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SFCTION 1

INTRODUCTION

1.1 PROGRAM OBJECTIVES AND SUMMARY

Exnerience has shown that surface crazing and delamination

of a laminated plastic transparency are related to the residual

stress levels in the transparency. It has been theorized that

control of this stress level (durinq the manufacturing and

installation process) to a critical threshold value may increase

the transparency's service life by delaying the need to remove

them due to either of these stress induced failures.

The main objectives of this program are to (1) conduct

review studies on candidate nondestructive test techniques for

determining residual stresses in aircraft transparencies; (2)

identify and recommend nondestructive test techniques having

potential for further laboratory development and field use.

The proqram was organized under three primary tasks: (1)

a comprehensive general literature review of over 150 publications

on holography, x-rays, moire, scattered-liqht, thermal methods,

il t r,.1;onic techniques, acoustic emission, magneto-photoelasticity,

laser diffraction, and eddy currents; (2) a detailed literature

review on scattered-light photoelasticity, ultrasonic technique I

based on the Rayleigh surface waves; ultrasonic technique II based

on the reflection of ultrasonic energy at a liquid-solid interface,

'1- magneto-photoelasticity, and laser diffraction; (3) detailed review

studies on scattered-light techniques and ultrasonic techniques I

and IT.

The detailed studies on scattered-light techniques included

the principles of the dual-observation method; the scattered-light

photoelastic properties of aircraft transparency plastics; the

Ascattered-light photoelastic device; and the procedures to determine

the residual stresses at the surface and through the thickness.

The detailed studies on ultrasonic technique I included the

concept of Rayleigh waves (their structure and properties); the

]1I
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detLeruLinO the residual stresses at the surface and through the

thickness.

The detailed studies on ultrasonic technique II based on the

reflection of energy at a liquid-solid boundary included the basic

principles and the equations; and the principles, calibration, and

application of a goniometer for the residual stress determination.

These methods were compared and evaluated as to their

potential use in the laboratory and/or field for the determination

of the residual stresses in aircraft transparencies, and

recommendations have been made.

1. 2 BACKGROUND INFORMATION

1.2.1 Residual Stress

Internal or residual stresses have been defined as

those existing in bodies upon which no external forces are acting.

They can arise out of unequal plastic deformation, causing a

misfit of the elements upon removal of the load; alternately,

a chemical change may alter a part of the body and similarly

produce residual stresses. Residual stresses fall naturally into

two categories. First, external forces can influence differently

If various parts of a body, and thus, even though the material may be

isotropic and homogeneous, residual stresses may be produced.

Secondly, textural inhomogeneities of the material may give rise

to internal stresses from external influences which are acting

uniformly upon the body. The residual stresses of the first group,

arising, for example, out of a deformation or forming process,

are often large and well defined in their distribution. They are

called macrostress. The other group contains residual stresses

(caused, for example, by quenching a two-phase alloy) which are

usually on a granular scale and often randomly distributed.

These are termed microstress, or residual stresses of the second

2
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k n . The microstress are, in general, uniformly tensile or

comnressive in a particular arain, but tentative suggestions of a

subqranular variation have been made and have led to the idea

of microstress of a third kind.

1.2.2 Stress Crazing

All of the transparent plastic materials currently

vai lab)le are susceFtible to crazing, though in widely varying

deqrees. Crazing has been defined as fine cracks which may extend

in a network over or under the surface or through a plastic.

Thesoe fine cracks are often difficult to discern, because they are

approximatelv pernendicular to the surface, very narrow in width,

and usually not over 0.001 inch in depth. They can be seen by

reflection trom their surfaces and appear as bright lines when the

specimen is viewed at varying angles to the incident light

(References 1 to 4).

Crazing results from a variety of causes, the more

prominent of which are: (1) residual stresses caused by uneven

stretching and coolinq involved in forming; (2) contact with

solvents and solvent vapors in the manufacture, operation, and

servicing of aircraft, including the adhesives used in making

joints; and (3) stresses induced in the material by machining,

polishing, mounting, and other fabrication and flight operations.

When the craze cracks are in a random pattern, the crazing can

usually be ascribed to the action of solvent vapors and is referred

to as solvent crazing. When the cracks are approximately parallel,

the crazing is usually due to the application of mechanical stresses

and is referred to as stress crazing. These two types are not

mutually exclusive, so that the effect may be produced by the

simultaneous action of stress and solvent, referred to as

stress-solvent crazing. Internal stress is, in fact, essential to

solvent crazing. In stress crazing and stress-solvent crazing,

the craze cracks appear perpendicular to the tensile component of the

applied stress. Tensile and flexural stresses cause crazing, whereas

purely compressive stresses do not produce crazing.

3
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!"t rt -lI, I %11 prop r l i e l ie p as tt I C-s. CraYzinq cracks 0.006 inchIh'oel) rosut ted in a 30 percent loss in tensile, strength of a plastic

materiall in one investigation (Reference 1). The extreme stress

concentration at the base of a fissure results in propagation of the

crazing with time under load. Small changes in crack depth are

accompanied by large decreases in the impact strength. In extreme

cases crazing can reduce tensile, flexural, and impact strengths to

virtually zero.

Long-time cantilever loading of test specimens

(F'TM.; 400 Methotd 6053) with and without various solvents applied

to the tensi le surface has been used to estimate the threshold

crazing stress under various conditions.

In References 2 and 1, the phenomena associated with

the crazing of cast polymethyl methacrylate sheet are described and

examined in the light of earlier work. The theory is advanced that

ordinary elastic stresses produced in the surface during poly-

merization cause local rupture under the plasticizing influence of

absorbed solvent or when sufficiently increased by an externally

applied stress. The heat treatment of the sheet to minimize crazing

and to produce material free from distortion is described. In

Reference 4, crazing effects are described in polystyrene; evidence

of crazing is noted at various noints on the snecimen where stress

concentration occurs, such as at regions where the specimen changes

its cross-sectional dimensions or at points of concentrated load

application.

1.2.3 A Review Study of Literature on the Analysis and
Methods of Nondestructive Test Techniques to
Determine the Residual Stresses

The following paragraphs describe nondestructive

test techniques usad to determine residual stresses.

1.2.3.1 Scattered-Light Photoelasticity

Some of the earlier work on scattered-light

photoelasticity was performed by Weller (References 5 and 6) in

4
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the United States, and by Jessop (Reference 7) in the United Kingdom,

hut a systematic study of the analysis and experiments on scattered-

liqht photoclasticity was initiated by Frocht and Srinath

(lee, l ' e, ; }8, (), 10, ind 1 1). In 'Wferonco 8, the basic theory of

scattered li(Jllt is developed and experimental evidence provided

sh~ows the ,accuracv L)oSsi1l(' in the determination of the isoclinic

parameters and birefringence. The possibilities of the method are

further demonstrated by determining the stress distribution along

critical lines in a diametrically compressed sphere and comparing

the results with theory and previous experiments. Srinath

(Reference 10) discusses the inaccuracies in the various exact

methods to determine the difference of the secondary principal

stresses and their directions at any general point. Further, he

proposes a new method called the mini-max method to improve the

accuracy.

Cheng (References 12, 13, 14, and 15) describes various

technhues for determining the directions of the secondary principal

sLresses and their difference in scattered-liqlht photoelasticity,

without usinq a compensator but still capable of obtaining the same

deqree of accuracv. In Reference 13, a dual-observation method is

developed for determining the photoelastic parameters in scattered

light. Using this method, the intensities of scattered light along

two directions of observation, making an angle of 45 degrees in a

plane normal to the beam, are recorded simultaneously without rotation

of either the light beam or the model. Photoelastic parameters are

evaluated from these records. The theory of the method, the apparatus

and procedures, as well as an illustrative experiment, are reported.

In Reference 14, Cheng describes a development of an automatic data-

collecting-and-interpreting system for a dual-observation method in

scattered-light photoelasticity. The system incorporates a flexible

relay optic, photon counting, and computer techniques. Photoelastic

parameters are evaluated from the photon counts by means of an

electronic digital computer. Evaluation procedures have been improved

so that the effect of absorption of scattered light is eliminated, and

the rotation of the secondary principal axes is considered. Experi-

ments were performed for cases with stationary as well as rotating

5
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j l ive ll i('i l I .x-'; . Ilt lRe l'enct_ 15, Che ]nq reports the ex!peri-

ment; eonducted on an aircraft windshield sample having a three-layer

(qI as -vinyl-q ass) sandwich st ructure. Photoqraphs of frinqe patterns

in :,ttered Ili are shown, and the stress distribution across the

h I i kre ~- , of " i: liver i.,; del ermi ned. Rateson, et al., reports

rt- :;t res. moesurement; in tempered glass plates by scattered

Iigqht method with a laser source in Reference 16.

Swinson applies the scattered light methods to

transient thermal stress problems in a solid propellant rocket

motor and develops a theory and technique for locating critical

stress points in a structural component which can be utilized to

reshape the structural components surface to minimize stress in

critical reqions (References 17, 18, 19, and 20). scattered-light

* te .Ihnnpie' hais i tremendous potential for three-dimensional dynamic

;t os ', anal'.;is problems (Reference 21). Reference 22 describes

a scattered-light rosette to determine the state of stress on a

free surface. Three simultaneously polarized light beams

intersecting at a surface point yield sufficient scattered-light

ihotoelastic data to evaluate the stresses at a surface point.

After initial calibration, the surface stress analysis consists

of recording a series of photographs, one photograph for each

point of interest. General equations are derived which are valid

for tny three liqht beams intersecting at a surface point on a

st ref--r;(d jhotoolastic material. Stresses obtained from the

scattered-light rosette analysis are compared with the known

solutions for two problems. Reference 23 reports the use of

scattered-light photoelasticity to solve doubly connected

tapered-shaft problems. Some techniques are presented which help

realize more fully the potential of scattered-light photoelasticity.

These include the use of a continuous-emission gas laser as a

light source for the polariscope, the use of a photometer arrange-

ment to read fringe spacings, and the use of curve-fitting techniques

to analyze the data. Also, some design features for constructing a

scattered-light polariscope are presented.

6
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In Referene 24, a 5;et of equations is

pre.,;onted and the effect of rotation of the secondary principal

:;t r'ew;: Ixe:; i S d,:;cril ed. The e((liations, qeneral and relatively

;imple', adeh' elv h,.Mcrilo b e W;ervd res;fl t:;. In :;-O dyinq t-he

,uit I ion!;, i b ttor understandin of the rot at ional effect can be

achieved, and a technique is sugqested which can eliminate any

error resultinq from rotation. This technique and the concepts

involved are substantiated with experimental evidence.

Sutliff investiqates three-dimensional

:I re:s: in models of composite material; with discontinuous fibers

t:;inq the s.ca-ttered- Iqht phtoelastic method (Reference 25). The

cjtLered-liqht method is app lied to plane-stress problems in

Reference 26. The results show that one full-field photograph

is sufficient to determine the state of stress in the model as

well as to calibrate the model material. Results for the case of

a rinq in diametral compression are presented.

Johnson has employed the scattered-light

technique to determine the stresses and strains in a shaft with a

circumferential groove subjected to torsion loading beyond the

elastic limit (References 27 and 28). Gross-Peterson (Reference 29)

investigates the birefrinqence and, thereby the stresses in a

photoelastic model utilizing the light scattered from a beam of

light propagating through the model. The retardance from the

entry point of the light beam into the model to a certain point

along the beam is expressed in terms of the intensity of the scattered

light. The retardance for a short distance along the light path

within the model is determined as a function of the total retardances

from the entry point of the model to the two end points of the

distance investigated.

The lack of understanding of the effect of

the rotation of secondary principal axes has been a severe limita-

tion of the scattered-light method. In Reference 30, Cernosek

applies the method of Poincare's equivalent system in order to

7



i qnte'ral formula for scattered-liqht intensity. Relation-

sh~lis among the orientation of eigenvectors and their phase

r.t,,ardation and stresses have been found. The method is illustrated

I'v the .olution of the problem of a circular rod loaded by a

cimi-iiiit ion of torsion and axial load. An experimental procedure

.; o ho()fn suqqested. Robert (References 31 and 32) applies

tht, ,rincipl, of polarization of scattered liqht to determine the

Snei iopal it ree in the interior of a model. On the basis of

Ih' theorem which !;tates that "a series of birefrinqents is equiva-

lent to ,i unique l)irefrinqent, followed by a medium endowed with

r)t itiolnl power," it can be assumed that, if the characteristics

of a series of birefringents are known, it is possible to find the

characteristics of an interior section.

Reference 33 reports the results of an

investigation and extension of the various proposed procedures and

methods of analysis for the photoelastic determination of three-

dimensional state of stress. Two important limitations of the

previous developments are removed. The rotation of the axes of the

,;'(-)un y principal stress in the planes perpendicular to the path

nf lhe I itht wave is to be considered at every point alonq the path

o ho I iqht wave travelinq in a stressed three-dimensional medium.

Also, methods for the analysis of whole planes are presented, thus

avoidinq the cumbersome and tedious point-by-point procedures that

hav., been advanced.

Berghaus (Reference 34) presents a method

for obtaining scattered light photoelastic data in three-dimensional

problems using an unpolarized incident light beam. Using

simplifying optical assumptions, the scattered-light observation

nath is considered to be a series of half-wave retarders. Data

are obtained throuqh rotation of the optical analyzer and trans-

lation of the incident liqht beam with respect to the model. The

method is applied to obtain data in problems where the secondary

principal directions are (1) fixed and (2) rotate. Results

compare favorably with those obtained usinq a polarized incident

beam.

8



Sirese~;and stra in_,; 1 n ax i. vnuiict ri c

Jrolim.s 'are found by us inq s;cattered-] i qh t photoolastici t:y

(Reference 35) . Three retardation measurements and the strain-

displacement relations in cylindrical coordinates are used to find

the complete state of stress and strain. The method is demonstrated

on a static shrink-fit problem.

In References 36 and 37, a scattered light

polariscope and its principle of operation are described.

1.2.3.2 The Ultrasonic Technique I: Using Rayleigh
Waves

Reference 38 describes a technique which

utilizes ultrasonic radiation to measure residual stresses in

metals. This technique makes it possible to detect and measure

the magnitude of the principal stresses and also to obtain their

direction. The velocities of ultrasonic waves in materials are

mea ,urod a the time to travel a fixed path length, and the change

in trinsit time is related to the applied stress. The linear

rielationship obtained allows a procedure based on this principle

to be used for the measurement of residual stress using surface

waves and shear waves. A method for plotting stress profiles

throuqh a material using surface waves uses varying frequencies

for the ultrasonic wave. The system used for this technique is

called the "Modified Time of Flight Svstem." In Reference 39,

an ultrasonic shear wave technique to measure stress in metals is

described. The technique utilizes a pulse-echo system operating

at 7 MHz to measure changes in the time of travel of the ultrasonic

shear wave. Linear changes in the velocity of a shear wave occur

with stress and are dependent on the higher order elastic constants

of the material. Measurements using the ultrasonic technique of

simulated residual stress, introduced by bending of a 6-foot

section of steel I-beam, yielded values in the vicinity of those

measured using strain gages.

Martin (Reference 40) evaluated the

feasibility of using an ultrasonic nondestructive technique for

measuring applied and residual stresses in metals; specifically,

9
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L 'r ac. and Ia, I- s Irface s t rs s n a S n a uminum ai oys Tn

ieteronce 41, he describes an investigation of the relative effects

ot uni,!xial stress and preferred grain orientation on the Payleigh

wave velocity in aluminum. The calculation of the relationship

betwoon Rayleigh wave velocity and stress is based on second

order lat i city theory. lie postulates a linear relationship

hetween Velocitv iand qra in orientation, lie concludes that

'h.inos,: in velocity due to uniaxial stress in the elastic ranqe

,,ni preferred g(rain orientation are of the same order of magnitude.

lie reviews some experimental data and compares it with theoretical

calculations. Gordon and Speidel (Reference 42) describe

ultrasonic instrumentation and transducers utilized for several

tyres of stress measurements in commercial alloys such as aluminum

and low carbon steel. Comparison with other experimental methods

such as strain gages and x-ray diffraction are also discussed. The

instriimentation was designed to measure the time of flight of a

,,, ,.ti lt rasc;n c wave with a resolution of 0.2 nanoseconds.

Reference 43 reports studies of local

v,riit ion:; of ayleiqh (surface) circumferential ultrasonic wave

velocity near a pipe-qirth welded in large-diameter thin-wall type

;tainless steel pipe. The residual stress distribution was

,:;timnated independently from shell theory for an elastic,

infinite, thin shell with circumferential line load. The pattern

')f ;urface wave velocity variation matched the theoretical residual

;ts pattern closely. McKannan (Reference 44) calibrates and

evaluates ultrasonic methods by conductine tests on a beam subjected

to bendinq loads. The frequency employed has seven megacycles

p)er second which provided a depth of penetration of one millimeter.

The measurement accuracy of the time of flight was 0.1 nanosecond

(or 10 seconds) and the resolution or sensitivity of the ultra-

s;onic method was less than 100 psi in 2024-T3 aluminum alloy.

Reference 45 describes an ultrasonic stressIanalyzer and surface stress and bulk stress tranducers.

10



... II [ltraSon ic VelociLy-Stres; Relations and
Third Order Elastic Constants

In References 46 to 49, expressions for

the velocities of elastic waves in stressed solids are derived

us inq Murnaqhan's theory of finite deformations and third-order

terms in the energy. For isotropic materials, in addition to

the I.,'bQ 'o,.t n! and pi throe additional constants, 1, m,

and n are required to describe the material. By measuring the

(ran;mi:;:;in time of elastic pulses through the material, the

v,,locit je:; of lonq itudinal and shear waves are determined as a

flinct ion of apltd ijd ';tress. By subjecting the material to

lIvro:sta.t ii nre.;sure as well as simple compression, it is found

thit :;even functions of the three constants 1, m, and n can be

measured and thus numerical values calculated. Results are given

for poiystyrene, iron, and Pyrex glass.

Cook and Valkenburg (Reference 50) review

tie, thor of mechani cal wave propagation alonq the surface of an

extended solid medium, adapting it to nondestructive materials

testinq. Lockett (Reference 51) describes the propagation of

Rayleigh waves in an isotropic thermoelastic solid. It is found

that taking into account the thermal properties of the solid

produces a difference of less than one percent in the velocity

and amplitude of the Rayleigh waves.

McSkimin (References 52 and 53) describes

the aspects of wave propagation of particular importance for the

measurement of elastic moduli of solids. Measurements have been

made for all six third-order elastic moduli of germanium by

measuring ultrasonic velocities in selected directions when

directed static stresses are applied to the crystal. Using the

finite strain formulas of Murnaghan, the measured velocities are

related to the three second-order elastic moduli and the six

third-order elastic moduli.

Toupin and Bernstein (Reference 54) derive

the general equations for a small displacement superimposed on a

finite deformation of a perfectly elastic material of arbitrary

11



I I t i !- hown t hat t lh variat ion of sound speeds with

1 1t i, I I t r:;:; .Ind t he ineasiired maqn i tude off the acous too 1ast i c

' l , i,.I I I,(, iI:;'d t) d ht e rm i ne t he tI i rd-o r e r eli :t i c const ants

I I I:; e ,)I ,I, )pI ,ll 1 iI I 'Ind i -:; a Iart iil confi rmation and

1: ~ i ehto I If the t h o r.

metnods ot u ;inqj Vibrat ions to determine the values of elastic

,,ni;t ants whiclh are most promising and offers advice to show which

mthod is best to use in a given set of circumstances. The methods

de cribed are also applicable to non-metals especially those of

hard, crystalline, glass-like, or ceramic natures.

Thurston (References 57 and 58) derives

exact expressions for the sound velocity and for a natural velocity

and their stress derivatives, evaluated at zero stress, in terms

A1'*Cord- Arnd thi rd-order elast ic constants.

Smith, et al. (Reference 59) have determined

tlhe tlhird-order elastic moduli of several isotropic polycrystalline

metal:; from measurements of the velocities of both longitudinal

And shear ultrasonic waves in uniaxially stressed specimens. In

eac.h cae, the wave-propagation direction was chosen normal to

th,, aoplied stress, and the shear waves were polarized either

normal or parallel to the stress direction. flence, a unique

"valuation of all three third-order moduli was possible, using

t el( th-, ()J- I'l trston in(l BtruliqJer, specialized for isotropic

:;, (, t-r y. The measuring equipment is based on a new variation of
tHie pulse-echo interferometric techniaue and is capable of

6resolving velocity changes of a few parts in 106. Results are

,)r-ented for several steels, aluminum alloys, magnesium, tungsten,

ainai molybdenum, and are shown to be in good agreement with

*ilternative nonlinear elastic data, including static measurement

Io ile press.ure derivatives of the bulk and shear moduli.

The concept of Rayleigh waves, their

:;tructure and properties, are discussed in Reference 60. Propa-

(ltion of Rayleigh waves on cylindrical and spherical surfaces

as well as at an interface with a liquid are discussed. In

12
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O)kadia (Re fe rence 04) proposed new equations

tor :;tress measurement in orthotropic materials b%, ultrasonic

birefringence techniques. Intensity of stress-induced anisotropy

and its principal direction are related to the applied stress

throuqh three coefficients, in contrast to only one coefficient

required for isotropic materials. Experiments of ultrasonic

birefringence were carried out to determine the three coefficients

i a [)late of aluminum alloy with a slight orthotropv originatedItram roll working. Anisotropy induced by uniaxial stress and

r-1 it ion o f the pr inc ipal ax is were observed in several specimens-

,.",' Ldi tleront directions of rollinq. The results are in good

Iqf'Inent with the curves theoretically predicted by the equations
r~soed, how inq the validity and usefulness of these equations

for A ress- measurements in corivent jonal mater i ili 5

In Reference 65, the basic relations o-f

the( icnustnelast icity are deduced by means of the infintesim,,al

wave vrcaTxqatia-n in a deformed isotropic elastic material.

13
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r 11. C, H , " 'c i-q n ' I Re See I ; i d f
t Ilt r'ason i,: nerqy .it .i I il ui t-Sol id

Tntoer face

Reference 66 reports the principles and

-n.atruction of an ultrasonic qoniometer for surface stress

710,,a;erement in steel. The qoniometer methods are potentially

:mt, n:;,ful whore it is desired to obtain indications of the

t t>'~,,: , Larticularly residual stress, rather than loading stress

ilt Ihouqh both can b measured) at or near the surface of an

* ,,,cT 'Pi vir iat ion of tLhe energy reflected from an interface

I un, t ion of inqle of incidence and rejflection (equal) using

at :;iii ( aIv const ructed qoniLometer should reveal marked changes in

ti, vicinity of critical angles, and when a Rayleigh surface wave

j qenerated in a solid with incident beam in a liquid. In

,'-, ,e(, ,7, Mayor reports the energy ratios of reflected and

%., .,', to tht incident wave at the liquid-solid boundaries

1s a unction of the angle of incidence. The influence of the

wave velocities in the media and 'eodia density on the shae of the

-,rves is discussed. Erqin (Reference 68) reports the energy

-,t iou; of seismic waves reflected and refracted at a discontinuity.

'ohm:; (References 69 and 70) establishes that the ultrasonic

r,'Iloctivitv of a liquid-solid interface can be a sensitive

in(licator of near-surface properties of the solid. At angles of

incidence slightly less than that which produces total reflection,

tLe reflectivity often falls off sharply with a minimum occurring

At aome angle 2 The value of 02 and the reflectivity at 2

a1r 1 hoth fre(quency-dependent. It is often possible to find a

F r uencv , ff, which (caisos the ref ectivit,, to arproach zero at

tno minimum. Under these conditions, it is found that f, 2,

,ind t', reflection amplitude are all extremely sensitive to

a]iqht variations in such surface pronerties as elastic mom(lui,

qrrain orientation or texture, attenuation, and degree of cold

.,. urther, it is reported that this technique can he used

! ,'t(,ct changes in the properties of thin coatings or cladding

o,: t icker substrates. Simplicity and ease of application

14



w, wi t I i rilcti o t :;ei:;lI vi t ' make t he techim ioue a potent 1id ly

powerful tool in nondestructive testing and material evaluation.

Bradfield (Reference 71) reports that the

velocity of an ultrasonic surface wave is directly related to

the elasticiLy of the material and hence to the stress residing

in the surface layer. The qoniometer measures this velocity over

very ,mall areasU. Such measurements can be related to the texture

'ind homojenity of the mat eria]; they can help in ultrasonic

lirdiiess t est iTnq ind they may be a means of detecting fatigue

he to-(, fa Iure.

Weinstein (Reference 72) reports on the

tailure of- plane wave theory to predict the reflection of a

narrow ultrasonic beam. In past studies of the interaction

of an ultrasonic beam with a solid plate immersed in water, the

qeneral practice has been to assume that a narrow radiation

i:t : a sufficiently close approximation to a plane wave to

: riniit the use of plane wave theory to predict the results.

b\oflection measurements made in water with a three-degree

radiation pattern at a frequency of 3.35 megacycles per second,

usuinq both air-backed aluminum plates of thickness ranging from

0.250 to 0.025 inch and a two-inch aluminum slab to approximate

a semi-infinite medium, indicate that under certain conditions

this assumption is not valid. Experimentally, the excess pressure

of the reflected wave is considerably lower than that predicted by

plane wave theory when the angle of incidence is such that the

change of phase of the wave upon reflection varies greatly with

a small change of the angle of incidence. It is apparent that

at these angles of incidence a divergent beam which is several

degrees wide cannot be used to approximate a plane wave. The

nature of the phenomenon indicates that it should be of equal

importance in the study of transmission phenomena.

1.2.3.5 Magneto-Photoelasticitv

Aben (Reference 73) discusses the

principles of magneto-photoelasticy and its applications. If a

photoclastic model is placed in a magnetic field, the light vector

1 5



S I z t l ' 1wl,' i to t ilt, I'.11,141,1Y: ('I t 'c t . A n i ,( rll ' l .i I ()I t (-,i I

tlo,.t c.n t , ,r, t r, lor e ohlr-; rved with ;t,, a t es of :;t re-s wit ich do

not :;how an%- opt ia I , ffect ,y di rect ob.servat ion; for exaimr)]e,

bond i iq and Itn(-IcI i nq st ressos in plat(s. ti as i c e(Iuat ion ; of

luaneto- photo , I ast i c i ty are derived. An al (orithm is developed

whic-h onabl e:; the opt ical phenomena to be determined in cases of

,arhitriry ,-tress distribution along the wave normal. An investi-

qation of bent plates is considered; a nomogram was produced which

enables the stress components to be determined on the basis of

experimental data. The experimental technique is described.

1.2.3.6 Laser Diffraction

The complex nature of fracture strength as

affected by crazinq of a glassy amorphous polymer is well

recoqnized. Processes leadinq to the formation and growth of a

, , ,,r. z't;ndst ,bseluent nucleat ion and i)ropagation of

,,k:.; mu:; t P,, lu] 1 und , r;tood be for, a st i:; factory theory of

fraicturel can be obtained. Among a larqe number of influencing

fictor:;, ilh, inception and distribution of crazing plays a

major role in analvzinq the statistical strength behavior of a

polymer exposed to stress. Reference 74 reports preliminary

itt e'I,[tq to o sorve crazinq throuih the arm)lication of laser

diffraction techniques. It is reported that laser diffraction is

extremely sensitive to the occurrence of crazing. Qualitatively,

the diffraction patterns characterize faithfully the distribution

of the crazes together with other features. Several light

ricroqraphs and correspondinq laser diffraction patterns are

*i i r., to,,> in iii.; ioforonce. Quantitative dat a on the kinetics;A
; . t;iiu l at l on of cr-,aZig] d .veioplnent wls to be collected( a,

)it i nu tion of this research. flowever, nothing was found in

th, course of the literature search.

i
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SECTION 2

SCATTI*RED-L IHT 1PII0OTELASTI C TECHNIQUE

I)[lAI.-OWli; -:RVATI ON MIC'I'IIOI)

A I ())~uatiOn Method Wi1l1 be desc r ibed for decte rmin ing

lie !;k*a t t i' red- I iqgut , 1 hotoe Iast ic pararimEtOrs ( Re ference 13) .Usinq

this iiietliot, the intensities of scattered light along two directions

()I observat ion, Diakingj an angIle of 45' in a plane normal to the

I iqgt beam, are recorded simultaneously without rotation of either

tlu' hiqht beam or- theC model1. Photoelastic parameters are evaluated

roml these records.

in establishing the relations between the intensity of

eat to red li(I gt and the photoolastic parameters, there are two

(:Ises to be considered. TIhe first is that in which the secondary

l)ri11(il)AI axeOs remain const'ant, while in the second case they

rot ito inside the stret-ssed elastic medium.

I Soconda_ry Pr ine ipal Axes Remain -Constant

lect I lie vi brat i onai displ acement of a beam of linearly

po li -ri zed I i qhlt be (I i yen by

A, = A Siniot(1

where A is the amplitude of the vibration, .,its anqular velocity,

and t the time (Figure 1) . After passing through a quarter-wave

lplate, whose axes makes angles of ji/4 radians with the plane of

polarization of the incident beam, the emerging beam is circularly

1 o1,,rized and may be represented by two components along the axes.

TIhus,

A11 (2)/ A Smut (2)

and

-1/2A 3 =(2) A Cos(,t (3)
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If the secondary principal axes in a model make angles of

with the axes of the quarter-wave plate, A2 and A3 are resolved

.lonki these directions, giving components

A,1  (2) - 11 2  A Sin(,,t - ,,) (4)

, 5  (2) - I / 2  A Cos(,.t -

whot, , d etiotes the, rei at iv retardation between components.

It i.; known that the intensity of scattered light for a

4Jiven direct ion of observation is proportional to the square of

the apparent amplitude, which is defined as the amplitude of the

component normal to the direction of observation. For observation

,along direction OA, which is collinear with the direction of

polarization of the beam, OA I , Figure 2, the component is given by

A 0 A4  Cos(,,/4 - ) - A5  Sin(;i/4 -

A Sin(,,)t + 6I ) (6)

wle're A6 Ind ,1re the amp itude and the phase angle of the

Hi mll int , ,:;pect ye ivoly. The intensity of the scattered light
--2

(t this direction of observation is equal to S(A6 ) , where X is

i material constant. It has been shown in Reference 13 that

, (A ) 2 = I/2KsA2(1 + Cos2, Sin:) (7)
SA 6)

Similarly, for observation along the direction OB, which makes

,aII amglo of /4 radi ans with the direction OA, the comronent is

A 7  A A4 Sin , - A5 Cos.

- A7  Sin(.,t + ;7) (8)
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w i., t . A. ,In 1i1o tie ,iIj)l itudc and the ph .11 , .irij 1_ of the

,',)mlflhClt , ' I t v '. The i it en;i t y of t;c.| t red 1 i qht for
t I :; t~h I V.1l t I ()1I i ; o'l~ ] l '

2
K *<(A ) I f.'K S i n2 S i nj) (9)

I the Loid is zoro on the specimen,

2 2 2K s(A6) = Ks(A 7 ) = 1/2K (10)

because ;=0. Let U and V represent the ratio of the intensity of

<;cttered liqht observed while the model is under load to that

observed while it is free of load along the directions OA and OB,

rt,.;te(,tiv ,,ly (Reference 14)

2(A2/2:<.A2 t-i (11)
i tl KS (6) =S -

V KS(A 7 ) 2 /2KA ( (12)

At I point in the model

U = 1 + Cos2(x Sin (13)

V = 1 + Sin2a Sin0 (14)

and

I/tn [ V - I 1
1/2= n (15)

/=SinI + [(V-I) + (U-i)2 I12 (16)
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S, I S: Seconda ry Princi pal Axes Rotate

In the case of residual stresses, it is expected that the

rotation of the secondary principal stresses are small and the

errors due to the rotation of the secondary principal stresses

can be neqoiected. Thus, for residual stress determination, the

Case I theory will be assumed to apply.

: :k: <j 1 , 1 1)-I. C IT I (I'OIILASTIC lROPIRTI [:5 O1.' POLYCARBONATi.:
AND ACRYI IAC PLASTICS

A study of j)o 1\, eri)on,ite as a scattered-liqht photoelastic

iiit. ,ri al is imadu in Reference 27. One of the principal advantages

oI scatered-light photomechanics is that passinq a thin sheet of

I i~iht throuqIh a model is equivalent to optically slicing the model

without physically disturbinq it. In order to do this it is

necessary to immerse the model in a fluid having the same index

of refraction as the model. This prevents the refraction of light

when enterinq or leaving a curved surface in a three-dimensional

model. Another requirement of an immersion fluid is that it shall

not ittack or degrade the model material within the time span of

the, Lestinq in(] analysis. The index of refraction for poly-

c,7rboiate is 1.58 and there are several immersion fluids whose

index of refraction is very close to 1.58, such as Type IMF-1618

(Retrence 36). Since the polycarbonate material is chemically

ittacked by many fluids, the immersion fluid should be enclosed

in a thin walled transparent plastic container made of material

navinq the same refractive index as the immersion fluid. Thus,

the use of an immersion tank can be eliminated.

[n addition to the requirement for compatibility with an

inirsion fluid, a model material must exhibit sufficient intrnsity

oW scattered liqht to permit use of this technique. Furthermore,

the fringe density or number of fringes per inch must be enough

to permit accurate analysis but not so much that the fringe

p attern loses contrast to the point where individual fringes can

no longjer be resolved. Reference 27 reports the following

fringe densities for polycarbonate in uniaxial tension: at the

proportional limit, 110 fringes/inch; at a total strain of
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percent, 375 frinqes/inch; at 10 percent strain, 600 frinqes/inch.

Theso are hirqh for a scattered-liqht model material. In our case,

we iro primarily interested in low levels of residual stresses.

There.fore, this high fringe value may be an advantage.

The scatt ered-liqht properties of acrylic plastics were not

, , , i (, he i t ,ralure, review as a part of this program.

3 &;CATT.*:I.I)-[I (HIT II[OTOELASTIC DEVICE

A typical scattered-light polariscope consists of the

following elements (Figure 3, References 36 and 37):

2.3.1 Light Source and Light Conditioning System

The light source is a 15mw helium-neon laser,

t,32.8nm wavelength, complete with power supply and beam expander.

By means of the lens system LI/L 2 , one can choose

i ' wot r i "pencil" operation (light converging toward a point on

th, iodel) or a "ribbon" operation (light converging into a

plane Iof "ze ro" thickness). A sliding indexed mount enables the

';2el'tf ion oF light: de(sired (Slide A, Figure 3).

In order to obtain better photographic records and

or ,.sier observation of the fringe pattern, the "ribbon" of

l i(jht can b, expanded by manipulation of the lens system L4 /L 5

n1( /1, '7 . The L4/L 5 lens system expands the beam to 0.6 inches,

111n1 the 16/L,7 lenses expand the beam to 1.5 inches.

The be,'am generated by the 1aser is plane polarized.1n, rt ion of quarter-wave plates produces circular polarization.

I,,. m ri e,,r-waiwe plate transforms the light back into plane

polarizat ion. The second quarter-wave plate is mounted in a

rotatable mount, and its motion is indexed on a large graduated

dial indicating the direction of emerging polarization.

The compensator 'C' is a Babinet-Soleil Digital

Readout Uniform Field Compensator, with a calibrated counter.
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1,h c>iJZi , It(or is the heart of every polariscope measuring

; st e1, an I its i1ea su I i nq accuracy determ i nes the capabi 1 i ty of

ta .0 11i0

.ioll ,1dth )t ion Mechanism

There are two ways to design the translation and

rotat ion mechanism. in the first case, we can keep the light

SOut'CC, conditioning system, and data acquisition system fixed

and translate and rotate the model. In the second case, if the

object is largle, we can keep the test specimen fixed and translate

,and rotate light source, conditioning system, and the data

,icti isit ion system together. In the dual observation system used

rl,',, rotat ion of the model is not required, therefore, only

X1 y, and z t ransl ation of the li(jht and data acquisition system

t(,I('t h I ih ; to be aceomlpli i shed.

Tlh,, t urct ion of the translation mechanism is as

()I iw;: ''h, l- ' t ianslat ion is used to solect within the model

1w (it ;-',' c( )0 rdin.It e' to be analvzed. These motions are to be

t-r,,1 iztd by pre.cision slide mechanisms and the corresponding

di sp Iaceme'nt s are readable to an accuracy of 0.001 inch or

0.025 mm. Once the x-y coordinates are selected, the analysis

,ilI(,i, a line is carried out point-per-point using "z" motion.

For separation of principal stresses in the

scattered light technique, the shear difference method must be

w1 ;ed. Ther-fore, measurement of the displacements x-y are

mor,tant and directly influence the accuracy of results obtained.

2 . ''h, D.i ,i Acgii i sition Systom

'1he' d'It l Ic a lisit ion system is usod to collect

th, photolastic information from the model being analyzed.

Thrt, different methods of acquirinq the data are provided.

They are (Fiqure 4):

* Visual - The photoelastic pattern is directly

observed on a qround glass screen.
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* Photoi-aphic - A photoqIraphic record of the

,;trvetd pat tern is made on a 35-m film.

0 I'h ot e cI, tic - A ploitO'nul t pj ip ,r I i , i J cor-

t>,'.1 .0e'd in the l,lt,l , cluisit ion system which provides an electrical

,lut lut Irlope)l t ionaI t () th' I iijht intensity emer(Hin(I from the

ehs:; 'vd p't, f tll. The di stalncc between f-ri riqTes is very ,I CC U r-t l

it t-IIi e Iki ), y l1lo t (wl Cct vi c me i oiSU rell t, t. The 1 iqht intunsities

lie'a;L 1-, d e, i t henr on ai meter or rccordled on an x-y plotter.

2. 4 PRO)C:DUE] TO DETERMINE 'PilE RESIDUAL STRESSES

Cons;ider Fiiures 5(a, b, and c) and 6(a, b, c, aid a).

" setnd i nq the incident light beam in a direction parallel to

-,xis tin mkiniq scattered Iight observations in the xy-plane,

e1ie can ,-t the secondary princiLpal stress difference (p' - q')

iii the xv- ie is well as thte directions of p' and (1' If :' is

tl, (;j i,,ittl ieu ()I tle' p'-stress with respect: to the y-a

N ; Jr 1 I i1;, vlIli ,nd C Jis the ;t rI mess-e t ic coefficient.

It i d( ) " ( 7)

S : Sin2;,v x 2

I - 9 - (' - q')Cos2 ' (a)

i I .i lIv, n I 'i ure 5(b) the I i ht beam is in the v-direct ionr,

l!vi V ewiHi: iii the' :z-p)lan. From this we can determine

v C (19)t)'  - t" dv

' s Sin2:::z 2

S - (p " - q")Cos2 " (20)

:;i1.] 2'!,, Cram F q(ure 5 (c, we can determine an -V

27
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il 441 41~h (44 [ 14't1ht ii iit, tli iiitiViiual ii)YIl, ll st stresses,

4 I J4 I O i II h t (I ill :;i I I'e l (1)(' ZItitt 11 (1. Thus,

Ilit -. I:, I ' I , ( (1- ). l"t h lii:; t11 i ,:;' wt w w ill use th t' quat ion

I 4' III I ii m I ille  h11, I lK I y

+ . y - 0 (21)

l.rii' this, usirng finite differences, we inteqrate the equations

11 tlerY I Ca ,

V V (~ - . -y + -- YZ.A (22)
yi yl,* x

( y ) Y : < y i, f __X ~g,. f _ .',z "'y ( 2

ill which ( denotes the value of 2 at any point j along the
Y y

i -a C ( ) is the known or the initial value at some pointyI]
I.I  ~ l ' i 4l~ , .it I I I I ,I;tl ' (~c (, ) 0

y F

lht V.i utL.eS()1 are obt ined from the shear ; along'x yx

Iwo 1itI 1 1 k n' Ix N11)lrt such as 1 ines CC' and E ' , Figure 6(b).

mi I ly, theW va LIues 0f YZ are obtained from the shears
yz

,,loCn,] s;uch lines as I)D' and ZF' , .z apart. Those give us the

necessary data for the evaluation of , at all points along the• y

v,,-axis. is solved from Equation 18. The component of shear

stress " t is determined by passing the light in the direction

of x-axis and viewing in yz-plane (Figures 5(c) and 6(d)). By a

knowledge of all six stress components, we can get the principal

4 stresses at a pont by Mohr's Circle or from the principal stress

i,,juCit ions.

2.4. I Surface-Stress Determination

One technique in examining boundary surfaces for

wvitt ic.iI p))ints is to traverse the surface with the circular]ly

ol trized beiiim intersectinq the boundary at right angles (along N)

and recordini the fringe pattern, Fligure 7 A flexible coherent-

fiber optics tube would be convenient here. When the light beam

30



i.; I l,', I iA i ji l li 'It dC a. in thi- case, the stress-optic

liw r,vtlIs tihe dif fference in the other two secondary principal

st resses ('i ljure 8(a)):

* - q* -C (23)

2Sin2.**
yx 2

- :(* - (l*)Cos 2 :* (24)

,v(o ,)ta in the third independent hit of information,

11t Ilhk, l,1:tir I iilt intersect the point of ititei f it .il , ,

.,), 'iii, V, in the xz-Line. The direction Cosines of

A'- t e [)t' I r'-p- i lcipaI st, ress di rections, are

Cos

-0 (25)

-Sin

iL :,I .,t I -,, ,- I 1i1t ,hot o e la t ic palttCrn is sufficient to I(eld,

N ( *(p** - (]**) (26)

t (P** - l**) Sin2,**SyN 2'
(27)

(p** - q**)Cos2,**
N y

it should be noted that if z is chosen to be exactly normal to

the surface, then it becomes one of the principal stress directions.

p* and (1* are then the other 2 principal stresses, otherwise

they will be the secondary principal stresses.
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By transformation of coordinates

N 1 2 2 2k, Q MN I ml  I , n t 2 , m

x I y z xv 1(28)

2,xxz 1 + 2tivz m n1  1

Because the point of interest is on the boundary,

0 = 0 = 0 = 0 (29)

therefore 2N = ox Cos20 (30)

Xl.uat ion 20 uakes positive values if N * 0y and a negative value

it <% " Solving Equations 24, 27, and 30, we can determine

intdivid(ully , , I and I Since we know the directions of
x \ xy

,;ec('oni.r. ,rincipal ;tresses, namely ,,* and ,1,**, we can determine

l tie v~i I iies of princi pal stresses at the boundary surface.

2.5 ., APPROXIMATE CO'ST OF SCATTERED-LT(IIT DEVICE

(a) Ii(Tht Source and Conditioninq System Consisting of 15 mW
Helium-Neon Laser, 632.8 nm Wavelength, Complete with
Power Supply and Beam Expander

The light conditioning unit consists of several

lens svstems to provide a "ribbon" or "pencil" of light (light

converging toward the data point within the model), or 0.75 in.

(19 mm) "ribbon" of light (light converging into a plane of "zero"

thickness). A sliding indexed mount enables easy selection of the

dosired liqht operation. Another set of lenses provides for the

widening of the ribbon of light to 1.5 in. (38 mm) to obtain better

pnhotographic records. The light conditioning system should

p rov i de

A. Plane Polarization, with readout to 1/20.

B. Circular Polarization.

C. Babinet-Soleil Compensation, calibrated to

1/100 fringe. Total range 5 fringes.

Cost Estimate: $33,340
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(b) PixtUre for Trans;lation of Light and Viewing System

This fiXtUre should provide for X-Y-Z displacement

of the liqht and X'iewiOC system. The displacements are readable

(( 0. 001 in. (0.025 11111) , the fixture should feature a 6 in.

(1')2 mum) N, Y, ' t ravel.

(,(:;t E.>;t i mate: $15,300

(c) Data Acquisition System

Datai acquisition system consisting of a photo-

multiplier tube with a readout

C'ost Estimate: $24,600

(d) Index Matching Fluid

Iive-gallon containers indexing matching fluid,

TMF-16 ISA

Cost Estimate: $645

Tjh' .(;t !lIoWrTI in it t~ms (ii) a-nd ((-) are based on the

qu1otation (dated July 1982) from Photoelastic Division, Measure-

ments Group. The cost shown in (b) is an estimate, as there is

no readiily available system to simultaneously translate the light

j and viewinq system and to measure these translations in a

predetermined X, Y, and Z coordinate system.

35
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S'xCTION 3

Ul ,'IASON I C TECIIN IOUE I

(RAYIEIGH SURFACE WAVES)

In 1885, the Enqlish scientist lord Rayleiqh (Reference 60)

hm(on:,trated that waves can be propaqated over the plane boundary

nhotwoon an elastic half-space and a vacuum or a sufficiently

rarefied medium (for example, air), where the amplitude of the

waveS decays rapidly with depth. During the last fifteen years,

Pavleiqh waves in the ultrasonic frequency range have found

Cons iderallo appl icat ion. They can be used to inspect the state

o the :;fi r ae av'er of a sample, in the detection of surface and

t1ie. r- ii r ireT_1 , (-( do , ct in metals, qlasses, and plastics, and other

m,atori.j:; (ul-tr,3sonic !urface flaw detection). The influence of

the propert ies of the surface layer of a sample on the velocity

and ittonuation of ,avleigh waves permits the latter to be used

lor the assutssment of residual stresses in a surface layer of a

mi{tori1,i, at; well as the thermal and mechanical properties of the

:;iirfao ayer of a sample.

i. I I IN ICII ; AND ANA[YSIS

3. 1.1 The Concept of Rayleigh Waves: Their Structure and
Propert ios

ket us consider a plane harmonic Rayleigh wave on the

1)CUnLirv between a solid, isotropic, perfectl; elastic half-space

in(. vacuum. Let the half-space occupy the reqion Z , 0 (Fiqure

')(.0), the direction of wave propagation coinciding with the
X-.1'xi:;. F:'or the region occupied by the half-space, we introduce

the .;calar potential and vector potential :, of the displacements,

so that the particle displacement vector v is written in the form

qrad T + rot , (31)

'he potent-ials 'Ind 1, are ih, tt I a! -'~ v le(.nqitudi nal
,ind shear waves, respect ively, and satisfy the followinq wave

Sa t i on(:
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I K I

(32)

K 2
t

K = C,)/,/(\+21,)

(33)

,i rt the wove niimber-; for ]onq itudinal and transverse modes,

i,,:;p o iw y l,, ., is I he ci rcaular frequency, , and it are

lme k ,l,:;t i' ' m:t au s, ,I'I t he' mn:;h (I,'i;ity of the medium.

The components U and W of the particle disnlacement

a[onq the x and z axes, respectively, and the stress components

f mav be represented in terms of and , according

to the equations

3x Tz

(34)

W -: 3 + *;,
3z Ix

+ -2+ 2,
xx 7, 3 2 3x 2 x

We z -e- 4j + ,.2 to , Equaion 32 c(rs~niqt ln 35 )

2, (35)

2 2 2 , 22 x

2 ,i ' + 2,:.

We seek tile sltosto Equations 32 corresl)ondinq to a plane

;armonic wave propaqatinq in the positive x direction. For this

we le t

38
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G W) j (kx-.ot)

quh ;t itut inq these expressions into Equations 33,

%,i( iht aii (wo di fT fer-ent ial equations for the functions F(z) and

d2 F() K k2FW 0
(I__ Z (k37) iz

d 2 (z) -(
2 

- 2(z

dz 2  (k kt Gz

The two linearly independent solutions of each of

he ihove oeeuat ions ar.teepA- z ) and exp (+vrk2-k 2z
2 2 2 9_ t

Wea:uek k .k Then the solutions with postiive

vradirals; in the exponent will correspond to motion increasing

w it h depth , the ;ol)ut i n w it~h negative radicals will correspond

tox onn t i ai lv dek-av i nq mot ion, i .e.*, a sur face wave. Con-

.;tr iwt I\v, t he oxp)re:; ;i ns- for lind iassume the form

A (I_ 0i( x )(38)
- i (kx-wt)

where
2 2 2

q k k-9 (39)

s* 2 k2 kt2
in(.' A and B are arbitrary constants.

The conditions of the problem demand also that the

:t r (!;1;es z and , zgo to zero at the boundary of the half-space

(l)ane z 0)

The pittern of the displacements in a Rayleigh

w iv ilIlt,t rated in Fiqure 9(b) .Figures 9(c) and 9(d) show

the dependence of the displacement amplitudes U RO W Rand stress
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' i i i Ii t Ido:v P le kigl waIve oil the( dept.1 i'ho

C11 A I-(,a q' i \'onr ii i i tjIiimii i oil 1(5 t orm; t ho <d co e nt -Iip m t dos

It, 1 0 r r I t o) t I ( ilk)ii -1, sii i o ( Je Ille nt amiil i t-ide oill t hl i Siirfd (--

t he( -st Is s ampi it ile s iare re [e rred Lo) t he( aimpl i tulde
x x 0

011 to sun ac~te. 'Ihe( iset of curves shown in 1'i (Iitre ()(c)

I,"(,I) i I I ust rite;;, th locnal i zat ion of the 1Fa"I e ighl wave in

1i s1 i ac 1layer of t hi ckness \ ti

1.2 mSlat io oi f Raytl\ 0iqh VWavcs in a Stressed Elastic

iForI th f1110 1i ~fiit o f s,;t res!; , the f f ect o f 1i qhe r

T' 1 1 1o , 1i: 1k I t '11 oi;[it S; () th li V,,Ii oc i t o f Ra'.' Ile q h and shea r

V 1:; 1 .i 1ma11t kr ia Ilumst hie cons die reil. An init ially isotropic

.ii, t , ri a I wh I c(:h has been sub jected to anyi stress system other

I I nhvU ros ta t ic pressure will1 become ani sotropi c, and the ve locity

u. alt rasoni c waves- generateod through i t w ill become nondegenerate.

II 0orair to Make reference to an initially isotropic stress-free

o (efernce30) , it is necessary to refer the body to a set of

1 i is rt!hoiona 1 axe:;. The three axes descr ibino the elastic

iiiir fl )f the 1(51< icorrespon1 to thle three principal stress axes.

'or a maiteriail in a general stressed state, the nature

Sinv. waive propala ted a Ilong any of the pr inc i a I strain axes i s

oI I htr o- a iure lonq iitudinal o-r pure transverse nature. These

are th lie 'r inci,:al waves" and they\ travel along the "acoustic

* axe." 'hi. s can be explai ned by the fact that for an isotropic

* I material there is complete degeneracy, and the material has no
prefetrred d1irection of its own. A wave propagated through the

mai~terial will travel in any direction with the same velocity.

Tuei ultrasonic wave traveling through a material in any direction

(io- thii i di re,-tIon, roco);ni ze o)nly, t'io di rect ion

r : ~i n cIi a xes i n the ma ter ial1 a nd t hese co rres pond to a

tor otnooa itx(C. co Inc ideint w ith the p)r inc ipalI s tres ses

Th.:; i i-t t : it t h)rei' r -i n c ipalI d irect ions wh ich ca n i nfluein ce, the

io' I t - r,~ th uiri;nc wave i n the ma ter ial. For the case

tit. .r inc i pal tran are all distinct and unlike, each

4 t



I t- I %; ( -k MO I I I I I I I I t

I tth " t ci a 'llie:;e waie:; I,,v I t II, I 'I 1 0 1 eW in I ot 0r]: S t he 0 r

rol tis at propalat ion -ind part i (-Ie dis a -ement. A transverse

.ive i,; it:; trowa.;at.ion direction parallel to one of the

:,ritwi al ixo : andl its particle displacement aionq ,it lhr (): the

()t efol two irincit)til axes;.

1. ] .2. Stre:s-Velocity Expressions (Uniaxial
St rc:;s , ie Id

l xtre5! ;ion -i have heen derived h,.; t1uqti e and

, iif e 1') lor t he :it ro., dependence of the e l,(itit i,.

Ii! W cc: .i O t Ihi p ri ncivpal itreoss! axes lus nol

Iv,11 ilt o lf I It i t t raIin. The express;ion. relate to wavo;

vi I ItI 1 1:itl'(i ; I h t e, i a .; a nd re I at-C to the I i mI lI cas-e

ji j i it (It . i re 10 11how.' the coord i nate sst em used

SI, iiiiil, the h t, ;it I on d irct(,C (. The e(juat ions iar, q i yen

V- I [ I + 4. 1 m ~ 7 x

t , t l un i->: ia ton:; ion ac ts i n the x-direction

\"- +- 2.. m + x

at,.. - ... I i

1 1r I II ,Ii t ens i on T acts in y-direct ion

V V velocities of the shear waves polarized

in y,z directions

and = second-order Lame constants for isotroipic

materials

m and n Murnaghan third-order elastic constants

for isotropic materials, and

41
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1
K = (3A + 211) bulk modulus

x = direction of propagation of waves.

It i:- readily .seen that on reducing the uniaxia tension T to zero,

, ,,x ,:;on; roduce t o the common form for the velocity V
so

f tlh, tilt r.:;onic wavo; in an unstrained isotropic material,

0 V 2' s(41)

'liii- well-known expression is easily derivable from the theory

oi fir:;t-order elasticity where infintesimal strains are

c(-I!;idored. If the sign of the T is changed from plus to minus,

then this equation gives the velocities V and V as a functionsy sz

of uniaxial compressive stress.

Prom the transverse-wave velocity for the

t-ro -.:;o, v ( - 77/. ), one can ohthin the Rayleigh

wi" vo'l 'it , Vl , rom the llorlml-inn approximation (which is

.;1 i1 lo,i l (0 i:;,)t r, ic fltorials) (Rteforence 41)

0a{(.87 1.1.2 V(42)

- ) is Poisson's ratio. It is assumed that for

,ti .tres.ed state (T / 0), the Bergmann approximation is still

valid. In the stressed state, Poisson's ratio would contain

third-order elastic constants in addition to the second-order

conlsqtants. Since this relation is not known, it will be assumed

that, as a first approximation, the ratio of elastic constants

cn,nqe:s iiej Ii ibly. Thus we have

VR = 0.87 + 1.12 V (43)

wioro V h,:; a] ready been known.

. 1.2.2 Stress-Velocity Expressions (General Stress
PieId)

In Reference 63, expressions arc dier i ved for

to! :;p)eed of proplaqation of transverse waves in a body with an

43
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qth i iar Ila:t I (' t heory a:; the )a si s

Mo i dtIIV'I v i on 't I t' ve Ioori t y V of -i t rain:;ver!-e wave in a

i 0 )t)Iieldefl t 0of !trC'5; il thle body I t j*o i constant.

A nonlinear theory must therefore be used

Lo explaiin thle stress-\'elocity relationship in a propagating

reswave. Truesdell has derived the following general

ros t O n tilt, has is; of suIch -I theory.

(1) Three independent waves can propagate

a121in\- di rect ion in in elaistic material with a qiven strain

I . Tho (Ii roo,(t e ns, of t he vectors descr i bi ng the waves are

I i.it 'd I tS i i(, i: C a e

2) TI o a ('i (- axes f orm a t r i ad , the

111 ie(t)i05o which depends, onl (a) the direction of propagation

o)f t vie waive, (h) the direction of thle axes of symmetry of the

ma,,terial, (c) the direction of thle principal stresses, and (d)

tile dtrections of the principal strains.

(3) In an isotropic material, the orienta-

tion o;' the acoulstic axes depends only on the direction of

4propaqat ion and the directions of the principal stresses because

the s ,mmet rv. ixeos of the material are arbi trarv and the axes of

I le piiri il srse coincide with those of thle principal strains.

(4) if thle wave propaqate,; alonq the direction

no ;) tress:, the aCOuIStiC axes will coincide with the

I ni pl s rosIxe!s. in this; case, and this case only, pure

1 1151 iaciii I or transverse waves are propaqated.
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(5) The speed of propagat ion of pure

tran sverso waves can be expressed by:

"V___2 1' - '2

) 2 2
2' 0 2

(45)

2 2 3213 _ 1 - '3

wio ' i; t he den:;it v inr the deformed state, V12 and V13 are the

:;:)o ,,; of )ro()aaqat ion for a transverse wave propaqatinq along

t i' irct jon of the ifirst principal-stress axis and polarized

Ai on, t li J rect ions of the second and third principal-stress

AXe5 , rear[)oct ivelv', and 11' (12' and are principal stresses,

, d1' 1d and 3 are principal stretches (Figure 10).

Truesdell also shows that the expressions

in Vfiuat ion 45 can be transformed into the following in a

:,,e(VOIor r thoor. of elasticity.

1 2 1
1>) 5 _ ('... 2 t

_ _ ( f ) ',

, ( .1 2
2> (46)

V-13
I .... + + 2, 1 + (+; 5 1+ 2+ 3

+ - V5)

S.-., , , . ar- principal extensions, 5 and 6 a' ,
5 6

.s cond( order elasticity constants, and . is the mass densityo

The Equations 46 are derived assuming that
- 2(i=1,2, 3) is small, so that terms containing , 2. can be

neqlected. This means that ,. can be approximated by the
11;,rinciz),il w~ilues; E in the strain tensor E,. In Truesdell's

expres; i ons (7(Fuat ion 46), llooke's law can be introduced in the

fol lowi nq form:
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I,.( -, , ) + (47)

- -2n31 2'3 21 12
(-)

w lI I io rt I I*_ a n d \ iind . ii-( . '' h ' , Ii, " ' I: l. i : ,

f ! ( \ l ) i th, hilk fodult . Insertinq 1quations 47 into

()11 ( ' It2 t+

3 12 3 (t 6 + i , 6  1

( , 1 1 -
( > 6 + 2' 6 2 2( + 'P 5-j

- 3)]) ' 2- 3) (48)

IV 2 (3\ + 2 , 4 3

3 + -l 16)  "l

(7 0 ! 0 3 (11 4 21A 5 2 6)

Tho t hi rd order ela.stic constants t5 and v 6

,irt, reliteod to Murnaiqhan's constants m and n by

- - *- in - )5 2 (49)

() 4, + n

These relationships are obtained by comparing the strain energy

function in Murnaghan's formulation and that of Truesdell.

ee If we insert Equations 49 into Equations 48,

2 ( # 3 \n + 1n )

3 12 K

+ (3. 2 , - + -n ) 2

(4. 2 2 n

2 31

46

97



I3 n II 1.4.. 1-- + .n)V2 ,I ( t 41, I ,-2

0)

" 3 \ n 1
I (I I 2, I 4 i 2n) 3 (50)

2- 21 2 3

For special stress fields, these equations

I )hecoit

2 3 o
(51)

2 V2  0 3 + 6i + 3m
'o 12 o 13 3K 0 L 21

niaxial pressure in the 1-direction, i.e.,

3; 01 tl ' 2 3

(52)
' ' I'I [ 1 '. 1

0 12 0 3 0 71

iiI i,;:;ll ,' in t h' 2-I]irection,

'12 ,- .L . 2 p + m + i nS 12 3K 04 1( 3o (53)

V 2 m- 2X - + n
0 13 3K 0 m L 211

These relitions (Equations 51 to 53) are identical with

,T o',uat ions 40 discussed in the previous section. The velocity of

.4 the Lw,':'lei j ,l wve. can be obtained from Equation 43.

2 1 I;,'P<AS(1N I C ;'i'lI:S E MEASIIRr[N( DEVICE

'PTh(' roi dual s ross measurinq device consists of an ultrasonic

Sr,:;; anal'z1r and I :;ui-ace stress transducer. This ultrasonic

re ,:;s; meaiinq (,, -, i :; capable of measuring the trans it time

of ult r,s-onic waves with a resolution of better than one nano-

..econd or 10 seconds (Reference 45)

47
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The transit times are measured by comparing two ultrasonic

wavetorms that are simultaneously generated at one millisecond

1ntervls dnd hulled on the oscilloscope screen.

PN. E OUR'I:IPI.: 'O I)L.TIERM[EN. TIEI RESIDUA/, STRESSES

3. 3. 1 Principle of the Method

Measurement of the velocity of ultrasonic waves in

e aI1:; 1,1.; been used as a method for obtaining their elastic

mc)icnb i. It is well known that application of a stress to the

material wi ]1 change the velocities of ultrasonic waves in the

natleri.i1, yielding a linear relationship between the applied stress

.and the chanqe in velocity. This property of the material is

.ittrzbuted to the effect of higher order terms in the elastic

moduli of the material, and has been treated in depth by a

numer of authors. The system utilized to perform residual stress

m ,,i:;ur -mnnts was designed to measure changes in ultrasonic velocity

,1:; .1 -l'ict ion o f :stresS.

. I . 2 surtface Wav Techni(jue

. ].2.1 letminlt ion ol- Surface S tresses

Surface waves propaqate at the surface of

te :;mnle, and have characteristics of the longitudinal waves

with particle motion parallel and perpendicular to the surface of

tie,, ;pocimen. Figure 11(a) is a cross-section of a surface wave

transducer showing the sending and receiving crystals coupled on

a- inqle piece of lucite. The crystals are x-cut quartz crystals

.. ,i a Ih -rit ical anclie for surface wave propagition.

As an example, studies were conducted in

':~r-,e38 on tensile s-pecimens, stressed in uniaxial tension,

within the elastic region, in an Instron test machine. Fiqure 11(b)

i; an o: iloscope trace of the reference pulse. The sweep time has

boen set so that a 10 iiS duration sweep is produced, triggered

s:i t l t ire, of the start of the variable delay. With the trans-

(ic,,r Itt a, chd to tihe samplo, a receive( pulse is obtained. The
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SPRING CONTACTS CRYSTAL
Wa A surface wave transducer

(2)-A

ib) 0sc 1 ,oscope t race o f the
re ~ ''nCepulse in) (1) has

been nut ledl by the received
pulse in(2

z
U 0
0 30
UJ

0 4 8 12 16 20 24 28 32
STRESS IN KSI

c Chan,;e in time of travel vs
stress for surface waves for
a 2014-T6 alloy stressed in
tons ion

P 1 1Tr a osi ucei i-.I ecead Received P*al ses , Ajjd Cal ibra tion
0) 1 a'It' ic1 ,S11 "ace Wave
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.O Cc~,,:,, .,,m-. :ti IL2 1 ,it' t 0 C 11 i de ill t i lli, with t Ii, roc ,i( V ,d P l, ;e,

0 t iat Ido ailqebrical l\ , a null is obtained (Piqure 11 (b)

On application of a stress, the time of travel

is ohanqed, causinq a shift in the received signal. The received

ilso and the reference pulse are no longer in phase opposition and

ta wave form cihanqes. The internal delay trigger is adjusted to

obtain the null and the change in the time of travel determined.

,oa:surement made on a 2014-T6 aluminum alloy show the variation

(f tho chtnqe:; in t imo of travel with applied stress in

:1, 1ur-' Ii (c). The i n.ar behavior allows the definition of a

i:1t , -l led the "s;tress acoustic constant ." This constant

::; ',,Iti e:; which are different for tension and for compression,

AT
!t res;; acoustic constant - AT

stress x path length (54)

-9
= nanoseconds (10 seconds)

per 1000 psi-inch

The stress measured is the average stress

to , depth of one wavelenqth below the surface of the specimen,

I 'i; correspond. to the depth of penetration of a surface

w.iw',. T1he :;tudy of the skin stresses is made possible by

I iiiri t iq the surface wave's depth of penetrati on just below the

;urfce ot the specimen. The velocity of the material is given

.', ,: . ' wl,.'', *iit h and f is the frequenc\. For a constant

Il "1l I 1aet'ri, , Increas-ing tne frequency of the ultrasonic

w,,Al' wi 1] (hccrese the wavelenqth and so decrease the penetration

)h wvke. 'The study reported in Reference 38 was carried out at

vr',iac-v of 7 Mlz which corresponds to a depth of 0.422 mm for

20)1.4-'1'(V iiiiminuri a Ilov.

I~e: i dua L stresses on the surface of ,i

:-'Ocimen ma',' re meao:tired in magnitude and direction using the

50
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-r.,- d -- - - -

:; ' ,I \, t 't'fiI I . j'[ 0 HethOd Uii;es a -;ur|taie wave transducer

nih+0llt ', At . kollwn I itolr .it ion Oil tilt' ;urfar o f I he spe -.imen in

wt 1 '} (1 ti '':; 1 t4 i ; I TI':5;':; II( t 0 1)(, dot orm i tid. The surface

to Itit, : ;;,(',,li inten i , . t .ihld , t , I )" illt tUv.lI; I (Ver i ts angular

IIntIP;' Of 60" . The :slrf Wil Wavte t ran!;duc(r is p1I aced on the

at' of t lt, specimen paral iel to one direction on the specimen,

lnd ani ultrasonic surface wave is generated at one foot of the

trans-ducer, propagated through the sample, and received through

the other foot. If the reference pulse is delayed by the transit

t ime of the ultrasonic signal, then the two pulses, that is, the

reco i \,d :signal and reference pulse, will add to each other. The

verinior dela, time control may be adjusted to place the two

i ; in ,ha.;o oppoi ,ition with each other. Further adjustment

I h, rol'eroncp ie amplitude will allow for a null to occur

o1r In Ih I ri od when both signals are present. The transducer

i:A t -i t 1)t t td lhrouqh 10" and a second read inq is obtained.

I I, r (,,,h J:; arte made over the entire raup ()f intile,

,i t :;,, values are p]otted on polar coordinates. Figure 12

:;how,; the pId(t obtained in the analysis of 2014-T6 plate with

ro:;idiual :surface s;tresses introduced by rolling. The principal

xe:; (f :;treiss correspond to the maximum and minimum values of

the. t ime for propagation of the wave. For a sample that is

completely stress free, a circular pattern is obtained, for the

transit time is equal in all directions.

'I The following method is used to determine

thei, magnitude and direction of residual or applied stresses on

the :surface of a specimen. A transducer coupled to the surface of

:0t re-t,:s free sw Le is used to propagate a surface wave, and

Ki, transit time (t ) is measured. The value obtained is for
z, ,o !;tress. Comparison of this value with the ones (t ) measureds
on the surface of the specimen with residual (or applied) stress

Yield changes in transit time (At = t -t ). The stress acousticso s

constant for the material may be used to calculate the surface

stresses from the transit times of the ultrasonic wave in the

,.trs.ed urfce.
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for Determininq Surface Stress Directions.
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3.3.2 .3 Determination of Residual Stress Through
the Thickness

As the name implies, a surface wave travels

parallel to the surface penetrating the material to the depth of

onle waive length. A sample with residual stress may have isostress

I inc('; wh ih I lie in layers parallel to the surface of the sample.

The c~1(ont-La n nq( re. i dual st resses may be pDi ctured as

iee:;; v 1avers- w it-l di fferent values of stresses joined together

to coni:;tI itto i t; thlickness, and a plot of stress against the

.......... iS t ()I Ii I. I h kIis; ()t- tlie s ampl I i C, 1 shoI Iw a Canlt i n11o01S

t I lp t r if r i i , , thie itet si t s t s t hi rO L1 1h t 1-I

i w %ji I I i zr i-s t here will be, equal amount., of tension and

Mn i liel' l A surface, wave tr~loe1i throuqh the

I.mu w1 ILWI I I penetr-ate to a layer one wavelen(Tth below the surface

,ko thait the stress measured by the wave will be ain averaqe, to the

I-pth of penettration, and thereby measure the averaciv stress from

-;iiurfacet to any rea-sonable depth below the surface of the

menl, 1. I eon ce, i t i s po s s iblec to de(,teorm inec the( s t reoss 1) -ofil

i I t 11 i th I I e js: of, a s I),( i men, 1

Ani exerimn I l 1i : ic1 Iormeitd ( ef i, 3H

Ii det 1ri1i fit, th s( re;t lrradietits in TI sapI S 511J 1 re-SScs in be nd ingj.

'Ill( I oild i I 1 ppi i t tii;; s;hownl ii 11Pi 11Cr 1 3 (a) T h is type of

t:1 ye"lol en t thoi innermost : ;uppott . 'The

stesvaries linearlv with distance from the neutral axis. The

top ;urface of the sample is in tension, while the fibers of the
1A samlple below the neutral fiber are in compression. Surface waves

were, generated using a 1 Mliz quartz crystal at frequencies of

I, , 7), and 7 yMlz.

The average stress in a sample, when subjected

to cons;tant bending moment, can be calculated (Figure 13 (b))

S KN (56)

S Ka; S x =S x(57)
MIXx max a
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Sx t £
,11 V l l "

in the top layer of te specimen corresponding

t" ,) the :;mill,,st wave ]e-nqth. By increasing the wavelength, the

. \<,,lc {tos {corresponding to this increased wave 'Lencrth Oer)th
S) ,,,trantaion can he determined. rom the stress equation

',io t n 37) , we can calculate S , the stress at the level x.

.4 1 1, Fl 'AS )\ I P F.R'P [PS 01.' PofYcRB NATE ANT) ACRYLIC PLASTIC
PI Al1

I; he !Ires:;, ;r< to exporimental ]. determine the velcic tv

LI I, 1" ::t l,:;V w('O; in llolycarh)onate aid acrylic matoril.-;,

' I I: I' :;er 1 ()olt i and (hird order ollastic constants for

: I z[; ,' 1 I r ;s~ Il 0 lll(thod;.

. AI'PN)I MATI, CoS'(T (O1 ?ITRASONIC RPS DUAI, TRFSS MFASUITNC

)P\.V I C 1

St re:; ; ainaiyzer complete system, including oscilloscope

:m.inl ilme, three plliq-in units, and a choice of two transducers.

'Pota1 cost (oed nr; (quotation dated Auust 1982) $14,500.
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I%% I In (I'Ii I!; tin in sad recommendat. ions arc, based on

*~~~ - i i no tbh is rev iew.

bo -,cattered-ligqht photoelastic technique

:1en~ ruct ive inethid to study static,

I411 I i!-,;t t):;t i c rrohlems of structural

1~ 1!7 ie 11ode 1 mater i a I The- ha.;i c

()I 1 h te (i l re we I deve 1 ened

I,!) :; tetd aInd wel I develoed experimental

* v. I a I llwov r ,thV t echn i auie is- at

Itti *1, tool '111d eil: t !)(,experti!;e of a

1" I 1, 1 nI(:;(I I t: . h 'Bie et hiod has

d I or IVlemert ii; a- f ild exieerirnental

-i ilt t isochniqjue b ased on Pavleiqh

. iil'. u;ed in measurino residual stresses in

A IuL1n i num. The b~asic principles and the

- the t- -it t~e are, well developed and understood.

:ires-visitvexpress ions in a stressed elastic

* V"m ldle for lonqitudinal and shear waves. From

i:,rir(roximatc- expressions are derived for Rayl1eigh

..inrt ie research is needed to directly develop

-,l ''c Ot exresin for Ra\vleiqhi surface waves

Ir;(-d (. a,1nt ic Tied i urn. The experimental hard-

;.,%,ci' eceitoi ctalI , s implec to ope rate, and

; 011tI( measuIrements. The application of this

r . t r, t rn-s OIC.'j ar1c pa st isc ma ter ial1s such as

*Wr I ! * raer' tn ') 1i ( i b stl ad Ii shIed. This mzva'

t it ion of)' the, velocities of ultrasonic Rayleigh

* . an ti order elastic constants for such

I * ICIMItie, I T based on the enerqy reflec-

I I aceneair tihe anqie of incidence for



to )t o i !; at itJer u1ed fr .vla t n q c r t - in

'iater ;t i L(:; ,li eIda st.e;e i n ni ,ta L i The. (xp res in s

I In 011 Sl' ra OS (11 I~ cl t ( , tif rac-t ed ( (I i tit I i na I r
S~~n, i ) r I lit idt'lii t I rIor ' s a va i 1aI 'ie trn iuc a

OI I I 1-ie i I a I I v 'a i la I e , I-)i t the (Jo!! i omotor nee~ds to ho

11(' 111(1~ ard absl-Ca ted. rTh isF techn i quo is reported to be very

A nsl: it ivo bt needs fuLrther development and research to make it

a1 viable field measurinq tool.

4. Maneto-photolasticity is at present used to determine

theo s-tates of stress in plastic bodies which do not show any

Opt icail effect by, di r(ct- photoelastic observations, such as bendinc,

andns id'l 1raIst ss ill pl ate s- The basic equlations and labora-

()-txpe r men t a 1 ha iwa re irt, ivaii 1 abl e. Thi s techni~quo demands

Vr\ :ophStcalted ' rrlrta hardware, which is not commercially

lv. .l I T11! ii;' I 5 a ye r p ri-n iisin techn iquo bult- st ill- reqiires

'Ill It ioi.il dIv~' opimniit 1) tore it eo,)ild be recoIlmended even as a

atoi >:;r-~i~n ;t strss 1.1lysis, tool.

ds di ftict ion i s, ait pref-3-nt , used to characteri ze

ili'( di!st ri h)atj ion) of crazes in pl1 t ics. The experimental hard-

wais "eVsimple , relaitively inexpensive, and available

ro-mercially. ho(wever, this technique needs additional development

8!oeit cain be considered for characteri zing the residual stresses

In latc.This is a very promising future experimental stress
ammlvistool whichl offers the potential for usage in the field.

'' t1!- reconni(iided tha-t: (1) il t rason ic techn ique T, based on

A ~e' iib ;lr acewaives, be eval riated for uise on aircraft trans-
-'n-:list ic -g 1 iais sulchi as- polv yearbonates an-d acrvli -cs and

I", i: lliii fOn!: eo o level oJmefit aI:, a field tool. to nondest rue-

I '. trninth seida stresses in aircraft transparencies

1 ri In..a I I ed -onidi t i or!; (2) scattered-l i qht techn iques be

I~oistratd s a nondstructive technique for quantifying residual

iiis 1 aircra ft transparencies in the laboratory and that the

exfjrimentail hardlware requi red for field use be defined and, if

practilcal 1, deveIope d.
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APPENDIX A

1.1LTRASONTC TECHNIQUE IT (REFLECTION OF ULTRASONIC ENERGY AT A
LIQUID-SOLID INTERFACE NEAR THE ANGLE OP INCIDENCE FOR

MINIMUM REFLECTION)

'I'ho refleCt ion Of ultrasonic enerqv at a i qu id-soli d

ntert fce, oa )ftoen be useid as a relativel-y rap id( technique for

ova iliiat i nq cert.-in ma teri al character isti1cs and the residual

.1 resesInd under ;ome condiUtions it is more sensitive than

tilt :;taindard uiltra:sonic methods. Nevertheless, boundary

ref lectivity has not been used extensively in material evaluation

ndresidual stress measurement. In the following paragraphs a

()'ro of()me Ionq-known facts about ultrasonic reflectivity.. at

i i (i-sol i d houndaries, aire made and then "cri tical1 reflect jon"

[2tM-lt: ::.ed I q()ni ((moer a~re described (Referoeces 60 and

I P A ',W I'l M C I (1SAND) THE EQUtATI ONS

Co foitr 111 tilt -I .,;onic hoam incident0111 pon a1 water-'sol-)id

it rfae sownin 'i qure N. 1 (aI) .The qomtricalI relationships

I !'l cx:i1 let wee icdent and relra-cte p( ort~ ions, of the ultra-

s;on ic 1 earn ire qene ra i I des;cr i ed hy Snell1' s law ( Re ference 69)

Sin Sin () SinSin

hfere V 11is the compressional wave velocity in water and V L2and

A, S 2 repres~ent. the lonqitudinal and shear wave velocities in the

ol0 idJ. Whlor V1 2 , 7- VIJ the refraction angles are always larger

thin t he ainq I e of i n i dence a-nd i t is poss ible to produce critical

rot rict ion, i .0 * , thet condi tion where the anqile of refraction

na90 dteprees -. When the angle of incidence is greater than

it necee;a .ry to prodAuce cri tical refraction of the shear wave,

*it ma': :1 1 Ibe po!;sible to excite surface waves along the boun-

(Ia r A It liouqhi the( s~urface wave referred to here may differ

ligjhtly from the true Rayleiqh wave (characterized by a
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V~tU s-soi i [) oujl(jiarv) , tile vol jocit jes -ire almost identical. There

S ()nt inportaint d i f ference betwonfl iqu id(-50 id( surface waves and

V~iruInn-.I_;oI 1id 51 aewaIves. At low megacycl1e fre iuenc i s, the

I'It tor i11,1\' tra-'vel Over l1f(1( Ii stainces- with relat ively 1little atten-

kitl ion. Io WeverI-, surfac wae at a' I i id-1 o 1d ite01-fac are

I- I: t it t Ini v ciid e t rald i alt i o i FcomIf re!,s i a I wa ves i rt-o

d -nih II '!; 1)W (-in al; hSo be i~o( to (leteormi no the

() lcdeuce- 101r ma~X imum1 eXC itat ion Of sutrface waves . Since

t e, ",m; Ie (, i re fract i on" is equal to 90 degrees, we get

i 1 (A- 2)

where ero is; the veoncity of the surface wave. The exact value of

Vvric:!; wi t h the Poi s-son rat io for each solidl, but is generally

("M: i,,r niext (the jiart i t ion of enerqly between the incident,

let ind rot ract odi port ions of an uiltrasonic beam. Accord-

e I'J r!; (Lcfi~ 7) aind -rgli n (Reference 68) ,the energy

i i ot i of lt c o incident wave is qiven bo.,

Cs 0 A* Co s
(A- 3)C-0 + A*Cos (1-3,A

whe rk V

2Sin S i n 2 [Cos VS ,,c

* dens i ty FI~ ' fru id

* density o)f solid

I oerg ra~2

The, (-rv ai )f refracted longitudinal wave in the solid to

he incident wave in the liquid is given by
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2 2 Cos 2u (A *Cos o~ Cos 01/22

Co f- A*Cos0 (B*

The olnerqy ri t i o o-f refraicted she ar waive to incident wave

i t holt

Calculations of these ratios were made for a number of

solids with the incident ray in water and oil.

Figure A.1(1-) is taken from Reference 66 and illustrates

L1he expected energy partition at a water-aluminum boundary when

irfice Waive .ind i ttenuiat ion are not considered. Under these

Clit ion:;l~, the i n cident ene rgy i-; partitioned only among the

ref tor .' wve (N) ind retraicted longi tudinal (L) and shear CS)

WI VeS Nt nlorma I [I incidence , i refr.-cted s;hear wave does not

exst, o t 11.t thel cieIOV is; pnrt it iOnICI betweenl the reflected

.111d 1 11( ret riotet d torni it udillAl vave. The exact division at

iiiiniaiI inc idence i: kejienilen t onl the impedance mismatch at the

I)OLInda ry, ind the anpli Ude raL-io of the reflected and incident

wave!; t! giv~ en b\

A R '2V L - I V
B 2 1. 1 LI(A-6)

A 2 1,2 1 \ Iil

w~here l' ., V a t he oha irarteri stic impedances of the

waterand otid, respectively. As the angle of incidence is

ncoeased, some, enerqy goes into the refracted shear wave until

he on tical anille for tile refracted longitudinal wave is

*isrocnd.At tis critical angle, 01,' all the energy

ithe(oretically reflected hack into the water. At higher angles,

the refracted shear wave (S) receives a fairly large percent of

the incident energy until it also approaches its critical angle,

2' In this somewhat simplified picture, the incident energy
would he totally reflected at all higher angles. When the

~)O~ibiitVof surface waves is admitted to the theory, a more

(i1



oCO I IOx s1,it ,It io'n eX ist s and a major change in reflection effects

ccur at ,n inql of incidence near to that which produces critical

I , rIact ion ol, t he sAhear1 wave. A comparison of theoretical and

OX OIri r ttII refloct ion data is (jiven in .igure '\.1 (c) . The

I tt 1 d enry i; plo t t od as a function of anqie of incidence

ot , water-aluminum interface at an ultrasonic frequency of
5 lR accles per second. The solid curve is repeated from

Igure ",. (b) and represents the theoretical reflection variations

when ,;urface waves and aftenuation are not considered. The open

circles represent experimental data. The agreement is very good

exceni at angles of incidence near 31 degrees. The first maximum

at 1.1 degrees is related to critical refraction of the longitudinal

w.IV,,. The experimentally observed minimum in reflected siqnal at

of 31 degree:; is related to the excitation of surface

,ve,:. it is this, minimum that is most sensitive to physical

:rFopet i-:; of the solid.

. . PI i NCIPLS OF A GON[OMETER

In order to ensure that the equality of the angles of

Ilncidence ind reflection is maintained in the water and that the

directions; of these beams intersect at the same point, it is

O; ,rv[( is vr'ov ide for certain mechanical features. In

i'iqure A.2, i circular roller is shown which is moved un and

i ,-, I-, r,l axi-, increasing or decreasing the angle

.!etween the loniometer arms on either side. The pivot point P

i: In thie surface or slightly below it for maximum intensity
I,),<-,1W;0, of ,, small heam displacement on reflection. If the two

, ;par,itod at a fixed distance "a" from a pivot A,

,,,, , : of t-he roller is "b" with center at "B", the

condit ion that P ihall be fixed requires that the heights of the

two, pointi; A and B should be maintained in the same ratio as

n/b, that is, hI and h2 in the diagram are given by h1 /h2 = a/b.

(<)nseolen tl', a vertical screw in the line of DBAP must move B

u.' or down faster than A but in this ratio.
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T l I I : I I t 1111k1 t i!; .sho.lo i 1I I t uli'' , .A Tlh i na ;t tillitl e t i

1 ,! t olt hor in 1 i id r.1inew-ork compri.5;Inq I ci -cillar baso jlate

)nt o wh ici i ; we Ided a vertic'al ma n l ato and perpelnd i cuI ar to

it at the reir, two .t reng then ini neml)ers. They u11)) ort the to 1)

o lat -orm on which there is mounted a motor (rive and gear box

to operate the vertical lead screw. There is also a revolution

counter which records the angular rotation of the screw and the

reaidinq of this counter can easily be calibrated as a function of

ti, angle of incidence , in Figure A.2(a).

'id' load screw has two sections separated by a bearing and

rt inq Irane which is screwed to the main body. The upuer

l ,-i-t thk, h ..scr(,w has twice the pitch of the lower part, and the

rot at lon i:- tr,ans.mitted from the screw into the vertical movements

o: th, roller and the pivot, respectively. The bearings of the

rollor and the pivot are held in position by milled slots in the

main vertical plate. The geometry of the system requires that the

two ultrasonic probes actinq as transmitter and receiver must

have their axes along the lines of the tangents to the two circles.

In the instrument shown, they are clamped onto the side of two

mota l arms held onto the roller by sprinqs. The actual choice of
it ins for points A and B is therefore ad usted in order to

,nsure that the geometrical condition is fulfilled. The trans-

ducers-, used were in the frequency range of I to 10 Mllz and had

aiameters between 5 and 15 mm.

In operation the instrument must be immersed in water or

other liquid sufficient to cover the lower ends of the transducer

,ind receiver. Thus, the lower ,art ()- th- in t rumiient has to be

protected against corrosion and it is advisable for the liquid to

contain a suitable inhibitor. The water tank can be replaced

iby2 the us, )f a flexible bag of polythene which can adapt to the

s<urface shape. This will introduce a thin layer of material

*,tween the liquid and solid interface, but the effect on any

moisurements should be negliqible in most practical cases.

-I
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A.2.1 Calibration of the Goniometer

The first element of calibration required is to

establis h the relationship between the revolutions of the lead

:screw and the angle !. The second calibration required is to

e,,b i;h the variation of some angle O, either a critical. reflec-

in inglo or the ieak of tle Rayloiqh wave intensity as a function

Of atppI itd :stres.;I; or s;train. This condition, established under

known c(ont it on.,, i ; then available for the determination of

un-k.nown re:;i i al !;t-es;; or strain. In the course of this calibra-

t ion, tIe lid wa.; fixedI and the angular position scanned over a

rine 0 f oile, dogrt or more in order to find the minimum of

rel l'ci.d 0 ,1enrgjy corre.s;;onld inq to the maximum Rayleigh wave

iit en:; v. 'Phe actual strain in the specimen surface was deter-

mined by reference tO electrical resistance gages suitably

Ittached. Figure A. i(a) shows the calibration obtained from a

:;toel. Measurable changes could occur due to temperature varia-

ion!; in the water or oil bath. Consequently, the extent of this

vr i aion i: to be established, and in subsequent measurements

th, t ,mperlit ure is to he determined and a correction applied when

A.2.2 Applications of Goniometer

A very successful metallurgical application of the

(loniometer was achieved in the study of the effects of composition
variables and case hardening treatments on the residual stress in

.teels for Gear blanks. Fiqures A.4(a) and A.4(b) illustrate the(primarv measurements on the instrument for radial and circum-

ferential directions at the mid-radial positions on the flat

Face s of the blanks. It is reported that x-ray methods give

.ndications of surface stress to a depth in the region of 25 im.

TrIt, ltrasonic method is less superficial in that the penetration

; of the order of 250 :im.
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