 
is directed to standard  texts on physical metallargy to assess  the  problem 
oT' marginal designs and hov  changes  in  process and  composition may help. 
(See References  11,   ic and 13.) 
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Cold Rolled SAE 
1022 Steel 

Annealed SAE 1022 
Steel 

Stainless Steel 7>0? 

Annealed Copper 

Cold Rolled Copper 
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Dow Metal r 

Annealed 2S 
Aluminum Alloy 

2S Alum. Alloy (l/2 H) 

Annealed ZkS 
Aluminum Alloy 

2UST Aluminum 
Alloy 
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Dynatnl c 

-200 fps 
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Ultimate Strength (1000 psi 
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^ 

DYNAMIC STRENGTH: There are corallary factors of static ultimate strength 
and dynamic strength for some engineering materials, for interr.ediate 
impact velocities/7' 
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Section 2 - The Physical Prope ies of Engineering Mater i als 

ME'l'ALU.JOOICAL MECHANISM) AND THEIR IMPORI'ANCE TO MATERIAL PROPERl'IF.S 

The designer should consider the material properties defined metallurgically i n opti­
mizing the structural material selec ion. These considerations include hardness, 
creep, vear and corrosion resistance. 

0 . 2- 6 

Many of the most important physical characteristics of materials are delin ­
eated by special tests, other than those previously outlined, as well as 
close examination of the physical metallurgy of the material microstructure. 
The designer, by optimizing those !ilysical properties of the structural 
material influencing the dynamic integrity of the equipaent plckage , may 
greatly lmprove the equipaent 's chances of survi vtng the intended dyoa tc 
environment. The great advantage lies ln the fact that s ·~· 'l! ·• .; • ~~1$ 

mechanisms, such as heat treatment, may strengthen the structure vi.thout an 
increase in sectional bulk. 

Some other physical tests of importance to dynamic integrity in a IIIBterial 
include creep, hardenability, hardness, damping, wear and corrosi on is a con­
tinuing phonemena which causes a deterioration in the geometry of a stressed 
member. The influence of creep on shock and vibration resistant structure 
lies in the amplifi cation or fluctuation of the resonant effect due to the 
ccmbined action of fat i gue, impact, and cree p . The situation is generally 
to be avoided in good design. 

Hardenability relates the ensile strength of a material to resistance to 
penetration (hardness ) as dictated by the inherent abili ty of the mate rial to 
be heat treated . The importance lies in the fact that impact and fatigue 
strength vary directly with tensile strength for IIIBny engineering alloys • 

Damping within the structural alloy tends o absorb a portion of the dynamic 
energy d e o internal hysteresis . It is generally desirable to employ 
high damping material in support structure to resist both shock and vibra­
tion influences. Each case should be anal~ed individually, however, with 
respect to the location of ma jor resonances within the enviornmental vibra­
tion spectrum . 

The material properties defined by microstruct re.l i nvestlgation and chemi­
cal analysis include the m&terial's ability to age or stabilize, resist 
temperature and corrosion effects, retain a small grain size, have the abil­
i ty o be thermally or strain (work) hardened, and have a microstructure 
that i s hogeneous and istropic . These factors among others, may be defined 
to optlmize the alloy characteristics best suited for the envi ronment. 

The method of manufacture o the structural alloy has a decided influence 
on he material impact and fatigue strength. The presence of scale and 
surface decarburization may seriously decrease fatigue strength of a member. 
The skin of a casting may protect the base material from the environment, 
yet provide the nucleii for a fatigue crack. Residual stress set up by the 
manufacturing process may requently relieve a service stress. Forging, 
rolling, or burnishing can strengthen metals susceptible to strain hardening, 
plrticule.rly around stress-raisers. Conversely, rolling or other di rectional 
working may set up patterns of scontinuities which could cause directional 
weaknesses in the finished structure . In general, residual compressive 
stresses are considered helpful in combating fatigue, while residual tensile 
stresses are to be avoi ded. Examples of thi s approach are peening, sand 
blasting, and other surface stressing. 
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80 

RELATIONSHIP BETWEEN HARDNESS AND FATIGUE STRENGTH 
FOR SOME TYPICAL STEELS 

METALLURGICAL MECHANISMS AND DYNAMIC STRENGTH:    Hardness and  hardenabUlty 
(and by implication,   tensile  strength) ab well as damping capacity are 
important criteria in the selection of an optimum material  for dyna.il "ally 
strong structure. 
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Section 2 - The Physical Properties of Engineering Materials 

THE IWUJHICE OP SURFACE EFFECTS  ON MATERIAL PROPERTIBB 

The iipportance of surface treatment to fatigue strength must be considered when sped- 
fying heat treat, cold york, machine finish, and plating in equippent package.  

Material characteristics associated with surface conditions have recieved 
a great deal of attention in the literature. It has long been recognized 
that most fatigue failures are proprogated fron sane type of surface anamoly; 
hence, much research has been directed at S'irface characteristics with gener- 
ally good results. Surface conditions are moat important to structure sub- 
jected to repeated loads. Impact loads are only secondarily affected by 
surface conditions, mostly with respect to material removal euch as cor- 
rosfon. Fatigue on the other hand, is particularly surface sensitive since 
most structure is loaded in flexure or torsion to the extent that sane criti- 
cal stress is present near the surface, "nie combination of high stress and 
built-in stress raisers is the crux of the surface problem. The fact that 
corrosion and other environmental effects are most prevalent on the exterior 
of an equipment package only adds to the severity of the problem. 

A convient classification of the influence of surface effects on fatigue 
life is given by Gordon, Grover and Jackson (3). "Rie first involves the 
existence of surface roughness caused by the mechanical finishing process; 
the second relates the difference in strength between the outer shell and 
the core material; and the last deals with the differences in stress level 
as a result of a residual stress. 

Surface considerations of importance to the designer also include the heat 
treat, cold work, coating and plating, and corrosion resistance provisions 
of the intended structure. For example, the dramatic variation of fatigue 
strength for various types of surface protection tachniques in a typical 
steel is illustrated in the accompanying figure. Also shown are charts 
Bumtiiarizing the effects of surface hardening- and surface plating on cor- 
rosion fatigue strength for various steels'^'. 

The most ccanonly used mechanical or metallurgical processes to improve sur- 
face conditions for which information is available to the designer, may be 
categorized into three groups (5); cold working, which includes shot peening, 
cold rolling, stretching, and burnishing (told work is done at temperatures 
below the material recrystallization temperature); surface hardening, cover- 
ing carburizing, nitriding, cyaniding, flame hardening, and induction harden- 
ing; plating, which includes chrcmium, zinc, and cadmium coatings. 

The effect of these processes on fatigue life varies with each category, as 
well as varying within processes. In general, fatigue life may be improved 
up to 100 percent by shot peening and other cold working operations. Ibis 
type of material improvement may be accomplished after forming the struc- 
tural member, without a geometric change. 

Surface hardening by heat treatment will result in a strong outer case of 
hard material, varying from a few thousandths to one-quarter inch in thick- 
ness. 'Rie most pronounced effect occurs when the treatment is made after 
the material has been notched. Nitriding, for example, can cause an 
increase of 300 percent in the notched fatigue strength of mild steels. 
The design constraint lies in the balance of core and case strength; suf- 
ficient core integrity is required to prevent failure below the case at 
the interface with the parent material. 

< » 
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plat.lng as a surface treatment,   1B primarily aimed at  corrosion protection, 
to minimize the combined action of fatigue and surface deter!orizatjon. 
Plating and coating may actually decrease the basic fatigue strength of 
many alloys.    The rate of strength reduction due to corrosion nay be more 
rapid,  however, and the net  result may well be positive,   particularly in 
the presence of fresh and salt water environments. 

• 

EFFECT OF PLATINGS AND COATINGS 
ON CORROSION FATIGUE STRENGTH OF 1050 STEEL 

Type of - Corrosion Fatigue Strength {% of original) - 
Surface Ccld-Drawn{l00^54,900 psi) Nonnallzed(l005U36,700 psi) 
Protection Air Salt Spray Air Salt Spray 

None IOC 14 IOC 2k 
Enamel 93 kk 105 68 
Hot galvanizing 1C1 95 90 101 
Zinc electroplating 100 87 98 90 
Cadmium 
electroplating 93 77 93 dk 

Cadmium plating 
and enamel 95 72 96 82 

Phosphating and 
enamel 93 kU 108 79 

Spray metallizing 
with Al 105 80 • • • • 

Spray metallizing 
with Al and enamel 103 36 •  • ■ • 

EFFECT OF PIATINGS AND COATINGS 
ON CORROSION FATIGUE STRENGE OF 1050 STEEL 

Material and Fatigu e Strength (f of original) 
Treatment Air Fresh Water 3^ NaCl 

101+3 Steel (lOOjt =  36,300 psi) 

Normalized,  no 
surface protection 100 65 39 

Short-period nitriding iko 142 77 
Shot peening 116 • • • 79 
Induction hardening 187 187 iko 
Induction hardening with 
subsequent zinc coating • • • • • • 177 

Alloy Steel (100)6 =  78,100 psi) 
Nitrided IOC IOC • • • 

Alloy Steel (lOO'jt = 10U,600 psi) 
Nitrided 100 81 • • • 

♦ All steels have fatigue limits of 10' cycles; nitrided alloy steel 
with 104,600 psi fatigue strength has fatigue limit of ICT cycles. 

SURFACE TREAIMENT: The effects of some typical surface operations on 
the corrosion-fatigue strength of steel are illustrated. 

10,2-9 
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Section 2 - The Physical Properties of Engineering Materials 

CONBIDERATIONS OP WEAR IN THE APPLICATION OF ENGINEEPING MATERIAIfi 

( 
Wear li a surface or contact phenoaeron which may cause an Incipient stress-raiser or 
crack fron which a fatigue failure may propagate. Wear considerations thus constitute 
a basic aatarlal criteria.  

Wear has an Important Influence on equipment packages, as the d. namlc charac- 
teristics will undergo a resulting change, often to the detriment of the 
structure. A comprehensive Introduction to the concepts of wear Is contained 
In the work of Professor Llpson on "Wear Considerations in Design" (lM, end 
should be required reading for the structural designer. 

Wear may be defined as the deterlorlzatlon of a surface due to use; thus the 
Impact on dynamic Integrity. Wear Is often the major limiting factor on the 
life of an equipment package. Wear manifests iteself whenever there is load 
and motion. Furthermore, wear is usually a combination of several elementary 
forms such as galling, abrasion, and corrosion. Material characteristics 
should be selected on the basis of their ability to resist wear and surface 
deterlorlzatlon, as a fundamental criterion. 

Failure of the lubricating film between two stressed surfaces caused by 
excessive pressures, sliding velocity, or temperatures cause a basic type 
of wear; galling, scuffing, scoring, and seizing are examples of this cate- 
gory. The differences within this group vary as to the severity of the 
action. The group is typically an adhesive form of wear caused by a welding 
and fracture of mating surfaces. 

Abrasion is a cutting type wear wh.ch takes place when a hard foreign parti- 
cle is present between two rubbing surfaces. The particle may be a metal 
grit, a hard oxide, or a contaminant from the environment, which penetrates 
the metal surface and cabsequently tears off metallic particles. Abrasion 
may take the form of scratching or gouging of material, depending upon the 
severity. 

Local surface fatigue or high contact stresses may result in pitting type 
wear such as case-crushing, spelling or stress corrosion. Cyclic loading 
manifest as a high sliding or contact stress is the usual Ingredient of this 
wear category. A crack resulting from the high stress causes a particle 
of material (or a segment of the case material) to separate from the parent 
material and spall off. Some forms of incipient pitting may be healed or 
erased by subsequent wearing action. 

A wearing phenomena associated with press fitted assemblies subjected to 
varying loads is known as fretting. Other wear of this type is called 
frettage, stress corrosion, or chafing fatigue. The worn area has the appear- 
ance of being corroded, or may seem to be heavily galled. The surface is 
deteriorated by the action of a reciprocating force at the contact region. 
Damage may be varied from erosion of large chunks of material, to simple dis- 
coloration of the surface. Fretting may cause a local stress raiser in the 
region of an existing highly stressed area, from which a subsequent fatigue 
failure could propagate. 

Erosion and corrosion are examples of a wear category which occurs without the 
presence of a second surface or high contact stress. Galvanic corrosion is 
the exchange of ions between metals of dissimilar contact potential (or 
occupying different positions on the galvanic scale). Erosion Is the mechan- 
ical or chemical removal of material from an exposed surface. 
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Wear is usually combatted by lubrication,  ty Insulation with surface pro- 
tection,  or by the use of inherently self-lubricating materials such as 
cast iron.    Wear is Important to structure subjected to repetitive load 
because of material removal anc the presence of discontinui'.ies which may 
ultimately precipitate a fatigue crack. 

*> 
*> 

Increasing 
Abrasion 
Resistance 

Chromium 

kOO 600      800 1000 

Brinell hardness number 

RELATIVE ABRASION RESISTANCE OF VARIOUS HARD SURFACING DEPOSITS UM 

CONSIDERATIONS: Serious loss of fatigue strength is a common outgrowth 
of wear. Some detrimental wear effects may be decreased by the applica- 
tion of hard surface deposits. 

3 
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Impact tests on most engineering materiaJs are characterized by a great 
deal of scatter In the resulting data. The designer must exercise care In 
extrapolating the data to his problem, particularly as concerns speclrren 
size. In addition, materials that are Rnown to exhibit a marked yield 
point are also subject to high strain rate sensitivity.(lb) 

1 

|                  High Values                                                                                                           | 

Resilience                                                                                                  |j 

Ductility                                                                                               | 

Toughness                                                                                                    j 

Fatigue Strength 

Impact Strength 

Notch Ductility                                                                                      j 

i                   Lov Values 

• Elastic Modulus  (sometimes)                                                             ] 

• Notch Sensitivity 

• Strain-Rate Sensitivity                                                                  } 

i                              • Ductile-Brittle Transition Temperature 

DESIRABLE MATERIAL PROPERTIES:  Good material selection habits for the 
Design Engineer begin with an understanding of those characteristics 
that are most effective in shock and vibration applications. 

J 
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Section S - Material Characteristics Definition 

DBIRABLE KETALIUPOICAL CHARACTERISTICS FOR MATERIALS USED IN DYNAMIC APPLICATIONS 

Tfce laportant metallurgical  properties to high structural reliability and dynamic 
integrity include stability,  high bulk strength,  homogeneity,   low sensitivity, and good 

ir and surface characteristics.  

Metallurgical aechanisme  ~>f importance to the dynamic strength of materials 
range through all of the principal physical properties.    In a qualitative 
sense,  sane of the more apparent and useful properties my be sunoarized as 
follows: 

Stability - An alloy that exhibits a flat response through a range of 
environmental influences is generally more useful in dj-namic applications. 
High resistance to aging,   creep,  corrosion and wear are all desirable traits 
in an engineering material. 

High Bulk Strength - This property implies high hardenability since increased 
tensile strength generally indicates high fatigue and  impact strength,  within 
certain limits.    Some of the hardening mechanisms are strain or work harden- 
ing, grain size refinement  (or at least an inherent  resistance to grain 
growth), quench hardening,   precipitation hardening,  dispersion hardening, 
and order-disorder transformation.    A good discussion of these processes is 
available in reference (12). 

Homogeneity - The avoidance of incipient stress  raisers in a material for 
dynamic application,   is always a good ground ml«.    This characteristic 
implies a uniform mlcrostructure, more uniformity of strength between case 
and core material, a degree of work on a cast alloy to break up and disperse 
';he dendritic structure or planes of weakness  in the section, and an avoid- 
ance of non-isotropic materials.    Since many dynamic disturbances are random, 
it is often difficult  for the designer to arrange the directional properties 
to his advantage,  hence it is safer to use uniform material.    Generally,  a 
material with a high degree of inclusion or one that is subject to rapid 
surface deterlorlzation is to be avoided.    If a material "skin" resulting 
from casting or co    -rolling is unavoidable,  then care should be taken to 
leave it intact. 

Sensitivity - Materials which exhibit low notch sensitivity,  a broad 
ductile-brittle temperature transition range,  good creep resistance,  g«- xi 
damping characteristics,  are unimpaired by temper embrittlement and adverse 
aging phenomena,  antl generally are insensitive to exterior Influences,  are 
the best choice for dynamic applications.    Low sensitivity minimizes the 
effect of a stress raiser and hence lessens the material reaction to the 
excitation. 

Surface characteristics and wear consideration are parallel criteria since 
they both relate to the outer skin of the material,  or very close to it. 
Surface finish is always Important to dynamic integrity; materials that 
finish easily and without directional properties are usually better in 
dynamic applications.    Materials that respond to cold work (such as peening 
and burnishing)  in the area of an unavoidable stress raiser aie desirable. 

Surface properties may be enhanced by proper surface heat treatment,  plating, 
or coating,    Ihese processes may also improve the wear and corrosion 
resistance of the alloy.    Fatigue strength is often improved and notch 
effect reduced by surface treatments such as nitriding or cyaniding, par- 
ticularly after the notch has been formed. 

10.3-2 

(,  ' 



■ 

VOLUME  HI 

D 
A vealth of handbook data  Is avaii.-'ble on the mech'inlcal properties of 
cer+ain englneerlr^ materials.    /   «ood summary of these characteristics 
as veil as descriptive material en ferrous and non-ferrous alloys la 
contained  in the "Metals Reference Issue" of Machine Design,'   ^' 

It r.ust be remembered that- all of the varied cliaracteristics of materials 
should be considered if designs ar? to be optimized.    1>ie designer who 
considers only yield stress  is Halle to be embarrassed. 

•    Stability - Flat Response and High 
Environmental Resistance 

•    Bulk Strength - High Hardenability 

•    Homogenlety - Uniform Microstructure 

•    Sensitivity - Low Environmental  Relation 

•    Surface Qualities - High Wear Resistance and 
Fatigue Resistance 

MEIALLURGICAL PROPERTIES: Some of the desirable material properties for 
dynamic applications are heavily Influenced by metallurgical mechanisms, 
some of which may be enhanced by  proper selection. 

J 
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Section 3  - Material Characteristics Definition 

THE INFLUENCE OF ALLOYING ELEMENTS ON METALLIC MATERIAL PROPERTIES 

Alloying elements are added to engineering materials to improve the physical proper- 
ties  of the base metal.    For convenience,  these structural msterialB are divided into 
two gmipe:    ferrous and non-ferrous alloys. 

Itie alloying elements used in the connion engineering materials have a pro- 
found effect on physical  properties of the material.    For example,   copper 
may be made very malleable or may be used as a cold chisel depending on 
minor alloy additions and processing.    The following paragraphs summarize 
qualitatively,  the physical Impact of thsse elements  on those material 
properties important to dynamic structural integrity.    The reader ii direcvod 
to some of the referenced discussions on alloying eleroentc for deeper study 
(1) (16) (17) (18). 

Alloying elements are added to materials to change the physical properties 
of the base material.    Alloying elements will  ccmblne with the base metal 
in one of three mechanlBme:     (a) mechanical mixtures,   or heterogenous  com- 
binations of metals that retain their original identity,  and are essential 
insoluable in the parent metal in the solid state,   (b) Intermetalllc com- 
pounds,  usually a combination of metals well dispersed through the micro- 
structure,   and (c) solid solutions where the solute atons occupy a posi- 
tion in the space lattice of the solvent matrix,  that is the alloy is com- 
pletely dissolved in the base metal.    This mechanism makes certain stable 
material conditions usable. 

Alloying elements also differ in their effect on individual materials.    An 
alloy may dramatically strengthen one material and have little effect on 
another.    These alloying elements will be presented in two groups; alloying 
elements in ferrous alloys,   and alloying elements  In non-ferrouse alloys. 
The ferrous alloys will cover irons and steels,  while the non-ferrous 
alloys will be limited  to the commonly encountered structural materials. 

Ferrous alloys make up the must commonly used class of engineering materials 
today.    Although various forms of iron are still being used,  the emphasis 
has shifted to steels which achieve thtlr desirable properties by the addi- 
tion to iron of a small amount of carbon  (usually less than one percent) and 
other alloying elements  such as chromium,  nickel,  molybdenum,  manganese, 
si)icon,  and tungsten.    These are a few of the elements employed in the 
alloying of steel to improve hardness,   ;  ctility,   corrosion resistance, 
machlnablllty,  weldability,   dimensional stability,   elevated and sub-zero 
temperature properties. 

Non-ferrous alloys are  those engineering materials that do not contain 
iron as the primary alloying ingredient      The total output of the non-ferrous 
alloys  represents about  one-tenth  of the tonnage production  of iron and 
steel.   The most commonly usei non-ferrous alloys are the aluminum,   copper, 
magnesium,  and nickel alloys.    Sane newer and more exotic alloys which are 
becoming increasing'-y important structurally.,   include beryllium,   zirconium, 
and titanium. 
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ü 
Effect On 
Properties 

Hardness 

Tensile 
Strength 

Ductility 

Melting 
Point 

f Alloy 
Content o 

ALLOYIUG ELEMENTS:    Tensile strength,   hardness,   ductility,   and rr.eltlng 
point are air.ong the important physical properties affected ty alloy 
content in engineering rraterials. 

I 
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• Allaying Elewnts in the Ferrous Materials 

• Physical Properties of the Ferrous Alloys 

• Characteristics of the Aliadnua Alloys 

• Mechanical Properties of the Magnesits Alloys 

e Characteristics of Berylliua and Titaniun Alloys 

• Characteristics of Copper and Its Alloys 

• Properties of Same High Tenperature Alloys 

• Characteristics of the 0—on Plastics and Fabricated 
Materials 
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Btetloa % - ltet«rlAl Selection Criteria 

ALLOTin HMDRB 15 THE FBKCJUB MTERIAIB 

0 
Aliogriaf elMtnf AT« Addad to Iron to laprove the physloal chamc tori «tie» of the 
WUdtlm alloy.    SQM knowledge of the qualitative aapaett of alloye in engineering 
itarlala anbaneaa an eqaii—at daalgn.  

The effect of proper «■aunts of alloying eleaanta on a given steel is 
uaually greater than the eua of their Individual effects,   thus, alloying 
eleaents are addad to steels and iroos in varying coabinatlons to attain 
a particular sat of physical properties.   The aoat CCMBOD alloying elaaents 
of Iron and steals are caxtooc, nickel,  chrailua, aolybdenua, vanadlua, 
tungstan, ■angsnese, copper, and boron.   Soaa of the qualitative aspscts of 
their lapact on the ferrous allays aty be staaariied as follows: 

Alloying Eleswnts in the yerrous Material 

Carbon:    Carbon Is the eoet widely used alloying eleeer.t In steel» and irons 
and by definition is what separates irons from steels.    Low carbon steels 
are produced in larger quantities than all other ferrous allays canblnedv^). 
Steel allays are often classified by their carbon content, as low, asdiua 
or high carbon steels.    Iron carbon alloys below O.OS percent carbon are 
known as wrought irons, while alloys above 1.S0 percent carbon are referred 
to as cast irons.    Carbon has a pronounced effect on virtually all of the 
physical properties of steel.    Carbon heavily influences strength,  hardness, 
■achinability, and melting temperature of steels,  as shown in the adjacent 
diagram.    This change in mechanical properties la true for both annealed 
and hardened steels.   An important effect of  -arbor, on steel Is the 
Improved ability of the alloy to be nartensitic in ale restructure after 
quenching frcsi an elevated (austenitic) temperature.    Transformation dia- 
grams (time«temperature plots) are readily available for steel alloys 
showing this austenite to marteneite transition.     It Is usually desirable 
to employ a microstructvire of martensite (after tempering to the required 
ductility) for any given stress application.    This is the fundamental 
general rule for the selection of a serviceable steel alloy. 

A good summary of the qualitative effects of the other Important alloying 
elaaents in steels is presented by Lindberg(l) and Is excerpted here by 
element, as follows: 

Nickel-    Hickel increases toughness and resistance to impact, particularly 
at low temperatures,  and lessens distortion in quenching.    It lowers the 
critical phase-transition temperature of steel and widens the range of 
successfuJ. hsat treatment.    Hickel steels are particularly good for case- 
hardened parts.    Such sieels provide strong,  tough, wear-resistant cases 
and also ductile core properties.   Hickel does not unite with carbon to con- 
tribute to hardness, tut It does help provide * tough core and does lower 
the transition temperature of the case permitting a milder quench for equi- 
valent strength. 

Chromiua:    Ghrcaium,  unlike nickel,  Joins with the carbon of the steel to 
fox« chromium carbides,   thus adding improved resistance to abrasion and 
wear.    Chromiua also makes the trans formst ion more sluggish and thus allows 
depth hardenability.    Of the common allaying elements,  chromium ranks near 
the top in hardenability.    Chromium steels are relatively stable at high 
temperatures because tenacious chroai JB oxides provide good surface barriers 
and chromluBi carbides resist solution st high temperature. 

lOA-0 
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Molybdenum:    Mclybdenun,  like chromium,  promotes hardenability of steel. 
It has a strong tendency to hamper grain growth prior to quenching,  thus 
making the steel fine grained and extra tough at the various hardness 
levels.    It is also used to increase tensile and creep strength at high 
temperatures.    Alloys of both chromium and molybdenum develop high strength 
at elevated temperatures. 

Vanadium:    The grai.:.-growth-inhibiting effect of vanadium promotes a fine- 
grained structure over a fairly broad quenching range,  thus imparting 
strength and toughness to heat-treated steel.    Vanadium steel would be 
used for items requiring impact and fatigue resistance. 

Tungsten:    Tungsten increases the hardness,  promotes a fine grained micro- 
structure, and resists heat.    Tungsten has a crystalline lattice array that 
allows it to dissolve in both alpha and gamma iron,   forming tungsten car- 
bides.    These carbides are very hard and quite stable. 

Mnnganese:    Manganese is one of the basic alloying components in steel. 
In fact, all alloys contain manganese to some extent.    Manganese contri- 
butes markedly to strength and hardness, but to a lesser degree then does 
carbon.    Fine-grained manganese steels attain unusual toughness and strength, 
They are almost impossible to machine except by grinding, but they can be 
cast and rolled. 

Copper:    Copper is added to steel in varying amounts,  generally 0.2 to 0.5 
percent.    It is used primarily to increase resistance to atmospheric cor- 
rcsion, but also acts as a strengthening agent. 

Boron:    Boron is used in steel for one purpose - to increase its harden- 
ablllty,  or the depth to which the steel will harden when it is quenched. 
Its use Is reconmended for steels with carbon content of 0.60 percent or 
less. 

Other elements,   such as sulphur, exist as impurities in steel;  some are 
employed as deoxidizing agents,  in the case of aluminum. 

10.4-1 
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Section U - Material Selection Criteria 

PHYSICAL PROPEPTIEB OP THE FERROUS ALLOTS 

{> 
Ferrous alloys Include the Irons, steel,  stainless steels, and nickel steels, each 
with a unique set of physical characteristics.    These properties result fron the 
■eflluwlcal ■ecfaadam of allotropy. 

Allotropy Is the characteristic of an element which enables an element to 
exist In more than one chrystalllne form.    It Is allotropy In Iron,  for 
exwsple,  that explains the unparalleled range of properties associated with 
■odem alloys of Irons and steels.    The main reason for adding an alloying 
element to Iron Is to Improve Its physical properties, particularly the 
properties of hardness and toughness,  through control of this allotropy. 

Ferrous alloys may be divided Into the following categories:    Iron alloys, 
carbon steel, alloy steel,  stainless steel and special alloys.    Iron alloys 
(other than steel) are usually used In cast or sintered forms except In 
electrical applications and the classic wrought Iron. 

Carton steels are low In cost due to the large production advantages and are 
suitable for many uses.    They may receive organic or chemical finishes or 
be cadmium, nickel,  zinc or otherwise plated for corrosion resistance.    Those 
with carbon content above 0.30 percent are coomonly heat treated to Improve 
strength.    Alloy steels are available In a wide range of hardenabllltles 
through heat treatment, and are finished to provide corrosion resistance 
when necessary. 

Stainless steels are alloyed to give Increased corrosion resistance and pro- 
vide an attractive finish without painting or plating.   Some classes of 
stainless steel may be heat treated to very high strength levels, but are 
characterized by less corrosion resistance than the non-heat treatable grades. 
Austenltic stainless steels are often cold worked to high strength levels. 
They are essentially non-magnetic when annealed but become progressively 
magnetic upon cold working due to coverslon of austenlte to nartenslte. 

Special allays Include the Iron-nickel alloys with various magnetic and 
electrical properties and other iron-nickel alloys with very low coefficients 
of thermal expansion. 

Ferrous alloys may be fabricated by all ccumon methods Including forming, 
machining,  sawing, grinding, welding, brazing, and adhesive bonding.    Finish- 
ing may be by polishing, chemical treatment, organic finishes or plating 
systems as dictated by appearance,  function, or corrosion resistance require- 
ments. 

Ferrous alloys are generally divided Into two categories:    wrought and cast. 
Cast alloys of Iron have little application to packaging, while wrought 
alloys are very basic.    Information on mechanical properties are presented 
for the various wrought alloys of steel and stainless steel. 

10.4-2 
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ENHANCEMBWT OF MECHANICAL PROPEJWIES 

• Increase In strength of steel as manufactured. 

• Increase In toughness or plasticity In steel at any 
minimum hardness or strength. 

• Increase of allowable maximum section which may be 
quench-hardened to desired properties. 

• Decrease in quench-hardening capacity. 

• Increase in rate of hardening with cold work. 

• Decrease in plasticity at given hardness in the 
interest of machinability. 

• Increase in abrasion resistance or cutting capacity. 

• Decrease in warping and cracking in development of 
desired hardness. 

• Improvement of physical properties at either high or 
low temperatures. 

ENHANCEMENT OF MAGNETIC PHOPEHTIES 

• Increase in initial permeability and maximum induction. 

• Decrease in coercive force, hysteresis and watt loss 
(magnetically "soft" iron). 

• Increase in coercive force and remanence (permanent 
magnets). 

• Decrease of all magnetic responses. 

ENHANCIMm OF CHEMICAL INERTNESS 

• Decrease of rusting in moist environment. 

• Deri ease of attack at elevated temperature. 

• Decrease of attack by chemical reagents. 

3 
ALLOYING ELEMENTS IN STEEL: The  marked effect of alloying elements on 
material physical properties may be illustrated by their influence on 
the ferrous materials. U8) 
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Section k ~ Hiterlal Selection Criteria 

CHARACTERISTICS OF THE ALUMINUM ALLOYS 

nie aluBlnun alloys are readily available in a variety of shapes and strength ratings. 
Their lightness and high resilience make the aluminums desirable structural materials 
for dyn—ic loading sltuationa. 

Aluminum Is the most abundant of the metallic elements found in the earth's 
crust.    Very pore aluminum is quite soft and weak, and thus has little appli- 
cation to structural problems.    Alloyed aluminums exhibit greatly improved 
mechanical strength properties whicu are enhanced (or degraded if misapplied) 
by various combinations of heat treatment and strain hardening. 

The strength to weight ratio of the aluminums,  coupled with good corrosion 
resistance due to a passive oxide film, are Important engineering criteria 
for equipment applications.    Cost, availability,  ease of fabrication, and 
many other desirable assets are favorable to aluminum from a manufacturing 
standpoint. 

Pure aluminum possesses high reflectivity and high thermal and electrical 
conductivity.    Alloyed aluminums are caanercially available in strength 
ranges approximating that of mild steel, at about one-third of the weight. 
The toughness of the hardened alloys, however,  is generally low compared 
to steel.   The inherent stiffness of the aluminums is also about one-third 
that of steel, as measured by the elastic modulus.    The tenaceous oxide 
film generally tends to interfere with welding operations,  and presents 
special problems in Joining operations. 

Aluminum alloys are readily available in a spectrum of strength levels, 
ranging from 10 ksi for the 1100 series alloys,  to nearly 80 ksi for the 
TOCO series alloys.    In general, the lower strength alloys possess rela- 
tively nigh formability and corrosion resistance.    The higher strength 
allTys are usually connected by mechanical attachment due to poor welding, 
brazing, and forming characteristics and are subject to brittle fracture. 
Some of the more important characteristics and applications of the aluminum 
alloys are summarized in the appendix. 

The upper temperature limit at which most aluminum alloys have useful 
mechanical properties is 300Oto 400^, although special powdered metal 
aluminum alloys retain a high porportion of its room temperature proper- 
ties up to 700°?. 

Aluminum alloys are produced in the form of foil,  sheet,  plate, bar, wire, 
extruded shapes,  impact extrusions, hand and die forglngs,  die castings, 
investment castings,  permanent mold castings, and sand castings.    Except 
for higher strength alloys such as 7075 and 202h, which are rot ordinarily 
fusion welded, aluminum alloys are weldable by all fusion and resistance 
welding processes. 

Special  controls are generally required,  however,  because the aluminum 
alloys as a class are Just not as weldable as the ferrous alloys.    Certain 
of the aluminum alloys,  such as 606l,  can be brazed by dip,  furnace,  or 
torch methods.    The higher strength or more highly alloyed groups have poorer 
corrosion resistance them pure aluminum because the hardening Ingredients 
cause anodic cells and the materially stressed structure is In a high energy 
state.    Where maximum corrosion resistance is required, the higher strength 
alloys in sheet and plate are customarily clad with a higher purity aluminum. 
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Anodizing and other chemical conversion coatings are used to Improve cor- 
rosion resistance or to provide a base for organic finishes. Where wear 
resistance Is required, hard anodlzed coatings as thick as 0.002 Inch are 
used. Higher strength properties may be obtained In most aluminum alloys 
by cold work, heat treatment, or some ccmblnatlon of the two. 

Aluminum is commonly alloyed with copper, silicon, manganese, magnesium, 
zinc, and nickel. Aluminum alloys owe their mechanical properties to 
heat treatment and cold working. Heat treatment Is the process of solution 
treating at elevated temperature, followed by quenching and then aging 
at lower temperature. This process is known as precipitation heat treat- 
ment. Cold Kork of these alloys Is accomplished by rolling, forging, 
stretching, extruding, or straightening. 

Heat Treated Wrought 
Alloy Steels Alum. Alloys 

(Heat Treated) 

Cast Aluminum 
Alloys 
(Heat Treated) structural 

■■      Steels 

Cast 
AlumlnuiE 
Alloys 

1 
Specific Strength 

(Yield Strength\ 
Density        / 

Titanium 

Magnesium      ^^ num 
Alloys Alloy 

Steels 
Structural 
Steels 

Relative Cost  (|/Lb) 

PROPERTIES OF STRUCTURAL ALLOYS:     A coinparlson of strength-weight ratios 
and  cost for some typical engineering materials. 
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Section U - Material Selection Criteria 

MECHANICAL PROPERTIES OF THE MAGNESIUM ALLOYS 

The Mgneaiiuc alloye exhibit moderate physical properties for structural application?, 
coBbloBd with extreae low density.  

MagnesiuB alloys find their greatest use in applications where their low 
density Is an important constraint. Moderate mechanical properties at 
rooB and elevated temperatures became very desirable when considered in con- 
junction with potential weight savings,  (Magnesium alloys are approximately 
one-fourth as heavy as steel.) Lightweight structures exhibiting good 
strength, excellent rigidity, good fatigue properties at low stress levels, 
and useful strength at temperatures to 800oF are possible with magnesium. 
Magnesium also possesses the useful attribute of high damping capacity, 
making it an ideal material for dynamic applications where a low resonant 
response is desirable. 

Both wrought and cast magnesium alloys are characterized by excellent 
dlmensiorial stability at temperatures up to 20O°F. Another important 
feature In the fabrication of laagnesium components is the excellent 
machlneability of the alloy. Cutting speeds up to ten times of that used 
for steel is not uncomnon. Welding of these alloys is accomplished by 
fusion or resistance methods. Fusion welding can produce Joints with load 
efficiencies up to 90 percent. Structural magnesium materials are usually 
alloyed with aluminum, zinc, zirconium, maganese, thorium, and certain of 
the rare earth mate'-ials. 

A sumnary of mechanical properties of the magnesimr alloys is presented in 
the appendix; included are the wrought, forged, and cast alloys. 
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VOLUME  III   -  CHAPTER 10 
Section k  - Mate-ial Selection Criteria 

CHARACTERISTICS OF EEPYTUUr-« AND TITANIUM ALLOYS 

The beryllium and titanium  llKht metal alloys offer seme unique physical properties 
for structural applications.    There are sane important  limitations  in cost,  fabrlca- 
ticn,  and Impact strength. 

Beryllium and titanium alloys are generally classified In the light metals 
category,  having densltler.  comparable with aluminum ana magnesium.    Their 
strength capabilities,   ho.fever,  exceed these of the aluminums and compare 
favorably vlth some heat treated steels.    Although many of the processing 
problems of the titanium alloys have oeen solved,   the processing of beryllium 
is still in the developmental stage. 

Titanium lias a high strength-weight  ratio and good corrosion resistance, 
even to exposure tu öH-LL water,    its mecnamcax propeiLxeb xie  between steel 
and aluminum in ductility,  density,  elasticity,  strength and serviceability. 
Titanium has yet to  reach a useage plateau near  its  potential due to high 
manufacturing costs  stemming from difficulties with fabrication.    Titanium 
alloys are available   'n  sheet and bar form,  and in strengths up to 130 ksl. 

Beryllium is one of the lightest of the stable metals,  with strengths com- 
parable  to heat treated aluminum alloys,  combined with a high modulus.    Its 
extremely high elastic modulus gives it a rigidity superior to any of the 
structural materials.    Machining beryllium presents  some special problems, 
however,  and cold forming Is not practical.    Adhesive bonding,  soldering, 
welding,  and brazing are possible under controlled conditions.    Beryllium 
alloys are extremely costly to produce and fabricate at this time, and are 
applicable only to cases of high weight penalty.    Characteristically,beryl- 
lium alloys are extremely brittle and their inability to absorb strain 
energy make the alloys of limited applicability in impact siutations even If 
the economics were favorable. 
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Section k  -  Material Selection Criteria 

CHARACTERISTICS OF COPPER AND ITS ALLOYS 

The copper alloys find their principal application in electrical circuitry where 
good conductivity ie eBsentlal. Some of the brase and bronze alloys offer modest 
mechanical properties for structural applications. 

Pure copper is characterized by low strength, good ductility, high electrical 
and thermal conductivity, and good corrosion resistance. However, by the 
addition of one or more alloying elements, a wide varielty of properties may 
be obtained. 

The copper category includes copper alloys of tellurlm, zirconium, cobalt, 
chranlum, arsenic, lead, phosphorus, sulfur, or beryllium. Brasses are 
basically alloys of copper and zinc which may also Include manganese, alumi- 
num, arsenic, Blllcoo, and lead. 

The greatest single application of the coppers is in electrical circuitry due 
to their high electrical conducltlvlty plus ductility and corrosion resis- 
tance. 

The corrosion resistance of copper is relatively good for specific corrosive 
media; certain copper alloys give even better protection than pure copper. 
Unfortunately, exposed copper surfaces will change :olor as they acquire a 
protective oxide film. This film may be detrimental for decorative or 
pachological reasons even though the metal properties are not affected. In 
addition, copper in contact with dissimilar metals must be separated from 
the environment primarily to protect the other more anodic metals of the 
combinatlonB. For these reasons, copper is often given a plating of cad- 
mium, nickel, silver or gold, or a black oxide finish. 

The mechanical properties of copper alloys cover a wide range ironi the deep 
draw formability of cartridge braes to the very hard spring materials such 
as beryllium copper and phosophor bronze. Many copper alloys are also avail- 
able in leaded versions to improve the rathe- poor machineabllity typical of 
most of these materials. 
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VOLUME III   -  CHAPTER 10 VOLUME III 

Section U   - Material Selection Cr.teria 

PROPERTIES  OF SOME HIGH TEMPERATURE ALLOYS 

Some alloys  of nickel,   cobalt,   and molybdenum are capable of  :-etalning their moderate 
physical properties at elevated temperatures. 

There are several special purpose alloys of only passing  Interest to the 
packaging engineer,  which round out the materials list.    Some of the high 
temperature application alloys of conunerclal Importance are the nickel, 
cobalt,  and molybdenum alloys. 

Nickel alloys, and also the cobftlt alloys, generally exhibit good  corrosion 
resistance and mechanical strength at temperatures up to 2000°?,   depending 
on the alloy.    Nickel alloys are available in bar,  sheet,   plate,  and wire 
forms.    Their strength  is developed by precipitation heat  treatment and work 
hardening. 

Molybdenum alloys exhibit good mechanical properties at elevated tempera- 
tures.    They also have excellent  rigidity and low thermal expansion.    Oxida- 
tion protection is usually Indicated for these alloys,   particularly at high 
temperatures.    The molybdenums may be fabricated by brazing and welding, 
but requires special techniques  for machining. 

*> 
** 

lO.U-d 



VOUME III - CHAPTER 10 
Section I» - Material Selection Criteria 

CHARACTERISTICS OF THE COWON PLASTICS AND FABRICATED MATERIAL 

Plastics and composite structural materials offer a wide spectrum of physical pro- 
perties for packaging applications. 

The classification of the many piastre materials may be made according to 
form or shape, processing requirements, «echanical and electrical properties, 
and application. Plastics are usually referred to by type, either thermo- 
plastic or thermosetting. Thermoplastic resins soften when heated and may 
then be formed or shaped. This process is reversible and may be repeated 
as necessary. Thermosetting resins are reacted (cured) to infusible solids 
in conjunction with the shaping process by the action of heat and/or chemical 
catyllzation, occasionally accompanied by elevated pressure. No further 
forming can take place after the material is fully cured. Thermoplastics 
find their most useful applications in small parts and components; thermo- 
setting plastics have application to basic structure and transport cases. 

'niermoplastlcs are usually formed without fillers, while thermosetting plas- 
tics find their greatest use as binders In laminated or filled forms and 
as adhesives. laminated plastics employ layers of paper, textiles, glass 
fibers, and glass flabric as a reinforcing material. Asbestos, cellulose 
fibers, g.aphlte, and metal and plastic fibers are also used as fillers in 
reinforced plastics. Strength, flexibility, coefficient of thermal expansion, 
conductivity, specific gravity, abrasion resistance, and environmental 
resistance can all be controlled over wide reuiges by the Judicious use of 
fillers and reinforcements. 

Composite structural materials are now being fabricated from dissimilar raw 
stock to the advantage of the individual materials. The honeycomb panel 
for example, is produced in a variety of geometries, with differing facing 
and filler material. In concept, although not in appearance, the honeycomb 
sandwich is similar to any other laminated panel where layers of three or 
more materials are bonded together to produce a structure of greater strength 
than that of the sum of individual layers. The honeycomb sandwich is usually 
made up of layers, with two outer sheets, or facings, bonded to a compara- 
tively thick internal honeycomb core. 

High strength-to-weight ratio is probably the best known quality of the 
honeycoiib sandwich. However, honeycomb panels have other superior qualities 
such as resistance to heat transfer and vibration, which can be Just as 
important as strength to weight ratios. 

In general, any metal that can be made into a foil then welded, brazed, or 
adhesive bonded can be made into honeycomb. In a honeycomb sandwich, 
the facings generally are the prime load carrying members. The main function 
of the core is to provide an essentially continuous support and stabiliza- 
tion for the facings, which are under compression and/or tendon when the 
panel is loaded. At the same time, the core itself must withstand shear 
and compression stresses resulting from the loading. 
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MECHA1'UCAL PROPERTIES OF ALLYLIC PREPOLYMERS(
3
S) 

Tensile Str ength (psi) 
Flexural Strength (psi) 
Flexural odulus (lCP psi) 
Impact Strength, Izod 
(ft-lb/in. of notch) 

Deflectio Temp (C) 
at 264 psi 
at 546 psi 

Hardness, Rockwell 
Specific vity at 2S C 
Refractive Index at 2S C 
Moisture Absorption 

24 hr, 2S C (per cent ) 
Dielectric Constant, 

at 60Hz 
Dissipation Fact , 

t 60Hz 
Vo~ume Resistivity 

a 2S C (ohm- em) 
Surface Resistivity 

a 2S C (ohm- em) 
Dielectric Strength 

step by step, v/mi 
Arc Resistance (sec} 

Diallyl 
Phthalate 

7000 to 9000 
o . s 

0 . 2 0 0 . 3 

55 

o . o . 2 

• 9 

o . ocs 

1.7 X 1 0 6 

9 . 7 x 1cfs 

so 
l.l8 

Diallyl 
Isophthalate 

4300 
7400 to 8300 

o . s 

0 . 2 to 0 . 3 

238 

3 • 

0 . 008 

2l.l 
Ml.21 

3 . 9 X 1 0
1 7 

8 . 4 X 10
12 

22 
123 to 128 

TYPICAL P!'lOPERTIES OF EPOXY - GLASS- CLOTH LAMINATES( 3S) 

A 73 F 

Flexural Strength (psi ) 
Flexural Modulus (psi) 
Tensile Strength (psi ) 
Compressive Strength, edgewise (psi) 
Water Absorptio , 2 hr (per cent) 
After 30 days water immersion: 

Flexural Strength (psi) 
Flexural Modul s (psi ) 
Tensile Strength (psi ) 
Compressive Strength (psi ) 

At 16 F At 300 F 

76,000 6 
3 . 3 X 0 
ss,ooo 
S2,000 
+o. l 

66,soo 6 
3 . 2 X 10 
S2 ,000 
8,000 

Flexural Strength (psi ) 70,000 6 Flexural Modulus (psi} 3 . 2 x 1 0 
Flexural Strength (psi ) SS, OOO 6 F exura1 Modulus (psi) 2 . 9 x 10 

At 00 F 
Flexural Strength (psi) 
Flexural Modulus (ps ) 

0, 000 6 
2 . 9 X 0 

At SOO F (after 2 hr at SOO F) 
Fler~ Strength (psi) 0, 000 6 Flexural Modulus (psi ) 2. S x 10 

At SOO F 
Flexural Strength (psi ) 2S , 000 6 Flexural Modulus (psi) 2 . S x 10 
Tensile Strength (psi) S, OOO 
Compressive Strength(psi ) 19,000 

STRUCTURAL PLASTICS: Allyllcs and epox:ies are typical of the thermosetting 
plastics that have application in electronic packages . 

10. - 1 



J 

VOLUME III - CHAPTHR 10 

NMTOAL8 AID FROCBSB 

SBCTIOW 5 - MMQFACiaRIBG ITOCIBSS AHD RIOCBXJIBS 

• Manufacturing Technique« Applied to Bqulpaent Structure 

e Joining by Mechanical Fabrication 

e Welding: A Fusion Joining Procese 

e Brazing and Soldering 

e Structural Joining by Adhesive Bonding 

e Faming by Casting 

e Forming Procedures Involving Material Removal 

e Structural Forming by Material Deformation 

e Heat Treatment: A Material Process to Improve Mechanical 
Properties 

e Surface Hardening Techniques 

e Plating and Chemical Finishing 

e Plotting and Bocapeulation 

0 



NMOMOORDB TBCBKlWtB AFPLEED TO WSPIBt&t WHUUTUKE 

Most moufkcturlDg procedure« my b« c&t«gorl»ed into dlvl»loni of Jloinliac or foxwlog 
wimtiOM.   TbiB q»t<gorl«atlop prorlde« a conrmiwt oitnittlool —thod. 

The preceding section dealt with the ptayaical properties of aaterials, how 
they are determined, and how they are applied to a deelgn situation.   A 
design decision of equal iaportance is the selection of the fabrloatioo 
process that is to be eoployed, as veil aa decisions relating to the aaterial 
processes to he used.    The breakdown of procedures and processes that will 
be presented in subsequent sections, are organised as shown in the adjacent 
figure. 

Mschanioal Joining aetbods include riveting, bolting, or screwing, and thus 
are Halted to those aaterials that can tolerate a hole being drilled or 
punched without eztreae degradation of the base material.    The obvious 
disadvantage to nech-fastening is the necessity for material reaoval and 
the accoapanylng problems of stress concentration and crevice corrosion. 

Welding is the lutiaate union of elements by fusion of the base material. 
The material is heated until a molten or plastic state Is reached and fusion 
occurs, occaslooally vith the addition of mechanical pressure.    The use of 
a fluxed filler rod to build up the weld area is cession, and frequently 
welding is done in the presence of an Inert gas to preclude oxidation. 
Weldlog is applicable to members constructed of the same metal compoeltior., 
as «ell as dissimilar materials under certain conditions. 

Brasiog and soldering «ire metal Joining processes In which another metal or 
alloy is need to fuse base elements.    The rising alloy usually has a sub- 
stantially lower melting point than the base material, which allows the orig- 
inal material to retain more of Its mechanical properties after Joining. 
Brated Joints usually exhibit considerable strength and are able to with- 
stand higher temperature envlroBBwnts than the soldered Joint.    Soldering, 
however, is less detrimental to the basic material characteristics. 

Adhesives and other special cements are capable of holding materials together 
by surface attactamsnt, without thermal processes and without reductiom of 
structural aections. Adhesives have the great advantage of Joining dissim- 
ilar materials without complicated metallurgical considerstlons. Adhesives 
generally tend to have inferior strength when compered with the strength of 
the base materials available. Since most bonding agents are organic, adhe- 
sives tend to weaken rapidly with a rise in temperature. 

tonaiog procedures are those manufacturing processes that configure a struc- 
ture by material deformation, material removal, or the moldinr of oast 
aaterial. The casting and adding category Includes sand casting, permanent 
mold casting, shell molding, die casting centrifugal casting, and Investment 
casting. Also grouped In this category are the special processes of sinter- 
ing and powder metallurgy. 

Forming by aaterial removal Includes all of the conventional machining opera- 
tions such as milling,   turning, and hole preparation, as veil as the sur- 
facing and finishing operations such as grinding, broaching, and honing. 
This category also Includes seme of the exotic formlog processes such as 
chemical milling and ultrasonic machining,. 
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Forming by material defonnation proceeses 1B characterized by the working 
of the structural material, vlthout chips. Forming processes are accoo- 
pllshed either hot or cold, depending on the relationship of operational 
temperature and mate-ial recrystalllzatlon temperature. The material 
defonnation operations include forging, extruding, cold heading, stamping, 
spinning, drawing, cold rolling, and high energy forming processes. 

Material processing, although more a characteristic of materials rather 
than a manufacturing procedure. Is of primary importance In developing and 
enhancing basic material properties. An example of these processes is 
heat treatment, which is employed to Improve the mechanical properties 
of engineering materials. Heat treatments for ferrous alloys include 
quench and temper, anneal, normalize, and other processes that can enhance 
the physical properties of a material prior to service or other fabrica- 
tion operations. Other alloys of Interest to the structural designer are 
strengthened by precipitation heat treatment, a process used with the alumi- 
num alloys. 

Surface conditions and strength are vital to the integrity of a dynamically 
loaded structure. Surface hardening r,echnlqueB of interest to the packaging 
engineer include flame and induction hardening, carburlzlng, nltrldlng, 
and cyanldlng. 

Surface finishing processes of plating and chemical finishing are custom- 
arily used by the structural engineer to Improve environmental protection 
and appearance. Anodic plating Is an effective corrosion barrier for 
certain engineering materials, as are chemical conversion coatings. Primers 
and paints enhance appearance and provide a measure of jnvlronmental pro- 
tection. 

Potting, sealing, and encapsulation are useful packaging techniques for 
preventing or absorbing dynamic excitations as well as providing good 
electrical and environmental Insulation. These processes Include embed- 
ment, potting, encapsulation. Impregnation, molding, and conformal coating. 

Joining 
Procedures 

Mechanical Fastening 
Welding 
Brazing and Soldering 
Bonding and Adheslves 

Forming 
Procedures 

Casting and Molding 
Materled Removal - Machining 
Material Deformation - Hot and Cold 

Heat Treatment 

Work 

Material 
Processing 

Surface Hardening 
Plating and Finishing 
Potting, Sealing, and Encapsulation 

MAHUFACTORING PROCEDURES:  Ihe fabrication operations having Impact on 
material physical properties Include Joining, forming, and material 
processes. 
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Section 5 - Manufacturing Processes and Procedures 

JOINING 3Y MECHANICAL FABRICATION 

Mechanical Joining usually Involves a fastener which precludes a variety of design 
problems. A thorough knowledge of fasteners and detail of their application is 
needed for good design. 

Mechanical fabrication procedures invariably involve sane type of fastener, 
and consequently, a thorough knowledge of fasteners is imperative to their 
proper application. There are literally thousands of fasteners manufactured 
by as many different companies available to the structural designer. Fasten- 
ers are manufactured fron a variety of materials, ranging fron soft brass to 
a highly alloyed, ultra-hish strength steel. Some of the ccnmon materials 
used for contemporary fasteners are alloys of steel, aluminum, brass, copper, 
nickel, stainless steel, and many non-metallic materials as well. A variety 
of finishes and coatings are applied to fasteners, primarily to improve 
appearance and corrosion resistance. These include mechanical platings, 
electro-deposited coatings, chemical-conversion coatings, and hot dip 
coatings. Thus, the designer is faced with the formidable task of select- 
ing the optimum fastener design, fastener material (and its heat treatment), 
and fastener coating, to suit a given environment. A proven approach in 
organizing this wealth of Information is to maintain an up-to-date library 
of fastener details for convenient and trusted manufacturers, plus some 
general discussions on fasteners such as reference (21). 

The category of fasteners Includes bolts, screws; rivets, nuts and washers, 
studs, clinching devices, inserts, retaining devices and t range of quick- 
operating mechanii 

Proper use of fasteners in a mechanical Joint involves attention to detail 
by the designer. Rather than discuss the minutae of fasteners, most of 
which is better covered in the literature, this section will offer some 
design tips on the appllcaticr and implementation of the mechanical Joint. 

Threads in Shear: This is a cannon mistake in the application of a threaded 
fastener to shear situations. Threads are fastening devices to be used in 
tension (along the length of the fastener) and are satisfactory in this 
direction since the load spreads out along the thread length. Threads 
In shear, however, are perfect sources of incipient fatigue cracks, even for 
lightly loaded Joints. Always provide a thread grip in excess of the joint 
thickness In shear, and washer out past the thread start for the nut. 

Conblned Loads: This is more of an analysis shortconing than a fastener 
problem. Often fasteners are loaded simultaneously in shear and tension. 
Tension in a shear Joint may occur inadvertently from bending in the fastener 
or fron an unsuspected "kick" load due to a misalignment of force and 
resistance. Shear often occurs in a Joint designed for pure tension by 
accidental pick up of load due to a tight fit of the fastener. The rules are: 
construct a good free body diagram of the fastened member, to include all 
kick loads acting (it helps keep the line of action of the forces within the 
base of the Joint); make the shear Joints stiff enougn laterally to preclude 
rotation, and subsequent tension in the fasteners; provide clearance for 
tension fasteners so they will not load up in shear; be aware of the shear- 
tension interaction curves for common fasteners. 

MJ-tlple Fastener Joints: The Important criterion here is the match up of 
holes such that all the fasteners are loaded. Poorly fitted groups will 
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sometimes cause failure of the tight fastener, and a subsequent ''domino" 
type failure of the rest. Even In the best matched multiple sheer fastener 
attachments, the first row of fasteners is subjected to more load than the 
last row of the series. At best, multiple fasteners will fail in a mode 
characteristic of fatigue. 

Spacing: Improper edge distance may greatly decrease the efficiency of a 
group of fasteners. One and one-half diameters is a good rule for most duc- 
tile materials, with a four diameter spacing between fasteners to minimize 
stresses between the holes.  In addition, the thickness of tne shear mate- 
rial may decrease the loading efficiency of the fastener, particularly for 
thin sheets. 

Balanced Stress: High stress in the base material coupled with low stress 
in the fastener is generally to be avoided in dynamic applications. Failure 
due to stress corrosion or fretting fatigue is cannnon in such situations. 
Any unusually high local stress is a potential source of fatigue failure. 

Joint Compliance: A good method of reducing transmissibility across a 
Joint is to intentionally introduce some compliance at the material inter- 
face. This may be accomplished with a spongy material layer within the 
Joint, arranged to load the compliant material in shear (subject to func- 
tional limitations). A riveted Joint also has this capability due to minute 
slipjage across the Joint. 

Preload:  Prelcr«! in a tensile fastener is used to "educe the severity of 
load reversal; that is, the ratio of maximum to minimum tension in the 
fastener. The more closely these two values are to 1.0, the least affect 
results froci repeated stress. This, of course. Is subject to the strength 
limitation of the fastener. In general, preload should be used to oppose 
the anticipated service stresses. Preload in a fastener is usually acccm- 
plished by torque-up of the nut on a threaded fastener. 

Nut Retention: The prime feature of a nut under a repetitive loading 
situation i;- the need to retain the Joint preload torqued in when the Joint 
Is first mace. Thus, various schemes have been devised to maintain the nut 
makeup durlrg vibration. The most reliable of these approaches is the 
cotter pin cr lock wire. These devices are used In primary shear Joints, 
where locser.ing of the pin (or bolt) would cause catastrophic failure. 
Other locking devices include metal and plastic inserts that resist turn- 
ing in the threaded Joint; crimped nuts which resist turning by gripping 
the thread; mechanical staking, a practice generally to be avoided in 
fatigue situations because of the incipient notch; and chemical staking which 
uses the bonding capability of a fluid material to lock the nut in place. 
A positive feature of some nut-retention ideas is the ability of the Joint 
to be made, loosened, and remade a few times with the same components without 
loss of the locking feature. 

Contact Potential:  Check for galvanic corrosion; the intimate contact of 
lisslmilar metals may cause galvanic attack of the less-noble material, 
particularly in the presence of a corrosive media and a high local contact 
stress. To avoid this, seal the Joints with polysulfide, RTC, or chromate 
primer. 
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Section b  - Manufacturing Processes and Procedures 

WEIDINO:    A FUSION JOINING PROCESS 

Depending upon the effort of the allotroplc and metaetable transitions,  all metals are 
weldable by all processes.    The design decision  is one of matching the optimum proce- 
dure to the material and its application.  

Welding,  brazing,  and soldering are a1! methods of Joining mr.tals by fusion 
of the base material,   or the fusion ot a filler material.    The differences 
are largely those of fusing temperature. 

When the process involves localized temperatures exceeding the melting point 
of the base metal,  the process is known as welding.    If a filler material 
is used in the welding operation,  it usually is different  in ccniposltior. 
but related by class to the base material. 

Fusion welding is the process generally used for structural applications 
and is capable of providing strength nearly equal to that of the base metal, 
but with reduced ductility and toughness.    Heat treatable alloys are usually 
not welded after heat treating because of decreased strength in the heat- 
affected zone and cracking in certain alloys.    Work hardened alloys will 
also be weakened by fusion welding.    Heat treatable aluminum alloys except 
2219 and 6o6l are usually not welded by fusion methods because the alloy 
ingredients that cause hardening also cause incipient fusion in adjacent 
areas with  consequent embrittlement.    Resistance welding utilizes  the 
resistance of the base metals to the flow of electric current to heat the 
metals in a very small area and produce a weld under the canbired effects 
of fusion and pressure.    Systems for providing multiple spot welds are 
called seam welds.    This process may be used with many alloys that are not 
fusion weldable,  but when employed on these materials,  precautions should be 
taken to assure that the reduction in the size of the heat affected zone 
is adequate to provide reliability. 

Welding processes are   )ften classified as  to their affect on the base 
material.    Welding of many steels,  for example,   causes the formation of a 
hard microstructure,  martensite,  in the region of the weld which must be 
controlled by adjustment of the temperature-time gradients.    Welding problems 
are thus minimized in steels having low hardenability, or cases where the 
Joined members are slowly cooled after welding.    Weld cracking is often 
aggravated by the presence of hydrogen,  which causes embrittlement. 

Non-ferro«.i8 alloys are also greatly affected by the welding process.    Solu- 
tion treated alloys will be re-treated in the region of the weld,  and may 
age naturally.    Often, a  filler rod of higher physical properties is used 
tj upgrade the weld strength.    A compromise solution to weld-induced problems 
is the re-heat treatment of the assembly after welding.    A better solution 
is to maintain the parent metal relatively soft and tough and the weld 
relatively strong.    This  forces the structure to hinge in the parent metal. 
Welding materials that have been previously hardened by cold working has 
the effect of softening the material in the region of the weld.    This  is 
why materials hardenable by cold work are generally more weldable than those 
hardened by metastable transitions. 

The welding process  is adversely affected by flaws resulting from the opera- 
tion,   such as  porosity,   cracking, and  inclusions  of oxide and slag.    Many 
of these flaws are the result of poor technique,  while some (such as hot 
shortness  cracking) are inherent in the base alloy.    Gas porosity and inclusions 
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are  serious problems  to be avoided  In welded  joints  subjected to vibration, 
since they are potential  sources of fatigue cracks. 

The  low carbon steels are veldable by most  comnion  processee.    Alloy steels, 
where  the formation of martensite is a crlticel consideration,   is customarily 
welded by processes which permit good control of heating and  cooling rates. 
Care must be taken in evaluating the preheat and  postheat treatment  require- 
ments when welding the st^el alloys. 

Depending on the effect of allotropic and metastable transitions,  all metals 
are weldable by all processes.     Nickel and  nickel alloys may be welded by 
the arc processes as well as  oxyacetylene techniques.    Austenitic stainless 
steels are weldable by  shielded arc,  gas metal  arc,  and  gas  tungsten-arc 
processes.    The aluminum alloys are usually welded by inert gas-arc processes, 
Gas welding is  possible,  but generally has poorer post weld  properties, 
primarily as a secondary effect  of the fluxes which must be used.    Weld 
defects of cracking,   incomplete  fusion and penetration because of the  par- 
ticular refractory and tenacious  character of the surface oxides,  are  common 
drawbacks. 

The most  important welding process  for the magneslur alloys now in use  is 
the gas tungsten-arc  process,   although other techniques are  feasible,   unde: 
specific conditions. 

Brazing 

Torch 
Twin-carb. 
Furnace 
Induction 

arc 
Resistance 
Dip 
Block 
Flow 

Gas 
Weldi ü. 

Air-acetylene 
Oxy-acetylenc 

Oxy-hydrogen 
Pressure Gas 

Resistance 
Welding 

Resistance-spot 
Resistance-seam 
Projection 

Flash 
Upset 
Percussion 

Forge 
Welding 

Hammer 
Die 
Roll 

Thermit I Pressure thermit 
Welding ' Nonpressure thermit 

Flow 
Welding 

Arc 
Welding 

Car bon __ 
Electrode 

Shielded 

Unshielded 

Metal 
Electrode 

Shielded 

Unshielded 

Induction 
Welding 

Shielded carbon-arc 
Gas carbon-arc 

Carbon-arc 
Twin-carbon arc 

Arc-spot 
Arc-seam 
Shielded metal-arc 
Atomic hydrogen 
Gas metal-arc 
Gas tungsten-arc 
Submerged arc 
Gas-shielded stud 

Stud 
Bare metal-arc 

WELDING PROCESSES:     A  chart of the various welding procedures as compiled 
by the American Welding Society. 
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BRAZir«i AJID SOIDERir«i 

Brazing processes are often sed in structural applicat ions where j oin s ress is 
modest. Solderizw :..s prime.r11y a contacting procedure across a structural jotn • 

0 . 5-6 

Brazing a nd soldering are fusio j oining techniques that differ by he 
process temperature. When the fusing temperatures are below he mel ing 
point of the base metal but are above ooOf', the process is known as brazing. 
The filler material used in brazing is usually an alloy of metals dissimilar 
to the base metal . When the process t emperatures are belov 8oo<>Ji', the opera­
tion is called sot't s oldering and the filler materials are generally alloys 
of lead, tin, indium, zi~c or bismuth. 

Brazing is used where moderat e strength is needed, bu welding is imprac leal 
because of joint configuration, hea t treatment constraints , or metallurgicaJ. 
i ncompat1b111 ty. In the brazing procesR. the filler materi a l flows into 
the joint by capillary acti on a nd wets the surface by metallic interaction . 
Thus, proper cl arances between ~r.ating surfaces are indicat ed; this will 
develop optimum s rength in the joint since the bulk prope rties of the 
filler aterial is usually inferior o he mating materi a b . 

Brazing is sui ted to mass production techniques si continuous furnaces . 
The process has many other advantages for struct ural assem ly 1 incl di 

• Joining of dissimilar metals is practical. 
• Little post- joining finishing is required . 
• Assemblies may be oined in a reduced stress condi ion . 
• Complex assemblies may be j oined by ~si filler materials h 

progressive l ower melting temperatures . 

Most of the common structural alloys may be joined by brazin • I is the 
task of the metallurgist to c ~ e the proper filler ma erial, flux ma erial, 
and brazing process. Good operational t echniq •e i elude join cleaning 
a nd preparation, a m post brazing cleanup a m inspec io • '!'be des i g ner is 
mos inte rested in the mechanics of the j oin i self. The two mos important 
join s f or bra i are the butt and lap j oints . Of these procedures, the 
lap j oint, vbi .h laces the filler material i n shear, is he mos dea l ble . 
I n practi ce, he filler materi a l is e ither pre - placed in he j oin 1 or is 
a llowed to flow into the Joint by wetting capillation, a ided by gravity . 

The brazi process is occasionally done in a n inert or red ci a tmosphere 
to minimize oxidation of the metal surf'aces . There are many techniq es 
for a ccomplishing the b razed j oint . Almos any source of bea ha is 
neutral or ~d cing will be excellent. Fluxes can overc he effects of 
an oxidizing e nvironment . Post b raze hea t reatment may be a ccamnodated : 
(a ) when the f iller material possesses a melting temperature in excess of 
the required soaking temperature for heat treat ,; (b) when q e nchi requi re ­
ments don't overs ress t he j oints, a nd (c) when sane deformation is olerable . 

Soldering processes have less importance as a Joini ng technique for support 
s ructure, but have the advar:tage of lOYer heat and coosequen ly less distor­
tion . The soldering process should not be expected to supply any struc ural 
integrity to a Joint . The designer should rely o sane o her positive ech ­
niq e a nd use the soldered material for con a cting purposes o ly . Examples 
are in erlocked j oints, vire-•.rr.ap, riveting, a m edge reinforcement . 



Incorrect 

Teari 

Correct 

Incr se 
'llliclmess of 
Light Sec ion 

or 

Shape Hea y 
Sectio o 
Red ce Stress 

r.orrec 

Flexible Flange 
Des! n Permits r exi 
of Sbaf & F nge 
as a Unit 

Shafts 

Incorrect 

Correc 

Avoid Use of Bu 
Joints Havi 
Same Cross Sec­
tional Area as 
Res of Join 
Ass bly 

or 

Use a Scarf 
Join Having a 

Scarf Angle 

Fla es 

Incorrect 

Poor 

I 

~leeve Incr eases 
Fa i e Life 

Join s for 
Bean; Actio 

VOUIME III 

BRAZED JOI The oint should e desi ed to ilize to f 1 ad·.ranta e 
T-he ava a le co tac area . 

10. 5 - 7 



VOUME III - CHAPl'ER 0 
Section 5 - Manui'ac uring Processes am Procedures 

STRUCTURAL JOTh NC BY ~IVE BONDII'tJ 

Adhesive boooi i s a n important method for Joining odd shaped or dissimilar m terials. 
kxiest stre th is posaib e hen severe envirollD'lents can be avoided. 

10. 5 - 8 

Adhesive t.onding of a rue u 1 members is becCIIIing increasingly important 
i n the designer's repertoire o1' J oining processes. While this process has 
SCIIIe limiting characteristics for the designer, the advantages of ttce pro­
cedure are a tractive, particularly for vibration situations. 

Adbesio is due to the molecular attraction bet ween the adhesive me.terial 
and the bonding surl'aces. In certain very porous materials, SCIIIe mechanical 
booding or ~terlocking ls alao helpful in maintaining j oint strength. 
Generally, adhesive processes may be divided into vo groups; s ructural a nd 
non-structural. S ructural boa Hng is used in he same manner as fusio 
welding, brazing, or mechanical fastening . I n certain optimum a pplications ,. 
adhesive bonds will not fail until yield stre h of the subst rat e ma eri a l 
is reached . The yieldi of the metal will then cause he ri id adhesive 

o be vee.kened, c racked and l ead o subseq e n f ai lure . 

ural adhesive bond! is of great importance to equipz~ent pac 
process is useful in seal! , fill! , densifyi a nd prov1di 
barrier to resonant effec s . 

S esives are generally he:nnoee ma eria ls d, hence, he 
liquid-solid ransformatio i s not reversible. All adhesiveu are subjec 

sis. 

deterioratio fr heat and other e vi ronmenta because all polymers 
over- po erize. The designer must eval uate each materi a l on his 

There a re subs tial advantages to the deal er in the se o s ruct ral 
esives. ere is no great difficulty in bonH of diss illlr me.teri a ls . 
erials can be a tached to very thin members, too bin to be fabri ted 

1oy a ny o her ype of oini process. Adhes ive boodi sually requires 
11 tle hea o accaaplis the j oint . The load dis r ib ion across the j oint 
is favorable, vi th no interruptions and me.gnificatioos due o boles a nd 
abrup changes in sec io • L1 ttle poet bonding, finish! or cle up is 
required, and f ew s pecialized personnel are needed . The ~sive layer 
provides a good insula io barrier, a nd may exbibi a pe rior f a 1 e 
stre h . 

e ore 1mportan limitations process incl de he 
ili y cf adhesives in extreme eoviro The 1118 erial ends 
riorate with ime, heat and exposu e finished join s are di fl -

o 1 spec d test nondest ructively. S ro , reliable join a reqtJire 
ood s rfa ce preparat ion; a su stantia l l oes of expected s re th can occur 

h poorly cleaned interfaces. Bonded j oin s are susceptible to t ransient 
or ns spec ed 1 s such a s peeli 

nerally, he strongest j oints are me.de vi the hinnes adhesive film, 
alth me.ny adhesives s eem to be relatively inse i ive to madera e 

r i a io s in film thickness. The designer should strive o use a s m ch 
esive surface as possible i shear. Some me bods for improvi c on 

join s are sb n in the adJacen i gures. 
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I 4r X3- 
Butt Scarf 

X 
X. 4 

Joggle  -  Lap Beveled  Lap 

4 
Conventional  Lac Double Lap 

t^r^ 4    14 
Single Strip 

Double Strip 

4 » 

JOIOTS:     Some     .CTnon types  of adhesive joints  are  illustrated.    The 
saxlr.'oii use of surface area is desiratle. 
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FORMING BY CASTING 

Most engineering materials may be molded by one or more of the casting procedures. 
TJie amount of poet-solldlflcatlon machining, and the strength of the as-cost material 
are limiting considerations.  

A casting nay be simply described as the product of pouring a molten material 
into a prepared cavity and allowing it to solidify. The process of casting 
dates to antiquity, and probably antldates forging as a method of material 
fonnlng. Virtually any material may be cast by one or another process, 
and almost any shape and complexity of structure may be reproduced by some 
casting process. 

Äe casting process consists of first preparing a cavity for the molten 
naterlal. The cavity may be constructured of sand, metal, plaster, vsax, 
or any material which will retain Its shape while the cast material colid- 
ifies, and still allow a certain degree of permeation or gas escape, while 
solidification proceeds. The cavity must be formed by copying a pattern, 
removal of the pattern, and pouring of the molten material.  After 
solidification, the casting must be cleaned and nay require machinin? into 
the desired final dimensions. The amount anddetall of these operations con- 
stitute the limiting cost factors in the use of castings. 

Since most casting procedures Involve the removal of a pattern from thf.' 
mold or casting from a permanent mold, draft angle and parting line are 
then legitimate design prerogatives.  However, all draft angles may be elimi- 
nated by sane method if it Is »conanlcal. The particular casting process 
employed for a given situation will depend upon many factors, including cost, 
production quantity, the cast alloy Itself, the complexity of the casting, 
the desired dimensional accuracy, the degree of subsequent machining and heat 
treatment, Just to name the most obvious. 

Casting processes currently in use for the structural materials of interest 
to packaging engineers, are many and varied.  The most common includes sand 
casting (both green sand and dry sand), shell molding, centrlflcal casting, 
permanent mold, die casting, plaster molding, and investment casting. There 
are sane hybrid processes whose characteristics are close to casting, such 
as sintering and powder metallurgical techniques. Casting processes are 
generally classified by either the type of mold or th«» pressure used to fill 
the mold. 

Sand casting is the process of molding sand (with a binder) around a pattern, 
removing the pattern, and filling the cavity with molten material. Shell 
molding is a similar process except that the sand is coated with a thermo- 
settlng resin, hardened around the pattern, stripped away from the pattern, 
supported, and poured. Permanent mold castings are poured in a metallic 
mold whose cavity has been machined into the mold. Plaster molded castings 
are those in which the mold has been constructed of a hardened plaster mate- 
rial.  In all of the preceding cases the casting material Is usually gravity- 
fed into the mold. 

Investment casting is the process whereby the pattern Is entrapped within 
the mold after setting, and is subsequently melted out. After pouring, the 
mold is usually broker, away from the casting. 

10,i 
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Centrifugal  casting relies upon the forces induced by spinning the mold  to 
hold  the molten material in place while  t^e material soldifies.     The  liquid 
is thrown out against the wall of the cavity during the hardening process. 

Die casting procedures are typically those where the molten material Is 
injected Into a closed  steel mold   inder pressure.    When the material has 
solidified,  the die mold is opened and the casting ejected. 

Powder metallurgy,  which is the ccmpactlon of alloy powders into a die 
and simultaneous or subsequent heating until bonded,  is not a usual packaging 
procedure,  and hence Is only noted here. 

METALS USED Dl  CASTING PROCESSES  (2) 
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Sand Castings M MM          M        M         0 »; M X X 0 X 0 

Shell Mold 
Castings M 0         0          M        M         X X 0 X X X X X      I 

Permanent 
Mold 

|  Castings M 0         X          M         0         0 M 0 X X 0 X 0      | 

1 Die 
Castings X X         X          M        M         X X X X X X X X 

Plaster 
Mold 
Castings X XX          M        M         X X X X X X X X 

Investment 
Castings X M         0          M        M         X X 0 X X X X X      i 

Centrifugal 
Castings M M        M          0         0         X X 0 X X X X x 

M = Material! 5 most frequently used. 

0 =  Other mal ;erlal s currently being used. 

I         X =  Not used, or   ■ ast with great difficulty. 

CASTING:    Most of the  cannon engineering materials nay be cast by one 
process or another.    The casting process  should be optimized tor the material 
being used. 
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PORMINC PROCEDURES INVOLVING MATERIAL RiMOVAL 

Forming by machining may be accomplished on virtually all of the engineering materials, 
Machined elements are characterized by high dimensional accuracy, and good surface 
smoothness. 

Forming operations by material removal or nachlnlng are probably the most 
often employed manufacturing processes for those that  require a high degree 
of dimensional accuracy or surface smoothness.    Material removal processes 
often are used as direct substitutes for the other forming procedures (such 
as casting and material deformation) because cooling requirements are mini- 
mized.    The design criteria for this selection Include cost,  ease of the 
forming operation, and the suitability of the procedure to produce a pro- 
duct that Is environmentally insensitive. 

A convenient categorization of the machining processes may be made on the 
basis of the operational procedures involved,  the amount of material removed, 
and its effect on the finished surface. 

1. Milling and turning operations include lathe-work,   planning,  shaping, 
saving,   filing,  bobbing,  shaving,  spotfacing,  and all the milling and routing 
procedures.    Chip removal and machinabillty of the material are major con- 
siderations in the application of these processes.    In general,  a relatively 
large amount of material is removed by these machining operations,  and sur- 
face finishes vary from quite rough for coarse planning work to very fine 
for slow-feed milling and turning operations.    A major consideration in 
production milling and turning Is the influence of material properties on 
tool life. 

2. Hole preparation involves a modest amount of material  removal,  a wide 
range of surface finishes,  and is subject to the same considerations of 
machinabillty,   chip removal,  and tool wear as the milling operations.    This 
category includes drilling,   reaming, boring,  counterboring,  tapping,  and 
spotfacing  (virtually a milling operation). 

3. Surfacing or sizing operations are cuaracterized by generally small 
amounts of material removal and a relatively fine surface finish.    The 
degree of cold work acccoplished by the surfacing procedures are usually 
beneficial to the member under fatigue service conditions.    The surfacing 
category includes grinding, burnishing, broaching, honing,  lapping,  sizing, 
ballizing,  buffing and polishing. 

k.     Material  removal by exotic  or unusual processes  is becoming increasingly 
important in the fabrication of large structures.    They are characterized 
by small cutting forces,  or no contact by conventional cuttinr; tool,  and are 
used extensively on brittle materials,   curved surfaces,  and unusually thin 
or complex shapes.    These operations include chemical milling,  ultransonic 
machining, electro-discharge and electro-chemical milling,  and cutting and 
welding by electron and  laser beams. 

Most metals,  alloys and structural materials  can be machined by  soce or all 
of the  preceding operations.     Some materials are machined with ease,  and 
others with great difficulty.    The material characteristic which reflects 
this facility is machinabillty,   or the ease of material  removal.    This term 
implies that the forces acting against the cutting tool will be relatively 
low,   that the chips will come away free the cuttl*^ surface easily and will 
be broken up,  and that the desired surface finish ■ 11'.  result. 
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The basic material  properties desirable  in machining are,   in many cases, 
the opposite of those desired for normal serviceability.    For ex^-nple: 
softness allowing easy cutability  is often desirable,  and reactivity where 
the new  surface oxidizes rapidly minimizes galling,  cold welding,  and  tool 
buiJd-up. 

FACTORS AFFECTING MACHINABILITY OF METALS 

Factors That Factors That                         I 
Increase Machinability Decrease Machinability           ' 

Structure Unifjrm mlcrostructure Nonunlformlty 
Small,  undistorted grains Presence of abrasive               \ 

inclusion 
Spheroidal structure in high- Large,  distorted grains         | 

carbon steels 
Lamellar structure  in low- Spheroid 1 low- and 

and medium-carbon steels mediae-carbon steels 
lAmellar higb-carbon steels 

Treatment Hot working of alloys that are Hot working of low-carbon 
hard,  such as medium- and steels 
high-carbon steels 

Cold working of low-carbon Cold working of higber- 
steels carbon steels 

Annealing,  normalizing. Quenching 
tempering 

Composition Small amounts of lead-man- Carbon content below 0.30^ 
ganese,  sulfur,  phosphorus or above C.öO^                         j 

Absence of abrasive Inclusions High alloy content in 
such as Al^C.^ steels                                            l 

MACHINING:     Material removal or machining is the most widely used forming 
process because of accuracy and control. 
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STRUCTUBAL FORMING BY MATERIAL DEFORMATION 

Forming operations by material deformation is a chlpless  process Involving the plastic 
(permanent) movement of material to accomplish the desired enc-shape.  

Forming techniques which employ the process of material deformation to 
accompllBh structural shapes may generally be characterized as chlpless.    As 
one old machining buff put  It,   "it's easier to move  it than remove it." 
Often,  It is also better from the standpoint of surface strength,  toughness 
and hence fatigue strength,  to do work on the material in forming it,   par- 
ticularly at lower temperatures. 

Forming procedures are accomplished either hot or cold.    Hot fonnirig is 
plastic deformation which is done ^f..orally above the material's recrystalli- 
zation temperature,  and usually in a temperature  range where the material 
is more plastic.    Cold work which increases hardness,   strength,  and resil- 
ience, but lowers ductility,  1B a plastic deformation occurring at room 
temperature. 

Hot  forming procedures are typified by the forging and extruding operations. 
Forging is the process of squeezing,  hammering or otherwise plastically 
deforming a material  into a desired shape with generally good mechanical 
properties.    The material may be In the  form of a billet,   ingot, bar,   or 
powder-metal shape.     Virtually all ductile materials may be  forged.    Forgings 
usually exhibit strongly directional characteristics,  a fact that may be used 
to advantage in certain situations. 

Extruding is the process  of forcing a hot material through a die openir.c? 
to form a shape having the geometry of the die like toothpaste squeezed out 
of a tube.    Tooling  costs may be high for an extruded shape,  but quantity 
runs are highly feasible.    Most of the ductile structural materials can be 
extruded, although the higher melting point alloys are the most difficult. 
Extrusion sizes  (cross-sectionally) are limited by the extruding machine 
capacity,  usually about 6" in diameter.    The length of the extrusion is 
determined by the volume of material that may be acccnmodated In front of 
the ram,  and is usually large with respect to the net diameter. 

Drawing,   cold extruding,   impact extruding,  and  cold  forging are examples 
of processes commonly applied to form deep-drawn,   container type geometries. 
The work is accomplished cold,  such that the material mechanical properties 
are improved.    Resultant  surface finishes and dimensional tolerances are 
generally good,  and  shapes may be produced without draft  relief. 

Cold heading is the  process of upsetting a shape  on a material blank,   usually 
Itirger in diameter than the shaft  (like a head  on a nail).    Most of the 
structvral materials  that can be cold-worked without  tearing may be  cold- 
headed , 

Stamping is a forming operation that is usually  limited  to sheet  or coin  type 
material shapes.    This process includes the operations of shearing,   punching, 
piercing,   coining, many forming procedures,   drawing,   ironing and striking. 
Most structural materials may be stamped,   if tney have sufficient ductility 
and may be plastically formed without tearing. 
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Metal  spinning,  deep drawing,   ano  roil  forming are example of  forming 
procedures that are capable of producing relatively thin walled str\.jtureB, 
that exhibit good surface fatigue strength.    Most of the ductile materials 
may be formed by these processes,  and many complex or nulti-operation form- 
ing steps are possible. 

Some of the newer innovations  in the forming field Anclude:    high energy 
forming (HERr) procedures which supply the deforming energy by controlled 
explosion or similar source;   magnetic forming where high energy magnetic 
impulses act as the deforming force;  and cold rolling operations used to 
finish threads,  gears,  and other highly stressed parts subjected to 
repeated loading. 

t 

1                                    RELATIVE FORGEABILITY  INDEX OF METALS 

'                         Material Index 

1                     Low-Carbon Steel 1.0 
i                     Brass 

j                     Medium-Carbon Steel i.i                   ! 
i                     Copper 
!                      Ductile Titanium Alloys 
i                     Lower Alloys of Cr-Ni- Mo 
1                      High-Carbon Steel 1'L 

1                      6o6l Aluminum 
1                      Higher Alloys  of  Cr-Nj -Mo 1.3 
1                       Hy Tuf 
,                      AMS 64ö7,  AMS 6427 

1.5 
UOC Series Stainless 
2014 Aluminum 

|                      Most Magnesium Alloys 
i                     3CC Series Stainless 

Tricent 
VaseoJet 1000 1.75 
Ihemold J 
7(^5,   7079 Aluminum 
17-4 PH.   17-7   PH 

I                       AM 35C,   AM 355 
£ • 0                              i 

i                       A-286 
Discaloy 
Stainless W,   X s 
16-25-6 
19-9-DL 
N-155 3.0                            '' 
Hastelloy C 
Molybdenum 
Udimet 500 
Inco 70C,   71a 

3.5 
Rene kl 
M-252 
Waspaloy 
Tough Titanium Alloys 
Columblum 
Tungsten 5.0                           i 

♦Higher index numbers indicate less forgeability.                            ! 

FORGING:    Forging is the most widely used metntid of forming by material 
deformation.    Some materials are inherently more forgeable than others. 
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HEAT TREATMENT: A MATERIAL PROCESS TO IMPROVE MECHANICAL PROPERI'IES 

A knowledge of the mechani sms a nd results of he camnon heat trea tment processes is 
an important des1,sn skill. 

Heat t reatment of metals a nd a lloys is employed to a ccanplish a varie y of 
objec ives. It ma;t be sed to increase me chanical strength, relieve res d 
stress es, impr ove f abricatio properties, to reduce electrical resis iv1 y 
or increase permeability a nd magnetic prope rties . Conversely, the process 
may be employed to aoften metals for machining or increase elec rical 
res is nee where needed. 

The mos c 011111on use of heat trea t ment is to i.mprove the ~chani ca! properties 
of a n alloy. Tbe usual heat t reatment sed to strengthen steels consists 
of hardening a nd t empe:::-ing . Hardening is a ccanplisbed by first hea ting he 
a lloy to above 1 ts crit cal temperature which causes a phase transfonnation 

o a ustenite. Subsequent rapid cooling (quenching ) prod ces a hard bri tle 
s rue re known as martens! te which has high internal stresses . By heating 
a moderately elevated temperatures, this s ructure is empered (drawn ) to 
a more ducti le , tough, condition while retaining mos of its tensile strength 
and hardness . By varying the t emperi emperature 1 a spectrum of mechanica l 
pr opert es can be obtained . The range of s reng hs obtainable by he quench 
and emper process is directly related be type a nd amoun of a lloying 
elements prese n in the materia l . 

Ano her well known beat t reatment proce.ss used to improve mechanical prc­
perties in certa in structural alloys is prel!ipi tatio hardening . This 
process is sed on the a l uminum, magnesium, titaneium, a n.d nickel a lloys, 
beryllium capper, and s ane steels. The mat erial is firs hea ed to an ele -

ted t emperature, where the constituents are dissolved into solid sol ion 
and quenched rapidly to roan t emperature. This t reatment leaves a micro­
struc \lre hat is s omewhat unstable s ince some of the constituen s were 
retard ' f ran precipitating during the rapid quench . As he cons itueots 
precipitat e 'lt'ith time, or are artifici a lly aged at modeMte tem~rature , 

the alloy properties are improved . A degree of cold work is often canbined 
with his hea t reatment .o develop optiwum mechanica l properties in the 
alloy. Some a lloys harden by a canbioation of martensitic a nd precipita tion 
mechanis s . 

Parts icb have been s everely formed, welded, b razed , or machined may con­
tal i n ernal stresses lo!hich can impair the ir usefulness . These stresses 
are minimized by subsequent hea t reatment, can be reduceG by stress reliev-
i lower tem ratures, O!" can be mechanic a lly a ligned by such work pro-

as stre hing. 

Various hea reatmen s are aed rt h different alloys to improve their 
machining properties. Sol tio beat treatment and a nnealing are used to 
facilitate for.ning, both as a pre reatment a nd, if necessary, as a n inter ­
mediate process be we formi operations. 

A nowledge of the various hea t reatment mecllanisms is useful to the de­
signer in specif,fing a hea t reatment to achieve a desi red result . In 
s eels 1 a convenient method of classifying hese procedr res may be made by 
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r. 
process is one that escapes the knee of the s-shaped transformation diagram, 
resulting In a modified martensltlc mlcroetructure.    T^ie slower cooling 
rate  causes a more orderly transformation of mlcroetructure, and generally 
results In a softer material.    Higher hardenabllity resultn when the  knee of 
the  transformation curve  is  moved  to the right,   generally because of  the add- 
ition of certain alloying elements. 

^ 

*> 

Tranaformntlon 
Start 

0 
Temperature 

Aus tenlte 
Range 

Complete 

Normalize 

Aus temper 
or 

Mantemper 

Martenalte 
 »ai 

rfater 
Quench Time o 

HEAT THEA3GMT:     The  "S" shaped tlme-teraperature transfornation piot Is 
a helpful device for understanding the cooling products of steel alloys. 
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Section 5 - Manufacturing Processes and Procedures 

SURFACE IIARIERIKi TECHNI~ 

A aigniticant improvement in the strength, wear resistance, and environment a l insula­
tion -.y be acc~plished by judicious application of surf'ace bardeni!lt!j procedures. 

Tbere are numerous eiTecti ve surface hardening t echni ques available to the 
structural designer, ra~ing from local quench hardening procedures to 
surface strain hardening by cold work. Act ually, many of the lat ing a nd 
chemical finishing processes discussed i n the following section provide a 
measure of surface hardening effect a long with environmental protection. 
Similarly, the surface hardening techniques discussed here a lso provide a 
measure of environmental protection to canplement the strengthening and wear 
resistance improvement imparted to the mat erial surface . This is part icu­
larly true of the cold finishing procedures . 

A widely used l ocal hardening technique ie r.he flame hardening process , 
which takes advantage of the inherent ha rdenability of t he base material . 
No additiooal a lloying elements are imparted into the surface, as i n othe r 
processes. 'llle local area is flame heat e d a nd que nched to obtain a marten­
si tic microstructure. Hardened de pths up to l /4 inch a re possible by the 
technique, depending upon heating capability a nd material haracter istics. 
Tbis loca.l hardening process is most effective on large structures or mem­
bers where general heating is impractical. 

Ca.rburizing is the process by which carbon is i ntroduced in o the surface 
of a ferrous material while the metal is heated i n the presence of a car­
bonaceoua material, either solid, liquid, or gas. The time of exposure a t 
this elevated tempera tu.re determines the depth to which the penetra ion 
occurs. The carburizing process is usually followed by quench a nd t empe r to 
a ttain the desired strength level i n the case. Carburizing grade s t eels are 
usually l ov enough i n bardenability that he core materia l is una fect ed by 
this process. Care must be taken in the carburizing procedures o minimize 
grain g rowth due to prolonged soaking a t relatively high temperatu res . 

Although generally limited to shallow case hardened depths, cases up t o . 020 
inch are possible by cyaciding and carbonitriding processes . The ca ses, which 
contain both nitrogen a nd carbon, are produced in solid cyanide sal ts, 
liquid baths, or gas a tmospheres. The exposure temperatures are generally 
lover than those for the carburizing process , which, coupled with a shorter 
exposure time, results in a thinner case with l ess distortion . The extreme 
hardness in these thin ~ses is obtained by subsequent quench from elevated 
temperature followed by a t emper a t lower temperature. 

Nitriding i s a method of casehardening stee ls by treating the surfaces with 
a nit rogenous material, such as 81111110nia. Nitrides are f ol'!lled near the 
surface of the s t eels, which possess high inherent hardness; no following 
quench of the material i s required to dev-elop the desired surface characte r ­
istics but a q ench may be desirable to develop maximum properties i n the 
core . Nitriding temperatures in the range of 10000p are CCIIIDOn (although 
higher temperatures may be used ) a nd exposures range up to 100 nours. Nit ­
riding produces a white layer of mat erial that must be removed before the 
member is put i n service . Fatigue strength is generally improved by nitrid­
ing, as is corrosioo resistance i n certain stEels. A notable exception is the 
stai ess steel group of a lloys. 
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Strain hardeni by cold ~ork i s a n effective me hod of i mproving loca l 
hardness in s sceptible ma erials , pa icularly a fter he member is formed 
a nd no other hea reat me nt ca n be olem ed . 1' rnishi ng, rolling, buffing, 
honi ng, lappi , a nd polishing are he lpful in s reng he ning a n area i n the 
regio of a discon in i y, a s well a s red c ing he effec of loca l surface 

l emishes . 

Case 
Deph 

( in ) 

. 050 -+--- -

Time 
(Hours ) 

c F 

CARBURIZING: 'Ihe introduction of carbon into the surface o ferrous 
alloys foll~ed by beat treatment is a common surface bardeni 
technique . 'Ihe case depth depeoos upon exposure time and carburizing 
temperature . 
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Section 5 - Manufac uring Processes ani Procedures 

PLATIOO AND CHEMICAL FINISHIB:; 

A significant improvement in the e nvi ronmental resistance a nd mechanical proper ies of 
the surfaces of engineering ma erials may be accaoplished w1 h proper pla 1 a nd 
chemical finishing techniques . 

Plating a nd chemical finishes on metals car, be used to e many engineering 
design requiremen s. The mos frequen api>l.i cations of these processes are 
the improvemen cf: 

• Corrosion protection, 
• Electrical properties, 
• Mechanical properties, ani 
• Appearance . 

One of he most commo uses for finishes is corrosio protection . There are 
o broad categories of plating systems for corrosion protection . The firs 

involves the use of a less noble {a nodic ) metal which is plated on a more 
noble cathodic base metal. The plating will corrode preferentially o pro­

c the base metal, a nd 'Where bin scratches or imperfec ions occur i n the 
pla i ng, he base metal will be protected until the plat ing metal becanes 
depleted in hese immed~a e areas. 

A second type of plating pro ec ion involves the se of pla ings which are 
more noble ban he base meta l 'Which is o be protected. Since the base 
metal is less noble ban the pla i , i will corrode if exposed.: hus, it 
is necessary for the pla ing t o ue as f ree of pinholes as possible. However, 
pi ti of he base metal will event ually occur in the sites of sera ches 
a nd unavoidable porosi y . 

Chemical finishes of either the a norlic or conversion type can also be used 
to provide corrosion protection . They are f requently used because they serve 
as a good base for paint and because their ightness slows the corrosion 
processes . Chraaate coatings offer protection for aluminum, magnesium, 
cadmium and zinc . Stainless steels are genenllly p!'lssi vated ( oxidized ) . 
Alloy steels are oxide or phoslilat"'! treated. 

Platings offer a conductive surface as well as corrosion protection and in 
sane cases {such as silver, gold, and copper pla ing } may be more conduc ive 
than the base metals. Both plati a nd anodic finishes may provide a hard, 
wear and abras ic::: res.:.stan coating . 

Other pla 1. s, s ch as rhodi , are ed as gall-resistant 
surfaces . Porous pla 
may improve solderlng 

min e oi pockets . Other pla ings 

Metal platings do not remove scratches a nd surface de1'ec 
electroplates generally magnify these surface de fec s . 
must be given to the removal of surface blemishes by b 
before final plating . 

I rae , 
s considers 1 o 

is ! ng or buffing 

Organic finishes, like plating and chemical finishing, are used o equipnent 
s ruct re to enhance appearance and corrosion resistance . Organic finishes 
may be divided in o categories by type or purpose . These processes include 
primers , epoxies, enamel s , lacquers, and special fini shes. 
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Primers are used as a pretreatment coating to provide better adhesion of the 
final coating,  as well as additional corrosion resistance.    They often react 
with the substrate.    Epoxy paints can provide a good combination of wear 
and abrasion resistance combined with excellent  corrosion resistance as 
they do not  require the evaporation of a carrier but harden merely by reac- 
tion.    The use of epoxles,  however,   Is Justified only where their protective 
qualities are essential due to the high material cost. 

Enamels and lacquers are generally used as decorative finishes,  although they 
may provide a good  resistance to moderate environments.    Enamels and lacquers 
are not as resistant to harsh environments and abrasion as the epoxy mater- 
ials . 

Some of the special  finishes of note are decorative  (such as black wrinkle 
and epoxy splash),  but many are functional as well.    Proper manipulation    of 
these finishes  car.  provide a range of conductivity,   reflectivity,     thermal 
control,  and gcod environmental resistance. 

CATHODIC (Most Noble) 

Platinum 
Gold 
Rhodium 
Silver 

300 Series CRES (18-8) 
Titanium 
Chromium 
Copper-Nickel Alloys 
Nickel and Alloys 
Silver Solder 
Copper and Alloys 
kOC Series CRES   (12 percent Cr) 
Tin 
Lead 
Lead-Tin Solder 

Iron and Steel 
Aluminum Alloys   (Over 2 percent Copper) 
Cadmium 
Aluminum Alloys (Low or no Copper) 

Zinc 

Magnesium and Alloys 

ANODIC (Least Noble) 

THE CiALVANIC SERIES: Base metals are subject to galvanic corrosion by an 
excnange of ions.  Metals widely separated on the galvanic scale are most 
susceptible and must be protected from one another by plating or coating. 
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POTT11IG AHD ENCAPSUIATION 

Electronic equlpnent elenente are often encased In non-metallic materials to provide 
electrical insulation, Btress protection, and environmental iBOIatioo. 

There are many processeB by which magnetic and electronic canponents may be 
encased in plastic or elastcneric resins for electrical insulation and pro- 
tection from envirormental conditions and mechanical dambge. The following 
deiinitions will help in dlBtinguishing among the many similar processes. 

Qnbednent: A process by which circuit ccmponents are 
encased in a dielectric material.    It  1-c: *!•« 
both potting and encapsulation. 

Potting: An embedment process in which the coctainer 
(can) used in embedment remains as part of the 
completed assembly. 

Encapsulation; An embedment process in which the resin is cast 
In removable molds. 

Impregnation: A process by which the assemblies are filled with 
resin,  usually by means of a vacuum-pressure 
cycle. 

Casting, Molding:        Processes by which plastic parts are formed in a 
mold from a liquid,   powder,  or granulated resin. 

Conformal Coating:      A thick coating which generally follows the con- 
toure of the assembly, providing resistance to 
mechanical shock and environmental conditions. 

The selection of embedment process is usually dependent on anticipated 
service environaent.    Temperature, humidity, vacuum, thermal shock, and 
corrosive chemicals and solvents can all have serious effects aa components 
and encapsulating resins.    Electricad requirements include dielectric 
strength,  dielectric constant,  insulation resiBtance,  loss factor, and 
corona suppression.    Mechanical requirements might be impact resistance, 
flexibility or rigidity, weight,  and strength.    Shrinkage of resins during 
cure can cause mechanical stresses in components and connections.    In many 
cases,   shrinkage can cause microcracks requiring secondary impregnation to 
create an effective seal. 

Tooling is aa especially important consideration in the design of encapsu- 
lating assemblies and the selection of appropriate processes.     In design- 
ing for potting or encapsulation, at least 0.050 inch of resin should cover 
the components,  connections and other surfaces near the   'xterior of the 
completed assembly.    Eutectic metal slush molds are useJ  when up to 75 
pieces are to be encapsulated.    Vacuum-formed molds are used for up to 125 
pieces.    Silicone rubber molds may be used instead of the vacuum formed type, 
but they are short-lived and not as reliable dimensionally. 

Resins used in these processes include epoxles,  silicones,   polyamides,  poly- 
sulfides,  polyethylenes and poljnrethanes.    The thermal,   mechanical,  and elec- 
trical properties can be controlled and adjusted by the use r*' various   fillers, 4 v 
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Properties Required: Excellent electrical resistance In low to medium     i 
frequencies. High strength and Impact properties, good fatigue resistance,  } 
and heat resistance. Cksod dimensional stability at tlevated temperatures. 
Suitable Plastics: Allyllcs, alkyds, amlnos, epoxies, phenoll^s, poly- 
cgu"bonates, polyesters, and slllcones. 
Other Suitable Materials: Ceramics and glass. 

1   Consider Plastics When: 1. Shock loadings are high. 2. Mlnimuin weight    | 
is important. 3. Dimensional accuracy must be close, h.    Complex        j 

|   Integral conductor-insulator parts are needed (printed circuitry and 
slip-ring assemblies).                                            1 

1   Consider Other Materials When: 1. Extreme temperatures are encountered. 
j   2. Compresslve loadings are high.                                  | 
j!   Property Sunoary: Polycarbonates for transparent parts requiring high     ij 
1   impact strength. Cast epoxies for encapsulating electric or electronic     | 
j   assemblies for maximum environmental resistance. Molded epoxies for uses   i 

which require dimensional stability over wide temperature ranges. Mela-    j 
\         mines for hardness. Slllcones for high heat resistance. Amlnos for low    | 
j   cost. Phenolic laminates for punched, stamped parts. 

1 c 
"S^ Impact Flexural 1 Dielectric 

Lg^ .Strength Strength Strength 
3 

0) O (ft-lb/in 1 (1000 1 (v per 
of notch) Hz) mil) 

0) cd i         OS 
at 0)     V Ol  Ü i)            o 
00^—. 

R
an

g 

T
y
p
i 

5   B Remarks                j 
^.5 3 10 375 Dielectric properties little    i 

Allyllcs to to .. to 20 to 350 affected by moisture; has excel- 
22 6 20 400 lent dimensional stability.      j 

3 0.3 7 10 300 Excellent dimensional accuracy and 
Alkyds to to 2.5 to to [ to 350 uniform, low shrinkage during 

U.5 12 17 15 350 cure.                       j 

1 0.3 10 320 Hard scratch-resistant surfaces; 
Amlnos to to   7 to Ik to 360 retains whiteness.             | 

3 12 23 '430 
1 

z.h 0.4   8 12 20 Outstanding adhesion to metallics 
Epoxies to to  to to to 375 or nonmetallics, excellent chemi- 

5 30  15 6o 26 cal resistance, low shrinkage 
1 rate In encapsulation. 

1.5 0.3 10 Available in casting or molding 
Phenolics to to Z.k to 300 compounds. 

3 27 kb 

2  12 11 koc 
Poly- k.5 to  to to 12 to U10 Transparent.                 1 
carbonates 16  16 13 kkc 

0.9 1.5 6 13 345       Available in rigid or flexible 
Polyesters to to to to to  ..   forms, readily colorable, trans- 

3.2 2k 25 20 420 parent to radio waves of radar 
frequency.                    S 

13 0.3 •j 350       Retains strength and electrical  j 
Slllcones to to 6.5 to 12 to 350 , properties after prolonged      1 

25 10 18 40C     | exposure to heat.             ' 

t POTTING MATERIALS: The table 
common encapsulating material 
elements. (31) 

illustrates the physical properties of the 
for application in electro-structural 
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Sfction 6 - Appendix 

GLOSSARY 

Strength - The measure of a material's ability to resist load without 
rupture, collapse, or undue distortion. 

Stress - The application of load to a member caused by the intensity of 
the internal resisting force. 

Strain - A dtmenßional change produced by stress. Hooke's law states 
that stress is proportional to strain (within the proportional limit). 

Proporti5nal Limit - The stress above which Hooke's law ceaseu to apply. 

Modulus of Elasticity - Ihe ratio of stress to accompanying strain 
provided the stress does not exceed the elastic limit. 

Stiffness - The property measured by the modulus of elasticity.  Stiffness 
implies high resistance to elastic deformation. 

Elasticity - The property of recovering original shape and linensions 
upon removal of a deforming force. 

Plasticity - The  property of being permanently deformed without rupture. 

Ductil,ty — T^' property of undergoing considerable permanent deformation 
when testec in tension. This property is correlated with ability to 
be drawn into wire. Ductility is measured by percent elongation and 
percent reduction of area from the tensile test. 

Malleability - Ihe measure of a material's ability to be hammered into 
sheets. 

Toughness - Ihe property of requiring a large amount of work (force x 
distance) to produce rupture. Tough materials have high strength 
combined with high ductility. Toughness is proportional to the area 
under the stress strain diagram. 

Brittleness - The property of requiring a small amount of work to produce 
rupture. Brittle materials may have high tensile strength but always 
have low ductility. 

Resilience - The ability to store and release energy upon application and 
remcval of a load by deformation within the elastic range. 

Modulus of Resilience - The amount of energy absorbed when one cubic inch 
of material is stressed to its elastic limit. The modulus of resilient 
is proportional to the area under the elastic portion of the stress- 
strain diagram. Materials having a high modulus of resilience are 
capable of undergoing high impact without permanent injury. 

Ultimate Strength or Tensile Strength - The maximum stress exerted in the 
tensile test. The stress is computed on the basis of the original 
cross sectional area of the tensile specimen and is expressed in force 
per unit area transverse to a uniaxlal load. 

Hardness — A complex, non-linear, non-dimensional measure of the resistance 
to permanent deformation by indentation. 
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Elastic Limit - The greatest stress which a material is capable of with- 
standing without permanent defcraation upon release of stress. 

Yield Point - The stress at which there is a marked increase in strain 
with no further increase in stress. At, the yie] 1 point the stress- 
strain curve becomes horizontal or drops.  (Generally applied to 
ferrous metals, ) 

Yield Strength - The stress at which a material exhibits a specified 
permanent set. This stress is determined by drawing a line parallel 
to the elastic portion of the stress-strain curve and passing through 
the point or. the strain axis marking the specified set, usually 0,2$ 
elongation. The stress given by the point of intersection of this 
line with the stress-strain curve is the yield strength. (Generally 
applied to non-ferrous metals.1 

3reep - A continuing change in the deformation or deflection of a stressed 
member. Creep of metals is the growing deformation under continuous 
load. Ordinary plastic deformation requires a constantly increased 
stress if it is to be com.inuous. The flow occurring in creep will 
continue Indefinitely at constant stress. The rate at which creep 
occurs depends on load and temperature. Creep can occur at a given 
temperature at loads less than the proportional limit of the petal as 
determined at the given temperature. The creep resistance of materials 
is expressed in terms of their "creep limits". 

Creep Limit - The maximum stress to which a material may be subjected 
without having the inelastic deformation exceed a specified amovvnt 
after a specified time at a specified temperature. 

Fatigue - Progressive fracture of a member by means of a crack which 
spreads under repeated cycles of stress. Resistance to fatigue Is 
often expressed in terms of "endurance limit", but this term pertains 
to a specific test generally. 

Endurance Limit - The maximuir. stress to which a material may be subjected 
many millions of times without failure. Ten million cycles without 
failure Is generally regarded as indicating a stress below the endurance 
limit for steel. 

Endurance Ratio - The ratio of endurance limit to ultimate strength. For 
nost ferrous materials this value lies between ,h  to .6. 

Recrystallization Temperature - The temperature at which a work hardened 
metal will be restored to its soft condition as a result of a 
recrystallizatlon which does not involve a phase change. 

Cold Work - Plastic deformation of a metal at a temperature below the 
recrystallizatlon temperature. 

Hot Working - Plastic deformation performed at a temperature above the 
recrystallizatlon temperature. 
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Auneal.in,g - Originall.y a term implying hetiting to some elevated temper­
ature, holding, and slow cooling to put the metal in a soft condition. 
At present the term has several meanings as defined below. 

Anneal1n,g (Folloving Cold Work) - '!he heating of cold worked metal to a 
temperature above its recrysta111zation temperature, holding at temper­
ature, and cooling as desired. '!he purpose of this treatment 1s the 
softening of strain hardened metal and the restoration of ductility 
and fonaabili ty. 

Process Annealing - Heating of cold worked, low carbon steel to l000°F -
12506 F, holding, and cooling as desired. '!he purpose of thls treat.­
ment is to produce softening by recrystallization of the ferrite. 

Full Annealing -Heating of steel to above its critical range, holding 
and slow cooling. 

Cycle Annealing - Heat treatment in which steel is quenched fran the 
austenitic range in molten salt at a temperature between l000°F, and 
the lover critical, and held at temperature to bring about .tsotherml 
transfOnBtion to a microstructure which contains pearlite. 

Normalizing - Heating steel t o approximately l00°F above the upper 
critical, holding, and cooling in still air. 'lbe microstructure 
produced by this treatment in any given steel is dependent on section 
size. 

Temrcring - Reheating a quenched steel to a temperature in the range of 
006 F to 1300°F, holding am cooling as desired. 

Drawing - Tenn used synonymously with tempering. 

S£heroidiz1ng - A heat treatment for steel in which the steel is held 
very close to the lower critical temperature for a time sufficient to 
prod ce a microstructure consisting of globular particles of cementite 
in a uatrix of ferrite, followed by cooling as desired. 

Austempering - Hee.t treatment i n which steel is quenched fran the 
austenitic region in a s t bath at a temperature in the range of 

oo• - l000°F, followed by holding at constant temperature for a time 
sufficient -c.o transfonn the austenite to the dark-etching acicular 
structure, Ba1n1 t e . 

Martens! te - '!he microstructure in steel produced by cooling from the 
ustenitic comi .ion at a rate exceeding a certain critical rate. 

When viewed umer the micr oscrope n:artensi te appears ae a mass of 
needle-like crystals tn a light etching backgroum. Martensite is the 
hardest and 8tronges s rue !..lre which can be developed in a g1 ven 
steel, the actual hardness being depement on the carbon content of 
the steel. 

Tempered Martensite - '!he microstructure produced by heating martensite tc 
an ntermediate temperature range. Martensite is hard and strong, bu 
is brittle . Reheating martens! te ( tempering or drawing ) l owers the 
ha.~ess, strength, am elastic limit but raises the ducti-ity and 
toughness. 
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Solution - A state of matter defined by the foll ing characteristics: 

l) no definite proportion by weight 
2) homogeneity 
3) no settling or separation on standing . 

Steel - An alloy of iron and carbon containing less than 1 . 1;, carbon, and 
-produced by casting from the liquid state into an ingot which is 

mallecble. 

Martempering - Heat treatment in which steel is quenched rom above the 
critical range in a salt bath at approximately 4S0°F, and held a tem­
perature for a period insufficient to transform the austeni e, but 
sufficient to equalize the temperature in the steel, followed by 
cooling as desired to room temperature . The microstructure produced 
by this treatment is martensite . 

Hardenabili~ - The property which de ermines the depth to which a steel 
will transform to martensite whe uenched. from the austeni ic con­
dition . An inverse relationship exists between the hardenability of a 
steel and its critical cooling rate . S eels high in hardena ili ty have 
low critical cooling rates, and as a r es t have a deep penetration of 
the effe~t of quenching . 

Inherently Coarse Grained Steel -A steel in which the a stenite grains 
undergo an appreciable increase n size as the temperature is raised 
from the upper critical to l700°F . Steel of this type will show an 
A.S.T.M. grain size in the range of l to 5 when subjected to the 
McQuaid Ehn test . 

Inherent1y Fine Grained Steel - A steel in which the austenite grains do 
not coarsen appreciably as the temperature is raised from the upper 
critical to l700°F . Inherently fine grained steels ill show an 
A. S . T. M. grain size of 5 - 8 when subjected to the cQuaid Ehn test . 
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VOLUME III 

Advantages Limitations 

Sand casting 

Shell-mold 
casting 

Plaster-mold 
casting 

Almost any metal can be  ased; 
almost no limit  on size and 
shape of part;   extreme com- 
plexity possible;  low tool 
cost;  most direct route from 
pattern to mold 

Rapid production rate;  high 
dimensional accuracy; 
smoother surfaces;  uniform 
grain structure;  minimized 
finishing operations 

High dimensional accuracy; 
smooth surfaces;  almost un- 
limited intricacy;   low por- 
osity;   plaster mold is 
easily machined if changes 
are  needed 

Some machining always 
necessary;   castings have 
rough surfaces;  close tol- 
erance difficult tc 
achieve;   long thin projec- 
tions not practical;  some 
alloys develop defects 

Some metals cannot be cast; 
requires expensive pat- 
terns,   equipment,  and resir. 
binder;   size of part 
limited 

Limited to nonferrous 
metals and relatively 
small parts;  mold-making 
time  is relatively long 

Investment 
casting 

Permanent-mold 
casting 

Die casting 

Centrifugal 
and centri- 
fuge casting 

High dlmenßional accuracy; 
excellent surface finish; 
almost unlimited intricacy; 
almost any metal can be used 

Good surface finish and grain 
structure; high dimensional 
accuracy; repeated use of 
molds (up to 25,000 times); 
rapid p-oduction rate; low 
scrap loss; low porosity 

Extremely smooth surfaces; 
excellent dimensional accur- 
acy; rapid production 

Centrifugal force helps fili 
mold completely. Gases and 
impurities are concentrated 
nearest center of rotation. 
Solid good outer surface, 
gates and risers can be 
kept to a minimum. 

Size of part limited; 
requires expensive patterns 
and molds; high labor 
costs 

High Initial mold costs; 
shape size and intricacy 
limited; hlgh-nelting- 
point metals such as steel 
unsuitable 

High initial die costs; 
limited to nonferrous 
metals; size of part 
limitea 

Alloys of separable com- 
pounds may not be evenly 
distributed. Castings 
must be symmetrical. 
Centrifuge - generally 
limited to small intricate 
castings. 
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VOUJm m - CIIAPl'IR 10 
8ect1or. 6 - Appeldlx 

DltAWING CALLOtrr 

1ALLOY coo ANOIPI:C 

1001-11*1 C1!.M 
QQ-s-- CR.s 

liRAJI 

AfU 
QQ..S-141 

FS-1045 
QQ-5...,5 

lOIS A 
IIIL-S-1M1 H 

4110 A 
MIL-1-11121 

A 

11-T-5 ll 

litiS·-·- A 
H 
H 
H 
H 

f'OfUI 

ar.p 
Jllip -
Pill* 

Plllf 

z_ , 

1 2 S~oeet 

Pille 

All 
All -· -· Plate 
Plate 

SPICIACA T10N INfOIIMA TION 

MDI TENSU.£ PROPERTIIS 
Z£ 

ULT!JIATE YIILD ~ELOfiG ""c'W.:E, 
PSI PSI Dl 2 IN. 

SI , OOO 32 , 000 24 All 

S, 4 0 000 AU 
422o:ooo AU 

3as,ooo AU 
ts , OOO 15,000 10 .... to 0. 012 
ts ,OOO 15,000 12 0. 013-0. 125 

,:::= 15, 000 IS 0. IJt-0. 111 
AU 

110,000 10, 000 n O. lll-0. 24t 
110, 000 10, 000 •• 0. 150-0. 149 
10,000 10, 000 20 0. TS0-1 . 500 

S1 '•se ooo 
uJau:ooo 

~ro:Ooo I 240, 000 ·-· u 210, 000 ~0, 000 1-4 
I 240, 000 10, 000 4 
I 210, 000 127o. ooo ' · 5 

1AlloJ can-Is ..,._rc:w deolp&Joa, - pec:ifleat.loa ca110111. 

2 0o1a for olllliet opplieo ~y IO otrip. 

'-......... 

l STHL SHHT AND PLATE 

APPUCATIO S 

LOW CAJUIOIN STU:L. t-
etrft1tb wltll fair to aood 
dlodillly for Nld form••· Fai•· 
macll.-ucy. IIIIUII!Ie for weld-
... or bruiCf. ~ fiAiall 
(No. 3 for , for • 1 

LOW CARBON STEEL. An liable 
In Ty .. 0 , ClaM I , for we-
11ruc:1vreo. Medium llractb and 
&ood weldabUIIy. 

MEDIUM CARBO~.STEEL. 
Com-Ilion (FS-1045) m- be 
opocUied. FUrnlobed In u roUed 
cood~ - tlnlob. -rale 
II,....UO. 
Weldable. 

Goodmacblublll 

HJGII CARBOI'I STEEL. Uoed 
prUJCi&ai.IJ lor oprln&•· u form in& 
io r~nd. _.,11y c:oodillon A 
aDd - tr- after form in&. 

CHROM£-MOLYBDEMUN ALLOY 
STEEL. Uoodwlllllre-
,,__ .. -lnd to pt ~ 
II....,..U.-~111 r -
IIIIIIJ tlllck ...,._, Good 
mac:hlllablllty . C• be we- wltll _, ... .,._._. 
MARAGING STEEL. leal -
coball-moly-......, leoL !lim pia 
belli t.reauae:lll with rn1Bimu.m 
dlatortlOD. W.l-. Good 
lormallllity- mac.bl-bty. 
S.,.cdy Claao I (Vanwa Arc 
Remell ) or Claao 2 (Air Arc). 

4f'il\lre a:hen 11 ol>cained by c011vuoloo ol eqwnlent bar-1111 val• reCfllred by oprclflcatlo"' 
5Spec:illeatloa callout mllot nel.- Type u indiuled. 
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VOI.aiE III 

lSTIEl IAI, SHAPES, AND FOIOINGS 

SPICIFICA TION INFOI MA TION 

DRAWING CALLOt!T I MIN TDISILE PROPERnES 

COMPAND CO!ID ! FORM 
ULTIMATE YIELD ".,ELONG APPUCATIO 5 

SPEC PSI PSI IN 2 IN. 

CIOOI-CIOZO CF &r --- --- -- LOW CAR !:ION STEEL. ,...,.., ltl'tiiC\11 
QQ-5-633 .. eel "" cood d tlllly lor cold formU.. . 

Fair machlllablhty. Sll!tabla for .. 1111111 
o r brulllf. Com- It loft m\A8t be 
apecUWCI. 

ClOt~ TGP &r -- - --- -- MEDIUM CARI:ION STEEL. -rate 
QQ-5-tU ltreQit and d\lctU!ty Good machlnab Uty, 

May be '1!ided ltb opeclal proc..turu. 
R•8POftd• to con,'ftiUonal heat treatment. 

Cll3'1 CF -.r --- --- -- FREE-MACHINING STEEL. But 
QQ-s-t33 mactur.abtht . ot ually ... ,ded. 

Moderate atrt til. Poor coJd .. form 
cbor &ertl llCS. Ma be brued 
&;uc:ceMfu y by copper furnace br&.&l.nl. 
Heat treatable. 

Sllapeo 80,000 
33,000_[ 

24 LOYo CARIIOS STEEL. Standard alloy 
A8'nl A-7 

or fo r atruc.tu ral Miele , c bannela , tH• • 
&r etc. Rudlly -- by all ..-ret 

metllocU. F•lr ma<hlnab&Uty. 

MlL-S-67011 Fl &r --- --- -- NITRIDlNG STEEL INITRALLOY U~ ). 
or Moderate .:tr~th Meel foruM wtwre 

Forctnc ourlace or cue blcrdenlnc by nlt ridlnc 
lo deolr..t. Weldlcble "J •tomlc, 
hydropt~ and flub weu..,. methocU. 

lllL-5-1413 Ill &r --- --- -- CARIIURIZING STEEL tA4620). 
Comp A4620 114 llu --- --- -- -rue ltr.,... lteel lor UN wllere 

aurlace or cue ~ ... by cuburiZin& 
Ia dealred, Weldable. Good macblna-
blllty. Good Impact p rtleo. 
Com- Ilion (A4620) m~t be apecUiecl. 

4 130 Dl Bar ---
~~:~ I 

-- CHROME-MOLYIID£NUM ALLOY STEEL 
MlL-5-67~1 D4 &r --- -- (4 130). Heel treelabla by con .... IOMI 

F4 &r 125,000 11 m-o liP to 110, 000 po • We- by 

I ,,.toe--· willl epocW precam-. 
~b. Good macb-blllty. 

4340 Cl &r 
1
• 2 tz5 000 --- -- r lfROME - lCJtEL-MOLYBDENl'll& 

lllL-5-~000 C4 &r 1•2 u5 : ooo --- -- ALLOY STEEL !4340). - tt'UI&ble by 
COil>-eni iOOiaJ --· 10 200, 000 pol and 
ollilabla for lblcller Met- thaD 4130. 
WeldiJll - lbla but ditficl&ll. F'•lr 
matlllaatnilry. Good ductlllly-
nee.._ to' ....... 

11-7-~ A All ,,z,~, ooo --- -- MARAGING STEEL. , clotl-cobalt -
HillS 1- 1404 A All o2tu: ooo --- -- I ;"J num &lHL Simple heal treatment 

H Al l I 240, 000 230, 000 • th rn!mmom dlatorUOftl. Weldable . 
H All 0 280, 000 270, 000 ~ Good lormatolllty and mac.lllaalllllt . 

~~c~:~~ Arr Arc Re ell) 

06AC H All 22S, 000 200,000 10 ALI.OY STEEL. Intended l or UH In 
HillS 6-1414 roc t mctOrea.es. Goodm nobility 

a.'ld .... tcb lnlil) . 

1M.ammum. 

2va1ue N!pnaenu convtrolon from barb&l ,....UN!d by 1pecdlcation. 

JlpKUlcalloo callout mlllt Include Type u &ndlcaae<i 

1'YPICAl CALLOUT 

I IAI, AUO'f SYHL n40, MIL-S-SOOO, COND C I 
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VW... UI - CIIAPl'IB 10 
SecUOD 6 - Appeadix 

DIIAWDIC CA LLOI!T 

ClAII COIIID AIID SPEC 

1cluiJOI I 4 lien! 
QQ-!1-TM 1211ard 

3 4 llanl 

Fl&llbanl 

1c1ua 3112 A 
QQ-S-7M 

2c la .. 304 A 
and 311 

QQ- S-7M 

2CiuaJ04L A 
and UIL 
QQ-S- TM 

2c~uau1 A 
..... 347 

QQ- 5-TM 

2C ..... 4 10 A 
QQ-S-7M 

2MJ L-S-25043 A 

IMJ L- - H 

. -
1AMS 5525 Sol. Tr. 

......... 8trlp 

2 
..... Mrlp, - piMe 

3Mul n:;um 

10. 6 - 10 

I 

I STAINLESS SHHT AND 'LATI 

SPIClfiCAnON INfOIMAnON 

MDI TENSILE PkOP£RnES 

ULTUIATE YIELD " ELONG 
SIZE 

RANGE APPUCATIONS PSt PSI IN 2 IN. DICh'ES 

125,000 n ,ooo n AU AUSTENITIC STADIL£. STEEL. 
150, 000 110,000 15 To 0. 015 Dow• hlP •r:f!: tll>~old worlt-
150, 000 110, 000 II 0..-r 0.015 l.n&· - cnlly loll - or braaed ITS, 000 U$,000 10 To 0. 015 cNe to car Ide J::::lpitll loll Ulll reduct ion 
115,000 U$,000 12 Oftr 0. 015 In a~re.,..b. y t. rea~--· 
115,000 140,000 • To 0.030 EaceUent duct ility dec:reuea u worlt bani -
115,000 140,000 II Oftr 0. 030 eni"'l increuu Slilhtly _.,.. lc . Good 

c:orr ton re• i •ance. Good t~ and 
:,~7d:•';~u re properttea. Do not~-

75 , 000 30, 000 40 To 0 015 AUSTENITIC STAINLESS STEE L. u-5. '100 30. 000 45 0. 018·0. 030 '" t be annealed conoht lon. Propertlea 
75. 000 30, 000 50 Onr 0 030 I l lftll l.ar 10 301. May t. fu aion welded 

w1thout k»•• of corro.1on reallta~Ke if 

l folknied by annealt.n&. Eace llnl form -
ablhty. Falf madllaablllty. Very IOCJd 
mrra.ion rnlaanc.e. 

75 , 000 30, 000 40 AU A ENITIC STAINLESS STEEL. Similar 
to 3D2 tM. W' tth eomewhat better corroa ion 
rt ' MU and avaiLable alao ill plate. 311 
a tmdar ..,,,h excellent eorro110t1 reaiataace 
and baa t.uer pr~rtlh tban 304 a t 
e k>nted temperatur••~ 

70. 000 .. . .... 40 A I AtJSTEJIIITIC STAINLESS STEEL. lame 
u ... ic c luaea (304 , 311 ) • cept reduc:ed 
ca..- to allow fue-. - ldlltl Ulll 111111 
M ntee temperature• wttlllout carbide 
pnc: ipltatloll . 

75 . 000 30. 000 40 All AUSTENITIC STADILESS STEEL. 
SllabJhz.ed to allo fll8oon weldins aad llilb 

=~~~~~m~~~~'!::-re::=r,:_r~ery = corro11011 reaiMance. Fair mut~.IDa-
ty. Eacelleal brmablltty. 

70, 000 35 . 000 20 To 0. 050 IIARTENSITIC STADILESS STEEL. 
70, 000 35, 000 22 O..r 0. 050 C~le of bell t,.._ to llilb Mr_.,..b 

~e~~~':~~ .J::l!:!:rc!:.':~ realal -
uce. Mapet.l • Fair macbtnablllly. Can 
t.weldad. 

3uo, ooo 355 , 000 20 AU PREClPrr A TIO IIARDENDIG STAINLESS 
STEEL (17 -TPH). C~le of belltrell-
m- to llllb M.._uo wla (110, 000 ~I) 
by predpilallon bardenlllc- Eaally formed 
Ia A condltia11. May t. welded ill 1111 coodl-
lion wltll aultabk prec:allllolle and ucam-
pul l<! by aom~ strenstll laaa If illl>ftl 
t rolled cond it ion. 

3 aao, 000 375, 000 20 AU PRECIPITATION HARDENING STAINLESS 
STEEL M 350). Capable of beat troll · 
ment to l\14<b ronglh iele l.o 0 85 , 000 pol) 
by preclpttatton ~nlen111g . Eaally formed 
U\ H cond UlOft. May · ~kled or brazed 
1n H condition :lnd then Mou reated wuh 

percent JO Lnl ertJc:aency. May be re iat • 
an tt' • e ldtd in any condtt iof'l,, 

3105, 000 -··· 25 o\~e_r 0. 004 PRECIPITAT!O ' HARDENISG STAINLESS 
STEEL -286 1. PrK tp lta llon h3rde nable 
to h b st rength 1145, 000 p 11. Good fo r m-
a b1hty , fa. sr machanaballt) . on-m~net ic 
lA aU c.onchuons. Mauuarn good n1• ch:a.n · 
ICI.J pt'OJWn ie.S lO U()O• f . Good impac l 
Olfe"'llh. Poor ·eldabJJuy . 

rtP1CAL CALLOUT 

.NO IIIIIT, JOI CIU. 00-S.7M, C1 JOI, COMO 1/ 4 MAIO I 



voiDm rn 

STAINLESS IAI, SHAPES, AND FOIGINGS 

SPICIACAftON INFOIMATION 

DRAWlNG CAL LOLo MI. 

2COND 

A(CF"l 75 , 000 
B!Cfl 125, 000 

115 , 000 

105, 000 65 , 000 20 

100, 000 50, 000 28 

3304 A(CFI 90, 000 45,000 35 Up l O 1 2 
QQ -S-763 75 , (J()() 30, 000 40 o,·er I 2 

A(HFI 75 , 000 30 , 000 40 All 

321 and 347 A(CF) 0,000 45, 000 35 
QQ - -763 75.000 30, 000 40 

A(Hf ) 75 , 000 30, 000 40 

17- 4 PH I. Tr. 
AMS 5643 

4! 90, 000 4no,ooo 410 

AM3~ Equ:al. 
AMS 5745 

4165, 000 4u s , 

•16 AfCf) 70. 000 
QQ- S-763 120, 000 

440C A 
QQ - -76 3 

~AMS 5734 
140, 000 9S , OOO 12 AIICS 5737 

AMS 5736 ~ -- -
AM 5735 13 , 000 5 , 000 15 

'c t.hed oa dn here a.ppltcabl . 
2Cf hod. 

SA ~\'2.1 .. 
4AI~r ~plblioo bnl tn21men<. 
5Mellod (roo, electrode. 

Req t.rod to beat<r•ntabloe to • :at · 5 1 1\ for beat tr ated st.cx 

TYfiiCAl CAUOUT 

IAII, 416 CtU, 00-S-763. CL 416, COND A (COlO fiMSHI D) 
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vou. nx - CIIAPID 10 
8ect10D 6 - Appealix 

I IAI, 100, ftl AND SHA111S 
SPKIFICA TION .. fOIIIA T10N 

DRA V.'ING CALLOIFT MIN TENSILE PROPERTIES 
IZE 

A L'f:.~t D \ ENP ULTIMATE \'IELD 't ELONG RANGE APP UCATIONS 

PSI PSI IN 2 IN. INCHES 

1014 ~4 ·~u:~:: -- 12 - .000 Haah ltr~~th st r uctura l u.e. F'alr cor · 
QQ-A-125/ . 32 ,000 16 -&.750 ro. ton rHt&t .c~. fai r weldabil ty 

n &5 .000 55 ,000 8 - &.750 and formaballty. 

1011 0 135,000 -- 16 - .000 Htah etr""'!h. Good muhtnabtllty. 
QQ-A-IJSr S T4 55,000 32,000 12 - 8.000 fair c:orro~ ion rt tatanct and forma~ 

T451 55,000 32,000 12 0. 500-8.000 blllty. Poor ,.eldabili ty and b rauabt llt} . 

1024 0 135,000 -- 16 - 8.000 Hatrh trtnt[lh. Fair ~orrot•on re lltaM 

·A-225 6 
T4 62,000 40.000 10 - 6.500 and fo rmabahty. l eldable by lulton 
T351 &2,000 40,000 10 0. 500-6.500 mf'Lhodl. 

JOD3 0 1!9,000 -- 25 All Modfrat~ st rf'ngt h.. Good formab1hty 
QQ-A -22512 F -- -- -- 0.375- ~~~~~:.• lu . Very (!OOd corro lon 

5052 0 132,000 -- 25 All ":'~rate stren.~h. Ht~h faugue ltren«th. 
QQ-A -225 7 F -- -- -- 0. 3~5 -

Good fo r"'• iluy , oldabtllt and cor-....... "" ....... ,.~e. 

6061 0 122,000 .. I .000 (A)od str nh. lormabalhy, ·plcfatuhty 

QQ-A-22518 T6 42,000 35,000 10 - , 001) ~':!t'"~~~:' •. r~ tanl' . Br;n ablf'". 

7075 0 ' ·~.000 -- 10 - 8.000 Poor fo r mabah and ,.-el.dabtluy. H1gh 
QQ-A-225/ 9 T6 71 ,000 66.000 7 -4.000 ~ength. Fatr o rr lon re 11tanc:e . 

T65 l 7,000 66,000 7 0.500- 4.000 brueable. 

1Mu mum 
2wtwre a cbou:.e lU Ll h. e. T 4 "' r su T 45llth tmpl dr t.:~uon IT4) cover onl st z.e under 0. 500 1nch. 

TYPICAL CAUOUT 
! IAI, Al AU.OY JDM.J4, ~2251•, liMP J4 I 

SPECIFICATION .. fOIIIATION 
I EXYIUSIONS 

DRAWING CALLOUT Ml!>l TENSILE PROPERTIES 

A LLOY AND 2TEMP ULnMATI: YII! LD ~:~:? 
APP UCAn ONS 

SPI:C PSI PSI 

1014 0 130 , 000 18. 000 12 Htgh trtn~tth struc:rura l use. fai r 
QQ-A -200 ' 2 T4. T4510 50 . 000 3S , OOO 12 cor rosaon re l tance. f'.ur we ldlbllt ty 

1'11, 1'11510 50 . 000 S3 . 000 1 and formabtllty. 

1024 0 135 000 119, 000 12 Hljth siren!!' h. f atr corrOSIOn r~s1st-
QQ-A-200 3 n . n5to 57 000 42 , 000 8-12 3 1\Ct and for mabahty. N eldable b • 

fueton methods. 

JOD3 0 
119 , 000 -- 25 Mode rate strength. Good formab1ltt y 

QQ-A -200 I F .. -- -- and weldab1ll ty. Ver y good corro aon 
res JSOtlce. 

6061 . 0 22 .000 16, 000 16 Good Jllrenjlth. formabth ty . w<)d~blhty 
60IZ T4. T4510 

~= := 
16, 000 18 and corro ton r t- ISUnc.e. Braze-able. 

QQ-A -200 I '1'6, 1'11510 35, 000 10 Heat treatable. 

0 119, 000 -- 18 
Good tren~h . fo rmability , Pldlblhty 6063 T4 I . 000 9 , 000 14 

QQ-A-200 9 T5 21, ~ 5, 000 8 and corro ton re .sa.nce. Bnz. ble. 
T6 30 , 000 5, 000 8-10 H t t rea.Qble. 

7075 0 14o . ooo 124 , 000 10 tligh strength. fiu corrosion rest t -

QQ-A-200 ' II 1'11. 1'1151 0 7 , 000 000 6-7 I ~e- r for ma.btltt y and ekb.balJty. 
brueabiP. 

1Ma:limum 
2Wbere a cbotcP Ul1t1 (L e. T6 ftriUI T651 Cj tmpiP de I IU.IIOD (T6) COftr only IZ u r 0. 500 1ndl. 

TYI'ICAI. CALLOUT 

I ..... Al AW)Y 1111'S-f .. ~-/1 1 , liMP ,. I 
" 
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VOLUME I II 

I SHEET AND PLATE 
SPECIFICATION INFOIMA TI ON 

OR.W. ING CALLO t:T MIN T ENSILE PROPERTIES 
I IZE 

ALLOY AND TEM P t:LTI~~ Tf. YI ELD 1-; FLO!I:G RA ' F AP P LICATION 
SPEC PSI 1i-: 2 Ill: . INC.HES 

1100 0 11.000 3.500 1~-30 0.00 ·3.000 Low to n-.od rat strrn~h. E ~U~t 

QQ-A -250 I Hl4 16,000 14 ,000 1- 10 0.009· 1.000 ·elda.baht . fn rmabalhy and corros loo 
resiSto.nce. 

2024 0 232 .000 14 000 12 0.010·1 . 750 
Htgh t r ength t rucru ra l t . -~t Ida· 

QC;;- A·250 ~ T3 64 ,000 42.100 1 2 - 1 ~ 0.0 10·0- 249 
ble by fu.s1on m thods. Fa t r corf"C)j:lOft 
re 1stanc and formabal n y. 

0 232.000 16.000 12 0. 0·2.000 ~ &lre~h at tomperaturett to 400'F 
atnable beat tre.atm nt. Fatr CGr· 

2219 T3 l 46.000 28 .000 10 0. 0-0. 24 9 r aon rrs tsta.nc~ and formability. Not 
MIL -A-8920 T351 39 .000 2~.000 8 0 . 250-6.000 brauablo, but may bo...,l_ byatu..,rd 

T37 43.000 34 .000 4 0. 0 · ! .000 pr()(eckJres . 

3003 0 14 .000 -- H·2~ 0.006·3.000 Modent trt-ngth. Good .,. eldablhty , 
QQ- A· 250 2 HU 20 .000 -· I 10 0 009·1 .000 formabahty and corroa aon resastancr. 

5052 0 2~ .000 ·- 1~ - 20 0.~~- 3.000 H 1~h I tren'"h for non-beat·trea~ble 
QQ·A-250 H32 31 ,000 -- 4·12 0 011·2.000 allov . Good v.: ldabaluy and fo r mability. 

H34 34.000 ·- 3·10 0.009 · 1.000 \'erv good corros1on r s1 ranc:e. 

6061 0 222.000 12.000 14 -l 0.010· 3.000 Good corro ton r 1 tance, "t' ldabllity 

~-A-2 ~0 II n 31),000 I .000 14 - 18 0 010·3.000 o~nd fo r mability. H a.t t r eatabie and 
42,000 3~ .000 8-10 O.G IC·2 000 br01zeablP. 

075 
0 2

40.000 21. 000 10 0 .01~·2.000 H11th st r nit{h struc tu roal ust>. Faar 

QQ-A·2 $U/ 12 
T6 16,000 6~.000 1- o.o!to.q99 rorr 10n re~ 1 tanc . Poor form abtluv 

IT&~I 70.000 60.000 3·8 0.24 · 3.000 2nd nOt "•ldable bv fuSion method•. 

I 
thJ~~=rl ';l~ ror tloni£'at•on correspond~ tl') thJnn t s:u.•et of SILt' ra.n~: . ~malle-r value corr pon 10 

or sheet. 

2Ma.xlmum. 

TYPICAl CAllOUT 

!.on SHHT. AI. AllOY eo.t-T•. QO.A-327 liMP T• l 

I PEIMANENT MOLD CASTINGS 
SPECIFICATION INFORMATIO N 

DftA" ISG CALLOt:T Mill: TE~SILt. PROPERTit.~ 
I- APPUC Tl 
AL~~~t D I. LTI MA TE YIE LD , ELO~G s 

TE IP 
PSI PSI IN 2 l loo 

113 
- -; r H 000 .. -- Gtnt~r.ll"' < 

Cl• I 

81 5 T ll ,OUV ·- • !', C~nE'rJI u ,. \foht."re- ~oud tn·n:..t h .md h1~h 
-A·5 T 35 000 -· 2 0 dut lilt l\' .Jr\.~ r LnrNI (.it-IIUCf ~..-a !tun • ~nd 

Cl.l • r 33 000 .. l 0 n.H hmm . propt>rtu.·~ \\ ('ldln!! 1 n<>l rH'om-
04f'nded Vt.r:, ,;.•~ m .. dun.JluiH\ 

43 1..t ~.unum cvrrH ,, •n • l' !'O J~L.an' e. Exr,•llent 
-5 • 21 -· 5 0 ( .IMIR.;: pr JV\."t'l.lt' "' F.ur m.h·h.an u'l~ QU.J hue 

Cb.o> ~ \lf'lcl.alJle . br.1 Zt.•.lbh> 

):;.; ,, 33 000 3 H1~h ,:,lr ·n~th .md n , .,t .a n~ t' tu '11r r ; u.n. . - I -· . 
E"·tlltn; t·a ~hnl! ..1nd \l ddtrt~o.:. IJfJJp(•rlJ(>~ . 

Cb>S. r 
I 

2 000 .. • u 
G<>vd nwt. iumn~ qu. htle~ 

31 r 2 uoo 2 ~ QQ-A -~ 
.. 

H1~h :,trt'OL.'th E:: n I ·nt L ht n~ pruJWrtl t'::t 
Cb.s; II 40 000 .. 2.0 

T~~!~~65 n 30 ouo .. 10.0 H11..:h lrt.n!>.t. 1od uuc tll.l\ _ ...... t ~rru.,,un 

Class 13 r f''l' t.l 'lc l .J.nJ IJrf>"'!l>Uft.' l 'L:hl nt "'" 

~~~!~61 T5 42 , 000 .. 4 0 th..;h trt·n\.rth .u\d diJt hht ~Ot.d t OJrt'U~1un 

Cla~~s 14 T7 ·~ 000 -· 3 0 r t-~l ... lanlt'• . ..1nd pr t>~ "'u rt'" li~-:-.tn(~~.:, 

TY PICAL CALLOUT 

1 113-F Al ALLOY PUM MOL D CSTG, OO· A- 5911, Cl I, U MP F I 
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AUMIJI.Il ALU>YS (Continued) 

SAND CAS1WGS 

SHCIFICATION INFObiATION 

AP PLICATI0:0.1" 

20 .000 

20.000 

20.000 

TYI'ICAL CAllOUT 

( lS.-ISI Al AUOY SAND CSfO 00-A-tol AllOY JS6, TIM' lSI 

NKISION ..VlSTIIENT CASTINGS 

Sf'KIFICA TION INFObiA TION 

DHA>" 11'/G t A LL0l7T I MIS TE:SSJL£ PROP£ RTIE:S 
APPLICATION 

AL~~~(ANO LLTIMAT E YIE LD "rNE~~~G T EMP PSI PSI 

HM~~~IOJ4 +~' 
2l . OOO .. .. 

~ LC~J ty tr · od m 21 U pa r t 30. 000 20. 000 3 

Tr~-50 
HM» I IU2 T 42 000 32.000 2 H1gh r .. n~n 

(.~ 12 T 2& 000 18.000 4 " I IP 0\l"'d ur•z ao Hlob 1· 1210 

I par at ty t' U t t t 

TYI'ICAL CAUOUT 

JS6 · 16 Al AllOY IN\IlSIMfNI CSTG, HMS 1-103 • • llM'" 
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VOLUME III 

l 
'-

FOil 
SPECIFICATION 

HM5 1 ~ ll~9 

AJIPUCA liONS 

Alumulum f"d ~~ ust·d tn0J.!I'n.:t lh fur hu lduu.: .wd"' \..tpur .tod tul 
r u,n b.trn• r 011 rf'U f'(.N\l~t-t ut. ,.rht r- nu t o~b m rth &Jn<ooiht• •I 
wo unun· '.ul Jt ..td to ~•h.1mr rurr• I• 'fl .. 

ClASSIFICATION 

TEMP R l Rf (f( OITIQ', 

0 On .thfH''"'Ifj 

Sht•-..nnt.llt"Cf 

H- t~ "' "-''~d 

H - 1~ Wbi><-d 

H- 19 w...., l.·o 

F tnash:t-s M01ttt• OOt ~uk Brh.;ht tlo\-o .,,d, f ,, • Hn ht t.A "~ !'1.&1111 

All<>~• 11 00. 11~ 5 l!tMJ IIU 11 •'; 123~ . • 103 so;. 50S• 

TYPICAl CAllO!Jl 

I .DCnO fOil. AL ALLOY COW 1100, liW 0 . SLICk ANNEALED, MA m O'IE SIDE I 

SPECIFO TION IN FORMA ' ION 
I FORGI~GS 

l'RAII. Il'G CAl LOl'T 1 \II " TF:O..Sil f PROP! RTif S 

A L~Cf,lro l LTI MA TE YIHO T- f I O.M; APPLI .A TIO, 
TF p 

PSI PSI 1:0.. Z I' 

2014 n 55.000 30,1)()() II 
\1• r..att ly ht~o;h "to n n..:-th QQ: A-367 .-re •• s.ooo 55,. 00 7 

2017 T s~.ooo 30 .000 I 
11 .. null hvdr.whr :.~ 'It m lnn:u-.:~ c,.ld 

QQ· A-367 nt.&l hnwl•thl ' 

1 T6 3&. 000 35. I 7 r r tnlru .l(t JbH!!t dtffHull tu I .r•f 111 ht~h 
QQ· A -367 'rtrt fiLt lh .J.IIny-,. Gc_.w;trurruttwn rt .,_t~ t.tflt'P 

7075 T 75. 000 65,000 I 7 
Sm.t.ll • od •ttt•dt:.~m tlt d I •n.::an.:' .r.herf· 

QQ·A-367 md'Clmuna •a.,:ht '.1\ln, 1 f"! t •lCI.&l. () , 
nc.t u~t ft,r fore:uq:,. • 'r 3 U\l tu >t Uut·k. 

707 L.ar~t 11 ra·m.::, h• rt n .a an\um .. , 1~hl 

· A03 7 T 72.000 2. 7 ":-..ol\.lh&! lb t :otf•nll.ll r- fur fvrJ!'t U\t 1-

i J the h• ... thu k 

7178 T ,000 74.000 7 r,., d l••r n•.t •mam • 'n .. Jh Tt•Sl otJ\ 

H 1- 1283 T 52 7 , 000 til, 000 7 u, u fd h• '' ... tnu il hUkl•• '. Htti"t 

1 '"'h. 

IT 1 spe<"amt>n ralld to fun{'" Chnl luu.., , Pn.p< rth ~ .lrt t)ol~f d n du torji!th .. P ro rth Jt,r r.and 
fo llltncs ...,,II dtpend on(; r ~-Sf t tlrM -... 1 .,lt't .& 

TYPICAL CAU.OUT 

I FOlGING, AL ALLOY 1014-14, 00-A-367 ,ALLOY 101 • . TEMP T4 I 
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8PKIAL AU1UIM4 APPTTCATIOHS 

• 

HONITCOMOOti 

MONCAnON 

IM-C-74M 

uwikvom 
Thithontyromlirorr mjtrrt«! i« avtilAbl« M • numtvrnf • on(k(vr»tMwi« 
in (iv* «rtlrrd ilrrntth   wrtt»)    «Ml ii«»     frnum "I it» h&»ytotnli 
• if *pfclll*d in • rnid numbrr «rurh<l>o in. lu*« Ihr muiulvlurrr • 
irld» n«ii<r(>rt Typirtl Calloull   Th» •pmlicalion prmidr« i i.rti'« Inr 
ifquir«4 lUikitr ' ompresaiv* aimcih. rorr »toar mndulu»  and »«nd 
»irh •h»ir •Irrnflh lor in« r<^uir*JOnuiK "I mtlrri«!   In nilkln« up 
• iindwirli ilruclgr* utin« Hut rort   ihr lärm« intirnai and i 
urrd inual l* arparalrlv Bp*f tlird. 

Draifnalrd Numtnal Dmaii« 

(rll Sur 

Nominal Foil '■    • . . 

Par N 

Allot 

CLASSMCATON 

I « 10 10 0 i>  I (puonda prr ruhli   loot! 

I • IO 3 S inrk 

07 lo SO irn-thouaancftto 'it an mrh 

Prrforaled Di no i-prilur4lr0 i or» 

3003 or S062 icommrn i4l orit^nation 

TvnCAl CAtlOUT 

[  MowrrcoM»co«t «miotwtmc y4iiiwotwMit)4i-i/iKixiooi) I 

DK CASTINGS 

5«CtHC*TION MKMMATON 

DHAWINOCALUHT              TVP TENSILE PMCPERTIE: 
APPLICATIONS ALUDY AND 

»PEC 
TTMP    1    ULTIMATE 

t 

YIELD 
P5I 

i CLONG 
IN 2 IN 

AI3 
«Q A-S9I Al Caal «2  000 II  000 3  5 

ExcrUrnt caatmg pruprrtir»     i,-. <i mr han- 
ical quahtilra and orroaiun rrsialancp 
Mrldmii la not rrrommrndrd 

43 
Q«.A-5»I A» Ciu 33  000 14   000 9 0 

Gfneril , ,.i,. -.   casting'»     Marhmes well 
ind it, »ptdable and bra/rable     Gixid rmml- 
ante lo rurrosion     Cairllrnt casting 
propf-rtirs 

III 
gQ-A-591 Al Cm *5  000 28  UO0 b  0 Beat (ombination ot alrength   duruUty 

reaialam c in ( urroaion    Dillicult to caal          ' 

QQ-AS»! A» Cast 4« U0U M   000 J  5 
Mure rrbi&lanl tu corrosion than alloy A3I0       { 

A380 
(M-A-591 At CaM V ooc 23   000 3   •> tar lor higl' -■: ■   ^" caat.nsa and wherr 

rmsuncc to »im-rr rorroaion la r*A rrquirrd 1 

rrncAi CAIIOUT 

4) *l «HOT Ml CSTO 00 * S«l  AUOr 43 

n 
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VULUME III 

I MAGNESIUM ALLOYS 

SHUT AND HATI 

SPICIHCATION INfOIMATION 

DRAVIINÜ CALLOl'T 

ALU)Y 
AND SPf( 

MIS TtNSILt PHOPH»TlK> 

rCMPCR I I TIMATJ 
PSI 

YIELD 
PSI 

^ 
. tLONL. 
IN 2 IN 

AZJlfi 
QQ-M-M 

O 
H2« 
M2« 

30,000 
)• ooo 
J4 000 

2> 000 
20 000 

'1012 
e 

SIZF. 
KANCi». 
INf HIS 

0 016-2.000 
0.016-0.24« 
0 2JO-2 000 

APPUCATIOM 

üood lormu« proptnu*.   May M 
•tldfd    Oood (UUWM lad 
ducullly in H24 ttniptr    D*M 
rttisum 

HK31* 
MlL-M-26(m 

M24 
H24 

34.000 
13  000 

24.000 
2i  000 

0. 016-0. 2i0 
0. ]il-3. 000 

HMTU      *" 
Mll.MSi.1T   ' 

üood lürmiiK proptrtwt. 
f.ictltonl wtldibUll«.    For 
ippltcitiont up lo 600* F or tor 
uon nm«t M mtwr i»''''P*rMur»i. 

T» 30 000 I*. 000 Rrttint j»Hgl Mrtuih •< tUvaicd 
i»mp>riiur*i  11,000 pal tanaila 
uliimatr al 600*FI.   Good 
««idabtluy. 

Lower »tontcalion rttori to thirkrr ttaur»    ( material 

TTHCAICAUOÜT 

040 W4II1 MAO AllOT A.JIi M24   OO <• 44   TIMF MJ4 

» 
•AR, ROD AND SHAKS 

SPECIFICATION INFORMATION 

DRA*tNG CALLOIT 

ALLOY 
AND SPEC 

AZ31B 
40-M  31 

TIMPIR 

MIN TENSILE PRüPERTIf S 

ILTIMATE 
PSI 

32.000 

YIELD 
PSI 

21.000 

1  ELONC 
IN 2 IN 

SIZE 
RAN(,|; 
INCHES 

T 

APPLICATIONS 

-I  
0 .»- .  4M I Guud rxiniaiun rharaclrrittiri 

Mi) Or »rldKl     Midrralr atrrn^lh 
■-id du(tility 

AZ61A 
9Q-M   31 

3«. 0O0 10.000 i  24»-2  499 ,  SlKCtilly Wtitr mrchamcal pnip- 
erii*a (han AZ31 B at rciuni and 
rlevatMJ temperature«    May be 
»elded 

AZWA 
9Q-M   31 

F 
T5 

43 000 
47.000 

26.000   . « j   0 249-2 499 |  Rril mechanical propertiea nl 
30.000 4 |   0  249-2  499 |  allnyi Mated     May be »elded 

GotMl elevated temperature prtip- 
erti« « in F temper 

HM31A 
MIL-M-g916 

37.000 26,000 

Z.KAÜA 
4Q M-31 

F 
 1 f 
40.000 26 000   < 

lpti>4.000     Fnr ertnitiona    CiKjd 
at eirvated temperal 
tensile ultimate at *00   Fl 

 1  

i pi ^ : • .. - 
re» (11 000 
1   ri 

36,000   . 4 

TYPICAl CAllOUT 

! ■At.mOO MiOT 4UU-F OO-W-31. COMP >I»IÄ. tl«P^ 

Atl I   I std I»ir giKrtl ütreniHtl and t(>U)Cb- 
A'l I nes«     Diiricult tu fusi.m weld 

Rrsiatance *■   ■   - ability   - 
I e«c» lient 

 I  
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uz - aupm 10 
BtetlOB 6 • Appsidlx 

ALLOYS (CoiitlDued) 

OH CAITINOt 

O 

mOKAnOtt INfMMAnOM 

MAWWC CALL« T WT» Ttsiu t mortmu 
APP1 IC-ATtONJ 

>mkc TBMKR .XmtATI 
Ml 

Tinr 
m 

1 ILONO 
1   Wl W 

AI»IA 
«MM 

1 

r 1t 000 14 000 1 LM« np»n»i>^ lor lil(h proAKiKiii mu 
Goad diinmdonAI «cruncy    tiwtUm 
writ» (wi* 

tfUtUil CAM UM •ptCUMM 

TVTKAlCAUOUt 

Alf 1*-» MAO AUOT DU CITO. OO-MJt   TIM» » 

PiRMANf NT MOID CASTINGS 

SMCiriCATION INfOtMATIOM 

DRAWINC CALLOl T 

ALLOT 
ANDIPBC 

AZMA 
QO-M-»« 

AZOIC 
QQ-M-» 

tau 
QQ-M-H 

TEMMR 

r 
T4 
TS 
T« 

r 
T4 
TS 
Tl 

TS 

MIN   TCMILC PNOKKTIU 

ILTMATt 

14.000 
14.000 
14.000 
14.000 

It.000 
M.000 
10.000 
M.OOO 

10.000 

YIILD m\ %tLONC 
INI M 

lo.ooo 
10 ooo 
11 000 
IO.0OO 

»PPIICATIONS 

Lifnii«4 'o r»iAtiv«iy «impl» thapei and 
• j"     Pf iwn (o porottfy and •»(rccatian 

10.000 
io.ooo 
11.000 
I« ooo 

i •*•-<•• «Ad hardn*«« c«iaiM*nt 
t dM-Tuiri and food casting prop- 

14.000 

Stparair;> cait ttti •pccimcni 

TYMCAICAUOUT 

AZA1A.T« MAO AUOT MIM MOID CSTO.OO-M-SI   AliOT AI*] A   TIM» Tt 
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VOLUME III 

J 

SANO CASTINGS 

SMCIFICATION INfO^MATION 

DRAMINGCALLOIT 'MIS TENS<LE PROPERTIES 

ALLOY 
AND SPEC TEMPER I LTIMATE 

HI 
YIELD 

PSI 
% EIONÜ 
IN 2 IN 

APPLICATIONS 

AM1A 
9a f it 

T 
T4 
TS 
T« 

11.000 
34 OX) 
2«. 000 
14.000 

11.000 
11.000 
12  000 
1«  000 

4 
1 
2 
1 

Ljmilrd to rriituriy  tirrpir BhApra jnrt 
iu*t     Prcmr to porosity and •«■grpcaiiun 

AZK1C r 
T4 
Ti 
T« 

2J.0O0 
14.000 
21 000 
14.000 

11.000 
11 000 
12 000 
1* 000 

^ 
2 
i 

Mjiimum itrrnfih jud •urdnr«» (rm- 
tiiirnl «tth »    -i   •...■. andftMid 
rtklinf  , r   1. r',.  -       1,     rfl  WflOAblllty 

EZ11A 
r                      » 

T5                  20 000 14.000 2 L'M »herr »oundn»»« i» '•»rntiAl      HJA 
w -«1 pr-v^rtira up lo S00  F  in« Ijdinn 
fmtfl < re<-p tlrrnfth 

HK3IA 
og Mi« 

i    ■ 
T« 27  000       ■   11.000 !         4 

i                   1 
I»* tn 700   r r-.r »h.irt timr«     Emrrlirnt 
*> .1*' ...■. «nd prrsAurr ticftin»AA 

ZK'   \ 
W-M  5« T« 

1» 000 2«. 000 
Limiuj ..   l-         . 

WE32A 
AMS 4418 

T» 28  000       |   20.000 2 lv         .      .•       ■ - At ■   ■     .  ■ -          .■---■• 
hi WO  F   -r -»hor* tin» • Al htch'-r trmprn 

-" , jr .■• ..  raftl i»-»' •p^cimrni 

TYPKAl CAUOUT 

«Z«rc-1« MAO ftUOt »ANO CITO  OO-M >• COItfWK   TIWP t« 

FORCINGS 

snciriCATioN iNroiMAnoN 

DRA»[NC CALLOUT MIN   TENSILE PROPERTIES     I 

1     ALLOY 
[ AND SPEC CONDITION ULTIMATE 

PSI 
YIELD 

PSI 
1 ELONC 

IN 2 IN 
APPLICATIONS 

1 
AZ61A 

IM-M.40 
F M.0O0 22.000 •          I RrUlivHy i-jjy in w»]i1     Suilable (or 

{ preti     rK-. B of inrrtc.-r« p«rtt 

AZ8aA 
g«-M-40 

r 
T5 

42.000 
42.000 

2e.ooo 
2« 000 

1 Maiimurr Krnfh     No< rrrommrndcd  1 
2            lor Urge and intricate lorglnf a 

ZKMA 
afl-M-40 

T5 42.000 2B.000 !         7 

1 

Baal combinadon   ! atr*n(lh and 
ductUity     Eicpliant praaa forginf 
characifnatica    No« uaualiy fuaion 
wMad 

TVnCAl CAUOUT 

FMOINO, MAO AUOT ZKMA TS  OO «40 COMP »MA  TIM» TS 
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COPPB ALLOYS 

f; 
1 

ITION INtOIMAT 

SHUT AND PlATi 1 

SrlClriCi ION 

i 

1 

nuttmc CALtoirr MIN FENSILt  raorCRTIBt 

APPUCATIONH                              I 
(TK AND 

COMRMmON CONDniON L'LnilATt 
PU 

YIELD 
pa 

• KLONC 
IK 2 IH 

,«8-C-»7( CR,  IMM 
Cn.  11 lurd 
CM   n* ml 
nn 
m. WMHWI 

U.OOO 
17,000 

10 ooo 
M.OOO 

:::: 
-- 

COPPER    Ban lormablllly in amaalad      i 1 
roAdMioa    High tlartnrai and lharfflal       ii 
roadwciitay     Lo« atrragth.   (pacify           | 
aaygaa.lra« il braim «lU b* uaad               1 
%KI(« laaadoa« aid* or bMh ald*a              1 
lor aoUaruai     Poor machinabilily                1 

Yj,r 
1   «»»rd 
1 J h«rd 
Hard 
kprj« 

«9  90. 
».000 
((.000 
M.OOO 

;::: 
.. 

ELLO» MA»    Lo« aWctriral and           1 
jarmal rna<ini»iiy    Modarair wranch     1 

Paw marhiahiliiy     EacaUani lorma-          1 
htlay     If ay tm braiad ur aoldartd                1 

WB-«I> 
Coanpt Annraidd 

1 1 l»rd 57,000 
«1.000 

■■ CARTRmbfc BRASS.    Brlln lorma- 
•  .J. than yallo» braaa    electrical              1 
and lharmal condtiriiviiy and jomii«              I 
iharactariaiici arr aimilar lu yrllo»            1 
bra«                                                                1 

'«(»-8-411 
Comp* Anaralvd 

1 1 l»rd si'öoo 

11 
RED BRASS.   Llrcirleal and tlwrmal            | 
coodurtivtty batlrr than yvllu« braaa              1 
Fair machinabilii>     May 1» brued ur          1 
auldarad     Earvll*nt lormabillty                     1 

'«-•4IJ 
Cotnp J4 1 4 iMrd 

1 ] lurd 
Hard 
Eitra hard 

4». 000 
».000 
•(.000 
7«, 000 

:". 
'■'■ 

LEADED BRAS     EiutUfnl machln-             1 
abiluy     Pair lormabillty    May br               1 
aoft aoldrrad or braxad.    Lo» rlac-              1 
trwai aad tharmal conduciivity                      1 

lQg-B-4J( 
Camp 1 1 2 hard «0.000 15.OOO 20 NAVAL BRASS    CfOOd lormabillty                    1 

May br aoldartd or braiad.   Fair                 1 
marhuiabiliiy.    Lo« coat lor high                  1 
at rangth.                                                           1 

WC-JW 
Camp ITl 

A 
1/4 11 
1/1 H 
N 
AT 
14 KT 
I'l HT 
irr 

«0,000 
75.000 
•J.000 

100,000 
IM. 000 
ns.ooo 
IM, 000 
IN, 000 

1 «0,000 
IM.TOO 

» 
10 

s 
1 
] 
LI 
1 
1 

aiRYLLUM COPPER    May br boufhl        1 
lo A or -H roMWlona and, attrr Itbn           I 
ration, haal irraied lo AT or -HT con-         1 
(Btlona.    Low rlactrlcal conductivity.            1 
Machlnaa baat in hardanrd condition.             1 
Bant lormabillty In   A   condition.   May       1 
ba hot workad, «aldrd, aoldrrad. or            1 
braird                                                             1 

1 SgQ-C-S»l 
Comp 4SS Soft 

Hard 
50.000 
M.OOO 

li.ooo 
«OMK. 

X 
i 

HIGH SILICON BRONZE    Encrllant              1 
cold working propartira.    Fair                      1 
machwabiluy    Vary low rlrcincal               | 
condurtiviiy    Sultablr for airuc-                   1 
tural parta.                                                       1 

'■5«-B-T50 
Camp A Hard 

Spring 
72.000 
91.000 

.... 
'-'■ 

PHOSPHOR BRONZE     Eacrllrnl                    1 
lormabUuy     High rraiatancr to                    1 
fatigue.    Low friction corfficimt.                    1 
Poor machinabilily                                          | 

InrludM il«u « 
2lm'ludr> ilao « 

Inriudr» al«o « 

rip and Ilai bar •>   • . with •In. 
■ if, 

ip and llal bar «nh (imahrd rOi 

T 

•hrarrd. 

vncAic 

■«• rallad, ■ 

AUOUT 

awrd of machmrd rdgra                                      f 

no tn». Mtn UWMCOP Mt. OO-CSl 1. CONO WM 

L^ m^ 1 

. 

i   ) 
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lind 

Hard 

I 2 ha rd 

QQ-B~:Hi 
Comp 22 I 2 U.>.rd 

QQ-B- 31 
Comp I I 2 Ha rd 

Ha.rd 

-B· 37 
Comp3 I 2 Ha rd 
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VOLUME III - CHAPTER 11 
PACKAGING DESIGN TECHNIQUES 

ABSTRACT: 

In the final analysis, It Is the degree of excellence that the packaging 
engineer can muster in the execution of the equipment structure, that will 
largely determine the operational suitability of the system. Most of the 
environmental parameters are influenced or mitigated by the equipment 
package Itself. If the package sustains the equipment in the field, then 
the system is a success. If the equipment is unable to survive and per- 
form as intended in the field, then the system is a failure, regardless 
of the functional capabilities which have been designed into it. 

This chapter discusses some of the more important decisions that the 
designer must make during the design of the equipment package. Ihese 
topics include the definition of the true design criteria, the evaluation 
of the important constraints, the interaction of other environmental 
stresses, and a discussion of the damage potential inherent in the 
dynamic environment. 

Some procedures are outlined for dealing with Joints and interfaces, 
material compatibility, configuration, component location, and other 
design oriented packaging problems. 
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ntDRXML IBP—B AHD DBIG1 CJUTJEKLA 

ohll^^rt to think clearly about functional requirement« early in the 
•milwwnt <<—■«g* Bfca— and idaatify ttoa —nli^Eful deilgn crifrla,       

Functional  requlreaent« are thoae operational and aaintenance require- 
whicb are t^poid oo the deeigc of the product toy the authorised 

or the originator of the request for the design.    When the equipaent 
designer is confronted with s specified functional requirsaaiit, he must 
M—i that it is valid, that there have been tradeoff studies aade, and 
that operations analysis and other techniques were used to establish the 
true operational and aaintenance requirenents.   Makiog all ouch previous 
studies available to the equipment designer usually helps him to clearly 
identify the real functional requirenents.    It is an inportanrt factor of 
effective design that the real functional requirenents of any systen be 
reflected in its individual conponents, equipnents, and subsystens. 
Ultlaateiy, this integration ought to extend into the vehicle,  or tactical 
assenhly of vehicle», and on up through the Amy's connand hierarchy.    An 
equipsMnt which is not responsive to the real functional requirenents 
cannot be considered a good design,  no natter what other redeeming fea- 
tures it nay possess.    Designers are obliged to think clearly about the 
functional requirenents, to asseso as accvrately as possible the opera- 
tional snviroBBsnt in which the equipment is to be used,  then set out to 
design equipment which is, first of all, producible, and which is func- 
tionally capable and serviceable.    Designers oust insure that the equip- 
ment can be installed by people who are going to be available in the 
operating envirocment to install it;  thAt it can be operated within the 
skill level of people who will be assigned to operate the equipment in 
the field; and that aaintenance,  fault isolation, troubleshooting, «nd 
other functions which are subordinate to the operating node can be re- 
formed in the removal, refurbishing, restoration, reinstallation, and a 
host of other constraints.    These are some of the real functional 
requirenents which must constitute the body of criteria used to Judge or 
trade off one design for another. 

There is a logical connection between functional requirements ard design 
criteria.    Functional requirenents come to the design area either in a 
statement of work,  in operating requirements,  or in a procurement speci- 
fication.    A variety of descriptors are used to identify what the 
originator has in Bind when he talks about the product he wants designed. 
Iheee we identify as a statement of functional requirement.    For eacfi 
fu jetional requirement there logically follows a specific criteria against 
which the excellence of the design will have tc be Judgud.    That is,  for 
every functional requirement,  there is a quantified or measurable criteria 
against which the design must be measured to see if it satisfies that 
requirement.    The other design criteria are standards of measure used to 
evaluate how closely the designer has come to satisfying the requirement. 

The first responsibility of the designer is to sift out the real require- 
nents.    These must be identified by the designer before he begins the 
task of necfatoioal,  system,  or equipment design.    One way he can do this 
is to make a serians study of extracting functional requirements fron the 
formal docussnt.    airily this document cosrss to him in the form of a 
specification contalx ?g SOBS quantitative Information and some informa- 
tion which is not ^imetltative.    If it could all be quantified in the 

11.1-0 
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beginning, It would elmpllfy the task for everyone. Instead, the speci- 
fication must be researched and reasoned out and a careful analysis made 
of the requirements. Functional requirements usually have to be derived 
since they are socvitlmes not plainly stated in the customer's outline of 
design tasks. Ae these requirements become more identifiable, a point is 
approached where specifics can be assigned; a quantity is derived and 
numerical values can now be assigned to these requirements. From this 
point, the designer who proceeds without checking back to see that these 
requirements are, In fact, what the customer had in mind, may send him- 
self into a long and fruitless work cycle. Ike earlier the specific 
information can be derived, the less the chances of wasted motion due to 
misinterpretation of the real requirements. 

• Statement 

j • Operationa 

i • Procuremen 

of Work 

1 Needs       j 

t Specification 

^ ̂  

Meaningful 
Design 
Criteria 

DESIGN CRITERIA: Functional requirements may be quantified as measure- 
able standards upon which the system design excellence will be Judged; 
these are the real design criteria. 
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Section 1 - Introduction 

BVALHATIliG PRINCIPAL DESIGN CONSTRAINTS 

designer must carefully consider the environment In which the equipment is going 
to be u—d and avoid the use of costly and useleea deelgn cliches.  

Design constraints are an extension of the functional criteria which 
identify and describe the functional requirement for which the machine, 
equipment, or system Is to be responsive. Primarily, the equipment must 
be capable of being produced. That Is, processes, tooling, sequencen of 
operation, etc., required to assemble a particular Item must be within 
the realm of feasibility and, more specifically, within the capability of 
the particular organization that will produce the equipment. 

Transportability might be Included as one of the conetralr.ts described in 
the design specification. The  Introduction of transportability, porta- 
bility, modularity, etc.. In order that the equipment nay be moved In 
sections less than Its whole, generally results In an increase In cost. 
Anything that can be done to reduce the number of pieces Into which an 
equipment must be broken to be transported will directly affect the cost. 

Installation procedures. Installation sequences, tools, and requirements 
for the accessibility of the equipment while It Is being Installed are 
all to be taken Into serious consideration when designing a system. The 
problem of accessibility brings with It a tendency toward the arbitrary 
use of famlllai design cliches. Often, maintenance access Is conceived 
as drawers on slides, when fixed panels, roll-up screens, doors, or any 
number of other configurations might be more appropriate than the conven- ' » 
tlonal drawer and slide. Frequently we find that equipment with a 
deslgned-ln ease of maintenance which costs the designer additional time 
to create. Increased nanufaoijrlng costs and, although exquisite and 
Ingenious, cannot be Identified as being responsive to any functional 
maintenance requirement. In many cases, military electronic equipment 
mounted In a slide device would rapidly deteriorate from continuous 
exposure to the normal cneratlng environment. The designer must, there- 
fore, know what kind of environment the equipment Is going to be used In 
and what degree of maintenance Is expected while In that environment. 

Every time that access Is provided to the Inside of a machine, the reli- 
ability of that machine Is necessarily degraded. Almott without exception, 
the opening of an equipment to provide maintenance access significantly 
compromises the structural continuity, the internal cooling capability, 
the air contaminant protection system, the RFI shield, and the personnel 
shock hazard. Thevefore, before the designer starts to consider how he 
is going to provide access for maintenance, he should determine whether 
that maintenance raust be performed in the partlcu r r environment in which 
the equipment will be operated. Also, tradeoff studies should be made 
in each system to determine the point at which it is no longer feasible 
to make field repairs. Maintenance philosophy thus will materially 
affect the structural design of the equipment. 

11.1-2 
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AVOIDABLE DESIGN   CLICHES.   .   .   . 

Ur.necessary access provisions 

Unnoeded field maintenance provisions                         1 

Unused modularity                                                                   j1 

Oversimplification of operational proceO.ures           !{ 

Features that do not satisfy the real                        j 
design .riteria 

j                     OFTE» LEAD TO INCREASED  ....                                                       \ 

Design time                                                                                j 

Fibrlcation complexity                                                      j 

Overall system cost                                                            } 

Weight and bulk 

Failure rate from environmental intrusion                1 

DESIGN CLICHES:    An early assessment of the real functional needs 
and design criteria will result in a more efficient system concept, 
to the exclusion of avoidable design cliches. 
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Section 1 - Introduction 

SUPPORT VERSUS CAPTURE IN STRUCTURAL DESIGN 

Environmental stresses are usually omnidirectional, and usually transfer through 
equipment from any quadrant. The designer is more concerned with "capture' than 
"aupport" in deriving a structural geometry.  

The use of the word "support" In structural design denotes a limited 
design approach. The word "capture" much moro appropriately describes 
the task to be accomplished in tying together equipment components and 
assemblies. Tte  equipment we are faced with designing will eventually 
find itself In a rough-and-tumble world, where environmental stress may 
emerge from virtually any quadrant. 

The  military equipment designer is concerned with grasping each individual 
comporent, part, or subassembly In such a way as to ensure that, no matter 
fron what direction dynamic stresses might be applied; he has provided a 
sufficient means of tie-down. The  integrity of the tie-down, or capture, 
of components and assemblies is probably as important as any single fac- 
tor in the survival of equipment in shock and vibration environments. 

The  consideration cf removal for maintenance or replacement is of almost 
equal importance in capturing Individual parts or subassemblies. For 
example, li a part is not destined for replacement in the field. It is 
unnecessary to provide a quick disconnect, or easy removal means of tying 
it down. Therefore,  the maintenance level functional requirement must be 
Identified. Ihe complexity and vulnerability of devices which permit easy 
removal should be avoided wherever they are not required to satisfy spe- 
cific functional requirements. Diere are basic geometric forms which are 
somewhat more stable in dynamic loads than others. For instance, the 
sphere, which is an extremely economical way to contain space, offers a 
maximum strength for minimum material, but is not suitable for externally 
applied single point-load application. It is unstable when supported by 
a single plane or the intersection of two planes. By definition, a force 
which goes anywhere other than normal to the plane cf fupport will tend 
to ca ise the sphere to roll. It takes at least a three-point support to 
captme a sphere. 

Contrasting the sphere with a tetrahedron, there are four equilateral 
triangles comprising the sides; the simplest enclosure of space, using 
flat planes. Within the angle of the sides, a highly stable configura- 
tion Is obtained, where loads applied at any apex of the triangle will be 
•transmitted as column loads through the intersection of the opposing 
faces. If the structure were configured with struts, wires, or columns, 
a load applied at any one of the apexes would follow a compressive path 
to the opposite force applied by the face or base of the tetrahedron. 

A cylinder is a form of cone when we look at it in terms of its Inherent 
stability. The  cone should possibly be looked at first. From the stand- 
point of apex loading, the cone Is similar to the tetrahedron with the 
exception that the base is circular Instead of triangular. Loads applied 
at the apex find a resistive path through the surface of the cone for 
load analysis. A cylinder is essentially two Inverted cones. Loads 
applied at the top of the cylinder must be within the same conical dis- 
placement or orientation as the base of the cone Inverted, 

11.1-^ 



VOLUME III 

The cube, or the rectangular uolld, le made from intersecting parallel 
planes. It Is a hlglly unstable device, with load applications from 
almost any direction. The  tendency to parallelogram, to skew, rotate, or 
shear, are always present in the rectangular form. Consequently, some 
basic things must be done to the popular rectangular form to stiffen it. 
The first thing that is usually done is to gusset the corners, super- 
imposing on the corners the kind of stability that is characteristic of 
the tetrahedron. Individual equipments will not likely ever be packaged 
in the tetrahedron, but a series of interlocking, or nesting, pyramid or 
tetrahedron shapes need not sacrifice any space. 

Structural shapes and sections which provide stiffness, strength, and 
lightness, use box or tubular sections for beams and columns, ribbed 
panels and edge-flanging for flat plates, edge-flanging for lightenlng- 
holes, gussets and brackets for end connections of bears and columns, and 
stiffeners for large load-supporting plates or surfaces. 

Unstable Unstable 

^ \ \ 

Weak 
Direct 
Reaction 

/ P T 
WHY CAPTURE?     The real world in which an Army equipment system must 
operate is a  complex of omnidirectional  stresses which combine in 
unpredictable patterns.    Further,   these stress patterns are almost 
always oriented in unconventional ways. 
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Section 1 - Introduction 

DYNAMIC STRESSES AND THEIR DAMAGE POTENTIAL 

It Is apparent that some dynamic stresses are omnidirectional;  some are repetitive, 
and some are constant and predictable In direction.    IHelr damage potential comes In 
the form of eventual failure from fatigue, excessive stress of supporting structures, 
and excesaive deflection of parts.  

Shock, as an example.  Is an unscheduled,  omnidirectional dynamic stress 
which generally enters the equipment through whatever face of the structure 
Is attached to the next assembly.    For example, a box sitting In a truck 
Is exposed to shock through Its base.    However,  If not paperly secured, 
the box nay experience subsequent shocks from vlrtiaüly every direction as 
It bounces and collides with other equipment.    BquJ^errt mounted to the 
bulkhead of an equipment shelter will experience  -.*»«• k forces from any 
direction when It Is airdropped from an airplane :.•  aellcupter. 

Conversely, vibration Is usually Imparted to a syrtet or equipment In the 
direction permitted by the attachment of the itea to the next assembly. 
The excitation axis may be anticipated or limited,  cut generally It can 
be predicted as relating to one of the conventional faces of the equip- 
ment.    Ihls means that vibration resistance In a design may not necessar- 
ily be an omnidirectional resistance.    Resistance to vibration Implies the 
use of one of two basic techniques for Isolating or protecting an object 
from the raw environment; adequately Isolating the fragile equipment, or 
adequately securing It to the forcing structure.    The same rules Imply 
specifically that an Isolation system designed to separate a fragile 
equipment,  subassembly,  or component from the vibration stresses In the 
dynamic environment, must be capable of providing adequate separation or ' *- 
isolation from all anticipated frequencies.  In all directions from which 
the stress may be applied.    We have frequently observed conditions where 
an equipment is to be base-mounted,  and the laboratory simulated environ- 
ment is constrained to the three principle axes: vertical, horizontal, 
and front-to-back.    It is quite possible to satisfy these three specific 
situations successfully and fall to solve the real problem of actual fre- 
quencies or amplitudes of vibration which nay be present in vectors other 
than the three principle axes. 

In an electronic assembly made up of a combination of individual masses, 
each of these nasses nay have one or more natural frequencies.    If these 
frequencies eure within the range of frequencies Imposed by the dynamic 
environment,  the various individual components will resonate at various 
points within this range of excitation.    Failure nay occur through fatigue, 
excessive single stress, or excessive deflection of parts. 

Although fatigue failure results from a large number of stress cycles, the 
time required for these stress to accumulate la short when a component Is 
vibrating at hundreds of cycles per second. 

Excessive single stress nay cause brackets or other supporting structures 
to yield or fracture. 

Excessive deflections of parts nay result in their hitting one another with 
resultantly high impacts. 
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TRUE SERVICE STRESS:    The designer must evaluate the operational 
requirements of the equipment systems and be aware of the potential 
differences with the Quality Assurance Tests. 
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uamkcnx HTECTS OP OTHER nvnuMBML STRESSES 

The ecnbined effects of temperature, corroelon, and dynamic streBses upon a 
structural interface should be considered if the part must function in a combination 
of enriroMents,  

Considerations for RFI and 9(1 are complex when a combination of environ- 
mental stresses are applied simultaneously upon opposing faces of a 
structural connection which must be held in fixed positions throughout 
all the dynamic environments. If the connection is one which permits even 
limited motion between the two opposing faces, the gasketing interference, 
labyrinths, or whatever might be used to secure an RFI closure, nay fail 
to provide that closure during shock or vibration excitation. It is also 
possible that the effective closure will progressively degrade, as motion 
between the two faces is permitted to continue. In effect, we have a 
successful RFI shield during the early period of the equipment's exist- 
ence, but after prolonged exposure to an environment which causes the 
two opposing faces to work with respect to one another, the RFI shield 
may ultimately have no shielding effectiveness. 

Heat is identified as one of those conditions which is frequently assumed 
to be passed through a structural interface. Whether this can be done by 
conduction, or whether it must be done by radiating from one surface to 
the other, makes a substantial difference in the effective heat path. A 
structural interface usually presents a barrier to the passage of heat, 
regardless of the condition, roughness, color, or material of the two 
opposing surfaces. Some heat will pass by conductive means from one sur- 
face to the other where close contact is maintained. In the case of 
components specifically intended to transfer heat into the next assembly, 
this close fit is imperative. Often this is not a true conductive path 
because a significant air space is permitted between the faces. It is 
essentially a radiator and an absorber looking at one another over a 
short distance; the distance is significant. Convection currents may 
became a factor in transferring heat over structural interruptions which 
have substantial air gaps. 

Corrosion is another of the environmental stresses we must be aware of 
when we encounter a structural interface in our design. Specifically, 
the two opposing faces which are not in complete physical contact with 
each other, create atmospheric eddies, and consequently do not breathe 
normally. Any cavity which is large enough to permit sweating or the 
collection of condensing moisture, but is not large enough to admit 
normal air currents, presents this problem. Any component or part which, 
because of its orientation with respect to the rest of the equipment may 
not have the oirortunity to breathe and periodically get drying air cir- 
culating over dll of its faces, is similarly vulverable. These conditions 
are always potential degradations to the RFI barrier between the two parts 
or surfaces, since the corrosive oxides are generally electrical insula- 
tors rather than conductors. Cavities, unfortunately, eure often located 
in areas where either externally or internally condensed moisture flows 
to and collects. Bntrapments, therefore, degrade the RFI integrity, 
interfere with the passage of heat, and tend to make the structural 
material vulnerable to corrosive action. There are numerous preservation 
techniques which may inhibit the corrosive action of entrapped moisture, 
but most of these also interfere with the passage of electrical current 
and heat. One, for example, is the use of hard anodizing to obtain a 

U 
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high corroelor. resistance In an aluminum alloy which may be exposed to a 
cavity or an entrapment.    The hard anodlze, however.  Is an excellent 
corrosive Inhibitor, but an almost perfect Insulator with respect to both 
heat and RFI. 

Usually,  those materials which are good conductors of electrical current 
generally are prone to corrosive action.    Paint treatments,  coating, 
plating treatments, and the selection of basic materials all are of sub- 
stantial concern In the design of a structural Interface, where we Intend 
to have a continuous path to make an RFI shield or a continuous path 
through which to pass heat to a sink.    Two opposing faces which are per- 
mitted limited movement with respect to one another will periodically 
wipe or clean the corrosion products.    The design of a slopping Joint 
which permits the motion between two parts to keep insulating oxides fron 
developing,  is probably not Justified to improve the RFI shielding.    The 
fact remains that a continuous mechanical scraping of one surface against 
the other tends to keep the surfaces conductive for RFI purpose and gen- 
erally tends to prevent the formation of more than superficial corrosion. 

Heat Corrosion 

ii 
Shock and 
Vibration 
Impulses O Structural 

Joints and 
Interfaces o Dynamic 

Integrity 

RFI/EMI Intrusion 

SYSTQC APPROACH TO DYNAMIC II.TEGRITY:    The integrity of a structural 
interface is dependent upon its ability to withstand the combination 
of all the environmental stresses.    The design must reflect this com- 
bination of other,  less apparent,  factors. 
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FATIGUE sraENGIH COMPARISONS 
OF STAINLBS STEEL WELDsU) 

100 

Percent of 
Original 
Strength  50 

Base Metal 

Butt Weld 

Fillet Weld 

^pot Weld 

■♦- ■+■ 4- -♦■ 
10 10 10" 10^ 

Cycles of Stress to Failure 
10" 

JOIWTS AND INTERFACES:    Joints always cause an increase in weight and 
manufacturing complexity due to the extra layer of base material. 
Welding is probably the best compromise method for unavoidable interface. 
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Section 2 - Attachment of Equipment Elements 

CONSIDERATION OF TENSION AND SHEAR IN THE SELECTION OF FASTENERS "* 

The limitations of homogenous Joining techniques across an Interface necessitate the 
use of other Joining devices. In selecting these devices, the designer must consider 
their application with regard to modes of stress to be encountered; namely, tension 
and shaar.  

Devices that create a homogenous or continuous material bond, such as 
glues, laminations, welds, dip brazes, etc., are most desirable as an 
interface Joining technique. These devices usually obviate the require- 
ment to do something special across the interface to obtain an RFI shield 
or establish a good heat transfer path, as veil as limit excursion or 
motion between the two faces. Although connections of this type eure more 
able to resist omnidirectional stresses and strains, there eure other 
devices which must be used when the homogenous techniques cannot be 
applied. These eure separated in terms of whether they are a tension or 
a ahear device. 

A ahear device, such as a pin in a bushing, cau be used to load one part 
with respect to another in a direction norml to the major axle of the 
pin. The effectiveness of a shear pin and bushing combination as a 
Joining device is largely a function of two things:  (l) the diameter of 
the pin with respect to the kinds of rmterlede involved in both inter- 
facing parts and the pin, and (2) the amount of tolerance or clearance 
allowed between the maximum diameter of the pin and the minimum diameter 
of the corresponding bushings or holes in the mating parts. In military 
electronic equipment, high strength shear pins of reasonably small ' ^ 
diameter (l/V emd 3/8") are used for Joining two pieces of aluminum. 
Shear devices should only be considered where the parts will be permanently 
attached. There should be a high pre-load in the directions in which the 
loads can be applied dynamically in the plane perpendicular to the major 
axis of the pin. Therefore, an underslze hole or an oversize pin, or 
both, eure needed. The use of dry ice to reduce the dieuneter of the pin 
to minimum, and then a drive or press fit into the two opposing parts 
accanplishes the kind of extreme pre-load that is necessary. The force 
to be transmitted across a pin and bushing combination in shear is not 
added to the internal forces exerted by the pin and the bushing. 

One good way to provide high expanding force in the pin or radially com- 
pressive force on the bushings is to provide a Collet-type system. In 
these devices, the pin tends to fully engage the hole in the bushing. 
Examples eure the split or expanding bushings commonly found in the chucks 
of power tools. 

Another technique which can be used alone or in connection with split 
devices Is a lead angle, or taper, on the pins. This requires a compres- 
sing force which tends to drive the pin continually into the corresponding 
tapered cone of the bushing. This has at least one unique advantage over 
cylindrical forms. No matter how well pinned the cylindrical form, the 
conical form can be surranged so that the application of compresslve exter- 
nal to the pin permits periodic or continuous retlgbtening or resetting. 
It is comnon to apply a continuous spring force which is sufficient to 
keep the pin fully engaged in the cone through all of the limits of shock 
and vibration that the equipment might be subjected to. A cylinder is 
essentially capable of being a sheeir device in any direction in the one 
plane whl^h is normal to its major axis. Tapered pins can be configured ^ 
so that they tend to be gripped or seized by the receiving bushing. 4^ 
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Tension devices should be limited to the tension mode; specifically, a 
bolt should not be used In shear unless It Is a shear bolt. The stripper 
type bolt or the shear bolt, has a cylindrical body which 1c not threaded. 
This shear body will provide a tight fit as well as a tension path ov^r 
the shear length. The application of shear forces over threads loaded in 
tension creates a situation which probably causes most bolt failures. 

A bolt Is essentially a tension device, while a rivet Is essentially a 
shear device. The  bolt can be retorqued; normally rivets cannot be con- 
veniently reset. So long as a shear load Is Imparted across the rivet up 
to the limits of the material, there exists a best case positive connec- 
tive Joint; the upset rivet having swelled outward to fill the cavity of 
the hole In the two Joined parts. The bolt, however, does not swell. In 
fact, a bolt contracts slightly as the tension forces approach the elastic 
limit. The bolt will remain secure In tension so long as It does not 
encounter a shearing force. A bolt torqued well below Its maximum limit 
may fall with the addition of very minor sheering forces applied across 
the bolt. The shearing forces impart very high tension forces at the 
point of the application of the shear force. The use of spring-loaded 
lucking devices usually work to compromise the tension imparting char- 
acteristics of a bolt. 

I 
Failure 
Zone 

Tension 
Load 
(kips) 

Material 
Heat-Treated 

UTS 

Bolt Diameters 

15    20 
Shear Load 

SHEAR-TENSION INTERACTION: The necessity for combined shear and tension 
In a fastener must be carefully evaluated for the stress interaction. 
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Section 2 - Attachment of Equipment Elements 

SCME MORE DESIGN TIPS ON THE USE CF FASTENERS 

Fasteners offer the designer a wide variety of mechanical alternatives. Proper 
attention to the details of their applications will add to their effectiveness. 

The designer should be concerned with the possible replacement necessity 
of the Joint. Some fasteners, such as rivets, must be destroyed In order 
to be removed. If Joint takedown Is required, this must be taken Into 
consideration when selecting the type of fastener. 

Rivets eure Ideal for multiple fastener Joints where close hole tolerances 
are Impractical. The filling tendency of the rivet when It Is bucked Is 
beneficial In spreading the service load among all the fasteners. A 
profusion of small fasteners has better strength potential than one large 
fastener, particularly in thin sheet material. Mechanical fasteners 
presently available offer virtually an infinite number of types, sizes, 
and characteristics to match the wide range of design requirements. Some 
more items to consider when selecting a fastener are: 

1. corrosive condition 
2. elevated tpjiperatures 
3. weight 
h. type of lead 
5. magnetic or non-magnetic 
6. high vibrations or cyclic load 
7. heat or electrical conductivity 
8. cost 
9. removability 

Some features that should be considered in the design of a Joint are: 

1. The strength of the fastener should balance the strength of the 
Joining members. 

2. Locking devices should be used, e.g. lockwlre, self-locking 
screws, self-locking nuts, and locking inserts. 

3. There is a large variation in the torque-load relations when 
using torque values to gauge the fastener preload. 

k.    Consider preload when determining the capacity of the fastener. 

5, During installation, the torque load and induced tension load 
should not produce yielding.  Care should be exercised in using 
the thread root area rather than the shank area. 

For retaining at least partial effectiveness when a bolt is elongated by 
shock, the use of a split-ring washer is recommended. If the backin^-off 
of the bolt is to be prevented, then a star, or tooth, type washer Mould 
be more appropriate. Since the teeth usually cut through anodic and other 
insulating coatings, they are also used when good electrical contact is 
required. 

A preferred method for holding a screw or bolt and nut secure is by means 
of a locknut. The locknut develops friction between the bolt threads and 
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the nut. In preventing loosening of bolts under vibration stresses, lock- 
nuts are quite effective. Under shock stresses,they maintain Joint tight- 
ness and are not easily damaged. 

Failure to provide the necessary Joint tightness may be due to insufficient 
tightening of the fastener and locking device. To avoid this, specifying 
thf use of a torque wrench or pre-load indicating washer is recommended for 
proper application of the specified torque. 

FASTENER HEAD STYLES COMMON NUT STYLES         t 

• Binding - Undercut binds and eliminates fraying • Hex Jam 
S   of wire in electrical work. • Hex Thick             ij 
• Button - Used for bolts and cap screws. • Hex Slotted           \ 
• Fillister - Available with slotted or Phillips • Hex Castle            j 

driving recess for machine screws, tapping • Hex Flange 
;   screws and cap screws. • Track Bolt            i 
• Flat Fillister - Used in counterbored holes • Square               i. 

that require a flush screw. • Acorn                \ 
• Flat, 82° - Use where flush surface is desired. • Twelve Point          \ 
• Flat, 100c - Larger head than 82° design. 
• Flat Undercut - Permits flush assemblies in 

thin stock. 
• Headless - Used for set screws only. 
• Hex - Standard head for machine bolts and CLASSIFICATION OF 

screws. METAL WASHERS 
• Hex Washer - Used for machine screws and tapping 

screws. Group       Type       j 
• Oval - Similar to standard flat head. 
• Pan - For use instead of round head screws. • Flat   ASA Type A     ! 
• Round - Used for bolts, machine screws, cap 

screws and drive screws. • Plain  ASA Type B 
• Round - Countersunk - Used for bolts only. 
• Round Washer - Used for tapping screws only. • Spring Conical        t 
• Square (bolt) - Generous bearing surface for Belleville     t 

wrench tightening. Serrated Edge 
• Square (set-screw) - Can be tightened to higher Wave           j 

torque. Ramp Conical    j 
• Truss - For covering large diaiLeter clearance Helical Spring 

holes in sheet metal. 
• Twelve-point - Available for bolts and rachine • Tooth  Standard 

screws. Special 

USING FASTENERS: The geometric configuration of bolts, screws, nuts, and washers 
should be carefully reviewed when selecting 3 fastener. 
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Section S - laportant Design Coneideretiona 

DESIGUniG FOR NAITCAL OCKPATIBILITY 

The deeigner should be interested in mtehing, in so fer es be can, the total 
■echsnieel end physical characteristics of all of the contributing asaibsrs, parts, 
and asseshlies of the structural syste». 

") 

Oalvanic couples and electrolysis are probably the chief reasons for 
•voiding the placeaent of dissimilar metals adjacent to one another. 
Crevices, cavitlee, and entrapoents usually are places «here galvanic 
carroelon is nanifested and obviously very difficult to detect. It is 
usually not detected until it has gone so far that the part has cosqdetely 
deteriorated. Hhe effect of the galvanic couple may be transmitted through 
a succession of parts until it comss to that part which rill be sacrificed. 
Ihis nay be incidental or it nay be critical to the functioning of the 
systea. 

the techniques available for preventing galvanic coupling are fairly 
classical and known to most designers. The point to remember is, vir- 
tually no applied finish plating or material used as an insulating mem- 
brane will be as successful as choosing non-coupling aaterials at the 
outset. At least one of the acceptable devices in this regard ia to 
provide a sacrificial element; one which is designed to be anodic, and 
which will, in fact, loae its ions while preventing all the rest of the 
parts of the equipment from changing their composition. This is an 
acceptable technique and requires periodic maintenance and inspection of 
the sacrificial element so that it can be replaced, once the couples have 
cosMsncert *s operate. In addition to the corrosive effects slrsaiTy 
mentioned, there is a need for compatibility and consistency of materials —"v 
within the structural system. In non-structural elements such as circuit ) 
components, it is necessary to use specific aaterials for corroaion 
resistance, capacity, or conductivity. In the case of the structural 
aaterials, we would do well to try to arrange the aaterials which are in 
the same general region of thermal expansion and contraction to be 
adjacent to one another. It is difficult to make a lamination of steel 
and alimdnum with the expectation that under widely varying temperatures 
it will not set up some rather severe stresses due to dissimilarities in 
thermal expansion characteristics. 

Fatigue limits also should be a consideration in selecting materials for 
a structure. In selecting structural metals for envlroownts of shock 
and vibration, the moat desirable properties are high ductility and high 
yield point. 

Temperature effects on rubber sad thermoplastic materials in electronic 
equipment must also be considered. These materials become more brittle 
at low temperatures, as do almost all materials. Conversely, at higher 
temperatures, their stiffness decreases. Therefore, if shock or vibration 
is imposed upon electronic equipment exposed to temperature extremes, it 
is necessary to consider these changes in the physical properties of these 
materials. For example, the change in the stiffness of wire Insulation 
will reoult in a change In resonant frequency, or a change in stiffness 
of potting material nay cause it to flow at high temperatures. 
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SPECIFIC STMWGTH          | 

HI 01 

THE GALVANIC TABLE ♦ Titanium and Its Alloys 
Martensltlc Stainless Steels 

|  Anodic Ultra High Strength Steels 
1  (active) Alloy Steels 

Magnesium 
Magnesium Alloys 
Zinc 
Galvanized Steel 
Alumlman 6053 

Aluminum Alloys (hard) 
Carbon Steels (hit)           j 
Magnesium Alloys 
Nickel and Its Alloys         1 
Carbon Steels (hot rolled)      | 
Carbon Steels (cold worked)     j 

Alelad 
Cadmium 
Aluminum ZOZk 

Aluminum Alloys (annealed) 
Plain Brasses (hard) 
Malleable Irons 

Mild Steel 
Precious Metals 

Wrought Iron 
Cast Iron 1 Lead and Its Alloys 

18-8 Stainless Steel (active) Low 
Lead 
Tin THEIWAL EXPANSION 
Naval Brass 
Nickel (active) High 
Yellow Brass 
Red Brass 
Copper 

1 Zinc and Its Alloys           ( 
Magnesium Alloys              j; 
Aluminum and Its Alloys 

Silver Solder Tin and Aluminum Brasses 
Nickel (passive) Silver                       | 
Titanium 
18-8 Stainless Steel (passive) 
Silver 
Graphite 
Gold 

Stainless Steels 
Coppers                     j 
Nickel-Base Superalloys 
Nickel and Its Alloys 
Alloy Steels 

Platinum Alloy Steels (cast) 
Cathodlc Malleable and Wrought Irons 
(noble) 

1 

Martensltlc Stainless Steels    j 
Ferrltlc Stainless Steels 
Gray Irons (cast) 
Molybdenum and Its Alloys 

Low 

MATERIAL COMPATIBILITY: The designer should select materials that are 
similar in their reaction to the imposed environmental stresses. 
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