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Maximum amplitude of plance polarized light
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Vibrational displacement of linearly polarized
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SECTION 1
INTRODUCTION

1.1 PROGRAM OBJECTIVES AND SUMMARY

Fxperience 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 {(during the manufacturing and
installation process) to a critical thresheld value may increcase
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 program was organized under thrcee primary tasks: (1)
a comprehensive genceral literature review of over 150 publications
on holography, x-rays, moirdé, scattered-light, thermal methods,
ultrasonic techniques, acoustic emission, magneto-photoelasticity,
laser diffraction, and cddy 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,
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
photoclastic properties of aircraft transparency plastics; the
scattered-1light 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

FEV AP —- e B
.




propadaat ton of Rayleigh waves in a stressed elastic medium; the
stress=velocily expressions for uniaxial and qenceral stress fields;
the ultrasonic stress wmeasuring device; and the procedures to
determine 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
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




P m———— N e

kKind. The microstress are, in general, uniformly tensile or
comnressive in a particular arain, but tentative suggestions of a
subgranular 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
available are susceptible 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.

These fine cracks are often difficult to discern, because they are
approximately merrendicular 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 cooling 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. 1In 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

purcly compressive stresses do not produce crazing.
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Crasing reduaces the taminous transmit tance of the

transparent plastic materials and interferes wilth vision, oespecially
when the atreraft is flying into the sun, It also affects the
structural properties of the plastics. Crazing cracks 0.006 inch
doep resulted in a 30 percent loss in tensile strength of a plastic

material 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''Ms 406 Method 6053) with and without various solvents applied
to the tensile 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. 1In
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 uza2d 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




womaShg L

the United States, and by Jessop (Reference 7) in the United Kingdom,
but a 3ystematic study of the analysis and experiments on scattered-
light photoclasticity was initiated by Frocht and Srinath
(Rotorences 8, 9, 10, and 11). in Reference 8, the basic theorv of
scattered light is developed and experimental evidence provided
shows the accuracy possible in the determination of the isoclinic
parameters and birefringence. The possibilities of the method are
further demonstrated hy 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 theilr 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
techniques for determining the directions of the secondary principal
stresses and their difference in scattered-light photoelasticity,
without using a compensator but still capable of obtaining the same
degree 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




scecondary principal axes. In Reference 15, Cheng reports the experi-
ment s conducted on an aireraft windshield sample having a three-layer

(qlass—-vinyl-glass) sandwich structure. Photographs of fringe patterns

in scattered light are shown, and the stress distribution across the
thicknes:s of glass laver is determined.  Bateson, et al., reports
residual stress measurements in tempered glass plates by scattered

light 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 regions (References 17, 18, 19, and 20). Scattered-light

technigque has a tremendous potential for three-dimensional dynamic

stress analvsis 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
. photoelastic data to evaluate the stresses at a surface point.

1 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 any three light beams intersecting at a surface point on a
stressed photoelastic 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.
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In Reference 24, a set of equations is

presented and the effect of rotation of the sccondary principal

stross axes is described. The equations, general and relatively
sitmple, adequately describe observed results. I'n studying the
cquat ions, a better understanding of the rotational effect can be

achieved, and a technique is suggested which can eliminate any
orror resulting from rotation. This technique and the concepts

involved are substantiated with experimental evidence.

sutliff investigates three-dimensional
stresses in models of composite materials with discontinuous fibers
using the scattered-light photoelastic method (Reference 25). The
“cattored-light method is appliced 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 ring 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 bevond the
elastic limit (References 27 and 28). Gross-~Peterson (Reference 29)
investigates the birefringence and, thereby the stresses in a
photoelastic model utilizing the light scattered from a beam of

l1ght 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




doevelon g general formula for scattered-light intensity. Relation-
shins among the orientation of eigenvectors and their phase
retardation and stresses have been found. The method is illustrated
by the solution of the problem of a circular rod loaded by a
combination of torsion and axial load. An experimental procedure
has also been sugaested.  Robert (References 31 and 32) applies

the principle of volarization of scattered light to determine the
principal stresses in the interior of a model. On the basis of

the theorem which states that "a scries of birefringents is equiva-
lent to g unigque birefringent, followed by a medium endowed with

rotational 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
mcthods 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

scecondary principal stress in the planes perpendicular to the path
of the Tight wave is to be considered at every moint along the path
of the lTight wave traveling in a stressed three-dimensional medium.
Also, methods for the analysis of whole planes are presented, thus
avoiding 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
nvath is considered to be a series of half-wave retarders. Data
are obtained through rotation of the optical analyzer and trans-
lation of the incident light 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

comparce favorably with those obtained using a polarized incident

beam.

-~ & o




Stresses and strains in axisymmetric
problems are found by using scattered-1light photoelasticity
(Reforence 35). Three rctardation 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
measured as the time to travel a fixed math length, and the change

in transit time is related to the applied stress. The linear
relationship 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
through a material using surface waves uses varying freqguencies

for the ultrasonic wave. The system used for this technique is
called the "Modified Time of Flight System.” 1In 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,
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surdace and near-surface stresses in aluminum alloys.  In

Reterence 41, he describes an investigation of the relative effects
of uniaxial stress and preferred grain orientation on the Rayleigh
wave velocity in aluminum. The calculation of the relationship
botween Rayleigh wave velocity and stress is based on second

order clasticity theory. |IHle postulates a linear relationship
bhetween velocity and grain orientation., He concludes that

chanaes in velocity due to uniaxial stress in the elastic range

and preferred grain orientation are of the same order of magnitude.
e reviews some cexperimental data and compares it with theoretical
calculations. Gordon and Speidel (Reference 42) describe
ultrasonic instrumentation and transducers utilized for several
typmes 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
instrumentation was designed to measure the time of flight of a

ropaaated altrasonic wave with a resolution of 0.2 nanoseconds.

Reference 43 reports studies of local
variations of Rayleigh (surface) circumferential ultrasonic wave
velocity near a pipe-girth welded in large-diameter thin-wall type
stainless steel pipe. The residual stress distribution was
estimated independently from shell theory for an elastic,
infinite, thin shell with circumferential line load. The pattern
of surface wave velocity variation matched the theoretical residual

stross pattern closely.

McKannan (Reference 44) calibrates and

evaluates ultrasonic methods bv conductinc tests on a beam subijected

to bending loads. The frequency employed has seven megacvcles

ner second which nrovided a depth of penetration of one millimeter.
The measurement accuracy of the time of flight was 0.1 nanosecond
(or 10—8 seconds) and the resolution or sensitivity of the ultra-

sonic method was less than 100 psi in 2024-T3 aluminum alloy.

Reference 45 describes an ultrasonic stress

analyzer and surface stress and bulk stress tranducers.
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[.0.3.3.  Ultrasonic Velocily-Stress Relations and

Third Order Elastic Constants

In References 46 to 49, expressions for
the velocities of clastic waves in stressed solids are derived
using Murnaghan's theory of finite deformations and third-order
terms in the energy. TFor isotropic materials, in addition to
the Lame constants 2 and g three additional constants, 1, m,
and n are regquired to describe the material. By measuring the
transmission time of elastic pulses through the material, the
velocitios of longitudinal and shear waves are determined as a
function of applied stress. By subijecting the material to
hvdrostatic nressure as well as simple compression, it is found
that seven functions of the three constants 1, m, and n can be
measured and thus numerical values calculated. Results are given

for polystyrene, iron, and Pyrex glass.

Cook and Valkenburg (Reference 50) review
the theory of mechanical wave propagation along the surface of an
extended solid medium, adapting it to nondestructive materials
testing. 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

J 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
reclated 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

P e il
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ATImet 't s shown that the variation of sound speeds with
mmitial stress and the measured magnitude of the acoustoelastic
cltect can be used to determine the third-order eclastic constants
ol an anotropre material and as o a partial confirmation and

cvocriment bl check of the theory.

Bradticld (2efoerences 55 and 56) onumcerates
methods of using vibrations to determine the values of elastic
constants which are most promising and offers advice to show which
method is best to use in a given set of circumstances. The methods
Jdesceribed are also applicable to non-metals cespecially 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

S0 covond- and third-order eclasti1c constants.,

smith, et al. (Reference 59) have determined
the third-order elastic moduli of several isotropic polycrystalline
metals from measurements of the velocities of both longitudinal
and shear ultrasonic waves in uniaxially stressed specimens. In
cach case, the wave-propagation direction was chosen normal to
the avplied stress, and the shear waves were polarized either
normal or parallel to the stress direction. Hence, a unique
cvaluation of all three third-order moduli was possible, using
the theory o Thurston and Brugger, specialized for isotrovic
symmetry. The measuring equipment is based on a new variation of
the pulse-echo interferometric technicque and is capable of
resolving velocity changes of a few parts in 106. Results are
presented for several steels, aluminum alloys, magnesium, tungsten,
and molybdenum, and are shown to be in good agreement with
alternative nonlinear elastic data, including static measurement

ot the pressure derivatives of the bulk and shear moduli.

The concept of Rayleigh waves, their
structure and proverties, are discussed in Reference 60. Propa-
gqation of Rayleigh waves on cylindrical and spherical surfaces

as well as at an interface with a liquid are discussed. 1In

12
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Okada (Reference 64) proposed new equations
for stress measurement in orthotropic materials by ultrasonic
birefringence techniques, Intensity of stress-induced anisotropy
and 1ts principal direction are related to the apnlied stress
through three coefficients, in contrast to only onec coefficient
required for isotropic materials. Experiments of ultrasonic
birefringence were carried out to determine the three coefficients
tn a plate of aluminum alloy with a slight orthotropy originated
from roll working. Anisotropy induced by uniaxial stress and
rotatiron of the principal axis were obscerved in sceveral specimens
with difterent directions of rolling. The results are in good
wireement with the curves theoretically predicted by the equations
provosed, showing the validity and usefulness of these equations

for ctress measurements in conventional matoerials.,

Tn Reference 65, the basic relations of
the aconustoclasticity are deduced by means of the infintesimal

wave provagation in a deformed isotropic elastic material.




S I Ut rasonte Techmiaue T Retlectron of
Ut rasonic Fnergy at a higuid-Solid
Interface
Reference 66 reports the principles and
consiruction of an ultrasonic goniometer for surface stress
measurement in steel.  The goniometer methods are potentially
more useful where it is desired to obtain indications of the
stressen, particularly residual stress, rather than loading stress
(although both can be measurced) at or near the surface of an
onject . The variation of the enerqgy reflected from an interface
a0 tunction of anqgle of incidence and reflection (equal) using
2 suirtably constructed goniometer should reveal marked changes in
the vicinity of critical angles, and when a Rayleigh surface wave
i+ generated Iin a solid with incident beam in a liquid. In
“eforonce AT, Maver reports the energy ratios of reflected and
1 atedd o waves to the incident wave at the liquid-solid boundaries
a5 a tunction of the angle of incidence. The influence of the
wave velocities in the media and media density on the sha»ne of the
curves is discussed. Frgin (Reference 68) reports the energy
ratios of seismic waves reflected and refracted at a discontinuity.
“ollins (References 69 and 70) establishes that the ultrasonic
reflectivity of a ligquid-solid interface can be a sensitive
indicator of near-surface proverties of the solid. At angles of
incidence slightly less than that which produces total reflection,

+

the reflectivity often falls off sharply with a minimum occurring

at some angle 72. The value of 52 and the reflectivity at ©

2
are both frequency-dependent. It is often possible to find a
freauency, £, which causes the reflectivity to avproach zero at

the minimum. Under these conditions, it is found that f, ﬂz,
and the reflection amplitude are all extremely sensi+tive to

s light variations in such surface provertics as clastic moduli,
gqrain orientation or texture, attenuation, and degree of cold

~or«. lurther, it is reported that this technicque can be used

s

to detect changes in the properties of thin coatings or cladding

on thicker substrates. Simplicity and ease of application




cuoibened with anherent sensttivity make the technique a potentially

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 clasticity of the material and hence to the stress residing
in the surface layer. The goniometer measures this velocity over
very small arceas.  Such measurements can be related to the texture
and homogencity of the material; they can help in ultrasonic
hardness testing and they may be a means of detecting fatique

boetfore failure.

Weinstein (Reference 72) reports on the
tatlure of plane wave theory to predict the reflection of a
narrow ultrasonic beam. In past studies of the interaction
ot an ultrasonic beam with a solid plate immersed in water, the
general practice has been to assume that a narrow radiation
pattern 1s a sufficlently close approximation to a plane wave to
normit the use of plane wave theory to predict the results.
keflection measurements made in water with a three-degree
radiation pattern at a frequency of 3.35 megacycles per second,
using 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-infintte 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
nlane 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-Photoelasticityv

Aben (Reference 73) discusses the
principles of magneto-photoelasticy and its applications. 1If a

photoclastic model is placed in a magnetic field, the light vector
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wri b rtotate owing to the Faraday eftect., An anteqgral optical
cttect can theretore be observed with states of stress which do
not show any optical oftect by direct observation; for example,
boending and quenching stresses in plates. Basic equations of
magneto-photoclasticity are derived. An algorithm is developed
which enables the optical phenomena to be determined in cases of
arbitrary stress distribution along the wave normal. An investi-
gation of bent plates is considered; a nomogram was produced which
cnables 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 crazing of a glassy amorphous polymer is well
rocognized. Processes leading to the formation and growth of a
cvcbean ot crazes and subsequent nucleation and propagation of
poacks must boe fully understood before a satisfactory theory of
fracture can be obtained. Among a large number of influencing
factors, the inception and distribution of crazing plays a
major role in analvzing the statistical strength behavior of a
polymer exposed to stress. Reference 74 reports preliminary
attemints to ahserve crazing throuah the annlication 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
micrographs and corresponding laser diffraction patterns are
it rated n o this rofereonce, Quantitative data on the kinetics
Lot acvumulation of crazing doveliopment was to be collected as

1 continuation of this research. However, nothing was found in

the course of the literature search.




SECTION 2
SCATTERED-LIGHT PHOTOELASTIC TECHNIQUE

2.1 PRINCIEPLES OF SCASTERED=L1TGHT PHOTORLASTTCITY @

(DUAL-OBSERVATTON MITTHOD)

A dual-observation method will be described for determining
the scattered-light, photoelastic parameters (Reference 13). Using
this method, the intensitics of scattered light along two directions
ot obscrvation, making an angle of 45° in a plane normal to the
light beam, are recorded simultaneously without rotation of either
the light beam or the model. Photoelastic parameters are evaluated

from these records.

In establishing the relations between the intensity of
scattered light and the photoelastic parameters, there are two
cases to be considered.  The first is that in which the secondary
principal axes remain constant, while in the second case they

rotate inside the stressed elastic medium.
Case 1: Scecondary Principal Axes Remain Constant

Let the vibrational displacement of a beam of linearly

polarized light be given by

Al = A Sinwt (1)
where A is the amplitude of the vibration, w its angular velocity,
and t the time (Fiqure 1). After passing through a gquarter-wave
plate, whose axes makes angles of n/4 radians with the plane of
polarization of the incident beam, the emerging beam is circularly

polarized and may be representced by two components along the axes.

Thus,
A, = (2712 A sinet (2)
and
Ay = (2712 A cosut (3)
17
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If the secondary principal axes in a model make angles of

" with the axes of the quarter-wave plate, A. and A_ are resolved

along these directions, giving components : >

Ay () V2 A sintet - 0 (4)
and /\5 (2)—1/2 A Cos{at - o + ) (5)
where o denotes the relative retardation between components.

It 15 known that the intensity of scattered light for a
given direction 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 1s collinear with the direction of
polarization of the beam, OAl, Figure 2, the component is given by

Ab : A4 Cosf({i/4 - «) - AS Sin(:/4 - 1)

5 . !
A, Sin(wt + /) (6)
whore A( and Y, e the amplitude and the phasce angle of the
) )
component, respectively.  The intensity of the scattered light
. oy 2 w s
tor this dircection of observation is equal to K, (A ) whoere X, 1s

S 6 ! )
a material constant. It has been shown in Reference 13 that

)% = 1/2}(91\2(1 + Cos2 . Sint) (7)

Similarly, for observation along the direction OB, which makes

an anagle of /4 radians with the direction 02, the combonent 1is

qiven by

A7 = A4 Simie - A5 Cos .

= A, Sin(.t +

7 )
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Figure 2. Directions of Observation OA and OB for Cases Without
Rotation of Secondary Principal Axes. The light beam
is pointed toward the reader from the plane of paper
through point 'O'
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whoer e /\., and ;./ arce the amplitude and the phase angle of the ]

component , roespectivelys The intensity of scattered light for i

this observation s equal to
. 2 2 e ..
KAL) | ’.'l\'“/\ (1 + S1n2« Sinyg) (9)

1t the load i1s zero on the specimen,

— 2 2
. = A = 1/2K
G (A5 = K (A /2K A (10)
because =0. Let U and V represent the ratio of the intensity of
scattered light observed while the model is under load to that
obscrved while it is free of load along the directions OA and 0B,

respectively (Reference 14).

2

A

C o v 2 e a2 6
XA =) ——

u Kg (Ag) /2K A (11)

2

A

o2 2 7

Vo K (Ag) /2KSA =\ =

At a point in the model

(o]
1l

1 + Cos2a Sing

<
"

1 + Sin20 Sing

and

_ -1 v-1
a = 1/2tan [ﬁ:T]

1

sind + [(v-1)2 + (u-1)2

]l/2

1]
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Case [1:  Sccondary Principal 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 neglected. Thus, for residual stress determination, the

Casce | theory will be assumed to apply.

SUNPERED=LTOHT PHOTORELASTIC PROPERTIES OF POLYCARBONATI

AND ACRYLIC PLASTICS

A study of polycarbonate as a scattered-1light photoelastic
merterial is made in Reference 27. One of the principal advantages
ol scattered-light photomechanics 1s that passing a thin sheet of
Fight through a model is equivalent to optically slicing the model
without physically disturbing it. In order to do this it 1is
necessary to immerse the model in a fluid having the same index
ot refraction as the model. This prevents the refraction of light
when eontering or leaving a curved surface in a three-dimensional
model.  Another requirement of an immersion fluid is that it shall
not attack or degrade the model material within the time span of
the testing and analysis. The index of refraction for poly-
carbonate 1s 1.58 and there arc several immersion fluids whose
index of refraction is very close to 1.58, such as Type IMF-1618
(Reference 36) ., Since the polycarbonate material is chemically
attacked by many fluids, the immersion fluid should be enclosed
1n a thin walled transparent plastic container made of material
having the same refractive index as the immersion fluid. Thus,

the use of an immersion tank can be eliminated.

In addition to the requirement for compatibility with an
immersion fluid, a model material must exhibit sufficient intcnsity
ot scattered light to permit use of this technigue. Furthermore,
the fringe density or number of fringes per inch must be enough
to permit accurate analysis but not so much that the fringe
pattern loses contrast to the point where individual fringes can
no longer 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

22
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» percent, 375 fringes/inch; at 10 percent strain, 600 fringes/inch.

These are high for a scattered-light model material. In our case,

we are primarily interested in low levels of residual stresses.

Therefore, this high fringe value may be an advantage.

The scattered-1light properties of acrylic plastics were not

reported dn the Titerature review as a part of this program.

203 SCATTERED-LITGHT PHOTOLELASTIC DEVICE

A typical scattered-light polariscope consists of the

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

2.3.1 Light Source and Light Conditioning System

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

6 32.8nm wavelength, complete with power supply and beam expander.

By mecans of the lens system L1/L2' one can choose
botween a "pencil”" operation (light converging toward a point on
the model) or a "ribbon" operation (light converging into a |
planc of "zero" thickness). A sliding indexed mount enables the

selection of light desired (Slide A, Figure 3).

In order to obtain better photographic records and
for vasier observation of the fringe pattern, the "ribbon" of

light can be expanded by manipulation of the lens system L4/L5

and LG/L7. The L4/L5 lens system expands the beam to 0.6 inches,
and the L6/L7 lenses expand the beam to 1.5 inches,

The beam generated by the laser is plane polarized.
insertion of quarter-wave plates produces circular polarization.
Seconnd guarter-wave plate transforms the light back into plane
polarization. The sccond 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.

23
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Che compensator 1s the heart of every polariscope measuring
system, and its measuring accuracy determines the capability of
the systom.,

) Y >
e Yoo

There are two ways to design the translation and
rotation mechanism. 1In the first case, we can keep the light
source, conditioning system, and data acquisition system fixed
and translate and rotate the model. 1In the second case, if the
object is large, we can keep the test specimen fixed and translate
and rotate light source, conditioning system, and the data
acquisition system toqgether. In the dual observation system used
here, rotation of the model is not required, therefore, only
X, ¥, and z translation of the light and data acquisition system

together s to be accomplished.

The tunction of the translation mechanism is as
toliows: The x-v translation i1s used to select within the model
Lines ot x-y coordinates to be analyzed. These motions are to be
realized by precision slide mechanisms and the corresponding
displaccments are readable to an accuracy of 0.001 inch or

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

" "

along a line 1s carried out point-per-point using "z" motion.

For separation of principal stresses in the
scattered liaght technique, the shear difference method must be
used.  Therefore, measurement of the displacements x-y are

tmportant and directly influence the accuracy of results obtained.
20303 The Data Acquisition System

The data acquisition system 1s used to collect
the photoelastic information from the model being analyzed.
Three different moethods of acquiring the data are provided.

They are (Figure 4):

® Visual - The photoelastic pattern is directly

observed on a ground glass screen.
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® [hotographic - A photoaraphic record of the

observed pattern is made on a 35-mm film.

e I'hotoelectric - A photomultiplier tube 15 incor-
porated in the data acquisition system which provides an electrical
output proportional to the light intensity emerging from the
observed pattern, The distance between fringes i1s very accurately
determined by photoclectyic measurement.  The light intensities

are measured cither on a meter or recorded on an x-y plotter.

2.4 PROCEDURE TO DETERMINEI THE RESIDUAL STRESSES

Consider Fiaures 5{(a, b, and ¢) and 6(a, b, ¢, ard d).
By sending the incident tight beam in a direction parallel to
s—axis and making scattered light observations in the xy-plane,

one can get the sccondary principal stress difference (p' - g')

In the xv-plane as well as the directions of p' and '. Lf 1s
the oricentation of the p'-stress with respect to the y-axis,
Nl o the trainge value and € s the stress-optic coofficioent.
— (dN) ¢ 17)
I B dz (
p'o- a'.. o
r -1 sin2
- 5 in
indd
o= = (p' - q")Cos2:’ (18)
€y ) ( q')

Simidariyv, in Figure 5(b) the light beam is in the v-dircction
v viewrne s in the xz-plane. From this we can determine

T

AN = .
Pn _ ({n . a';\,’c (IL))
PRSP ]

e, 0 ki

- :\ = (p" - q")Cos2:" (20)
2z X
Similarly, from Figure 5(c) we can determine v and 27 e
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in oader to determine the individual norma! stresses,
pecourse s to be made to the shear ditterence method,  Thus,
et ot bhe dequured to determine the normal stroegs components along
the v-axis, Fragore o(by. Por this purpose we will usce the cquation

of egqur baibrouam, nowmely
PRI LA S ¢ (21)

From this, using finite differences, we integrate the equations

numerically,

3 i J A
\ = (. R £33 IS £
( y) .] ( )y)], /f =0y + 1): L=l (22)

in whieh ( v)) denotes the value of Hy at any point j along the

v-axts oand (wy)r is the known or the initial value at some point

;o example, atoa vi'r.w St acoe (v‘iy)F 0.
Uy ,
The values of ,{ arce obtained from the shear ;yx along
fwo parallel lines “x apart such as lines CC’' and EE', Fiqure 6(Db).
A
v

Similarly, the values of Tif arc obtained from the shears Vyz
along such lines as DD! andZFF’, tz apart. These give us the
necessary data for the evaluation of \y at all points along the

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

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

cqguations.

2.4.1 Surface-Stress Determination

One technique in examining boundary surfaces for
¢ritical points is to traverse the surface with the circularly
polarized beam intersecting the boundary at right angles (along N)
and recording the fringe pattern, IPigure 7 A flexible coherent-

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




tooabong o principal direction as oin this case, the stress-optic
taw reveals the difference in the other two secondary principal

stresses (Figure 8(a))

dNy =
* * = _—
p* - a* = (1) © (23)
* o *
(Y\( = E;L_.z__(lN Sln2' *
< Ty {p* - g*)Cos2y* (24)

To obtaln the third independent bit of information,
Pt the laser light intersect the point of interest at o an anole
(atong W)Y, Pigure 7, in the xz-plance.  The direction Cosines of

N, one of the scecondary-principal stress directions, are

‘-'1 = Cos:
myo 0 (25)
N, -sS1in
The soattered=-1irght photoclastic pattern is sutficlent to vield,
(Urgure 8(h))
Ny QN - 3 x*x *
C (dN.) T (p q**) (26)
- p** - g**) o - *
N ey Sin2;
(27)
(“‘N - \)y) — (p** - q'k*)COSzt\*‘k

[t 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 g* are then the other 2 principal stresses, otherwise

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

) 2 2 2 .
oN u.vl Voo m1 1 n7 n] + 20 , lel
X y 4 XV (28)
2 + 1
4 ”xz anl ZUV mlll
u Because the point of interest is on the boundary,
]
(8} = 0 = qa = 0 (29)
X2z vz Z
therefore ”N - ”x cos20 (30)
Laquation 206 Lakes positive values if oN gy and a negative value
ir N N Solving Bguations 24, 27, and 30, we can determine
individually Ter e and IKY. Since we know the directions of

scecondary principal stresses, namely ¢* and ¢**, we can determine

the values of principal stresses at the boundary surface.

2.5 APPROXIMATE COST OF SCATTERED-LIGHT DEVICE

(a) Light Source and Conditioning 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 systems 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
desired light operation. Another set of lenses provides for the
widening of the ribbon of light to 1.5 in. (38 mm) to obtain better
photographic records. The light conditioning svstem should

provide
A. Plane Polarization, with readout to 1/2°.
B. Circular Polarization.

C. Babinet-Soleil Compensation, calibrated to
1/100 fringe. Total range 5 fringes.
Cost Estimate: $33,340
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(H) Fixture for Translation of Light and Viewing System

This fixture should provide for X-Y-7 displacement
of the light and viewing system. The displacements are readable
to 0,001 in. (0,025 mm), the fixture should feature a 6 in.

(152 mm) X, Y, % travel.

Cost Pstimate: $15, 360

(c) Data Acquisition System

Data acquisition system consisting of a photo-~

multiplier tube with a readout
Cost Estimate: 24,600
() Index Matching Fluid

ive-gallon containers indexing matching fluid,
IMI'~1618A

Cost Tstimate:  $645
Tort b ot ST, 00

The conts shown in items (a) and (¢) are based on the
quotation (dated July 1982) from Photoelastic Division, Measure-
ments Group. The cost shown in (b) is an estimate, as there is
no readily available system to simultaneously translate the light
and viewing system and to measure these translations in a

predetermined X, Y, and 2 coordinate system.
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SECTION 3

ULTRASONIC TECHNIQUE 1T
(RAYLETGH SURFACE WAVES)

in 1885, tho knglish scientist Lord Rayleigh (Reference 60)
Jdomonstrated that waves can be propagated over the plane boundary
between an elastic half-space and a vacuuw or a sufficiently
rarefied medium (for example, air), where the amplitude of the
waves decays rapidly with depth. During the last fifteen years,
Rayvleigh waves in the ultrasonic frequency range have found
considerable application.  They can be used to inspect the state :
aoi the swrface layver of a sample, in the detection of surface and
near-suriace defects in metals, glasses, and plastics, and other
materials (ultrasonic surface flaw detection). The influence of
the properties of the surface layer of a sample on the velocity
and attenuation of Ravlielgh waves permits the latter to be used ]
tor the asscessment of residual stresses in a surface layer of a
material, as well as the thermal and mechanical properties of the

surtface laver of a sample.

3ol PRINCTIPLES AND ANALYSTS

3.1.1 The Concept of Rayleigh Waves: Their Structure and
Propertics

l.et us consider a plane harmonic Rayleigh wave on the

boundary between a solid, isotropic, perfectl, elastic half-space

and vacuum. Let the half-space occupy the region 7 > 0 (Figure

9(a)), the direction of wave propagation coinciding with the
X-axis. For the region occupied by the half-space, we introduce
the scalar potential & and vector potential } of the displacements,
30 that the particle displacement vector v is written in the form
Id - -
v = grad ¢ + rot (31)
The potentials 7 and 7 are the potentials or the lengitudinal

and shear waves, respectively, and satisfv the following wave

Ccguation:
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S SRR
) I\(‘ ,

ax” R (12)
M B
2 Rt

- Ly ok 2 0

N t
I Nz

(33)

are the wave numbers for longitudinal and transverse modes,
rospectively, o is the circular frequency, Y and 11 are

Lame clast e oconstants, and N i1 the mass density of the medium.
. Y

The components U and W of the particle disnlacement '

along the x and z axes, respnectively, and the stress components

wx’ 2z’ xz may be represented in terms of o and { according

to the equations

_ar R i
U=k oa |
(34)
W = D5 4+
3z 0x
. WZJ JZF 32$ Wzs
LR e B 2 BERSIEUE (g, B -
xX OxX dz RB¢ Xz
\( "2" R ;\2;> ¢ 2 ( .‘42f + \52‘,‘ ) (35)
P A S\ T oz
Aa Cax” nz2 Vo X37Z
2

2 L2, N2
= (2 SO L T S
XZ ‘ IXIZ L 2 322

We scek the solutions to Equations 32 corresvonding to a plane
Larmonic wave propagating in the positive x direction. For this

wo leot




) | | l

it (kx—wt)
= F(z) ot

(36)
P (‘(Z) Oi(kX"mt)

Substituting these expressions into Fquations 33,

we obtamn two differential cequations for the functions F(z) and

()
2,
d7i{z)y _ (k2 - kpz) F(z) = 0
1z (37)
2‘ .
dafz) - w? -k %) 6l = 0
t
dz

The two linearly independent solutions of each of
the above cquations are the exp(s k2—k9£; ) and exp(i¢k2—ktzz ).
We  assume k2 ' kLZ b kez. Then the solutions with postiive
radicals in the exponent will correspond to motion increasing
with depth, the solution with negative radicals will correspond
to exvonentially decaving motion, i.e., a surface wave. con-

sequent 1y, the expressions for 4 and ¢ assume the form

-7z 1 (kx~wt)
)

Y_ - Al
v A (38)
. B o %% Q1(kx-mt)
where
2 2 2
a =k -k (39)
52 = k2 -k 2

and A and B are arbitrary constants.

The conditions of the problem demand also that the

SErosses o and "z 9O to zero at the boundary of the half-space

(nlane z = 0).

The pattern of the displacements in a Rayleigh
wave 15 illustrated in I'igure 9(b). Figures 9{(c) and 9(d) show

t he dependence  of the displacement amplitudes UR’ wR and stress




ampr b tadoens , in g Ravlieigh wave on the depth, The

st xx xum
curves are given in dimensionless form; the displacement amplitudes
are reterred to the normal displacement amplitude on the surface

W the stress amplitudes are referred to the amplitude ARVINER
AN o b

on the surtace. The set of curves shown in Pigure 9(c¢)
and 901 il lustrates the localization of the Ravlieigh wave in

o thin surface laver of thickness \R to ;)':R'
i.1.2  Propagation of Rayleigh Waves in a Stressed Elastic
Medum

For the measurement of stress, the effect of higher
order olastie constants on the velocirty of Ravyleigh and shear
waves o inoa material must be considered.  An initially isotropic
adterial which has been subjected to any stress system other
tin hvdrostatic pressure will become anisotropic, and the velocity
o' altrasonic waves generated through it will become nondegenerate.
in order to make reference to an initially isotropic stress-free
tode (Reference 39), it 1s necessary to refer the body to a set of
three orthogonal axes.  The three axes describing the clastic

nature of the body correspond to the three principal stress axes.

'or a material in a general stressed state, the nature
o any wave propagated along any of the principal strain axes is
cither of a4 vure longitudinal or pure transverse nature. These
are the "princinal waves" and they travel along the "acoustic
axes."  This can be explained bv the fact that for an isotropic
material there is complete degeneracy, and the material has no
preferred direction of its own. A wave propagated through the
material will travel i1n any direction with the same velocity.
The ultrasonic wave traveling through a material in any direction

d, bezides this direction, recognize only the direction

of the principal axes in the material and these correspond to a
aet o of orthogonal axes, coilncident with the principal stresses.,
These are tae three orincipal directions which can influcence the

velocits of the unltrasonic wave in the material. I'or the case

where tne principal strains are all distinct and unlike, each

ot

st




Aav o can o suroort three ultrasonic waves--one longitudinal and two
transverse--and there ave a total of nine possable princioal waves
o the matevial.  Clhese waves may be desceribed in terms 7 thoeir
divections of propagation and particle disnlacement. A transverse
wave has its propagation direction parallel to one of the
srincinal o axes and 1ts particle displacement along cither of the
other two principal axes.,

3.1.2.1 Stress-Velocity Expressions (Uniaxial

Stroess Field)

Pxpressions have been derived by Hughes and
red e in Reterence 49 tor the stress dependence of the velocities
ol ultrasonte waves along the principal stress axes using
cormulations o Yinitte straitn.  The expressions relate to waves

noanatiallby asotrome materials and relate to the simple caseo

i

anraxtal stresso irgure 10 shows the coordinate svatem used

Por detining the propagation dircection, The equations are given

N B 0 T : s , N n :(
' ! : t oot - X -
Y VT , TR [4 + m (: X =)

where untaxial tension acts in the x-direction

2 T . N n (40)
! - 20y - x 5
”\ o i R L ¢ m ¢ (»J X 4)}
: o
2 T N n i n
\ . - [ [ 4 22 . —
SRR K [2 mEgtox 2)]

whore untaxial tension T acts in y~direction

V... V. = velocities of the shear waves polarized

in v,z directions

and = second~order lLame constants for isotropic
materials
m and n = Murnaghan third-order elastic constants

for isotropic materials, and

4]
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(3,2, 04,65)

A DIRECTION OF POLARIZATION
OF SHEAR WAVE V.,

DIRLCTTON CH POLARIZATTON
OF SHEAR WAVE VW \

- (2,Y.0‘2,92)

! DIRECTION OF PROPAGATION OF
I TONGITUDINAL AND SHEAR \VAVES

vircections of Coordinates Defining Propagation and
volarization of Shear Waves:; Principal Stresses and
stretches.
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% (3 + 21) = bulk modulus
d

irection of propagation of waves.

It i: readily seen that on reducing the uniaxial tension T to zero,
the expressions reduce to the common form for the velocity qu
ot the ultrasonic waves in an unstrained isotropic material,

given by
NI = (41)

This well-known expression is casily derivable from the theory
of first-order eclasticity where infintesimal strains are
considered. If the sign of the T is changed from plus to minus,

then this ecquation gives the velocitles ng and VSz as a function

of uniaxial compressive stress.

From the transverse-wave velocity for the

stress—troe casce, VUO( = /ﬁff\), onc can obtailn the Rayleigh
wave velooity, VP)’ from the Bergmann approximation (which is :
N4
appropriate for jsolropic materials) (Reference 41)
S 0.87 ¢+ 1.12
Y - b Y, 42

RO [ 1 + ] S0 (42)

wWhoOTe { ) is Poisson's ratio. It is assumed that for

207+
the stressed 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
constants.  Since this relation is not known, it will be assumed
that, as a first approximation, the ratio of elastic constants
changes negligibly.  Thus we have

_ 0.87 + 1.12
VR [ 1+ - ] Vs (43)

whore Vo has already been known.

A

j.1.2.2 Stress-Velocity FExpressions (General Stress
Field)

In Reference 63, expressions are derived for

thoe speed of provagation of transverse waves in a body with an

43




bt e nomogencoas body witho arbitrasy stress tield, on the

G ceneral theory ol elastieity tormualated by PTrucade 1,

Taking the Linear elastic theory as the basis
tor o deritvation ol the velocity V of a transverse wave in a
NS

Homogeneou:s, 1sotropic body, we find

i
vV /—— (44)
SO Voo
O
wWhoere L is oa Lame constan! and Pt he densitae., \/ 1o thus
) : SO)

independent of stress in the body if Yo is constant.

A nonlinear theory must therefore be used
to oxplain the stress-velocity relationship in a propagating
stress wave.  Truesdell has derived the following general

results on the basis of such a theorvy.

(1) Three independent waves can propagate
dlong any direction in an elastic material with a given straln
tretd. The dairections of the vectors describing the waves are

destanatoed the aeoust 1¢ axes.

(2) The acoustic axes form a triad, the
orientat ion of which depends on (a) the direction of propagation
of tne wave, (L) the direction of the axes of symmetry of the
material, (¢) the direction of the principal stresses, and (d)

the directions of the principal strains.

oiide 9

)
| (3) In an isotropic material, the orienta-
.1 tion ol the acoustic axes depends only on the direction of
'4 propagat ion and the dircctions of the principal stresses because
the symmetry axes of the material are arbitrarv and the axes of
the principal stresses coincide with those of the principal strains.
; (4) 1f the wave propagates along the direction
. o g orincipal stress, the acoustic axes will coincide with the
i neipal o slhress axes. In this case, and this casc only, pure
‘g lonagrtudinal or transverse waves are propagated.
b
A
AR}
'
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(5) The speed of propagation of pure

transverse waves can be expressed by:

i
vwilz ~ k‘l \’2
2 2 2
n -0
1 "1 Y2
2 o (45)
R
2 2 )2
! 1 3
wiere o s the density in the deformed state, Vio and V13 are the

sneceds of propagation for a transverse wave propagating along
the direction of the first principal-stress axis and polarized
along the directions of the second and third principal-stress
aMes, respoectively, and Uy Vg and o, are principal stresses,

and ”1, vy, and ', are principal stretches (Figure 10).

Truesdell also shows that the expressions
.

in baguation 45 can be transformed into the following in a

second-order theory of elasticity.

2

”\" 12

-2 b2 } = S
y ‘ 1 (Thgeg) Logr oy

1
St ™ =N
Pote Gtp)
2 (46)
VT3 1
s o0 .

- T = + 28, + S,+8.,48

N 1 2 1 (l+-2~<15) (tl L2 \3)
| 1 .
) + 3% (u]+83)
4 Wl U , ., and are principal extensions, g and g are
| ' 3
second order elasticity constants, and Ya is the mass density
1 e andeformed state.
The FEaquations 46 are derived assuming that
(i=1,2,3) is small, so that terms containing 821 can be
- neglected.  This means that Sj can be approximated by the

principal values Ei in the strain tensor E. In Truesdell's

'! oxpressions (Fgquation 46), Hooke's law can be introduced in the
]
'

tollowing form:




(\\1f'\‘, f’\‘,) + (47)

where 1 F,2,3 and v and o oare the Laime constant o,

1
o 3
Fouat tons 4o, we qgot

IN (3vi2) is the bulk modulus, Inserting Ikuations 47 into

2 | .3 1 |
oz T 3k LB 2 gl  ging) 0y
3 1 1
o2y = < e -
(4X1( + 2Nt6) “5 + (p + SHg hy
- l—)\wt )(\) +0, 40 )
2776 1723 (48)
2 1 . - 3 1 (
‘)\ 13 = it 3Ko { (3\ + 24+ 4)\116 + 211\16) \l
3 1 1 1
((—1-\‘(() i ;;;l {()) l\x { (]1 -+ *2—'““15 —.\—5,\‘16)

ooyt ;)]

The third order clastic constants g and e

are related to Murnaghan's constants m and n by

e = 2(V - 4 +m-—%)

’ (49)
L = 4y + n

6

These relationships are obtained by comparing the strain energy

function in Murnaghan's formulation and that of Truesdell.

If we insert Equations 49 into Equations 48,

we goet




2 N 3 An 1
0\/ 3 ot “\O \((y)\ P4 4 i + fn) 01
3 in 1 -
b3y 20 i 50) 0,y (50)

For special stress fields, these equations

hoecome

1 2 3 le]
D (51)
2 2 K [ n]
RY = = - ST A+ + - =
"oV 12 oV 13 T 3K_ 3V o+ bu + 3m o~ 5
miaxial pressure in the 1-direction, i.e.,
u] = —-p.l , ‘72 = ‘)3 = 0
(52}
> 2 "1 1 )n
' NI VAt — —— o e
.”\ 1 'o\ 13 b IK L4X + 4p 4+ m o+ 7 ]
o
niaxial pressure an the 2-direction,
> T
v 2 [ 2 A ]
R o =Tl 4+ 2+ m o+ ——
o 12 3K, 4u (53)
A P
< 2 r ‘J+)\ ]
. / = i = e - 23 -
oV 13 3K Lm 2 "

These relations (Eaquations 51 to 53) are identical with
Fauations 40 discussed in the previous section. The velocity of

the Rayleiagh waves can be obtained from Equation 43.

1.2 BLTRASONTC STRESS MEASURING DEVICE

The residual stress measuring device consists of an ultrasonic
stress o analyvzer and a surface stress transducer. This ultrasonic
stress measuring device 1s capable of measuring the transit time
of ultrasonic waves with a resolution of hetter than one nano-

-4
second or 10 7 seconds (Reference 45).
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The transit times are measured by comparing two ultrasonic

wavetorms that are simultaneously generated at one millisecond

imtervals and nulled on the oscilloscope screen.

1.3 PROCEDURE TO DETERMING THID RESIDUAL STRESSES

1.3.1 Principle of the Method

Measurement of the velocity of ultrasonic waves in
metals has been used as a method for obtaining their elastic
moduli. [t is well known that application of a stress to the
material will change the velocities of ultrasonic waves in the
material, vielding a linear relationship between the applied stress
and the change in velocity. This property of the material is
attributed to the effect of higher order terms in the elastic
moduli of the material, and has been treated in depth by a
number of authors. The system utilized to perform residual stress
measurements was designed to measure changes in ultrasonic velocity

anoa function of stress.,

1.3.2 Surface Wave Technique

3.3.2.1 Doetermination of Surface Siresses

Surface waves propagate at the surface of
tne sample, and have characteristics of the longitudinal waves
with narticle motion parallel and perpendicular to the surface of
the specimen.  Flgure 11(a) is a cross-section of a surface wave
transducer showing the sending and receiving crystals coupled on
1 single pirece of lucite. The crystals are x-cut quartz crystals

noantod at o the erittical angle for surface wave propagation.

As an example, studies were conducted in

Cororoence 38 on tensile specimens, stressed in uniaxial tension,

within the clastic region, in an Instron test machine. Figure 11(b)
is an ov.illoscope trace of the reference pulse. The sweep time has
boen set so that a 10 1S duration sweep is produced, triggered

2t the time of the start of the variable delay. With the trans-

dueer attached to the sample, a received pulse is obtained. The

P SN
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{a) A surface wave transducer

by Oscil.oscope trace of the
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rotorence outse Is omade to comncide in time with the recerved pulse,

S0 that addoed algebrically, a null i1s obtained (Figure 11(b)).

On application of a stress, the time of travel
15 changed, causing a shift in the received signal. The received
pulse and the reference pulse are no longer in phase opposition and
the wave form changes. The internal delay trigger is adjusted to
obtain the null and the change in the time of travel determined.
Measurement s made on a 2014-T6 aluminum alloy show the variation
of the changes in time of travel with applied stress in
Siqure li{¢).  The Vipnear behavior allows the definition of a

constant, called the "stress acoustic constant.”" This constant

nas o values which are different for tension and for compression,

AT

stress acoustic nstant =
cEenoacou constant stress x path length

(54)

1}

nanoseconds (10—9 seconds)
per 1000 psi-inch

The stress measured 1s the average stress
to a depth of one wavelength below the surface of the specimen,
since this corresponds to the depth of penetration of a surface
wave,  The study of the skin stresses 1s made possible by
limiting the surface wave's depth of penetration just below the

surface of the specimen.  The velocity of the material is given

fas
Vo= g (55)
ML the o wavieeienagth and o is the frequency. For a constant
oty ono o material, 1ncreasing tne frequency of the ultrasonic
wave will decrease the wavelength and so decrease the penetration

ot the wave.  The study reported in Reference 38 was carried out at

a4 frequency of 7 Milz which corresponds to a depth of 0.422 mm for

3

a0 Z2014=-T6 aluminum alloy.,

R Pio be it pore o of Resipddion b Shrosaes

Restdual stresses on the surface of

specimen may be measured in magnitude and direction using the




e

T

Sartace wave technigue.  The method uses a surface wave transducer
mounted at oo known ovientation on the surface of the specimen in
which the restdual stresses are to be determined. The surface

ot the specaimen s araduated at 10 antervals over its anqular
range of 3607, The surtface wave transducer is placed on the
surtace of the specimen parallel to one direction on the specimen,
and an ultrasonic surtface wave 1s generated at one foot of the
transducer, propagated through the sample, and received through
the other foot. If the reference pulse is delayed bv the transit
time of the ultrasonic signal, then the two pulses, that is, the
received signal and reference pulse, will add to each other. The
vernier delay time control may be adjusted to place the two
dignals o in o phase opposttion with ecach other. TPurther adjustment
ot the reterence pulse amplitude will allow for a null to occur
during the period when both sigrals are present. The transducer
e then rotated through 10° and a scecond reading is obtained.
Stmilar readings are made over the entire ranage of angles

and these values are plotted on polar coordinates. Figure 12

shows the plot obtained in the analysis of 2014-T6 plate with
rosidual surface stresses introduced by rolling. The principal
axes of stress correspond to the maximum and minimum values of
the time for nropagation of the wave. For a sample that is
completely stress free, a circular pattern is obtained, for the h

transit time is equal in all directions.

The following method is used to determine
t he magnitude and direction of residual or applied stresses on

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

o stress free sane Le 15 used to propagate a surface wave, and

the transit time (tso) 1s measured. The value obtained is for
zoero stress.  Comparison of this value with the ones (ts) measured
on the surface of the specimen with residual (or applied) stress
vield changes in transit time (At = tso-ts). The stress acoustic
constant for the material may be used to calculate the surface
stresses from the transit times of the ultrasonic wave in the

stressed surfacoe.

TTT A e i et e - -
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Figqure 12. Change in Transit Time versus Transducer Orientation

for Determining Surface Stress Directions.




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
one wave length. A sample with residual stress may have isostress
Iines which lie in lavers parallel to the surface of the sample.
The sample containing residual stresses may be pictured as
successive lavers with different values of stresses joined together

to constitute 1ts thickness, and a plot of stress against the

Gooctance gnto the thorckness of the sample will show a continuous
RSN oo the case ot pure bending, the net stress through the
samnle will be zero, as there will be equal amounts of tension and

compression ia the sample. A surface wave travelinag through the
sample will penetrate to a layer one wavelength below the surface ;
so that the stress measured bv the wave will be an average to the
dopth of penetration, and thereby mecasure the averagoe stress from
the surface to any reasonable depth below the surface of the

soccimen.  Hence, it 1s possible to determine the stress vrofile

through the thickness of a spoecimen.

An experiment was performed (Reference 38)
todetermine the stress gradients in a sample stressed in bending.
The loading apparatus 1s shown in Figure 13(a).  This tvpe of
contdazi et et soduce s g constant bendina worent o oan the
S o wirinan toe reairon of the innermost supports. The  irdueod
stress varies linearly with distance from the neutral axis. The
top surtface of the sample is in tension, while the fibers of the
sample below the neutral fiber are in compression. Surface waves
wore generated using a 1 MHz guartz crystal at frequencies of

1, 3, 5, and 7 MHz.
The average stress in a sample, when subjected
to o constant bending moment, can be calculated (Figure 13(b)).

S, = K| X (56)

(57)

s = Ka
max X max

n

1]

n
YR

shoere K oo caonstant

N
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3 2 max Q
f in an experiment, S can be determined as

“max
thie average stress o in the top layver of the specimen corresponding

to the smallest wave length. By increasing the wavelength, the

average stress corresponding to this increased wave itencath depth
ot benctration can be determined.  From the stress equation
(Feuation 57), we can calculate S%, the stress at the level x.

L4 ULPRASONTC PROPERTIES OF POLYCARBONATE AND ACRYLIC PLASTIC
' MATERTATL
tomay bhe necessary to experimentally determine the velocite
ot rasonite stross waves in polycarbonate and acrvlic matericls,
asowed s the socond order and third order eclastic constants for

Cacne o matortals bhyoultrasonic methods.
T.n APPRONTMATE COST O ULTRASONIC RESTIDUAL STRESS MEASURTING
DEVICR

Stress analvzer completn syvstem, including oscilloscope

mainframe, three nlug-in units, and a choice of two transducers.

Total cost (basced on quotation dated Auqust 1982) = $14,500.
4
;
'
L
]
55
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Coi comvdipctedd durinag this review.
tooresent, the scattered-light photoclastic technique
a crods g nonde it ruct ive method to study static,
Lo tiaermad, Colastoplastic nroblems of structural
- o g rastres as the model material.,  The basic
occaare:s of the teo mrgue are wellt developoed
' o b ophisticated and well developed experimental
cer e b Avarbable, However, the technigque 15 at
Lo Laboratar, tool and neceds the expertise of a
. ar o tooget o reliable rosults., The met hod has
potential tor develooment as a field experimental
. Povory .
resent, ultrasonie technigque T hased on Rayvleigh
Ry coowidely used in measurinag residual stresses in
o onteoed aluminum. The basic principles and the
. o e tooanitaue are well developed and understood.
ol ctress-velocity expressions in a stressed elastic
svoo v lable for longitudinal and shear waves. From

DU ON

4

SUTOND AND FRECOMMENDATTONS

ilowing conclusions and recommendations are based on

abproximate expressions are derived for Ravleigh

“urther rescarch is needed to directlv develop

verocrty expressions for Ravleigh surface waves
doctressed olastic medium. The experimental hard-
ol dewveloped, economical, simple to operate, and
i3 Tield measurements.  The application of this
rorat transoarency plastic materials such as
datdor acrslics will have to be established. This may
otercanation of the velocities of ultrasonic Ravleigh
oot oand thard order elastic constants for such

traconte techniaue 1T based on the energy reflec-

e sGLid tntertace near the angle of incidence for




cantinan retlection isoat present used for evaluating certain
Characterist tes and resitdual stresses in metals.  The oxpressions
for the energy ration of reflected, refracted (longitudinal or
shoear) eneraie:s to gneident encray s available.  The transducers
may be connercially avallable, but the goniometer needs to be
desiagned and fabricated.  This technique is reported to be very

3 sensitive, but neods further development and research to make it

a viable field measurina tool.

4. Magneto-photoelasticity is at present used to determine
the states of stress in plastic bodies which do not show any
optical coffect by dircect photoelastic observations, such as bendinc
and residual stresses in plates. The basic equations and labora-
tory experimental hardware are available. This technique demands
very sophist icated exzperimental hardware which is not commercially
avallable.  This 1o g very promising technique but still requires

additional developwment bhetfore it ecould be reocommended even as a

Faboratory cxperimental stress analysis tool.,

p ). Laser Jditfraction is, at present, used to characterize

the distribution of ¢razes in plastics. The experimental hard-

ware 1s very simple, relatively inexpensive, and available
commercially. However, this technique needs additional development
before it can be considered for characterizing the residual stresses
in plastics.  This is a very promising future experimental stress

analysis tool which offers the potential for usage in the field.

'%' ’ Tt is recommended that: (1) ultrasonic technique T, based on

M { avieragh surface waves, be evaluated for use on alrcraft trans-

i parency plastice materials such as polyearbonates and acryvlics and

7

e toarther consitdered for development ac a field tool to nondestruc-

j tivedy determine the residual stresses in aircraft transparencies

3 v their installed condition; (2) scattered-light techniques be
demonstrated as a nondestructive technique for quantifying residual
stresses 1 alrcraft transparencies in the laboratory and that the

- experimental hardware reguired for field use be defined and, if

3(‘ practical, developed.
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APPENDIX A

ULTRASONTC TECHNIQUE 1T (REFLECTION OF ULTRASONIC ENERGY AT A
LIQUID-SOLID INTERFACE NEAR THE ANGLE OF INCIDENCE FOR
MINIMUM REPFLFECTION)

The reflection of ultrasonic energy at a liquid-solid
intertace can often be used as a relatively rapid technique for
cvaluat ing certain material characteristics and the residual
stresases, and under some conditions 1t is more sensitive than
the standard ultrasonic methods. Nevertheless, boundary
reflectivity has not been used extensively in material evaluation
and residual stress measurement. In the following paragraphs a
review of some long-known facts about ultrasonic reflectivity at
rtauitd-solid boundaries are made and then "critical reflection”
cxneriment s oand a o goniometer are described (References 66 and

Yy

Al BASTC PRINCIPLES AND THE FOUATIONS

consider an ultrasonic beam incident upon a water-solid
imtertface shown an tirgure AL 1(a). The geometrical relationships
that oxitat between incident and retracted portions of the ultra-

sonic beam are generally described by Snell's law (Reference 69):

Sin 1. Sin © Sin O
1 ¢ s
\Y4 = \% - v (A=1)
L1 L2 S2

where VLl is the compressional wave velocity in water and VL2 and
Vg, represent the longitudinal and shear wave velocities in the
solid.  When V.- Vo,V the refraction angles are always larger
than the angle of incidence and it is possible to produce critical
retfraction, 1.0., the condition where the angle of refraction
cerals 90 degrees. When the angle of incidence is greater than
that necessary to produce critical refraction of the shear wave,

it mav still be possible to excite surface waves along the boun-

darv.  Although the surface wave referred to here may differ

slightly from the true Rayleigh wave (characterized by a
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vacuum-solid boundary), the velocities are almost identical. There
i3 oone important difference between liquid-solid surface waves and
vacuum-solid surface waves., At low meqgacycle frequencies, the

latter may travel over long distances with relatively little atten-

vat ton. lHowever, surtace waves at a tiquid-solid interface are
rantdly attenuated due to radiation of compressional waves into ]
tae Ligquide Snell's law can also be used to determine the !
angle ot incidence for maximum excitation of surface waves. Since

the "angle of refraction” is cqual to 90 degrees, we get

Sin
(A-2)

where Vo is the velocity of the surface wave. The exact value of

Voovaries with the Poisson ratio for each solid, but is generally

abougt 0.9 v

Consider next the partition of enerqgy between the incident,
crtioctod, and retracted portions of an ultrasonic beam. Accord-
g to Mavers (Reference 67 and Frgin (Reference 68), the energy

ratio ot reflected to incident wave is given by

, ) e 12
' , von - A*Cos . (1-B*)

R
( I-) 1 Cos v, t A*Cos (T 11-8%) (A-3) :

—~
~
o

S

where
A¥s E <
L1 "1

Vs2
B*= 2 Sin v Sin 20, [Cos o —<—> Cos ",

density of logquid

density of solid

o

The enerqgy ratio of refracted longitudinal wave in the solid to

the incident wave in the liquid is given by




T

T S ——

2 ( 2 Cos 20 . (A*Cos ﬂi Cos 0‘,)1/2 2

A" 3 -
( f) K T (os e t A*Cos Oi (1-B%) (n-4)

The energy ratio of refracted shear wave to incident wave
s then
) ) o)
(-;—) =1 - (II—‘) - (If) (A-5)
Calculations of these ratios were made for a number of

so0lids with the incident ray in water and oil.

Figure A.1(b) 1s taken from Reference 66 and illustrates
the expected energy partition at a water-aluminum boundary when
arface waves and attenuation are not considered. Under these

conditions, the incident cnergy is partitioned only among the
roflected wave (R) and refracted longitudinal (L) and shear (S)
Wave:, At normal incidence, a refracted shear wave does not
exint, o that the enerqgy s partitioned between the reflected
and The refracted longitudinal vave.  The exact division at
normal incidence isodependent on the impedance mismatch at the
bhoundary, and the amplitude ratio of the reflected and incident

waves 1s o given by

Ap Yo TV
A, oV . = oV (A-6)
i 2°1.2 1711

where .\, and L\ are the characteristic impedances of the

i R P

water and solid, respectively. As the angle of incidence 1is
increased, some energy goes into the refracted shear wave until
the eritical angle for the refracted longitudinal wave is
anproached. At this critical angle, (—)1, all the energy

15 theorcetically reflected back into the water. At higher angles,
the refracted shear wave (S) receives a fairly large percent of
the incident cnergy until it also approaches its critical angle,

- In this somewhat simplified picture, the incident energy

would be totally reflected at all higher angles. When the

nossibility of surface waves is admitted to the theory, a more
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complex situation exists and a major change in reflection effects
occur at oan angle of incidence near to that which produces critical
vretraction of the shear wave. A comparison of theoretical and
cxporimental reflection data 1s given in Pigure A,1(c). The

et loected energy 1s plotted as a function of angle of incidence

tor a water-aluminum interface at an ultrasonic frequency of

5 megacyceles per second. The solid curve is repeated from

Figure Ao 1(b) and represents the theoretical reflection variations
when surface waves and attenuation are not considered. The open
circles represent experimental data. The agreement is very good
oxcent at angles of incidence near 31 degrees. The first maximum
at 14 degrees 1s related to critical refraction of the longitudinal
w.ave.  The experimentally observed minimum in reflected signal at
o mamn 31 degrees i1s related to the excitation of surface
W, M is this minimum that is most sensitive to physical

nroperties of the solid.

A2 PRINCIPLES OF A GONTOMETER

In order to ensure that the equality of the angles of
incidence and reflection is maintained in the water and that the
directions of these beams intersect at the same point, it is
neceossary Lo provide for certain mechanical features. 1In
i'tqure A2, o circular roller is shown which is moved uv and
aownoa s rtreal axis, increasing or decreasing the angle
petween the goniometer arms on elther side. The pivot point P
15 oin the surface or slightly below it for maximum intensity
poecause of a small beam displacement on reflection. If the two
arn are sceparated at a fixed distance "§" from a pivot A,
whiloe the radius of the roller is "b" with center at "B", the
condition that P shall be fixed requires that the heiqghts of the

two points A and B should be maintained in the same ratio as

a/bH, that is, h, and h, in the diagram are given by hl/h2 = a/b.

Jonsecauently, a vertical screw in the line of DBAP must move B

up or down faster than A but in this ratio.
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The instrument 15 shown in Figure AL The instrument s
SJeld together an g rigird framework comprising a circular base plate
onto whiei 15 welded a vertical main plate and perpendicular to
1t at the rear, two strengthening members.  They support the top
plattform on which there is mounted a motor drive 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
reading of this counter can easily be calibrated as a function of

the angle of incidence ﬂiin Figure A.2(a).

The lead screw has two sections separated by a bearing and
support ing frame which is screwed to the main body. The upner
part ot the screw has twice the pitch of the lower part, and the
rotatton 1 transmitted from the screw into the vertical movements

ol the roller and the pivot, respectively. The bearings of the

roller 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 acting 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
metal arms held onto the roller by springs. The actual choice of
vositions for points A and B is therefore adjusted in order to
ensure that the geometrical condition is fulfilled. The trans-
ducers used were in the fregquency range of 1 to 10 MHz and had

dliameters 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
and receiver. Thus, the lower part of the instrument has to be
protected against corrosion and it is advisable for the liquid to
contain a suitable inhibitor. The water tank can be replaced
by the use of a flexible bag of polythene which can adapt to the
surface shape. This will introduce a thin laver of material
between the liquid and solid interface, but the effect on any

measurements should be negligible in most practical cases.
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A.2.1 Calibration of the Goniometer

The first element of calibration required is to
establish the relationship between the revolutions of the lead
screw and the angle ', The second calibration required is to
establish the variation of some angle (0, either a critical reflec-
tion angle or the peak of the Rayleigh wave intensity as a function
of applied stress or strain. This condition, established under
known conditions, s then avaitlable for the determination of
unknown resitdual stress or strain.,  In the course of this calibra-
t1on, the load was fixed and the angular position scanned over a
range ot one degree or more in order to find the minimum of
reflected energy corresponding to the maximum Rayleigh wave
intensity, The actual strain in the specimen surface was deter-
mined by reference to electrical resistance gages suitably
attached. Figure A, 3(a) shows the calibration obtained from a
steel.  Measurable changes could occur due to temperature varia-
tions in the water or oil bath. Consequently, the extent of this
variation 15 to be established, and in subsequent measurements
the temperature is to be determined and a correction applied when

necessary.,

AL2.2 Applications of Goniometer

A very successful metallurgical application of the
goniometer was achieved in the study of the effects of composition
variables and case hardening treatments on the residual stress in
steels for gear blanks. Figures A.4(a) and A.4(b) illustrate the
primary measurements on the instrument for radial and circum-
ferential directions at the mid-radial positions on the flat
faces of the blanks. It 1s reported that x-ray methods give
indications of surface stress to a depth in the region of 25 im.

The ultrasonic method 1s less superficial in that the penetration

1.5 of the order of 250 .m.
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