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NONDESTRUCTIVE MEASUREMENT OF BULK RESIDUAL STRESSES

FINAL REPORT

Contract N00014-82-K-0496

BAC GROUND

Residual stresses are those contained in a body which has no

* external traction or other sources of stress, such as thermal gradients

or body forces. When the body is externally loaded, these stresses are

called internal stresses, and, accordingly, residual stresses may be

considered as a special case for vanishing external loads. Residual

stresses result from non-uniform plastic deformation which includes cold

working, forming, forging, heat treatment, etc. Their presence in'

manufactured components plays an important role in determining the

behavior of the component when it is subjected to service loads and

environment. -It has also been shown that;7he residual stress

distribution directly affects the growth rate and frequency of formation

of stress induced cracks in steels. -----. _ .

Only in the case of surface stresses in components made of

crystalline materials can nondestructive evaluation of stresses be

performed by the X-ray diffraction method. Although considerably

improved in the last ten years, this method still suffers from serious

problems which severely restrict its aopplications. Ultrasonic methods

appear to hold the best promise in measurements of bulk stresses in both

crystalline and non-crystalline materials. Calculations have shown that

ultrasonic velocity changes are linear functions of applied stress and

combinations of second- and third-order elastic constants. In the
-1-o
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application of these calculations to determine unknown stresses, both

the velocity in the absence of stress as well as third-order elastic

constants have to be known independently. In addition, the measured

velocity strongly depends on microstructural features which makes It

necessary to develop a calibration between velocity and stress in order

to be used in the determination of unknown stresses. Development of

preferred orientations (texture) during deformation or fatigue, severely

modify the third-order elastic constants. These problems can be solved

when the differences between velocities of shear waves polarized

perpenducular and parallel to stress direction are used. Due to these

differences, a shift in phase will occur, and the out-of-phase

components will interfere and cause a change in intensity. This method,

however, does not have at present enough sensitivity, and requires an

*. accurate determination of the shear velocity in the absence of stress.

Basically, the temperature dependences of the elastic constants are

due to the anharmonic nature of the crystal lattice, and can be related

to the pressure dependence of these constants. If we consider the

isothermal bulk modulus BT to be a function of pressure and temperature,

It follows that

311 ~all aBT
. T I r T. eT. I :,:
'I T "W T "aT- V -VI1P)

where $ is the volume coefficient of thermal expansion. Swenson has

shown empirically that for many materials

%

a. a'..;
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T v 0, (2)
8TIv 0

and it can be shown by differentiating (BS - BT) that

aBS aBT (3)
a-IT -PIT

to an accuracy of a few percent. Thus it follows that if Swenson's rule

is correct,

Bs -1 31BT (4)

WIPlT OT 3TI P

to an accuracy of a few percent. The right-hand side can be calculated

from the measurements of the temperature dependence of the second-order

elastic constants. The left-hand side is calculated from the third-

order elastic constants C jk' and eqn. (3) is then expressed as,

;)B (5) -. ;
TY [C11 1 + 3C112 + 3C1 3 + 2C12 3] (5)

More rigorous relationships can be derived for the temperature

dependences of the longitudinal and the shear moduli which are related

to the temperature dependence of the ultrasonic velocity v as,

8t _ (6)
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From this general argument, it can be seen that the temperature

dependence of the ultrasonic velocity (longitudinal or shear) is a

measure of the anharmonic effects generated when the solid is subjected

to a stress. Changes in the anharmonic properties due to the presence

of residual stresses can therefore be detected by the changes in the

slope of the relationship between the ultrasonic velocity and the

temperature. This slope can be determined with a high accuracy as its

value depends only on measurements of the relative changes in the

*velocity and not on the absolute values. Experiments undertaken on

aluminum, copper and A533B steel elastically deformed showed that the

ultrasonic velocity, in the vicinity of room temperature, changed

linearly with temperature, and the slope of the linear relationship

changed considerbly as the amount of applied stress was varied. In

aluminum, copper and steel, the relative changes of the temperature

dependence of longitudinal velocity increased respectively by 24% at a

stress of 96 MPak, by 6% at a stress of 180 MPa, and by 15% at a stress

of 240 MPa. The results also showed that the temperature dependence of

ultrasonic velocity (dV/dT) at applied stress o may be represented by

the relationship,

(dV/dT)° (dV/dT)°
a ~ (7)

(dVldT)o

0

;"where (dV/dT)o0 is the temperature dependence at zero applied stress and --

K is a constant. The accuracy of the temperature dependence in

-4-
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measuring applied stress is estimated to be +18 MPa in aluminum, +25 MPa

in copper and +34 MPa in steel.

All the above studies have been performed when the stress is

applied in a direction perpendicular to that of the ultrasonic wave

propagation. in practice, the magnitude as well as the direction of .

applied or residual stress are not known. In order to apply the

temperature dependence of ultrasonic velocity method to stress

measurements, relationship similar to that expressed by eqn. (7) should l

be available for stress applied parallel as well as perpendicular to

wave propagation. It is also important for the application of the

method that the theoretical background for these relationships is

established so that values of the constant K in eqn. (7) can be

calculated using the solid anharmonic constants.

I
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SUMMARY OF RESULTS AND DISCUSSION

The research on this contract was initiated in July 1982 in order ..

to develop the method of the temperature dependence of ultrasonic

velocity for the nondestructive evaluation of bulk residual stresses.

Results previously obtained on aluminum, copper and steel have shown I

that this method offers a promising possibility for measurements of bulk

stresses in these materials. The results also indicate that the method

is less sensitive to variations caused by alloy composition and perhaps

texture. Three objectives have been set for the research performed

during the two year period of this program. The first objective is to

establish experimental relationships between the temperature dependence

of ultrasonic velocity and stress applied in a direction parallel to and -7

perpendicular to that of wave propagation. These relationships

represent the variations of the temperature dependence when the stresses

are applied in tension as well as in compression.

Appendix I includes two papers which describe the results obtained

on the effects of applied stress on the temperature dependence of

ultrasonic longitudinal velocity in aluminum 6061-T6. The first paper

published in the Proceedings of the 1982 IEEE Ultrasonic Symposium,

deals with the study performed to establish the relationship between

ultrasonic velocity and compressive stress applied perpendicular to wave

propagation. The results show that the temperature dependence decreases

linearly by as much as 20% when a stress of 80 MPa is applied in this

direction. The results also indicate that the relative changes in the

temperature dependence in aluminum 6061-T6 are equal to those previously

-6-
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obtained on other three aluminum alloys, and empohasize the

Insensitivity of the temperature dependence method to alloy composition.

The second paper in Appendix I which appears In the Proceedings of

the 14th Symposium on NDE (1983), discusses the effects of stress

applied in a direction parallel to and perpendicular to ultrasonic wave

propagation on the temperature dependence of longitudinal velocity in

aluminum 6061-T6. The results obtained in this study show that the

temperature dependence of ultrasonic velocity increases linearly with

either tensile or compressive stress when they are applied in a

direction parallel to that of ultrasonic propagation. In the case of

stress applied perpendicular to propagation, the results indicate that

the temperature dependence decreases linearly with both stresses. The

calibration curves constructed to relate the relative change in the

temperature dependence to applied stress, give an estimate of +10 MPa

for the sensitivity of these curves in determining unknown applied

stresses in the aluminum used.

The second objective of the program was to employ previously

determined relationships between temperature dependence of ultrasonic

velocities and applied stress, to measure residual stresses of

predetermined values. Appendix II includes a preprint of a paper

published in the proceedings of the ASh Symposium on Applications and e!:

Development of Nondestructive Evaluation for Use in Materials Processing

held in Philadelphia, October 1983, in which measurements of the

temperature dependence was used to determine the stress distributions in

a disc made of A533B steel. The stresses In the disc is introduced by

shrink fitting a rod of the same steel in a hole drilled in the disc

-7-
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with a slightly smaller size. The temperature dependences were

determined using longitudinal and shear waves propagating along the

thickness but polarized either parallel to or perpendicular to a radial

direction. The results indicate that the temperature dependence of the

longitudinal velocity remains unchanged as a function of the radial

distance on the disc, which agrees with predictions of elasticity theory

for the behavior of the axial stress component. On the other hand, the

temperature dependences of the shear velocities show considerable

variations with the radial distance, reflecting the changes in the

radial and the tangential components of stress as a function of the

L
radial distance.

The third objective of the program was to establish the theoretical

background for the relationship between the temperature dependence of

ultrasonic velocity and stress. Experimental results obtained on three

materials (aluminum, copper and steel) show that this relationship is

linear and to a large extent does not depend on the alloying composition

in each material. The experimental results also show that the slope of

this relationship is large in aluminum and small in copper. Appendix

III includes a preprint of a paper to be published In the proceedings of

1984 Review of Progress in Quantitative NDE, which describes the

derivations of the temperature dependence of ultrasonic velocity with

respect to stress, and the comparison between theory and experiment.

The derivations are based on the expressions obtained by Hiki, Thomas

and Granato for the temperature dependences of isothermal elastic

constants of single crystals using a quasiharmonic anisotropic continuum

model. The temperature dependence of ultrasonic velocity in a
-8-.'
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polycrystal is dervied in terms of second-, third- and fourth- order

elastic constants using the Voight average of Young's muodulus and

rigidity modulus. This expression along with the experimental values of

the temperature dependence of longitudinal velocity obtained in aluminum

and copper, yield values of fourth-order elastic constants which are in

good agreement with those computed by other investigators. Furthermore,

the derivative of this expression with respect to stress is shown to be

constant for constant values of the stress dependence of the third- and

the fourth-order elastic constants. This result agrees with the

experimental findings relating the temperature dependence of ultrasonic

velocity to stress.

N.* -. .. . . .
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MEASUREMENT OF RESIDUAL STRESS USING THE
TEMPERATURE DEPENDENCE OF ULTRASONIC VELOCITY

K. Salama, G. C. Barber and N. Chandrasekaran

Department of Mechanical Engineering
University of Houston
Houston, Texas 77004

Abstract present enough sensitivity, and requires an accu-

rate determination of the shear velocity in the

7- The temperature dependences of ultrasonic ye- absence of stress.
locities are due to the anharmonic nature of the

crystal lattice, and therefore can be used for Basically, the temperature dependences of the
stress measurements. Experiments performed on elastic constants of a solid are due to the an-
6061-T6 aluminum show that, in the vicinity of room harmonic nature of the crystal lattice.3 ,

4  A I
temperature, the ultrasonic longitudinal velocity measure of the temperature dependence of the ultra-

decreases linearly with temperature, and the slope sonic velocity can, therefore, be used to evaluate
of the linear relationship varies considerably when bulk stresses. Experiments undertaken on aluminum
the spe-imen is subjected to stress. For compres- and copperS,6 elastically deformed in compression
sive stress applied perpendicular to wave propaga- showed that the ultrasonic velocity, in the vicin-
tion, the temperature dependence of the velocity is ity of room temperature, changed linearly with
found to decrease linear'y by as much as 20% at a temperature, and the slope of the linear relation-
stress of 80 MPa. The results also indicate that ship changed considerably as the amount of applied
the relative changes in the temperature dependence stress was varied. In aluminum, the relative
of velocity as a function of stress are equal to changes of the temperature dependence of longitu-
those previously obtained on other aluminum alloys. dinal velocity decreased linearly by as much as
This shows the insensitivity of the temperature de- 23% at a stress of approximately 96 MPa. The
pendence method to texture and alloy composition. results obtained on different types of aluminum
The method thus offers a promising possibility for alloys also indicate that the relative changes in
the nondestructive measurement of residual stress, the temperature dependence due to applied stress

are insensitive to composition and texture, and
the data obtained on these alloys can be repre-
sented by a single relationship.7

All the above studies have been performed
when the stress is applied in a direction per-

1. Introduction pendicular to that of the ultrasonic wave propa-
gation. In practice, the magnitude as well as

There is a general agreement that ultrasonic the direction of applied or residual stress are
methods appear to hold the best promise in the non- not known. In order to apply the temperature de-
destructive measurements of bulk stresses in both pendence of ultrasonic velocity and stress should
crystalline and non-crystalline materials.

1,2 Cal- be available for stress applied parallel as well
culations have shown that changes in ultrasonic as perpendicular to wave propagation.
velocities are linear functions of applied stress
and unknown stresses can be determined when both In this paper the effects of applied compres-
the velocity in the absence of stress as well as sive stress on the absolute as well as the tem-
third-order elastic cnnstants are known indepen- perature dependence of the ultrasonic longitudinal
dently. The measured velocity, however, strongly velocity have been investigated. The experiments
depends on microstructural features which makes it were performed with the stress applied in a direc-
necessary to develop a calibration between velocity tion parallel to and perpendicular to the ultra-
and stress for each material in order to be used in sonic wave propagation.

the determination of unknown stresses. In addition,
development of preferred orientations (texture)
during deformation or fatigue, severely modify the 2. Experimental Procedure
third-order elastic constants to be used for the
calibration. These problems can be solved when the The specimens used in the present study were
differences between velocities of shear waves made from one inch diameter bar stock of commer-
polarized perpendicular and parallel to stress cial 6061-T6 aluminum in the form shown in Fig. 1.
directions are used. Due to these differences, a All specimens were made identically except the
shift in phase will occur, and the out-of-phase overall length L was varied. The specimens were
components will interfere and cause a change in machined with a 2.54 cm diameter car on each end
intensity. This method, however, does not have at which allowed the same specimen to be used for

0090560718210000-0877 $00.75 © 1982 IEEE 1962 ULTRASONICS SYMPOSIUM -877
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t TRAUCER

Fiq. 1 Specimen used for ultrasonic velocity
measurements.

stress applied in compression as well as in tension.
The two caps at the ends were made flat and parallel
to within ±0.002 cm in order to avoid diffraction

effects in the ultrasonic beam during propagation.
These caps were also connected to the center por-
tion of the specimen by a 0.06 cm radius in order
to minimize stress concentrations. After experi-
ments of the stres- applied parallel to the axis
of specimen were completed, two parallel surfaces
of thickness, t, were milled in the center of the
specimen to allow measurements for stress applied
perpendicular to wave propagation direction. In
this case the ultrasonic waves were propagated in Fig. 3. Loading system used for the application of
the center portion of the specimen where the stress compressive stress in a direction perpen-
is expected to be uniform. dicular to the ultrasonic propagation.

The application of external stress was carried
out with a model 1125 floor type Instron machine

The application of external stress was carried
___...___ _ out with a model 1125 floor type Inst~on machine

"I__TRON LOAD of 20,000 kg maximum load capacity. Two different

________LLtypes of loading arrangements are used in the pro-
sent work. Figures 2 and 3 show the systems used
for applying the compressive stresses. To help en-
sure the uniformity of stress in the specimens.

_ _ _ _BEARING special effort was made in designing these systems
to minimize effects of misalignment between the
axis of the specimen and the loading axis. A

FURNACE TRANSDKIR linear ball bearing served as the first alignment
HOLDER between the upper and lower loading axes and a

hemispheric steel ball served as the second align-
5CIMEN ment between the specimen and the loading axis.

The shafts used in the compression tests were made

of surface hardened steel rod (Rc = 40) to resist

possible wearing from the bearing during loading.

The ultrasonic velocity was measured using thepulse-echo overlap method which has been fully de-

scribed elsewhere.
8 Figure 4 displays the experi-

mental system used in this investigation. A puls
of approximately l-u sec duration of variable pulse"
repetition rate is generated by the ultrasonic
generator and impressed on a transducer of a fundS
mental frequency of 10 W4z which is acoustically
bound to the specimen. The reflected rf echoes are
received by the same transducer, amplified, and dis'
played on the screen of an oscilloscope. Two of

Fig. 2 Loading system used for the application of the displayed echoes are then chosen and exactly
compressive stress in a direction parallel overlapped by critically adjusting the frequency
to the ultrasonic propagation. of the cw oscillator. This frequency f, accurately

determined by the electronic counter, is employed

78-1962 ULTRASONICS SYMPOSIUM
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Fig. 4: Pulse-echo Overlap System. .

to compute the ultrasonic velocity using the rela- Table 1 lists the results of (dV/dT) obtained
tion V = 211, where t is the length of the specimen. on the three specimens investigated when the stressX-cut transducers are used for the geueration of the was applied parallel to (specimens 1 and 2) as well
longitudinal waves, which were used in all measure- as perpendicular to (specimens 2 and 3) the direc- I
ments. tion of wave propagation. Also included in this -"

table are the offset uncertainities which measure i
The temperature control system is designed to the degree of linearity of the relationship between :

enclose the specimen and its gripping assemblies in velocity and temperature. From these results one
order to ensure stabilized temperature for the whole can see that the temperature dependence of ultra- 4' .
specimen during the time required for velocity sonic velocity in aluminum increases or decreases ---measurements. These measurements were performed according to whether the stress is applied parallel .:-. -
between 300 K and 370 K where the coupling condition to or perpendicular to the direction in which the --between the transducer and the specimen was found ultrasonic waves are propagated. The results also "-'*to be satisfactory. At all temperatures, the actual show that the changes in the temperature dependence" ':

*temperature of the specimen was measured by a cop- are larger when the stress is perpendicular to wave
per-constantan thermocouple attached directly to propagation than when the stress is applied parallel
the specimen. The thermocouple along with a poten- to propagation direction.
tiometer provided a measurement of the temperature ..with an accuracy of ±0.01 K. Becuse the values of (dV/dT) at zero applied '''

stress were found to vary among the specimens in- :!:
3. Results vestigated, the relative change in the temperature-..
3.Rslsdependence, , due to the application of stress ',

was calculated and its values are listed in columnTemperature Dependence of Ultrasonic Velocity: 6 of Table (1). The variations in the temperature
dependence of the three specimens tested at zeroThe effects of applied stress on the tempera- stress are believed to be due to differences in '"

*ture dependence of ultrasonic longitudinal velocity the residual stress in these specimens. The values ---were investigated on three specimens 1, 2 and 3 of of were calculated using the relationship, .;
6061-T6 aluminum. Specimens 1land 2 were used when
the stress was applied parallel to wave propagation, -while specimens 2 and 3 were used whem the stress (dV/dT)o - (dV/dT) :was applied perpendicular to the direction in which = 0.
ultrasonic waves were propagated. Typical examples (dV/dT) (1) | I
of the results obtained on specimen I showing the .-variations of ultrasonic velocity with temperature :'i
at the compressive stresses 0 and -19.8 NPa applied where (dV/dT) is the temperature dependence at zero ,...
parallel to the propagation direction are shown in applied stress....,
Fig. 5. From this figure it can be seen that, in
the temperature range from 310-370 K, the ultra- The relative changes in the temperature depen-
sonic velocity decreases linearly with temperature dence of ultrasonic velocity as a function of ap-and the slope of the linear relationship varies when plied stress, obtained on the three specimens in- .
the stress is applied. A computer program was used vestigated are plotted in Fig. 6. The plots show " 'to process the velocity-temperature data to deter- that the data points obtained on specimens 1 and
mine the temperature dependence of ultrasonic ye- 2 when the stress was applied parallel to wave pro- .i
locity (dV/dT). pagation, lie on a straight line which passes

1962 ULTRASONICS SYMPOSIUM - 67
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Table (1) - Variations of the temperature dependence of longitudinal ultrasonic velocity
with applied compressive stress in aluminum 6061-T6.

Specimen Specimen Length Applied Stress dV/dT Offset A%
Number cm (MPa) (m/s.K) Uncertainty

(m/s)

STRESS // PROPAGATION

1 3.897 0 -0.969 .166 0.0
-19.8 -0.982 .234 1.5
-39.7 -0.996 .252 3.0
-59.6 -1.016 .233 5.0
-79.5 -1.032 .342 6.7

2 6.985 0 -1.009 .226 0.0
-9.9 -0.975 .272 1.0

-19.8 -0.984 .230 2.0
-39.7 -0.998 .289 3.4

-59.6 -1.022 .174 5.8

STRESS L PROPAGATION

*.2 t = 0.624 0.0 -1.007 .358 0.0
L = 6.985 -16.6 -0.966 .326 -3.9

-33.1 -0.933 .358 -7.1
-66.2 -0.863 .197 -14.1

3 t = 0.624 0.0 -0.890 .332 0.0
L = 7.638 -22.1 -0.845 .234 -5.3

-44.1 -0.779 .313 -12.6
-66.1 -0.736 .211 -17.5

through the origin with a slope equal to perpendicular to wave propagation. The slope of
-8.63 x 10-4 per MPa and a correlation coefficient the straight line representing the velocity and

equal to -0.992. The figure also shows that the stress when the ultrasonic waves are propagating

results obtained when the stress was perpendicular parallel to stress is -0.210 m/s-MPa with a cor-

to wave propagation (specimens 2 and 3), also lie relation coefficient equal to -0.998. The slope,

on a straight line which passes through the origin, however, is equal to 0.0832 m/s.MPa with a cor-

but with a slope equal to 24.4 x 10- per MPa and relation coefficient equal to 0.993 when the
a correlation coefficient of 0.982. stress is applied perpendicular to wave propa-

gation.

Stress Dependence of Ultrasonic Velocity:

The effects of applied stress on the velocity
of longitudinal ultrasonic waves propagating
parallel to and perpendicular to stress has been
measured on specimens 1 and 3 respectively. The
measurements were performed at room temperature
with applied stress ranging from 0 to -59.6 MPa
for specimen 1 and from 0 to -44.1 MPa for speci-
men 3. The results of these measurements are
given in Table 2, which also lists the values of
the relative change in the velocity AV/V. Plots
of these values as a function of applied stress
for the two specimens are shown in Fig. 7. From
this figure, one can see that AV/V increases or
decreases linearly with stress according to
whether the stress is applied parallel to or

80 - 1962 ULTRASONICS SYMPOSIUM
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Table (2) -Variations of longitudinal ultrasonic velocity with stress in specimens 1 and 3 of
6061-T6 aluminum at room temperature.

Stress /1Prop (Specimen 1) Stress. Prop (Specimen 3)

Stress Velocity AV/V Stress Velocity (hV/V)10 4 .

(MPa) (mis) (MPa) (mis)

0.0 6118.6 0.00 0.0 6191.2 0.00
-99 6119.7 18-.5 6191.1 0.18

-19.9 6121.8 5.28 -11.0 6190.6 -1.03
-29.8 6123.7 8.40 -16.5 6190.2 -1.70
-39.7 6125.7 11.6 -22.1 6189.5 -2.78
-49.7 6128.1 15.5 -27.6 6188.9 -3.76
-59.6 6130.7 19.7 -33.1 6188.2 -4.86

-38.8 6187.S -6.06
-44.1 6186.9 -7.01

Stress Dependence dV/do --0.210 m/s-dPa Stress Dependence dy/do - 0.0832 m/s.MPa
Correlation Coefficient =-0.998 Correlation Coefficient a 0.993

Aluminum 6014M-TB

a Specimen **e4La.607cm Ses#n~prop.

INES-* SPA Applied Compressive Streuu(1111)

Specimen #2-e-t.624cm Sftess IL Prap.

II 3m.8 I 13 .t5 24 fe " S n ( s

am. .8 mb 93a-t-24I

Fig. 6 Effect of applied compressive stress on

WIC) the relative changeithteprue
dependence of longitudinal ultrasonic
velocity in 6061-T6 aluminum. Stress
was applied parallel to and perpendicular

Fig. 5 Effect of applied compressive stress ontowv rlatin
* ~~~~the temperature dependence of ultrasonic t aepoaain

longitudinal velocity in the aluminum
alloy 6061-T6. The stress is applied
in a direction parallel to the ultra-

* sonic propagation.

1962 ULTRASONICS SYMPOSIUM 8 81



Aluminum Alloys
Longitudinal Velocity

AluminurnGO6l -To

_4- * 6061 -T6 7

'pq 0 2024-0

C4 0 6063-T4

Streedbrop.

*T -L- -
Specenfl #1-e-L83.07cm

AC
* "

-2 0 -4 -60 0
Applied Cwm esslve Stsn*"

Fig. 7 Relative change in ultrasonic velocity
as a function of applied compressive 4-0
stress in 6061-T6 aluminum. Stress A~idCmrsieSrs Ma

was applied parallel to and perpen- Compressive Stress (MPS)
dicular to ultrasonic wave propagation. Fig. 8 Relative change in the temperature

dependence of ultrasonic velocity As
a fncionofapplied stress in three

4. DISCUSSION stress on the temperature dependence of longitudil

ultasoic eloityon three specimens (1,2 and 3)
1. empratreDepndeceof ltrsoic eloit the almnmalloy 6061-T6. The relative chanesin the temperature dependence of longitudinal ultrs-

The effects of compressive stresses on the sonic velocity as a function of applied stress ob-tained in this work as well as those published in
temperature dependence of longitudinal ultrasonic reference 9 are plotted in Fig. (8). The solid
velocity have been studied in the aluminum alloys are potti n fig . (8). the so
2024-0 and 6063-T4 by Salama and Ling9 . These data points in this figure represent the data ob-
experiments were performed with the stress applied taed in this investigation and the hollow data
in a direction perpendicular to the ultrasonic points represent those obtained in this reference.
propagation. The results obtained by these From this figure it can be seen that the relative

authors show that the relative change in the tem- changes in the temperature dependence of these"-t uthrs howthatthere]atie chngein he em- three aluminum alloys as a function of compressive

perature dependence of ultrasonic velocity is a stree an allos as a funcual
liner fnctop f th aplie elsticcomresive stress can be represented by Eq. (2) with K equal

linear functio f the applied elastic compressiveper a. This result emphasiS
stress and can be represented by the relationship an earlier finding concerning the insensitivity o1

C the temperature dependence of ultrasonic veloCitY
(dV/dT) - (dV/dT) to texture and alloy composition, and makes this

A a ( Ko (2) method more suitable for the nondestructive Oval
(dV/dT) tion of stress than direct velocity measurementse

The latter method has been shown to be strongly
where (dV/dT) is the temperature dependence at influenced by metallurgical variables and requires
zero applied stress, (dV/dT)o is the temperature calibration for each alloy or perhaps for each
dependence at an applied stress a, and K is a con- specimen1 0 .
stant equal to 2.3 x 10-3 per MWa.

On the other hand, the effect of stress 
on

In the present investigation, the experiments temperature dependence of ultrasonic longitunilo
were performed to study the effects of compressive velocity becomes much smaller and opposite i
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r.

when the stress is applied parallel to th where f is the round-trip frequency of a longitu-
,On in which the waves are propagated. T dinal wave propagating in the axial direction of

agrees with the results obtained by Chern and the fastener, V is the ultrasonic velocity, E is

5 grn 1 1 who also observed small changes in the Young's modulus and a is applied stress. For
temperature dependence with stress in 2024-T4 small strains, the term in brackets is constant and
aluminum when the stress was applied in the same Eq. (4) can be written as

direction of wave propagation. From Figs. 6 and

7 it is interesting to note that the behavior 
of

the temperature dependence with stress (Fig. 6) Af H-(
is opposite to that of the velocity itself (Fig. T H = Ao (5)
7). The comparison between the effects of stress

on the temperature dependence and on the velocity where
will be discussed below.

2. Stress Dependence of Ultrasonic Velocity H-I I dV 1-1 (6)
= d - E

For a longitudinal ultrasonic wave propagating

parallel to the direction of applied stress, the For aluminum, they found H- to be a constant equal
change in velocity with stress, dV/do, my be ex- to -1.86 x 104 MPa.
pressed as

12

In the present investigation, the effects of
compressive applied stress on ultrasonic longitu-

. V -I ) [2t.X X+- (4m.4+l0]j)] dinal velocity are shown in Fig. 7. From this2pV(5 + 2v V figure, it can be seen that for stress applied in
(3) a direction parallel to that of ultrasonic propa-

gation, the results give a value of -0.210 m/s-HPa
for the stress dependence, dV/do. Substituting the

In Eq. 3 A and v are the second order elastic con- values V = 6200 m/s, E = 70.3 GPa, and dV/do=-0.210
itants, I and m are the third order elastic con- m/s.MPa into Eq. (6) yields H-1 = -1.96 x 104 MPa.
stants of Murnaghaml2 , p is density, V is ultra- This valueis in excellent agreement with the value

l sonic velocity, and a is applied stress. This of H-1 equal to -1.86 x 104 MPa obtained by Heyman
equation indicates that for small stresses, dV/do and Chern for 2024-T6 aluminum.
is a constant. Heyman and Chern

13 have used the
following relationship to measure axial stresses For stress applied perpendicular to wave pro-
in fasteners pagation the change in velocity with stress is

given by12

--f ]o I (4)
dV X- [21- 2 +

do 2pV(3A * 2X ) -" (m+X+2j)] (7)

Table (3) - Summary of important quantities found in this investigation for aluminum 6061-T6.

Row # Quantity Stress . Propagation Stress I Propagation

1) I ; a = 0 -0.985 Sn/s 0985 m/s
BaT' K K

2) [ - [-b-] -23.4 x 104 K-MPa 8.50 x O"4  m/s

3T aiK a85 0 K -MPa t

3T Room s /s

3) [-1-]T Temperature 0.0832 M/s s0.210
30PI--a -0 210 eMHa Pa
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NONDESTRLCTIVE STI.ESS MEASUREMENTS IN ALUMINUM

L. Salaam, G. C. Barber and N. Chandrasekaran "
Department of Mechanical Engineering

University of Houston
Houston. Texas 77004

Abstract
The effects of applied elastic stress on the temperature dependence of
IC i: ultrasonic longitudinal velocity have been studied in aluminum 6061-
Tf. telocities of longitudinal ultrasonic waves were measured as a function
of temperature ir. several specimens using a pulse-echo-overlap system. Ex-
periments were performed with the stress applied in a direction parallel
te and perpendicular to the ultrasonic propagation direction. In all
temperature dependence measurements, the ultrasonic velocity is found to
decrease linearly uith temperature, and the slope of the line of best fit
of ultrason:ic velocity versus temperature is found to vary considerably
when the specimens are subjected to stress. The results obtained when the
stress is applied in a direction parallel to the ultrasonic propagation
show that the temperature dependence of ultrasonic velocity increases
linearly with either applied tensile or compressive stress. In the case
of stress applied perpendicular to the ultrasonic propagation, the results
indicate that the temperature dependence decreases linearly with either
applied tensile or compressive stress. Calibration curves relating the
relative charge in the temperature dependence of ultrasonic velocity to
applied stress are constructed. Using these colibration curves, the
sensitivity in determining unknown applied stresses in aluminum is estimat-
ed to be i 10 Wa.

1. INTRODUC-TIMO_

Materials in machine components are always in a velocity. All of these methods have limitations
state of stress. This stress can be applied which prevent any of them from being used in all
stress due to external loading, residual stress stress measurement applications. For the non-
within the material without any external load- destructive evaluation of bulk residual stresses
ing, or a combination of applied and residual1, in crystalline and non-crystalline materials,
Applied stresses car. be calculated using formu- the methods using ultrasonic techniques seem to
lae from mechanics of materials or can be found hold the best promise. I..
experimentally using strain measuring devices
attached to the machine. Residual stresses, The temperature dependences of the elastic con-
however, can seldom be calculated because there stants of a solid are due to the anharmonic
is usually no data o. which stress calculations nature of the cr)stal lattice.3 ,4  A measure of
are based. There are presently several methods the temperature dependence of the ultrasonic ye-
of experimentally finding residual stresses by locity can, therefore, be used to evaluate bulk
destructive means, such as hole drilling and stresses. Experiments undertaken on aluminum .
ring coring2 . To measure residual stresses in and copperS,6 elastically deformed in compres-
a body non-destructively, however, several ap- sion showed that the ultrasonic velocity, in
proaches based or, three major methods have been the vicinity of room temperature, changed lin-
proposed. These methods are x-ray diffraction, early with temperature, and the slope of the
electro-.agnetics, and ultrasonics. None of linear relationship changed considerably as the
thesc methods measures stress directly. X-ray amount of applied stress was varied. In alumi-
diffractiorn measures lattice strait, electro- num, the relative changes of the temperature de-
magnetic methods measure magnetic properties, pendence of longitudinal velocity decreased
and ultrasonic methods measure ultrasonic linearly by as much as 23 at a stress of
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approximat-ly 96 MPa. The results obtained un are used in the present investigation. These
different types of aluminum, alloys also indicate arrangements are described in detail else-
that the relative changes in the temperature wliere , 6 . To help ensure the uniformity of
dependence due to applied stress are insensi- stress in specimens, special effort was made in
tive to composition and texture. and the data designing these stress application systems to
obatained on these alloys can be represented by minimize any effects of misalignment between the
a single relationship7 , as axis of the specimen and the loading axis. For . -

tensile testing, this was achieved by using two
(dV/dT)o - (dV/dT) universal joints between specimen and co nec- r.

(dV/dT) = ko (I) tions to load cell and to the loading frame.
For compressive testing, a two-stepped alignment
system was used. A linear ball bearing served

where (dV/dT) is the temperature dependence at as the first aligment between the upper and
zero applied stress, (dV/dT) is the tempera- lower loading axes and the hemispheric steel
ture dependence at an applied stress c, and K ball served as the second alignment between the
is a constant equal to 2.3 x 10- per MPa. In specimen and the loading axis.
addition, the effects of tensile elastic stress-
es on the temperature dependence of longitudinal The ultrasonic velocity was measured using the
velocity were studied using the aluminum alloys pulse-echo-overlap method which has been fully
2024-0, 3003-T251, and 2024-T351 by Salama and described elsewhere8 . X-cut transducers are
Kang (5). The results from these experiments used for the generation of the longitudinal
were found to satisfy Eq. (1) witt the constant waves, which were used in all measurements. The
K equal to -1.89 x 10_3 per lPa. All the above transducer is placed on the specimen by means of "
studies have been' performed when the stress was special holders which are designed to clamp to
applied in a direction perpendicular to that the specimen as shown in Fig. 2 for the parallel
of the ultrasonic wave propagation. configuration and Fig. 3 for the perpendicular

configuration. The spring-supported plunger
In the present investigation, experiments were serves as the inner conductor of the coaxial
performed to study the effects of both compres- cable which carries the 10 M4: electrical sig-
sive and tensile elastic stresses on the ten- nals to and fror the transducer which is bonded
perature dependence of longitudinal ultrasonic to the specimen. These signals are transmitted
velocity in three specimens of the aluminum. al- fro the plunger by a piece of teflon-coated
loy 6061-76. The experiments were performed wire to a 9%C receptacle which is mounted direct-
with the stress applied in a direction parallel ly to the transducer holder. The spring is used
to and perpendicular to the ultrasonic wave pro- to produce a pressure-coupled transducer which
pagation. isrequired to insure uniformity of the thin

layer bond. A small clamping force of 30 to 50
2. EXPERIMENTAL PROCEDURE Netons was used in the present work.

The specimens used in the present study were A temperature control system is designed to en-
made from one inch diameter bar stock of com- close the specimen gripping assemblies to en-
mercial 6061-T6 aluminui in the form shown in sure stabilized temperature for the entire speci-
Fig. 1. All specimens were made identical ex- men during the time required for velocity measure-
cept the overall length L was varied. The ments. All experiments were performed between
specimens were machined with a 2.54 cm diameter approximately 310% and 370*K where the coupling
cap on each end which allowed the same speci- condition between the transducer and the speci-
men to be used for stress applied in compres- men was found to be satisfactory. A test fur-
sion as well as in tension. The two caps at nace was used for beating. This furnace pro-
the ends were made flat and parallel to within vides a unifort temperature performance by making
!0.00: cm in order to avoid diffraction effects use of a recirculating blower and planum system.
in the ultrasonic beam during propagation. The furnace is equipped with a temperature con-
These caps were also connected to the center troller which is capable of providing precision
portion of the specimen by a 0.06 cm radius in temperature control. Before taking velocity
order to minimize stress concentrations. After measurements, the furnace is set at a desired
experiments of the stress applied parallel to maximu. temperature. After this desired tem-
the axis of specimen were completed, two paral- perature is reached, the furnace is turned off
el surfaces of thickness, t, were milled in the and the cooling rate of the specimen is con-
center of the specimen to allow measurements trolled to achieve a constant cooling rate. The
for stress applied perpendicular to wave pro- temperature of the specimen is measured by a
pagation direction. In this case the ultra- copper-constantan thermocouple attached directly
sonic waves were propagated in the center por- to the specimen. The thermocouple along with
tion of the specimen where the stress is ex- a potentiometer provides the measurement of the
pected to be uniform, specimen temperature to an accuracy ±0.lK.

The application of external stress was carried 3. RESULTS
out with a model 1125 floor type lnstron
machine of 20,000 Kg maximum, load capacity. The velocity of longitudinal ultrasonic waves

Four different types of loading arrangements propagating perpendicular to the applied stress
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.kr.. casurcd as a function of terperature 2r. for the experTie:tal results are given in Table
specirens 1 and 2. Typical examples of the ul- (2). Alsc listee in Table (1) are the relative
traso-,ic velocity obtained on specimen 2 at the changes in the temperature dependence, due to
applied tensile 0.0 MPa and 66.6 MPa are shown application of stress. These relative percentage

ir. Fig. 4. This figure shows that, in the ter- changes of the temperature dependence are plot-
perature range from 310"K to 370K. ultrasonic ted as a function of applied stress in Fig.
velocity decreases linearly with temperature. (5). From this figure. it can be seen that the

A co.puter program was used to determine the data points for tensile stress lie on a straight
temperature dependence of ultrasonic velocity, line which passes through 1he origin. This line
dV/dT. has a slope of -1.18 x 10- /HPa and a correla-

tion coefficient equal to -0.972. The data .-

Table (I) Variations of the temperature dependence of longitudinal
ultrasonic velocity with applied tensile and compres- .-

sive stress in 6061-T6 aluminum. The stress is applied 5
perpendicular to the direction of ultrasonic propagation.

Specimen Specimen Applied dV/dT Offset A .

Number Dimensions Stress (m/s-K) Uncertainty
cm (inch) (MPa) (m/s)

t = 0.624 (0.2455) 66.2 -.9177 .158 -8.04

L = 6.985 (2.750) 44.1 -.9518 .198 -4.62
22.2 -.9530 .304 -4.50
0.0 -1.0070 .358 0.00

-16.6 -.9657 .326 -3.86
-33.1 -.9333 .358 -7.11
-66.1 -.8631 .197 -14.09

2 t = 0.495 (0.195) 66.8 -.9396 .224 -8.44 .

L = 6.351 (2.5005) 46.7 -.9685 .234 -5.62
26.7 -.9973 .195 -2.51
0.0 -1.0230 .192 0.00

Table (2) - Values of slope, Y-intercept, and correlation coefficient in the lines

of best fit of dV/dT versus applied stress in aluminum 6061-T6. The

stress is applied perpendicular to the direction of ultrasonic propa-
gation.

Specimen Specimen Applied Slope Correlatio:: Y-Intercept -
,Number Dimensions Stress (m/s-K MPa) Coefficient (M/s-K)

cm. (inch)

I t 0.624 (0.2455) Tensile 1.22x10 .941 -0.9979
L=6.985 (2.750

t..495 (0.195) Tensile 1.26 x 10 .99S -1.0262
L -i6.351 (2.5005)

-3-.. " -

I t 0.624 (0.2455) Compressive -2.15 x 10- 3  -.999 -1.0047
L 6.985 (2.750)

Table (1) lists the values of the temperature points for compressive stress also lie on a
dependence of longitudinal velocity and the of- straight line which passes through the origin
fset uncertainty in specimens I and 2 when they and has a slope of 2.44 x 10-

3 /tPa and a cor-
were subjected to applied stresses ranging from relation coefficient equal to 0.982.
-66.2 MY~a to 66.8 MPa. This table shows that
the magnitude of the temperature dependence of The velocity of longitudinal ultrasonic waves
ultrasonic velocity decreases linearly with ap- propagating parallel to applied stress was
plied compressive or tensile stress with the measured as a funtion of temperature on the
maximum value for the temperature dependence of two aluminum specimens 2 and 3. Table (3)

ultra.sonic velocity occuring at 0.0 NPa. The lists the results obtained on these two alui-
values of the slope, tIe intercept, and the cor- num 6061-T6 specimens investigated in the
relation coefficient of the lines of best fit parallel configuration. Included in this table

-3- ,..,
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art the values of thc temperature dependence of temperature dependence of ultrasonic velocity
longitudinal ultrasonic velocity determined at 2ncreases linearly with either applied compres-
applied cotrresri, and tensole stresses ranging sive or tensile stress, with the minimum value
between -7E..5 MIa and 59.6 MPa. Also listed in of the temperature dependence occurring at 0.0
table (3) arc the offset uncertainities which MPa. The values of the slope, the intercept,
measure the linearity of the relationship and the correlation coefficient for the lines of
between velocity and temperature. The results best fit for the experimental results shown in
of Table (3) are plotted in Fig. (6) which il- Fig. (6) are given in Table (4). From Tables
lustrates the effect of applied compressive and (2) and (4), it can be seen that the slopes of

Table (3) - Variations of the temperature dependence of longitudinal ultrasonic
velocity with applied tensile and compressive stress in aluminum
6061-T6. Stress is applied parallel to the direction of ultra-
sonic propagation.

Specimen Specimen Length Applied Stress dV/dT Offset
Number cm (inch) (MPa) (m/s-K) Uncertainty

(/s)

2 6.351 (1.5005) 39.7 -1.0529 .423 1.37
29.8 -1.0484 .185 .93
19.8 -1.0469 .163 .79
9.9 -1.0417 .248 .29
0 -1.0146 .243 0

-19.8 -1.0231 .236 .88
-49.7 -1.0355 .266 2.10
-59.6 -1.0427 .351 2.81

3 3.807 (1.499) 59.6 -1.0071 .466 3.14
49.7 -.9960 .318 2.01
29.8 -.9944 .530 1.84
9.9 -.9798 .326 .35
0 -.9692 .166 0

-19.5 -.9820 .234 1.53 4

-39.7 -.9961 .252 2.99
-59.6 -1.0158 .233 5.02
-79.5 -1.0317 .342 6.69

Table (4) - Values of slope, intercept, and correlation coefficient taken from
lines of best fit of dV/dT versus applied stress in aluminum 6061-T6.
The stress is applied parallel to the direction of ultrasonic propa-
gation.

Specimen Specimen Applied Slope Correlation Y-Intercept
Number Length Stress (m/s-K MPa) Coefficient (m/s-K)

cm (inch)

1 6.351 (2.5005) Tensile -3.53x 10 -.981 -1.0387

-4
3 3.807 (1.499) Tensile -4.52 x10-  -.948 -.9764

2 6.351 (2.5005) Compressive 4.56 x 10 996 -1.0142

-4
3 3.807 (1.499) Compressive 7.99 x 10-  .997 -.9672

tensile stresses on the temperature dependence the lines of best fit for the perpendicular

of ultrasonic velocity. This figure shows configuration are much larger and opposite
that, within the applied stress range used in in sign to those obtained in the parallel con-
these measurements, the magnitude of the figuration.
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Figure'a irdicates that tht plo: cf dl'/d; velocity measured in a direction perpendicular
versus stress for a gaer specimen has an abrupt to that of stress in three specimens of the
change in directaor h0.erc tht applied stress altninurr alloy 6061-T6. The relative changes
equals zero. The intercept for the tensile in the temperature dependence of lngitudinal
portion of the grapt. is also significantly high- ultrasonic velocity as a function applied stress
er than the intercept for the compression por- obtained in this work as well as those published
tic.n of the graph. In the case of tensile in references 7 and 9 are plotted in Fig. (8). L
loading, bending stresses are introduced and The solid data points in this figure represeits
likely to exist throughout the entire length the results obtained in this investigation and
of the specimen. This non-uniform loading is the hollow data points represent those obtained
expected to affect the absolute magnitude of in these references. From this figure it can
dV/dT, but not the relative differences between be seen that the relative changes in the tempera-
quantities as indicated by the consistancy of ture dependence of aluminum alloys as a function of
the slopes of the lines of best fit of dV/dT compressive stress can be represented by Eq. (1)
versus stress in these specimens. In the case with K equal to 2.38x lO-3 per HPa. The line of
of compressive loading, the bottom end cap of best fit of the relative changes in temperature
the specimen is loaded uniformly which gives dependence versus tensile stress for aluminum
the compression loading a better probability 6061-T6 is seen to vary slightly from the line
of uniform stress throughout the ultrasonic of best fit of the other aluminum alloys. This
path. variance is believed to be due to the non-uniform

stress induced in the specimens in the case of
Because the values of the intercept of the lines tensile loading. Therefore, the line of best
of best fit were found to vary among the speci- fit for tensile stress for the aluminum alloys -
mens investigated, the relative change in the 2024-0, 3003-T251, and 2024-T351 is chosen to . S
temperature dependence, Z, due to the applica- represent the true line of best fit of aluminur
tion of stress was calculated and its values are alloys.
listed in column 6 of Table (3). The values of
L were calculated using the relationship, In order to use the temperature dependence method

(dV'IdT)e - {d/dT) to determine unknown applied stresses, a calibra-= (d/dT) c (2) tion curve was constructed and is shown in Fig.
(d /dT) 9. This calibration curve shows the lines of

best fit of the relative percentage changes of0
where (d\'/dT) is the temperature dependence the temperature dependence versus applied stress
given by the intercept of the line of best fit found in Fig. (8). The bands drawn around these -

and (d'/dT)c is the temperature dependence at lines of best fit are for a 95. confidence level
an applied stress, c. The variations in the for stress. These bands were determined by means
temperature dependence of the three specimens of an inverse regression technique which is des-
tested at zero stress are believed to be due to cribed in detail in reference 10. From Figure
differences in the residual stress in these (9) it can be seen that the relative change in
specimens. temperature dependence decreases when either

compressive or tensile stresses are applied to
The relative changes in the temperature depen- the specimen. No explanation is available at
dence, obtained o all three specimens investi- present for this behavior which makes it diffi-
gated, are plotted in Fig. 7. The plot for cult to differentiate between tensile and compres-
tensile stress shows that the points lie on a sive stresses when using the temperature depen-
straight line which passes through the origin dence method in the non-destructive evaluation
with a slope equal to 4.39x 1O-4pr MPa and a of applied stress in aluminum alloys. To use .
correlation coefficient equal to 0.930. The the calibration curve shown in Fig. (9) to deter-
plots for compressive stress shou that the mine applied stresses, the temperature dependence
points for specimen 3 lie on a straight line of ultrasonic velocity is measured in the speci-
that passes through the origin with a slope men at zero applied stress. This measurement
equal to -8.63x 10-4 per MPa and a correlation should be repeated several times and the average
coefficient equal to -0.992. The points for value is taken as the true value. The specimen
specimen 2 for compressive stress also lie on is then loaded and the temperature dependence
a straight line that passes through the origin is measured perpendicular to the applied stress.
with a slope equal to -4.56 . 10-4 per MPa and a Using the values found above, the relative per-
correlation coefficient equal to -0.996. There centage change in the temperature dependence of
is no explanation for why the slope of the data ultrasonic velocity if calculated using Eq. I.
obtained on specimen 2 is smaller than that This value along with Fig. (9) are used to deter-
found from the data obtained on specimens 3. mine the applied stress. If greater accuracy is

required, the temperature dependence at the un-

4. DISCUSSION known stress should be measured several times and
the average value used to determine the applied

In the present investigation, experiments were stress.
performed to study the effects of both compres- T f o p v tr nThe effects of compressive and tensile stress on-..-.
sive and tensile elastic stresses on the temp- the temperature dependence of longitudinal ul-
erature dependence of longitudinal ultrasonic trasonic velocity were measured on two specimens
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compressive stress and the relative percentage Experimental Technique, 5, 14(1981).
change in the temperature dependence calculated
to be 3.0%. The accuracy of dV/dT measurements 10. Draper, N. R. and Smith, H., Applied Reires-
in these experiments was found to be l.6% sion Analysis, John Wiley & Sons, Inc.,
using the method of standard error estimation.1 1  New York, (1981).
Thus in this example, the true value of the
temperature dependence will be 3±1.6.. The II. Lyon, J. A., Dealing with Data, Perganmon
applied stress is read fro. Fig. (10) as -35 Press, Oxford, (1970).
MPa with a lower bound of -57 MPa and an upper
bound of -13 MPa. This amount of variance is
large and would be unacceptable for many appli-
cations. This variance, however, can be re-
duced by measuring the temperature dependence
at the applied compressive stress several times.
Consider the case where the temperature depen-
dence at an applied compressive stress is
measured five times and the average value is
used to calculate a relative percentage change
of (d\IdT) of 3.00%. The standard error in
this euample is 1.6/A a 0.7%. The true value
of the relative percentage of (dV/dT) is
3.00 ! .7%. The applied stress is read from
Fig. 10 as -35 MPa with a lower bound of -24
MPa and an upper bound of -46 MPa. These ex-
amples show that the temperature dependence
measurement should be repeated several times
when the stress is applied in a direction
parallel to the ultrasonic propagation. This
will produce a stress measurement with an
acceptable amount of error for most applica- Fig. Specimen used for ultrasonic velocity

tions. measurements.
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DETERMINATION OF STRESS GENERATED BY SHRINK FIT

N. Chandrasekaran, H. Y. Wu and K. Salama

University of Houston

between the velocity measurements and the cal-The temperature dependence of ultrasonic we-cutdsresitrbio.'

locity was used to determine the stress generat- culated stress distribution.

ed in a disc made of AS338 steel. The stress is The temperature dependences of ultrasonic
einrodsc byshrinkafittingda d of t he saes s velocities are due to the anharmonic nature ofintroduced by shrink fitting a rod of the same thsoindheereanbuedortes

steel in a hole of slightly smaller size. The te solid, and therefore can be used for stress
measurements were made using longitudinal and measurements. Experiments performed on alumi-
shear waves propagating along the thickness of num6 , copper and steel

7 show that. in thevicinity of room temperature, the ultrasonicthe disc in the temperature range between room longitudinal velocity decreases linearly with
temperature and -40"C. In addition, shear temperature, and the slope of the linear re-
velocities were measured with the polarization t per are cn ide l y he the re-adutd aale oad epndclr ote lationship varies considerably when the specimen -' .

adjusted parallel to and perpendicular to the is subjected to stress. The results also.radius on which tlhe stress measurements were indicate that the temperature dependence of ul-
performed. The results show that at all trasonic velocity is insensitive to variations
locations, the ultrasonic velocity decreases in allo..chemicul composition which represents
linearly as the temperature is increased and a alo difficl fortesetof ire eloty
that the temperature dependence of ultrasonic a major difficulty for the use of direct velocity

velocity can be determined to t2%. The results measurements in the determination of residual

also indicate that the temperature dependence In rde r a
of the longitudinal velocity remains unchanged In order to further develop the temperature

e dependence method for field applications, the
as the radial distance on the disc is changed, radial distribution of the slope of ultrasonic
which agrees with predi:tions of elasticity velocity vs. temperature has been studied in a
theory. The temperature dependences of the shrink-fit assembly made of AST A5338 steel.
shear velocities, however, show considerable The study is made using longitudinal and shearvariations with radial distance, reflecting Tesdy i aeuiglniuia n ha
the changes in the radial and the tangential waves polarized parallel as well as perpendicular
thchaones n sthes rai antion the gento radial direction. The results show that the
components of stress as a function of the temperature dependence of ultrasonic velocity re-
radial distance. mains unchanged throughout the radius of the

stressed specimen, which agrees with the predic-
ULTRASONIC MET11ODS SEEM TO HOLD T11F BEST tions of elasticity calculations. The behaviorof the temperature dependences of shear waves,

promise for the nondestructive evaluation of however, is found to have less agreement.
bulk residual stresses in both crystalline
and non-crystalline materials1 . Several EPR'-
methods based on the measurements of ultrasonic EXPERIMENTAL
velocities2 ,3 or their temperature dependences

4  SPECIMEN PREPARATION - Carbon steel ASM'
are currently being developed and show promis- A533B was used in the present research. This
ing possibilities for their applications in steel is generally used in the manufacture of
stress measurements. In order for these stessure enels in the anutre of

methods to provide quantitative determination pressure vessels in the nuclear industry. A
specimen of ring-plug type was machined from

of stress, specimens with well-known stress this steel. The dimensional details of the ring
distributions should be available for refer- specimen is shown in Fig. 1. The figure shows
ence. hlsu et a0? have studie* the distribu- the difference in the dimension of outer diameter
tion of ultrasonic longitudinal velocity in a o u et h
shrink-fit assembly and found a good agreement f the plug and the inner diameter of the ringbefore plugging. This difference is the extent

....... ...... .,- ..-. .



VELOCITY MEASUREMENT SYSTEM - Velocity
measurements in the present investigation was
performed by the pulse-echo-overlap mcthod,
which has been fully described by Papadakis. A
block diagrum of the aliratus is shwn in Fig.
2. In this system, a pulse of approximately 1A5S S"B microsecond in duration and of variable pulse

repetition rate Is generated by the r.f. pulsed
oscillator and is impressed on a 0.2S inch in
diameter quartz transducer of a fundamental

3NS.x0.241WnS frequency of 10 M11z. The transducer is acousti-.-
.mw~lge cally bonded to the specimen by means of a thin

11.271 _layer of viscous Nonaq stopcock grease.

REFEN SPEOMEN 1

(Dimensions are in cm) "" oW

Fig. I Dimensional details of reference
specimen #I. ALM

of diametrical interference. The mating sur- ..
faces of this specimen was carefully machined
to within O.OOOS in. tolerance which was met Fig. 2 Pulse-echo-overlap system. .
at only three fourths of the circumference.
At the worst point the deviation from cir-
cularity was 0.002 in. After a conventional display of echoes is

The interference fit was made by simul- displayed on the screen of the oscilloscope,
taneously cooling the plug and heating the two echoes are visually superimposed by adjust-
ring, and thereby creating a temperature dif- ing the frequency of the CW oscillator so that
ferential enough to Lompensate for the diff- the period of this frequency is exactly equal to
erence in dimension between the ring and the the round trip time of the ultrasonic pulse in
plug. The plug was immersed in liquid nitrogen the specimen. The frequency f at the exact
for about 5 minutes while the ring was heated to cycle for cycle match, is then recorded directly
about 6001F for about half an hour. This from the electronic counter and used to compute
temperature difference was found to be adequate the ultrasonic velocity using the relationship
for plugging. V - 21f, where 21 is the total path length.

Figure 3 shows the transducer holder used
TEMPERATURE CONTROL SYSTEM - The temperature in the measurements of velocity. The spring -

control system is designed to enclose the speci- supported plunger served as the inner conductor .
men and the measuring accessories to ensure a of the coaxial cable which carries the rf sig-
stablized temperature during the time required nals. These signals are transmitted from the
for the velocity measurement. The desired plunger by a piece of teflon coated wire to a
subambient temperature is obtained by control- BNC receptacle mounted directly on the trans-
ling the flow rate of liquid nitrogen to the ducer holder. A clamping force of 30 to SO
insulated enclosure. After the specimen is Newtons is found to be sufficient to produce
cooled to the desired low temperature, the a uniform thin layer bond between transducer
supply of nitrogen is stopped. The warming rate and specimen.
is adjusted so that the rise in temperature is
steady at about 0.25"K/minute. This rate is RESULTS
achieved by using a low heat input light source
within the enclosure. All the measurements were The velocities of longitudinal and shear
made in the range of 220"K to 260%, which pro- waves propagating through the thickness of the
duced a steady warming rate for the system. The specimen are measured at various locations
actual temperature of the specimen was measured along that radial reference line. The measure-
by means of a Copper-Constantan thermocouple ments of the shear velocity are made when the
attached directly to the specimen. The thermo- waves are polarized parallel as well as per-
couple along with a potentiometer provides the pendicular to the reference line. The results
measurement of the temperature to an accuracy of of these measurements are representative to the
±0.1K. stress distribution in the entire shrink-fit

-2- : i
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Fig. 3 Transducer holder used for the Fig. 4 Specimen used in the ultrasonic velocity
measurement of ultrasonic velocity on measurements.
reference specimens.

specimen since the triaxial stress generated dependences of ultrasonic shear velocities for
by the interference fit is radially symmetric, the same two cases are shown as a function of
The velocity mcasurements are also performed radial distance from the hole in Figs. 7 and 8.

"at various stages of manufacturing of the Figure 7 shows the variation of (dV/dTJl I while
specimen. Shear waves polarized parallel to Fig. 8 shows the variation of (dV/dT),l. In all
circumferential direction is hereinafter called cases the ultrasonic waves are propagated in

Sshear-parallel and shear waves polarized along the axial direction. -
the radial direction is c+lled shear-perpen-

dicular, as shown in Fig. 4. The measurements DISCUSSION
are made at about six locations, along the
reference radial line. ACCURACY OF MEASUREMENTS - In order to

The results of typical examples of the - estimate the repeatability and the accuracy of
*temperature variations of longitudinal, shear- the measuring technique the measurements of ul-

parallel and shear-perpendicular velocities on trasonic velocity as a function of temperature
specimen with the hole plugged are shown in were repeated for the cases of longitudinal.
Table (1). These measurements are made at a shear-parallel and shear-perpendicular. The

*distance of 0.25 in. from the edged of the hole, experiments were repeated on several different
*Table (I) also shows the velocity deviation dates using different wave propagation modes and

from the best fit line and the values of thle polarizations. The results of these exl~crimcnts
dV/dT. Fig. S shows plots of the results of are tabulated in Table (2). The table also shows

*these three examples. From this figure it can the standard deviation, gp, based on the results
be seen that the velocity of ultrasonic waves of the four sets of measurements performed. The
varies linearly with temperature and the slopes Standard error S is computed using the rela-
of the straight line of begt fit are different. tionship of eqn (Tlt to obtain the error in

The velocities of longitudinal and shear- determining the temperature dependence of ultra-
parallel and shear-perpendicular are measured sonic velocity, dV/dT9

tas a function of temperature before and after
stresses are introduced in specimen. These
measurements are made along the same radial on(I)

reference line. The results of the temperature
dependences of ultrasonic velocities prior to where n is the number of measurements and o is
making the interference fit between the plug the standard deviation of an infinite number

*and the ring, for the baseline data for the of measurements.study of stresses generated by shrink fit. In this investigation, dVdT is measured
Separate baseline data is obtained for the only once for each particular type of wave pro-
longitudinal, the shear-parallel, and the shear- pagstion. Therefore, equation (1) becomes, l

perpendicular velocities for the specimn ... •
Figure 6 shows the variation of the ta- f-g

perature dependence of ultrasonic longitudinal ml er a (2) -

velocity as a function of radial distance from
the hole. The plot shows the varlities of where S is the standard error for single
(dV/dT) before and after stresses are intro- measurement. Using the results in table (2) -..
duced. The results of the temperature and equation (2), S is found to be re.7.a

::: -3- :
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Table(l- Variations of ultrasonic longitudinal, shear (parallel) and shear (perpendicular)
velocities with temperature in reference specimen #1, after the interference fit.
Measurements were done at the same location of 0.25 in. from the hole edge and the
wave propagation Is from surface to surface.

p

Pol. Temperature Frequency Velocity Vel. Dev.
Deg K HZ a/sec a/sec

Long 21s 232889 5927.2 -o.os
220 232794 5924.8 0.28
222 232749 5923.7 O.11
227 2326S4 5921.2 -0.09 B....
232 232540 5918.3 -0.19

235 232487 5917.0 0.22
238 232439 S91S.8 -0.09
251 232163 5908.7 -O.1S
257 232065 5906.2 -0.32
260 231995 5904.4 0.05

Shear 211 127776 3252.0 0.38 _
(Par.) 218 127680 3249.6 0.11

221 127628 3248.2 0.03
223 127599 3247.5 -0.29
226 127561 3246.5 -0.31
234 127432 3243.3 -0.24
243 127324 3240.5 -0.20
251 127151 3236.5 0.04
260 127003 3232.3 0.05 p
262 126957 3231.2 0.12

Shear 210 127853 3254.0 0.09
(Perp.) 214 127790 3252.4 0.04

221 127668 3249.3 -0.0S
22S 127611 3247.8 -0.28
230 127523 3245.6 -0.26
233 127473 3245.3 -0.35
23b 127415 3242.8 -0.38
241 127317 3240.3 -0.12

246 127245 3238.S -0.04
249 127187 3237.0 -0.08

This accuracy in the temperature dependence relationships,
measurements agrees very well with the accuracy
of 11.61 determined by Barber

I
O in his study on a E b c2/r

2  
6 (3)

aluminum. t b Tr )
It can also be noted from Table (2) that at 

c

zero applied stress, the values of dV/dT for
shear-parallel and shear-perpendicular are equal E b 22(4
within the accuracy of measurements. This means a r r-y(l - c /r ) 6 (4)

that at zero applied stress, dV/dT of shear 
c

waves in the steel investigated is texture
insensitive. E(O) b E b

a ~t 0r T -7 (5)
CALCULATION OF STRESS DISTRIBUTIONS IN c

SPECIMEN - Figure 9 shows the calculated distri-
butions of the circumferential, the radial and where a is the tangential stress, or is the
the axial stress variations along a radial line radial tress and oa is the axial stress. E is
in the specimen used in this investigation. The the Young's modulus, 6 is the extent of inter-

stress distributions are calculated using the ference, v is the Poisson's ratio, b is the outer

III l
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J~ig. S Typical variations of ultrasonic longlitudinal, shear (parallel) and
shear (perpendicular) velocities with temperature at 0.64 cm. from
the hole in reference specimen "

A£5338 STEEL

LONG. VELOCITY

-0.-

-0.N4 a 2"P

-0.7 " :,.

Fig. 6 Variations of temperature dependence of ultrasonic longitudinal velocity
as a function of distance from the hole in specimen i1. The propagation
is in axial direction. The variations are shown before and after plugging
the hole.
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Fig. 7 Variation of temperature dependence of ultrasonic shear velocity as a function

of distance from hole in specimen I1. The direction of polarization is
parallel to the reference line and the direction of propagation in the axial
direction (shear-parallel). The variations are shown before and after
plugging the hole.

Disknce From Hole (cm)

0 N in U
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Fig. 8 Variation of temperature dependence of ultrasonic shear velocity as a

function of distance from hole in specimen 1. The direction of polari-
zation is perpendicular to the reference line and the direction of propaga-
tion is in the axial direction (shear-perpendicular). The variations are
shown before and after plugging the hole.
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Tab le(2) Variations in (dV/dT) obtained on reference specimen using

longitudinal. shear (parallel), amid shear (perpendicular)
waves.

Date Condition Type of dV/dT %Dev.
of Spec. Wave

4/20/82 As recd. Longitudinal -0.640 1.84
4/03/82 As reed. Longitudinal -0.6S2 0.0

7/02/82 As recd. ILongidutinal -0.613 0.0
9/23/82 As recd. Longitudinal -0.629 2.54

6/05/82 Machined Shear (Par.) -0.401 0.0
6/18/82 Machined Shear (Per.) -0.407 1.47

7/03/82 Mach i ned Shear (Par.) -0.474 0.0
7/14/82 Machined Shear (Per.) -0.483 0.86

12/30/82 11010 Made Shear (Par.) -0.443 0.0
12/22/82 Hole Made Shear (Per.) -0.445 0.44

Std. Dev. 0.0172

"-1.7%

diameter of the plug and c is the outer diameter
of the disc. The distributions shown in Fig. 9
are calculated using the dimensions shown in

Fig. I and a radial interference of 0.001 in.
From equations (3), (4) and (S) it can be seen -Sthat the shape of the stress distribution is not

affected by the actual values of interference,Ma

though the mbgnitude of the stress components
188depends on the extent of thatquantity.

TEMPERATURE DEPENDENCE OF LONGITUDINAL
ULTRASONIC VELOCITY - Figure 6 shows the varia-

Stions of the temperature dependence of ultrasonic
.longitudinal velocity, as a function of radial

0 as* /e distance from the hole before and after specimen
was plugged. In these measurements longitudinal
waves are propagated along the axial direction of

the specimen. From this figure it can be noted
.10 OK\ that both before and after plugging, dV/dl re-

mains constant along the radial direction of the

A sun TMa specimen. Also from the figure, it is seen that
of e (dV/dT) remains constant at values between

_ -0.64 EIk and -0.63 m/s.k. This value is very

close to the value of -0.645 obtained by Salama
and Wamir on a stress-free specimen of
A533B steel. This equality indicates that the
amount of the axial component of residual stress

the specimen. inFromtise coiteitocn shouldted

Fig. 9 Theoretical variations of tangential,d dition o e
radil ad axal treses s a uncion very small.radi alnd ss aFurthermore, one can see from Fig. 6 that

of distance from the hole in specimen after stresses are introduced, the axial comn-
ponent of stress also remains constant along

andthe radial. disc frmteheehsqualita-niae ha h ...

Fig. 9 Ttivelyiagreesrwithoeqon.t(5)ewhereeaedoes not

raia an axa streses__s___untionurtheore,_necaseero__F_.___hatI
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depend on radial distance from the hole. It is REFERENCES
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ABSTRACT

The temperature dependence of longitudinal ultrasonic velocity
in polycrystalline cubic structures has been derived in terms of
second-, third- and fourth-order elastic constants. The derivation
is made using the Voigt average of elastic constants along with the
expressions obtained by Hiki et al. for the temperature dependence
of the isothermal second-order elastic constants of single crystals.
Comparisons between derived temperature dependence and measured
quantities in aluminum and copper, yield values of fourth-order
elastic constants which agree with those previously obtained by other
investigators using single crystal data. Also, the comparison
between the calculated stress derivative of the temperature
dependence and the corresponding experimental values, yields
reasonable values for the stress dependences of the third- and the
fourth-order elastic constants of aluminum and copper. Furthermore,
based on the fact that these values are constants for each material,
it is concluded that the temperature dependence of ultrasonic
velocity in these materials varies linearly with stress as it is . -

observed experimentally.

INTRODUCTION

A great deal of experimental work has been done on the
temperature dependence of second-order elastic constants of single-
and poly-crystals. 1-7  The data show that the elastic constants are
linear functions of temperature up to melting temperatures8. Also
recent experiments performed on aluminum9 ,1 0, copper11 and steel12-14
elastically deformed, show that the ultrasonic velocity, in the
vicinity of room temperature changes linearly with temperature, and
the slope of the linear relationship is strongly Influenced by the
presence of stress. In these materials, the relative changes of the
temperature dependence of longitudinal velocity are found to increase
by 23% at a stress of 96 MPa In aluminum, by 6% at a stress of 240
MPa In copper, and by a 15% at a stress of 240 MPa in type A533
steel. The results on these materials also indicate that the

.. . . . .. . . .. . .
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relative change in the temperature dependence is a linear function of
applied stress, and the slope of this linear relationship appears to
remain unchanged for specimens of the same material tested. No
theoretical explanation, however, is yet available for this linear
behavior of the temperature dependence of ultrasonic velocity with

A stress.

THEORY

Basically the temperature dependences of elastic constants are
due to the anharmonic nature of the crystal lattice and are directly
related to the higher-order elastic constants'15,1 6 . Hiki, Thomas and
Granatol 7 have derived expressions for the temperature dependences of
the isothermal second-order elastic constants using a quasiharmonic
anistropic-continuum model. The theory takes account of polarization
and orientation dependence of phonon frequencies and their strain5 derivatives, but assumes the derivatives are wavelength Independent.
The explicit expanded forms for cubic crystals are given as

OC11  3N 11 11 1 I T 2 TI ( 2 2
BT n 0i~l T C 11 2 +N 3)

aTT 2 2 ~ SC S1 + U
+4C IllN IU2  ST4 12N (NU 2+NU 3)+4C INU,(NUN U~
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2(N1U 2 +N 2 J) J),

ICl 3N T
2) 11 22 1 TT 2 2 T

ST '* ~ ST

4C 4N U (N 1 U)

+4C 3 N N U U 44C N U (N U34N3U ) 6 NIU (N U +N 'U)

C1112(1 N~ 1 
2+NU2 * 122 1 2 1U2+C1123(N3 3 U33(

(N IUl+N 2U2) ]4C2255[(N 2U34N3U2)2 +(2 + p]

2C 166( 1 U 2 +N 2 U1) (2)
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-Kp 0 1 y 7w-[ , C166(N 2 N3 )

+4CST + ST 2 2 2+ 2 ST + )N

144N31U3U1 4C56[(N2+N3)U3 2N2N3U2U3]+4C455(N1U3 N3 U1)N1U3

2 2 2 2 2 2:1144"1U1 1155(H22 "3U 3) + 1255(NN1N2U 2 N1 3 1 )

• 2C1256N 2NPU2U3+C4444(N 2UA+N3U2) 2 + :

2)2]
4455" •U2 2

+C55[(N1 U3+N3U1)2 (N1U2.N2U1)J], (3

where the Gr~neisen parameters are given as, p

¥i= (1/2w)l TN 2C].2(N2 N) 2wU2 C 1N2U1 ::::
11~i 1 T 2 2 3 2+ II I Ii:.i.

,°li "

" C1 (N NU2+C 22+2 2+2

2U3 3 2  11N 2 U2 N3U3 2NU(N2U2 N3U3)] .

12C13NN3 U2U3 +C 6 [ 3 (NIU3+N3Ui) 1(N U2+N2U1) (")

Y23 (/w) {C4N 2N3+wU2U3+C1 4N1U (N2U3+N3U2)

+24 2 2 2
C16(( 2  3)U2U3  N2 3(U2 * 3)

+ C456 N2N3U2 + N1J2U3  NU (N2U3 + N3U2)J) (5)

with

s 2 2 2 2 2 CS(N 2U3 N3U2)2  (N3U14t1U3)2

* (N1U2+N2U1)2 N 2C(N2N3U2U3 N 3N 1U3U+N 1N2 U1U2)"
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In these expressions N and U are, respectively, the propagation and
the polarization vectors of the ith normal mode, the superscripts S
and T are, respectively, for the adiabatic and the isothermal elastic
constants, k is the Boltzmann constant, and P is the density of the
undeformed material. In evaluating the lattice sums of the above .
equations, Hiki et al. 17 used a 367-point grid over an octant of the
Debye sphere. The values of the sums obtained by this method for Cu,

*Ag, and Au have been shown, however, to be only a fewer percent
larger than those calculated using a pure mode average18. Employing

the latter method and neglecting the differences between CSTkand C
iji

which have been shown to be small, the temperature dependences of the

elastic constants, Cll, C' (Cll- C12 ) and can be

approximately expressed as S

C1  -k 0  3C 1 . 111 2 c111  11 7
*B 2 C C 111 ()

ac 112 0

6V = 11-1r(5C1 6 C 1112 (8) . -.

ac4  kp0 ,
(5c C +4C +C C(9)aT 4C 16 l44  456 4444 454 6445)

Equation (7) was obtained by considering the longitudinal waves
propagating along the [1001] direction, while in evaluating the
temperature dependences 3CS/aT and aC daT we considered the modes
of shear waves propagating along the 1101 direction and polarized
parallel to the [110] and [011] directions, respectively.

I
The expressions for the temperature dependences of the second-

order elastic constants show a linear relationship up to the fourth-
order elastic constants. Assuming the Cauchy relations19 hold for
the fourth-order elastic constants as,

C1 1 12 = C11 5 5  C1 122 = C12 6 6  C4 44 4 ' (10)

C1 1 2 3 = C114 4 * C1 2 55  C1456  C4 45 5

then only four of the fourth-order elastic constants namely, C11 1 1 ,

4



C1112 , C112 2 and C1123 need to be considered. Basically the Cauchy
assumption means that the short-range repulsive forces, which
contribute the most to the higher-order elastic constants, may be
reasonably represented by central forces. Also, assuming that only
nearest-neighbor interactions contribute to the fourth-order elastic
constants 20, we obtain

C C and C =0 ()

112 1122 = 1111 1123

and for third-order elastic constants,

C111  112C2  2C166  .

123 456 C144 ' 0

This assumption follows from the predominant contribution of the
short-range forces to these higher-order elastic constants.

Accordingly eqns. 7, 8, and 9 can respectively be written as

3C11  -kP0  3C1 1  i 2 iCll (12)

= C C (12)

kP

[-C C-] (14)

4 40 [ S ( 4

Garbar and Granato2l used these relationships to determine values of
the fourth-order elastic constants of noble metals Cu, Ag and Au.
The values of the fourth-order elastic constants obtained were
approximately an order of magnitude greater than and opposite in sign
from C11, which agrees with the predictions of nearest
interactions22 for a potential of the form 1/rn where Clill/C111 =

-(n + 6) and a value of 13 was suggested for n.
2

5
-. ,-..* ,,..
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TEMPERATURE DEPENDENCE OF POLYCRYSTALS

voigt 2 3 has shown that the Young's modulus and the rigidity
modulus of a polycrystal may be calculated from the single-crystal
elastic moduli If one assumes that each grain is deformed to the same
strain. His results yield,

* ( 1 1 - 1 2 .3 4 4 ) (Cl I2C22 ) (S

( 1 1  1  .4 4 )

Qv= (16)

The velocity of longitudinal waves in a polycrystal is related to the
Young's modulus and the modulus of rigidity as

Gk 4Gv -E 1/2 (7
P 3G _El

where p is the density of the solid.

Substituting eqns. 15 and 16 into eqn. (17), yields

[SC 4C1 4C 441C 1/2 (18)

where C' Is C1, C12/2.

Considering the density p remains unchanged over a short period
of temperature and the change in the ultrasonic velocity with -

* temperature is due only to changes In the elastic constants, the
* temperature dependence of ultrasonic velocity will be given by,

-(SC -4C 4 C -1/2 -4 BC' 4 - _j.. (19)
aT11 .4 44) [S-n- 5T

Substituting for the temperature dependencesBC1 1 /BTp WC/aT and
3C /BT from eqns. (12, 13 and 14.), eqn. (19) takes tWe form,

6
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av kp0  5CC 2c5
1l -/2 45 C111 C111 A (0

SC C SC
__" -4--,-" :'

16C T 16C 4C4 4  AC44

Equation (20) represents the temperature dependence of longitudinal
velocity in a polycrystalline solid In terms of the second-, third-
and fourth-order elastic constants of the single crystal structure of
that solid. A similar relationship, however more complicated, may
also be obtained using the Reuss24 averaging procedure in calculating .
the Young's and Rigidity moduli, which assumes each grain is subject
to constant stress.

CHANGE OF TEMPERATURE DEPENDENCE OF ULTRASONIC VELOCITY WITH STRESS

1. Aluminum

Measurements of the ultrasonic longitudinal velocity In the
temperature range between 180 and 260 K on the aluminum alloys 2024-0
and 6063-T4, have shown that the velocity..decreases linearly-with
temperature, and the value of the temperature dependence dV /dT is in
the range between -92.3 and -111.1 cm/s.k. Similar resultscwere also
obtained on the aluminum alloys 2024-T351, 3003-T251, and 6061-T4,
where the values of dV /dT are respectively found to be -118.7, -

125.1 and -130.4 cm/s•k• The average value of the temperature
dependence of longitudinal velocity In polycrystalline aluminum, -115
m/s.k., and the values of the second- and third-order elastic -
constants obtained by Thomas25, C - 1.0675, C' - 0.237 C
0.2834 and Cli - -10.76 in units ? 1012 dyne/cm , are substitted-
into eqn. (20). The value of the f urth-order elastic constant C1 1 1 1
is found to be +86.5 x 1012 dyne/cm , which Is opposite In sign, and
about a factor of 8 larger than that of measured C11 1. This agrees -

with the predictions of nearest-neighbor Interactions for a potential
of the form 1/rn with n - 10. It also agrees with the findings of
Garbor and Granato in their determination of the fourth-order elastic
sonstants of the noble metals Cu, Ag and Au.

Equation (20) Indicates that the temperature dependence of
ultrasonic velocity is a constant quantity which may be computed
knowing the values of the second-, third- and fourth-order elastic
constants. Again considering the density remains unchanged as a
function of stress, the derivative of the right-hand side of eqn.
(20) with respect to stress will be a function of the second-,
third- and fourth-orier elastic constants, and their derivatives with
respect to stress, 3 v/jaT (o will then be a constant as long as the
derivatives of the elastic constants with respect to stress are
constants. Recent experiments on aluminum, copper and steel, have
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shown that the temperature dependence of ultrasonic velocity in these
* materials is a linear function of applied stress. The slope of this

linear relationship, however, is to be different in different
materials, and differs according to the relative direction of stress
with respect to the directions of propagation and polarization.

In order to obtain quantitative determination of the derivative
~v£/BTaOy a c€ uter program was developed to compute the value of

the quantity a v /a 0T for given values of second-, third-and
fourth-order elastic constants and their derivatives with respect to
stress. The program is based on Newton's backward difference formula
for polynomial approximation26 , which does not give the exact
differential but rather an approximate differentiation of the
function. The accuracy of the program was tested for functions of
known derivatives, and the results of the derivatives at given values
of the function were found to be equal to those of the exact solution
within 0.1%.

The second- and the third-order elastic constants of aluminum
single crystals obtained by Thomas along with the2 value of the
fourth-order elastic constants, +86.5 x 1012 dyne/cm obtained from
t~e temperature dependence calculations, are used to evaluate
a VROV/3T. Also the values of the stress dependences of the second-
order elastic constants kC11/ao, aC'/ac and C. /a for stress
applied perpendicular to propagation, obtainid by %omas25 are used
in the stress computer program to calculate a vL/aOyT. These values
for stress applied in tension are +1.67, -0.61 and -2.46
respectively. The value -0.61 is the average of -0.32 and -0.90
obtained with stress applied in two different directions. For stress
dependences of the third- and fourth-order elastic constants aC111 /C"
and aCl111 /ao, no values are available in the literature, and
accordingly some estimates were made. Using aC111 /aco - 10 and -
a- :00 i fsfound to yield a value of 0.228 x 10-7
cm/s.k/dyne/cm for aLv_/BOT which is 2 an excellent agreement with
the value 0.242 x 10-7 cm/s.k/dyne/cm obtained experimentally1 1 .
The values of aC1 1 1 /8a; and aC11I11/o used to yield the agreement
between calculations and experiment are of the same order of
magnitude to be expected for these quantities. The values of the
derivative a vg/aOaT - 0.12 x 10-7 cm/s.k/dyne/cm2 when both aC111 8o .-/

and 2C 1 1 1 1 /o are equal to zero. Also changing the values of
C1 1 1 /30 and aC11 1 1 /&o by ±59% changes te value of the derivative by

±25% Table I contp ins the values of a vt/O0T at different values
of aCw1l/8O and 'vL/8o0T at different values of aC111/8o and

.o"il C..

Id
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Table I. Values of the derivatives a2vL/acjaT In aluminum at
various values of stress dependences C 1 1/MY and
BC1 1 11 /8o. Calculations are made using C11 - 1.068,
C' - 0.2317, C. - 0.2834, Cl I 11"-10.76 and Cl I I I -
86.5 in units of 1012 dynes/cm, ,C1 /ia 1.67,
Wca/ao - 0.61, BC,4E - -2.46.

111 11 a . cm/s.k

ac ac 50 BT dynes/cm I

0 0 0.116 x 10-

5 50 0.172 x 10---

10 100 0.228 x 10

15 150 0.284 x 10
7

Experiment 0.242 x 10 - 7

2. Copper

The second- and the third-order elastic constants of single
crystal copper have been measured by Hiki and Granato 2 0. The values
obtained are C 1 1 ' 1.661, 5' - 0.231, C44 - 0.756 and C111 - -12.71
in units of 1012 dynes/cmn. Also the temperature dependence of
ultrasonic longitudinal velocity BvI/AT In CDA 110 pol ycrystalline
copper has been measured by Salama and Ling1l. The results obtained
on annealed specimens averaged a value of -0.4865 m/s.k for (OvE/3T), L
while those on as received specimens have an average of -0.521 m/s.k.
Substituting the average of these two quantities -0.504 m/s.k for
8avA/aT in eqn. (20), and using the values of the second- and third-
order elastic constants obtained by Hjki and Granato 20, we obtain a
value of C1111 - 93.55 x 101 2dyne/cme. This value is opposite In
sign and about a factor of 7.5 larper than that of the third-order L.
elastic coritant C11 1. it also lies within the range 87.7 - 107 x
101 2 dyne/cm obtained by Garbar and Granato2l from their analysis of
the temperature dependence of the second-order elastic constants of
single crystals of copper.

The values of the stress dependence of the second-order elastic
constants C1i, C' and C1. in copper were calculated using the
measurements of Hiki and Grnato20, and found to be dC1 1 /da - -0.66,
dC'/d - -1.17 and dC /da - 1.41 for tensile stress. Each of the
values of dC'/do and At4c/do are the average of the values obtained
on three different combinations of stress, propagation and
polarization directions. Each of these two quantities depend strongly L,

on the relative orientation of the direction in which the uniaxial
stress Is applied with respect to the polarization direction. Using

9
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these values along with those of the second-, third and fourth-order
elastic cons ants of copper in the computer program to obtain the
derivative a I&AoaT, a good agreement between theory and experiment
for this quantity is obtainld with C1 1 1Ao -8 and 8C 1 1 11 eAC - 80
The calculatel value of %,/3UT is found to be 0.129 x 10- "
cm/s.k/dyne/cm , while that obtained from measurements of the
temperature dependence of ultrasonic velocity as a f4pctlon of
applied stress is equal to 0.125 x 10-8 cm/s.k/dyne/cm. These
values are a factor of 20 smaller than those obtained in aluminum.
Nevertheless, the values of the stress dependences of the third- and
fourth-order elastic constants aC 11 1I 0/ - 8 and aC 1 1 1 1/caG - 80
obtained in copper are of the same magnitude as of 10 and 100
computed for 9C1 1 1 /oC and 8Ciiii/ respectively In aluminum.
Contrary to aluminum, however, the calculated value of the slope of
the relationship between the temperature dependence of the
longitudinal velocity a%/9T and applied tensile stress o, Is found
to be sensitive to the values used for 8C 11/3o and aCIII/80. Table
II lists the calculated values of a LI 3aT in copper using different
values of aC1 11 o/a and aC 1 1 11/30 along with the same values of the
second-, third- and fourth-order elastic constants and the stress

derivatives of the second-order elastic constants.

Table II Values of the derivative A2 /Ta0 in copper at
various values of the stress dependences 3C11 1 /ao and
aCllll/3O. Calculations are made using Cii - 1.661,
C' = 0.231, C 4  0.756, Cii1 m -12.71 and C111 .
93.55 in units of 1012 dyne/cm. BC1 1 /c° -0.66,
8C'/Ao - -1.17 and aC /Bao - 1.41.

Cll1~~ ~ ~ LC; ( £._ cm/s.k "-'
7-- +..''.aa~3 au i 3 T dyneslcn 2

0 0 -0.161 x 10

8 80 +0.129 x 108

7 70 +0.093 x 108

9 90 +0.166 x 108

9 70 +0.135 x 108

7 90 +0.124 x 10--

Experiment +0.125 x 10 - 8

10
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