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BACKGROUND

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 extrenally 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 pre cnce in manufactured components plays an important role in determining

the behaxior of the component when it is subjected to service loads and environ-

ment. It has also been shown that the 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

applications. Ultrasonic methods appear to hold the best promise in measure-

ments of bulk stresses in both crystalline and non-crystalline materials. Cal-

culations have shown that ultrasonic velocity changes are linear functions of

applied stress and combinations of second- and third-order elastic constants.
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In the application of these calculations to determine unknowr; 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 determina-

tion of unknown stresses. Development of prefered orientations (texture)

during deformation or fatigue, severely modify the third-order elastic constants.

These problems can be solxed when the diffi-rences between velocities of shear

waves polarized pte-rpL'ndicular and parallel to stress direction are used. Due

to these difftrcvnces, a shift in phase will occur, and the out-of-phase components

will interfere and cause a change in intensity. This nethod, ho ,ever, does

not have at pr-csent enough sensitivity, and requires an atcrate d-te-rrination

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

aBT 1 BT aBT

IVI
@P'T BT -- T- V T p (1)

where a is the volume coefficient of thermal expansion. Swenson has shown

empirically that for many materials
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DBT
= 0, (2)

and it can be shown by differentiating (BS BT) that (1)

aBs! aB

P !T _aP'T

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

correct,

aB I aBT P(4)

P 'T BT a T

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 con-

stants Cijk, and eqn. (3) is then expressed as,

aB + 3C + 3C + 2C ] (5)T 1 il 112 113 123

More rigorous relationships can be derived for the temperature dependences of

longitudinal and the shear moduli which are related to the temperature depen-

dence of the ultrasonic velocity v as,
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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

anharnonic properties due to the presence of residual stresses can therefore

be detected by the changes in the slope of the relationship between the ultra-

soni, velocity and the temperature. This slope can be determined with a high

accuracy as its ,alue 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 ultra-

sonic velocity, in the vicinity of room temperature, changed linearly with

temperature, and the slope of the linear relationship changed considerably as

the amount of applied stress was varied. In aluminm,, copper and steel, the

relative changes of the temperature dependence of longitudinal velocity in-

creased respectively by 23% at a stress of 96 NMPa, by 6% at a stress of 180

MPa, and by 15% at a stress of 240 MPa. The results also also showed that

the temperature dependence of ultrasonic velocity (dV/dT) at applied stressC

o may be represented by the relationship,

(dV/dT) - (dV/dT)0 Ka (7)
(dV/dT)0

-4-



where (dV/dT)0 is the temperature dependence at zero applied stress and K is

a constant. Fhe accuracy of the temperature dependence in measuring applied

stress is estimated to be t18 MPa in aluminum, t25 MPa in copper and t34 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 dcpendence of ultrasonic

velocity method to stress measurements, relationship similar to that expressed

by eqn. (1) should be available for stress applied parallel as well as per-

pendicular 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. (1) can be calculated using the

solid anharmonic constants.

-5-



SU.SM t A Of RESR 1UIS .NI DISCUSSION

- The research on this contract was initiated in July 1982 in order to

develop the method of the temperature dvpendence of ultrasunic velocity for

the nondestructive evaluation of bulk residual stie:ses. Results previously

obtained on aluminum, copper and steel have shown that this method offers a

promising possibility for measurements of bulk -tresses in these materials.

The results also indicate that the method is less sensitive to variations

caused by alloy composition and perhaps texture. Two objectives have been

set for the research to be performed during the first year of this program.

The first objective is to establish experinental relationships bctuen the

temperature dependence of ultrasonic velocity and stress applied in a direc-

tion parallel to and pcrperdicular to that of ,ave propa ,ation. These re-

lationships are to represent the variations of the te;'pcrattre d.ltp-ndvnce 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 stud'

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 in-

dicate that the relative changes in the temperature dependence in aluminum

6061-T6 are equal to those previously obtained on other three aluminum alloys,

-6-



and emphasi:e the insensitivity of the temperature dependence method to alloy

composition.

he 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 ultra-

sonic 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 tempcrture deprndencc decruases linearly with both stresses. The

calibration cur~es constructed to relate the relative ch nge in the temperoture

deienkice to applied stress, gixe an est imate of ±10 MPa for the s'ensitivity

of these curves in determining unknown applied stresses in aluminum used.

The second objective for the first year of this program was to establish

the theoretical background for the relationship between the temperature depcn-

dence 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 II includes

a manuscript under preparation, which describes the derivations of the tempera-

ture dependence of ultrasonic velocity with respect to stress, and the compari-

son between theory and experiment. The derivations are based on the expressions

-7-



obtained b,, fiki ,Thomas and GraIAto for the temi-perature dependences of

isothermal elastic constants of single crystals using a quasiharmonic

anisotropic continuum model. The temperature dependence of ultrasonic

velocity in a polycrystal is derived in terms of second-, third- and fourth-

order elastic constants using the Voight average of Young's moduluis and

rigidity modulus. This expression along )Aith the experimental Values Of the

t vmpvrotutre depenidence of ioniitudlinal velocity obtained in aluminum and

copper, yield values of fourth-order elastic consta-nts which are in good

dq,.r) ment ,ith those cc0MpLJted by other investigators. Furthermore, the

dcrix at ixv of this e rso ith respect to stress is shown to be constant

for constaht xzalues of the stress dcependence of the third- and the fourth-

cider elast ic :ornstants. This result agrees with the experimental findings

relating the tellipcra' tUrC depende-nce of ultrasonic velocity to stress.
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60O1-7t. aluminum. Specimens I and 2 uere used when
the stress was applied parallel t ba%,e propagation,
while specimens 2 and 3 were used wen the stress (dV/dT) - (dV/dT)

was applied perpendicular to the directior, in which (1)

ultrasonic haves were propagated. Iypical examples (dV/dT)

of the results obtained on speciam I showing the

variations of ultrasonic velocity with temperature

at the cozpressive stresses 0 and -19.8 aPa applied where (dV/dT) is the temperature deptreence at zero

parallel to the propagation direction are shown in applied stress.

Fig. S. From this figure it ca Ie seen that, in
the temperature range from 310-370 , 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 relatiftship Varies when plied stress, obtained on the three specimens in-

the stress is applied. A computer progras was used vestigated are plotted in Fig. 6. The plots show

to process the velocity-teaperature data to deter- that the data points obtained on specimens I and

Line the temperature dependence of ultrasonic ve- 2 when the stress -as applied parallel to wave pro-

locity (dV/dT). pigation, lie on a straight line which passes
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_f t4.3, 1C 4~ ;iti. rdac.rltjTC(fcn tIf st rzjif.tljIrdtTt r; r-nx the ecci and

t tc - .1C . 7rc fj.L; ( ti.l the srt~f wlier. the 0Ti u ave!.si h.,Vt &2( Tc(,atTnj

It-Lill! [,flj.2rU' br It. Strc, s b.S C~t~jaT)CUlT ;.~aBIel 1c, flie is -1-.21C, a./s-Ml with a coy-j
IC weF j.i' 5 CcTI*ad 3), Esoc lie It-l~liOT, Cc~ff 2CienI equ.al to -C.99E. Tt slOPE.
or. a !.tralg I jin 

1
]. j~Fr the Orgn hocver. is equal to 0.0FS3: x./s.mla Uitb a cor-

hbjt b.0 a slv;.c t-q.al te 24.4 it IC ptr Mla and relation coefficient equal to 0.993 wl-er, the
s (cria2or ~C.fffmC3VT)1 of (.93. stress if applied perpendicular to Wav propB-

gal ion.

SiITUS' 5 je-d of UlIt r soric utloctX

Tla effects, of ap.1 hed stress or. the velocity
of loni~,tudna2 ullrasoynic ba,.teprcFpagatinj
pa.rallel to one pcrpty.dcuiar to StreSS ha'. been
mwcasured or. specirens, I and 3 yesjVectively. Tbe
*CBsuTe.ettwrc ptrforzed at rm temptrature
uitL applied stress rangfing front9 to -59.6 MUS
for spec iamer I and from 0 to -44.1 MTTa for speci-
men 3. The JesU~!s, of IteSe RaSUiements are
giv.en in Table 2. whiich also lists the values of
the relative change ir. the velo~city tV/k. rlots
of thest %aIves as a feinct ior, of arpl ied stress
for the two specirmer. are sic'wrr iz Fig. 7. From
this figure, one can -see that tV/ ifiCrta!-ef O7
dea~es linearly %ith stress acordiuig to

ulhether the stress is applied parallel to Or
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0.0 t1361.e 6 .00 0.0 6391.2 0.00
-9.9 6119.7 1.63 -5.5 6191.1 0.16

-19.9 6121.6 5.26 -11.0 6390.6 -1.03
-29.6 6123.7 6.40 -16.5 6090.2 -1.70
-39.7 6125~.7 11.6 -22.1 6389.5 -2.76
-49.7 6126.1 1S.5 -27.6 6166.9 -3.76
-5$9. t 6130.7 19.7 -33.1 6168.2 -4.86

-36.6 6187.5 -6.06
-44.1 6166.9 -7.01

Si res s Z'qperndenc i d%'/dc' -0. 21C V /s MPa Stress Dependence d%'/dc - 0.0832 &/s-MP&
Correlation Coefficient *-0.996 Correlation Coefficient - 0.993

Aluminuim OcD61 -TO
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2 024-0
C 6063-T4

II ast,,,, ± p. U

0

C

0

-20 -40 - C 0
I Apphed Comptessive StressWd4 L)

*te~ rp Stress -1Prop.
-U.- Spe-6sren3e4...638cme.. .. . . . 1 : . . .. . . . .

Fi. 7 Ftlatie clt..rq it wltr;'sonc elocity' _ 1 ,
a s a f ructjor, o~f apr lie cco;ressive 0 .40 -So
strss j. e ) -Tl f a l -l u. Sres, Applied Compressive Stress (M Pa)

b~!bpie F',ral]Cl 1C and pctTiel-
d~Cular tc ur5~C'Tic ae poTlhatora. Fig. I Arlalive change ir the tepCrature

de;endcnce of ultrasonic velocity as
a fuxICtion of applied stress in. three
alumin= alloys.--

4. I']SPUS51O). S.TeS or, the lt;'.,r .ure dperdernce of lonpitudinal
ultrasorjc velocity or three specinens (1.2 and 3)

i. Te'..,eraturf tefyrencc of uitresor,ic wocity of 1he alurinur allo) 6C'el-T. The relative clar.fes
Ie fc ir the Ier-,* raLtre depertdence of lonit1udinal Ultra-

Tre effects of cor-re_!,ivt sre-ses or. the sorlic velocily as a fw'ctior of appliee sTre!! o,-
ter~ptraturt dpendence of lojitUeinal ultraSoric tired ir. this %.:rl as well as those published it,
Velccity Lave bt-er studied in the alurin,.r alloys reference 9 at( Floled in Fig. (6). The solid
2024-C and 60t3-74 b) Salamr.z m Lingt- . 77,esc data points itn this figure represent the data ob-
expcrirents becT pe-rfcrr.eed .itx the stress applied tairled it this irestigation and the hollou data
in a directior. ;,teprend)culai to the ultrasonic points represent those obtained in this refeyence.
propafatior,. The results- ol-taied b) these Fron this figure it ca", be seen that the relativegt), o.. sho Tahe reltie otain~e thee - changes itr the terperature dependence of these
outcori shoi. that the relative ehanfe in the tee- three alurinut alloys as a function of comjre.sive
perature dependence of ultrasomic velocity is a
linear function of the applied elastic comnressive t 2. n b peresenae Thi esl (2 phait esstress one can be re resented by the relaiorship o 2.3E T 0-3 per We. This result eimphasizes

tp r earlier finding concerning the insensitivity of

the temperature dependence of ultrasonic velocity
(dv/dT)c - (dV/dT) to testure and alloy composition, and maes this

(dV/dTj * I (2) method more suitable for the nondestructive evalua-
tion of stress than direct velocity measurements.
The latter method has been shown to be strongly

wlere (dV/dT) is the temptratutr dependence at influenced by metallurgical variables and requires
Zerc applied stress, (dV/dT) 0 is the temperature calibration for each alloy or perhaps for each
dependence at an applied stress c. and K is a con- specimen 1o .

stant equal to 2.3 3 10-3 per flea.
On the other hand, the effect of stress or, the

In the present investigation, the experiments temperature dependence of ultrasonic longitudinal
%4rt performed to study the effects of corpressive velocity becon-es much smaller and opposite in sign
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Ti ~ ~ ~ ~ ~ ~ ~ T i: 6aA' zi -e.V IT,,~t I~C.t)5 I It' a&'CT 1 i3 h~. 72r', 'ec.. I I o

v .r~ h,. a ~ ~ I ow,.; sr. m .,rt i.; Ii u! &,.eU *c I ! &*pj i ed st ress . For
*tr,,tur€ dt'; u€tce %-tI. siress iT 2'24-14 sr. II Strains, thI ten i i, brackets is constant and

.,ter, the stress Was apI.le 'r the e t Eq. (4) car. bt brittet, as
F~CirE..tior. of uave propalatir. F~t Figs. t, and

7 it is interesting to note that the behsior of
the temperature dependence Witt. styess (Fig. 6) f H-1
Is opposite to that of the velocity itself (Fig. - - (5)

7). The CoMpaTISOr, betweer, the effects of stress
or, the teaperature deperdence and mr, the velocity where
bill be discussed belo%.

2. Stress Dependence of Ultrasonic Velocity H-I dt
r 

- -(

For a longitudinal ultrasonic wave Propagating

parallel to the direction of applied stress, the For aluinue, they found H
"] 

to be a constant equal
change in velocit) With stress, dVdc. may be ex- to -1.86 a 104 MPa.
pressed as1 2

In the present insestiatjion, the effects of
- (1( cot02 ressive applied stress on ultrasonic lorjitu-

12 - (4r 4 4) 10p)) dinal velocity are .0,or it. Fit. 7. Fror this
do 2C'A(3A.. fifure, it car. be se-er, that for Stress bpplied in

(3) a diTrectior, p ralle] to that of ultrasonic propa-
gaujor, the resu ts F.( a value of -C'.?(, C /s- M'a
for the tre:. dqcr,dtrTt, dV/dc. Su- . -itut ai the

In Eq. 3 1 and t. are the second crdhr elastic con- vaIues ' 20C) ../s, I z 70.3 G1a, ard d%'/dc. -(.211,
slants, I and w art the third order elastic con- I,/5-yta imto Eq. (C) )ItldS H

"1  -1.9( a 1a 4 M;,.
s• ants of P.-r.ajv.ar 1 2

, C is density, V is ultra- This value is i, txcel](nt airterent baite. the value
c., Ic selocit). and c is appliee stress. This of H 1 

equal to -1,31 a 10 M~a obained by He.u.ar.
equatior indicates that for small stre5.ses, dV/dc and Cheqt for 2024-1t Altainur.

is a cof.stant. Hcyt.ar. and O,trnl! lave used the

follo-njn relatiorsf.ip tc u.esure joial stresses For stress prlaed lrj,terdiCular tC wa% pro-
jr. fs :tetrs iafatior the chrfe .i velocity Witth stress is

jiver, by
1 2

if C-~ . (4) dv .1 2Av
dV -I 12t - X . .2v)] (7)

'able (3) - .u-a.ar, of mi-ortant qlamlitie. found ir. this intestigatior, for alurin'r 606-T6.

Pot. # Qa~rtity Stress I rroa ation Stress // Iropagation

-• * 0 -0.98 $ 0 S

-~~~~~ m/ :. ) .,
2) I--) .23.4 x 1 9.0 X 10-

37 37a1K *M'a

iT Room
3) .2Roo 0.0332 a -0.210

3) 12-L ATSOIemperCtSre MPS
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0
T Nodstructise

tha. that of eq. (3). Tnis alTec' with the Y-t'. (1976).
Shon in F. 7 her (d/do) r case of sres r
ap rlied ptr oer d(cular t n wav protagator, is . e., , t

negative and has a syraller value (0.0532 m/s.HM'a) in Solid State and Materials Sciences, p. 61
than that obtained wher. the stress is applied (1980).

parallel to the prop).atior direction (-0210 3. Hntington, H. B., Solid State Phys. 7, 213
n/s .Hpa). (1958).

3. Relationshiy Between Te&perature and Stress 4. Garber, J. A. and Granato, A. V., Phys. Rev.
Dependences 131A, 3990 (1975).

Table (3) lists a sunmmary of the important S. Salama, K., Collins, A. L. K. and bang, J. J.,
relationships obtained in this investigation for Proceedings DARPA/AF Revieu of Progress in
alurinur 6061-T6. The temperature dependence Quantitative NDE, p. 265 (1980).
quantit) given in ro. I represents the average
value of the temperature dependence of ultrasonic 6. Salama, K. and Ling, C. K., Proceedings
velocity found in this investigation when the ARPA/AFML Review of Progress in Quantitative
applied stress is equal to 2ero. The quantity in NDE, p. 96 (1979).
rot 2 represents the change in the temperature
dependenct due to the applicatior of com:pressive 7. Sila.ca, k., Ling, C. k. ane bang, J. J.,
stress, whoct, is calculated fron Fig. 6. The Experitnvtal Techniques 5, 14 (19S1).
values of the stress dcipndenct at rooM tempera-
tuft, arc ShOW'h in row 3. 8. Tapadalis, E. P., J. Acoust. Soc. An. 42,

1045 (1967).

Fror 7alle (3). 1t CTr he see. that the pro-
duct of the chazne iT, the enptralure dependence 9. Slama, k. and Ling. C. K., J. Appl. P ys.
due tc apFlied stress (roa 2) and the stress de- S1, )50S (1960).
perd-nce at roon temptraturc (row 3) is the same
for both ti0 parallel &rTd the geiprdicular con- 10. kino, C. S., Barr,ett, ). V., Gia)eli, N.,
figurations. The relatiorship between these two Hern.ann C., Hunter, J. B., Ilic, [. F.,
qunlilties car lher. be anter as, Johnson, C. C., king, R. F., Scott, IV. F.,

Shyne, J. C. ind Steele, C. R., Jourral of
Nondestructive Evaluation 1, 67 (190).

k c- (8) 11. Chern, E. 3.. Hey an, 3. 5. and Cantrell, J.h.
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k -).91S ± 0.035 I(m/s)IM a]2 (I/K). 92, 1145 (1953).

13. Heyman, 3. S. and Chern, E. J., Froceedings
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This relationship indicates that the change in the St (1981).

terperature dependence with applied stress is in- Stress. (1981).

versel) proportional to the dependence of the 14. Smith, R. I., Stern, R. and Stephens, R. b. S.
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N..:>r TVE STI.EbS MEASUAL4ENTS IN ALU'!,N':

I• Saama, G. C. Barber and N. Chandra-eiaran
Department of Mechar.ical Ergireering

Uviersit. of Houston
Houston, Texas 7,004

At .tra ct
The ef :s of ap-lie- e actic stress o the t pirt ure 6CpeTder ~T of
11 .: ult:sc, ric onmtudzna \Cb e ' c e st ed ;r a}urirur tOtl-
it. '.e ;c- s c f , Cer u.ra t as ar". .a: a 5,c r..a-.,,T- aI a f ar, ction

t aI-: .-:at 1r i sceeral si e.Ir: *5, rj a p ' .- Cz e- er:a, ssten• Ex-
;:•t. 7ts F ,t pt:f'rre' 1itr thl . p'. zs ir a c,:ect- r ara'le
tC a'. I C 'a T IC tc h- C U -01. : ' ! d r , IT al'

" C u t .,Cr7
,

; "e 7 !5 t t t Ct . t s e -

' .r.:' " , .. c. t - I ,i - ; t,, r t" t 5 t f "
7 t IttT r ...

cft-- xe ~t: r.u rs " :;&er:- e of fra'c c",n \e,:itJ ' t

-7.z t . :- v . 7 , 7 7C s , p . e£ C. v re .t !,, 5' .T: :: e t;u

. : C-S : IT. a I-.vd. tLl5 f tS Lu'a: 7r, Irop::ge a Or.
sC..* 1t' ,i t e of L. CtI .-. r.i e, C I tr., it\ i n : s est m -

t tc h7 1f r. h'. C

~,tt~a i. r.,circ? ozc'nr .  
-frs a;;avs Ir.t ,.r ei c-ty Al ofress. et. thods a. hittir

0' stea.es. hisf re ca,(rr. 1 .7 tl.e t h ,07. t a or th- reisuds
Ir T , t t a t 1, e -7 7 a Lr C . Cr d,,-. 5 Ce5 !T n arl\ w itr : tho

1tresst -- It C.oadinr e :, tss tes a opplir C tio n r;s. nth th-
r c 'i. ' { ir t i te:7 I t 7- Ct d ; :_{ence of ultrasonic xelozit) to

C.eeia ftt ane eo t.raIed. UL:. tloasd caliteatioru curves, th
ioa b.iti t\ f aledann U reidu apal. ed stresses in alurinur is estln, a t-

hdt e -! If, Wa.

I1 I k ILb CI lT,1.

ala F . r a ire calc aute a sa's iTrua telocat. All of thesoi ethcds haqe ir tatons
ta ot of Stress• This stress car. be applied %hich preent an\ of the, fr being used Ipo a:s

stress due to external loading, residua stress stress measuremdent applications. For the not-
thr, tr.e .eria. bethout an eaternal load- dearucte eoaluaTror of bult hesidua rini, or a cor, bn. ior, of applied and residua! 1 

. ir ¢r.Nstalli~n and n)n-cr\Sta,]3T,; Materials.

Apriel stresses ca r hc calculated usin formu- the mfth e cr5Using ultastnic e ChrAque5 seen to
lac frea mehrc5 of paterial s or cal be found hold the best prorise.
exerimentall% using strain measuring devices
attaced to tht machine. Residual stressesi The temperature dependences of the elastic cor-
hoeeo, canr sedori be calculated because there stants of a solid are due to the anharmonic
I usuall n data on h stres ethos aveubeen nature of the crystal lattice.3,4 A measure of
are based. There are presently several methods the temperature aependence of the ultrasonic ve-
e experientall findig residual stresses by locit can, therefore, be used to evaluate bu
destructive means, suh as hole drilling and stresses. Experiments undertaken on aluminumring coring:. TO, 9-edSUr residual stresses in and copperS,

6 
elastically deformed in compres-

a hod% non-destructively, hobe~er, several ap- sion showed that the ultrasonic velocity, in
preazhes based on three ma ' or methods have been the v'icinity of roon. temperature, changed ]it-
proposed. resC Ineth ods are x-ray diffraction, early' with tenperature, and the slope of the
eleclromagnetics, and ultrasonics. None of linear relatiorshif" changed considerably a!- the
thes( methods measures stress directly. X-ray amount of applied stress was iaried. IT. alwril-

diffaction mteasures lattice strain,, electro- num., the relative ciar.jes of the temrperaturc dc-
,agreti methods rca-urc magnetic iroperties, pendence of longitudinal velocit' de~reased
and u'trasoic methods treasure ultrasonic linear]. by as much as _3', at a stress of



e c.- t r,5 t .r f* c-rT

t t ' I -t- er rsws: ITes C eTt ! -- , spec:I a ' effort has mc~to I~~r a,-,; r , t aidE the dat dE~ a:.. t T. stress app i cat ion. s5stens tc'
* e e e or c.! Lt r e rt vtet b T fr Inan arA e ffec ts of mi salIa gnment between, the

e ini~c res'it~ as axs of the spe, men, and the loading ax ,s . ror
tensile test izq this has achiev ed b) using icc

d l d\ d! uyjiversa: ointf betacen specimen. and co, nec-
- -d --------- tions to load cell and to the loading fiar-

d,.jFor cojes'etesting, a tac-steppedalgmn
s-stem %%as used. A linear ball bcar~ng scr~eCJ

ae re ddT C i the tenpetre, dependence at as the first ali:gnmtent betacer. the uper: and
:erc app-Ilec stress, ',d\ ,dy is the tempera- loher, loading axes and the hericTri; steel
to-re dep~endence at a- dp; ied stress -, and K ball sersed as the second a! inrrent bt*.er. the
is a constant equal to 2..; a iO- per MPa. Inr spel-amer. and the leading al'is.
a&Idticn, the effects of tensile elastic stress-
es on. the termptratture dt,;erdence of longitudinal The ultras'-nic xe'locits% hat- ne-frec' Tj.r tiAc
s6elocit' here stidaed using the aixrinur slims pus-i--A'l;mtc*hod_ abch has bce fu is

2-,303--T. I ,and 20--1351 b% Sa' ama and describ-c els e..here t
. X-ut t ransdaucer art

k.,ng . The rt-sui' fror thaese ex,-erir'ents used for the ier e: on of the irnngtuc nal
a-ete foInd te sor -s EC. (1, aiti- the constant %asee' 0hci- here used iT. all me-.s,;rcrents The(
ieua to -69~ x IC- ncr S5i:a. Al ire h abox e tra T eT VFIa Led on. the s Pecaner. b. V Ca -
st"dI es ha.eC beer. pt Tf 7v - %T ner ti- h~ '' h s5Uas spec aa: H':er - l ) wch are design-d te lar;t
a p- e1C- i n a u ref':t IuC- er -~ c -- r t C 1' j.1 the _-Je. 47r" as h:o-r IT. Fig. 2 for the p; a aV
c:' tne uon a-t2 c-~.r~arai Fig. ; for, thepren

conf cw'atior. The srrirg-5s.pp-orted 5
1. t r:tscr f" ee':F-t (r s-ers a tert~ c a"ator of the cLoaxia:
pjtLrrtC_ tc ' * "C( tft- t- 0' U)t 7- c ar t C l ,I Cte !tf ,, kti: elec.trical fi
file anc te- na Cs 1' Cc"-l r tnC tr&-. natserahichis boric.

ventr -ce a c t-.L orf t Ici.,a. : u .tr c to, t'e *' .E -* gnals arc- transmiatted
%elocit' an. three cu esOf the a ',v- ru7 a!- fru r ire a 'r l' ece of teflon-coated

bye'c-Tu. Th' c t,.-7,,Ts t-r(e1- perf- cd hire to a ' - c is nounteddiet
h tn tnt- stress IT.i aA in e~ a );F'a IE to ti-e rJ . ,r., s7ringis se

tc and pet :Trrdacular tC the ursrch i rO- tC a t 1s r a.
*-a:o. isr re _,(,:T *-'_I-c 'rrat' ot tr.*a thy7

la'e- b:!Td -a f, reC Of .1 tL

,ne ape,17rons use'd in. the' Present study acere A orei .c trc rc. sys:Cr 15s~ge tLc .-
made from ore i ncrd- caoter bar Stock of COnT- clo0seC the spec im-en 5xj an ;r& -.- ie te on-
Mrl cral 6b00i-Itm a11u7 nur im the form shohr. in sur Te St abl ii:ed t e7perToIJur( for th ce en tirTE. aPeaI-
Fi;g . I2. Al: spec1rers aecr ade Identical ex- men, during the tiru re,.nred for .eiocit' * reasasre-
cent the oxerail length L %aa varied. The rent s. All experiments hert performred beth.een.
apeci-ens he(re machined huth a 2.54 on di4ame Ter ayproaimatelv 310K anc 'J % Chhre the coupling
cal on. each end hhichr alloned the tarts sp~ec:- condition betheen. the tr~r.sducer and the speci-
tier, to be used for stress applied in com~res- men .as found to be ratisfactory. A test fur-
sion as h.eil as irn tension. Thle tuao raps at nace %-as used for hoasring. This furnace pro-
the ends acre m~ade fiat and4 prallel to. aihir. vades a urniforr ten ocrators performance b% making
±0-.002 cit in oider to aaoid diffraction effects use of a rec:irculati7; bio.or and plana. $'sten-
in the ultrasonic becar during proplagation.. The furnace is e.;Lipped aat)I a temperature coni-
Those caps here also cinrected to the center troller hi-ic i s caprable of pros iding Precision
Portion of the specimen by' a 0.Oe cr. radius in. teroe-)(ratule controli. before taiing velocity
order to rinimr:e stress. concentrat ions. After mauentt furnaet is set at a desired
experiments of the sticss ple parallel to ma' am-jr te,-peratore. After this desired ter-
the axis of spei rer. acre completed, taoc pars: - peralore is reac~hed, thL furnace is, turned off
ei sur-faces of ti-ickness, t, aere milled in, the and the cod:ing rate of the spec imr is con.-
center of the spe~imen te alioa, measurements trolied to c hv a const ,nt cooling rate. The
for stress applied perpendicular to wave pro- tengerat~re of the specirr'er ism'easred b' a
pagation) direction, IT, this case the ultra- coprt.nt't r tlerraLcsipe attached date-MI)
sonic bases here propagated in the center por- te. the spec incn. The therroo0Ujfl a!lng %ith
tiom. of the specimen ahere the stress is ex- a ptnueerpros ides- the asurenent of thet
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Four different ty1pes Of loading arrTanrl;ents prOpatgating j'';erpedicular to' the piests
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t !:t Is

Lil I X L' I f f-, l i

, A' C

Ii 4 , :" C :r il* .!.: L f 'I --I , ,.; ,. I CI1' oO,

t t Ctr. ~ ,.i -,L V J L L I j . t ;TI C!e " S -,T t 'I

st CS'I.tl)t 0 , th calcu!atdI I cIss ltrI t

1 01 t , 3 .. n t "

f t I", t I 'x at a .' C i CHC, n d tL. It o , 'rA)tu, i d c: T rlC -na b . ,v aes i0 1 I' -

t 7'. 1 I uc> fT! the 0t tess 1.101 ec'I of ItI h ; thr t 0nd t f t trdc- t 0 T!

" .'t -i c .t.a t of I un i ii .and c 1w rt " i: rur, b.d r. the t.c tat

Ie value. ar- cont aIts f.or1 1t' 1, nat eriaI , iti n f I-Oe taI ,iIt c thetpe:a-

,:~ h ;:. , tIt,> j~ out, o , :incd b o 1 n,: . L .Z.t j ,!' 11'in, 1 .1 - 11Lt'l

.I-, t i i ; A .,,1 S , th( r' i 1) 1).h L 1 L~ ', . th( I :t Cu11 'to ir'd d 'riX i iX

O t) l t It}I: il:. liIiT' ." d.L'i,' ' )- 11 Ck: ;iill t1i(7 iI >jc! l l' I-u, t-ri,. tal x allw !. , y'i cI .!

I -t, su :11) 1 x uc - for the -,t ress dt.,pt-ndencoe- of th.- third- and the to rt -r t

C :S ti C I._: C ,) : t s il S of itllinMinll and coppL-r. Furtlic mnore-, based or the fatct tht

these' a;]os;rc con ,tayit s for each ngt ia , it i , conc'luded that the tempera-

ture depcndvncc of ultrasonic velocity in these materials varies I inuarly with

stress as it is observed expcrimentally.
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A g rvat dal of exiX- li,.nta] ork h J biLen don( un tht t r:pL r tLiI. dc-

1 --
pk.ndt-ncCe of second -oIdcr Ca t i c c uln I t 1!ts of ' ig 1) l I aead pol -c r. st a IfS

Fhc data sho W that th. eiat i ti cns. nt) t [re aI n ar fL1)t ir1! C f tL.;t-I t r(

uI t, melt inc tcratuv.s .- so. rc-.cnt cxi,:i':.nt pvrfuIr0rd on aIuvnn s o ,

C011"r 1 r aid st eli t ic: 1ly d fr..d, : , that th - ult o ic xti .1 it\

in thc vic ir it' of r,, .. .,t TuIc V . t I ri I Wrlv itt t .'I a t 1rt i, TriL tC

sIopC of th, I inear rc I it Iiip,  1 t r I 4 i i i f1It;.i, d b\ t,' 'I r cc of -tre>s.

In thcst. r V: Zi al tht r l,::ve . Ts;V Of th-T 0 ,T i " dv.',-i ..- of I, i

d a v oiu it\ c found to in 'Zas by 2. 'tj:, te s ctf 96, M'a in ;i I ir11r.,

by 6'. at S 0tricss of 24L' Mi a in c,,;,r,.rd b. a 15. at a :tre's of 2401 ."Wa in

t ype Z >, teel vh rIsI ts on t( 1 1 0 it- r;. I- s a s, , i ;c.tc t , t th( r c, ;t >c

change in the t .mpir'at ur dCendeLnce is a I i near faIt ion of app 1 it st rvss, and

the slope of this I inc% r re 1 at i on-h i p aij Fa r t C I .ir. i 7' an Led for sr-,c-i ri n s

of the same material tested. No thc-erotical expl:yriation, ho,\c cr, is yet

aiaiiable for this linear behavior of the temrature, depe.nderce of ultrasonic

velocity with stress.

THEORY

Basically the tempt rature dependences of elastic constants are due to the

anharmonic nature of the crystal lattice and are directl) related to the higher-

order elastic constants 15 '
16  Hiki, Thomas and Granato 17 have derived expressions

for the temperature dependences of the isothermal second-order elastic constants
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ls-inI a quas i h,lrronnic anl st iopic-conti !iiim model. Fhe thoor% t akes account of

p_,liari z-t ion and orientat ior d:ipndencc- of phonon freqtuencics and thci r strain

dv(rikAtives , but assumes the deriati\ves arw wavelength independent. Ihe ex-

plicit expanded funrs for cubic crxstals are given as

311C 3N 2 I I TT 2 TT 2 2

) 2KP 0 2 Yi w [ilN + C1 12(N2 + N3 )8T i~l

+ ST 22 + ST + ST [N,
il4ClNU 1 4C112N1U1(N2U2 N3U3) 4C1 66 [N(N 2UY 2 + 3U3) +
2 2 2 2 2 2 2 2 2

+(N2 +N3)U1]+CI1 11 NI U1+2C11 1 2 NIUI(N 2U2 +N3U3 )+C1 2 2(N2u 2 N3U3V

+ 2C11 2 3N2N 3U2U3+C 1 44 (N2U3+N3U2)
2 +C11 55 [(NlU3+N 3U1 )

2 +

(NIU21N 2U-)
2 ]2 ] },

BT 3N i TT . 2 2T2 2

4 =1 S N U((NNUC
1

NNU
112N2U2(N1U1+N2U2)

+CST N 4ST N U (N U +N U +CSTNU(NUNU13N2N323c144N3U2N2U3 3U2)+4C1 6N1U2(N1U2+N2U)
+ 2 2 +2 2 + 22
C1 112(N1U1  N2U2 )+2C 112 2N1N2 U1U2 C112 3 [N3 U3+2N3U3

(

(N1U1+N2U2 )]+C1 2 55
[(N2U3+N3U2) 

2 +(N1U3+N3U1)2 ]+

C1 26 6(NU 2+N2U1 ) 2, (2)



C44) K N I 23 y23 1[CTT N2 CTT (N2 + N3
2 ) +BT-") 0 "K i=l {i ¥i "w 144 1 166 N2 3

+ 4C SNNT 22 )U2 N ]4C 6(N U3 N3U1)N u144N3NU3U1 3166[(2 3) 3  223U2U3
+ 22+ 22+ 22 +
C 1 4NU C115(N 2U 2 N 3U 3) 2C 1255(N1N 2U1U 2 N1N 3UIU3)

+2C12 6 6N2N3U2U *C4444 (N2U3 N3U2 )24

+C4 55 [(NiU3+N3U )2+(NiU2.NUI 2 ] ] , (3')

where the GrUneisen parameters are gi~en as,

11 T2+T 2+2 ..2+2 2 ,2 2
Yi -(12w){li 212(N 2 N3 )+2wU +C1 11Ni I

4(N U +N U 2 +r, 2.22 + 2

+ C144(N2U3N3U2)2+.l[N2Li2 .U 3 2NIU1 (N2U2 +N3U3 ))

* 2C12 3N2N3U2 U3 +C166[(N1 IU3 +N3U1 ) 2+(NU2+NU) 2 ] } (4)

23 T
44 (12w) C 4 N2N 3 wU2U3 +C1 4 4 NiU1 (N2U3 4N3U2 )

2N 2 Uu+NN( 2 + 2
C 66 [(N12  N3 )U2U3  N2 N3 (U 2 U)3

SC456 N2N3U2 + N2U 2U3 + NIUI(N 2 U3 + N3U2 )]} (5)

with

W S 2 U2+,22+ ,2,2. CS [(NU +N U )24 (N3U1+N1U3)
2

1 1 l~m~ m2u2  3 ) 3 44 233 3

+ (N1U24N2U1)
2] + 2CS 2(N2N3U2U3 N3N1U3U +N1N2 U1 U2)

"  (6)
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In these e.xpression.s N and L are r, I 1.t IN l' , the 1)1upaiat ior, and the polari za-

t ion Vect 0rs of the itL norma I ,,od , t he :l uLv scripjts S and I are, repect ivel,

for the adiabatic and the i -othermal ela-tic constants, k is the bolt r.mann

constant, and p is the density of the .idcformed material. in evaluating
17

the lattice sums of the above equations, Iliki et a!. used a 367-point rid

over an octant of the !)bye sphere. The values of the sams obtained by this

method for Cu, Ag, and Au have beer shown, h3,\ever, to be on lV a fe% V, c, t
18

larger than those calculated usine a p 0r rdc a. erace Li, in t 'I

lattcr mt.thod and ncglecT inc the differcces be teen C. 7,d C V% 'icy ,av

tcc. r rn to be smaII, the t cI., rattarc dpcadences of thc elast ic Co"ht .71t5

Cll C' =-s-(C 11 - and C4 4 van be approximately exprcssed as

k {3Cl +C 1  Sl 1 +lll
1 12 44
k L - 3C I I 111) K il +C111

CC lI l C l l

C' I C I1 acl12 kPo 0
- -- = 1Cf 5c 1 m-C 112 C1111 -4112 31122' (8)

K 4 4 k P 0

- 4C-(5C 166 + C144 + 4C456 + C4444 + C4455). (9)

Lquation (7) was obtained by considering the longitudinal waves propagating

along the [100] direction, while in evaluating the temperature dependences

3C'/aT and C4 4 /aT, we considered the modes of shear waves propagating along the

-5-



[1101 di-vct ion and polarized parallel to the I] 1O] antd 1o11 diei e t ions,

respect ive l.

The expressions for the- t empera tire dependences of the second-order

elastic constants show a linear relationship up to the fourth-order elastic
19

constants. Assuming the Cauchv relations hold for the fourth-order elastic

constants as,

C C C4

C- = C = C4I23 1144 2 -N3C 44 -'55

tirn only foair of the foorth-order elastic constants namely, C C

C and C need to be considerei . Fasical l thc Cauchy assUmption r cans1122 112_'3

that thc -hort - ran :cpul s ivC forces, lli ch conit ribUt C the mo.-t to the hi OL -

order elastic constants, may be reasonably reprVsented by central forces. Also,

assuming that only nearest - neighbor interactions contribute to the fourth-ordcr

20
elastic constants , we obtain,

C C -C and C 0 (11)

111 2  1 ~122 - il111 1123= fI

and fox third-order elastic constants,

Cll 1 = 2C12 = 2C16 6

C123 = 45o = 144 0

-6-



I'h is 1,,!j~p ~ fol Ia CO f I n:-. t h( II IT, T11 C Wit I buh~t iun of t he short - range

forces to tht-se higher-orde-r el ast ic cotitant ts

Accordingly eqns. 7, S, and 9 can rv,;pect ively be written as

A; 0 1 1 111 2 111 C-I111
- 1c

t~r~rand Grcinato used these relationships to dt-terrnine values of the fourth-

order elastic constants of noble metals Cu, Ag and Au. The Vblues of the fourth-

o'rder elastic constants obtained were approximately an order of magnitude greater

than and opposite in sign from C ill, which agrees with the predictions of nearest

interactions' for a potential of the formp I~ where C111 /C 1  (n + 6) and
r

a value of 13 was suggested for n.

TEMPERATURE DEPENDENCE OF POLYCRY STALS

Voigt has show-n that the Young's modulus and rigidity modulus of a poly-

crystal may be calculated from the single-crystal elastic moduli if one assumes

that each grain is deformed to the same strain. His results yield,



L 11  - C1  L4 4 ) ( 1 I I+ 12'
L = --- - - - - - --- - (15)

( 2( 11 312 + C 4 4 )

Cl -c .1"3C4

G l 12 44 (16)

The velocity of longitudinal haves in a polycr% stal is related to the Young's

modulus and the modulus of rigidity as

G 4G - 1/2
>~ X) (17)

¢ 3G - VV V

%I,,re is the density of the solid.

Sub_-tituting eqns. 1 and 16 into eqn. (17), yields

1 --~---5C1 4C' + 4C44 ]1/2 (18

where C' is Cll - C 1 2 /2.

Considering the density remains unchanged oier 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,

\'_____l C'C44

- . (SCl -4C'+ 4C4 4  112[5 -, 4 4 -- (19)
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1] 'ciL'44
Suhst it ut in g foi tht, tc: T.I'ratUrc kLI d~ ciir'c and

from eqns. (12, 13 an,! 14) , eqn. (19) tAc~s the form,

s= -41"+ 4C )1: 4I - C - ~ -- - - 4 -
11 4C I ArI

SC4 2 C

IEquation (2C-I rvpret cnt s the t ~prtiedv"V Iv ~nce of onv tudin c Ioc it

in. a poy :s ] n Olid -in t e~is of the -,-COTd- , th-ird - and fooirth-orL'ur

clast ic curit,-nts of the s-Incle cry stal strou~ rc of that sol id. ~ni ar-

ielt nr'i .hc-,CA r r!"re cpiatdmav a'Isc be obtained usii t-.c kc-us

a r~n, p'c;r Ir. calculatinr the )uang'& and Rici ditN modul, , hTih sue

each grain is subject to cconstant stress.



C:i.1AN;L ut IE I'LL Uk t I)I PLNI )L.V L Ofu ULI I(.-\ ,J \I -LOCI D h I Pi' 1 1 I fSS

1. Aluminum.

Measurements of the ultrasonic lungitudinal velocity in the temperature

range between 180 and 260 K on the aluminuw. alloys 2024-0 and 6063-T4, have

shown that the velo,.ity decreases linvarly with ttmp-vrature, and the va luc of

the tcviperature dependence d\ /dT is in the range beteen -92.3 and -111.1

crr,/s.K. Similar results were also obtained on the alurirun alloys 2024-IS51l

3003-12I 1, :-.nd 6061-T4, where the values of dV /d'I are 1esp tLtive v foutid to

be -1178-, 1 2. 1 and -130.4 c/s.k. Thc -Nera e valuc of t he t uri -vat a-

dc-)--)dence of ]onitUJina1 velocity ir. polyvrvstalline alurini.n., -113 m/Js.k,

and the val es of the seona - and third-okd , el : -tic COP stants obtai,.d b\

- 2;
Thors "- = I .0t,75, C' = ( -3-, C_4 = (;.2834 ,rld C 1  = -10.76 in urits

of 10 ldyne/cni , art- s',bstituted in to eqn. (20). The value of the fonrth-Vrcer

elastic cor:stant C1111 is found to be ±86.5 x 10 dvne/cm', which is opposite

in sign, and about a factor of 8 larger than that of measured C1 1 1 . This

agrees with the predictions of nearest-neighbor interactions for a potential
1

of the form -n with n = 10. It also agrees with the findings of Garbor and
r

Granato in their determination of the fourth-order elastic constants 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-,

-10-



third- ind fourth-order elastic cmistints, and their derivatives ith respect

to stress. The derivative of the left-hand side of this equation with respect

to stress, -will then be a constant as long as the derivatives of the

elastic constants with respect to stress are constants. Recent experiments

on aluirinurr, copper and steel, have shown that the temperature dependenc, of

ultrasonic velocity in thesc uatt-rials is a linwr function of applied stress.

The slope of this linear relatior;ship, hl, ever, is to hie ditffvmrit in different

r.: terials, and and diffvrs according to tic ielat ivv d~li- tio of stres with

respect to thC dire t ions of ,ro' >t and polai atot.

In o- I er to vbtai n ; Itita ic C LL ' C .ira ,'t1,: of th - Jei tiv . ; .. .

i "tutt'r j'' . I r. Cs d V coed to . :ut tr.c . I 11( of th( 1 ',.o t \ c-\ /5ci
x

for a Li:er. valu s ot t: >c.rC., - , ti ?C- a> ,'tn-c, .- r. el.stic i,!,Ltr :jc

t1Cir drda~ ix s t1r r.Vt-' ct tC st~ Ic. irL ro,:a,1 0s lx17ed On; %,i.,to,'

backward diff, -(mc- f."mrl, for poli;omia2, jipr , , at ion . hich does not civc

the exact differential but rather an appro.iPt C differetiTiation of the function.

The accuracy of the prograr was tested for functions of known derivativcs, and

the results of tht ".rivatives at given values of the function Wer( found to b

euUal to those of the Ukact solution within 0.1,.

The second- and third-order elastic constants of aluminum single crystals

obtained by Thomas along with the value of the fo-jith-order elastic constants

±86.5 x 10 dyne/cm obtained from th. ternperatur. dependence calcuations are

used to evaluate -- . Also the values of the stress dependences of the

-11-



ICCOlo:d ' w~~ 2'.O~ tt ;-- 12 d - I , et~ - <, ie ]c*;,'

.xcuL.r to rI- ation, obt ; I TrC:s- ar- used it. th ,liput ('I I u Iar. to

.a]cu d c ol . 'hesL values f0r >t roS 'I j)) ed in t CI Tior !"C +1 . , U.(1

aid -2.4o r>pectively. ThL' v" luc -(;.bl is the avcrac of -0.32 and -(.9(

o1taiid T th St c ss api i-C i, t ,o i f e -ert diiectios. i-r tre.- . : , T-ce

Ml .1]. i
0 t t t ir1- ind I wth-L, .r c-: st c>;:t:its .. -- - - TC' Vau.

k=c :, . i: (l t h = , 31ir :n -.:d :,l - ,i,, 1 c:::t . ',, X S :: L

t C) - 112

S L I L J!

1 . A c i ,i tS1 1

a 1LC (,f v r i h~tudc to , t t by 2 : c s. . t h.c va I u -c , th.

rll 1 vClli1to dcO. -\h-e Ch,1 n. th( \.alues 0 -- .... . V~ b -30 .1l.L - "

vaiue of the olerivat ive by t23- 1  1,bl 1cntis hvaus - a

di fferent valIues of .....-. atd
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Dic VLConJ - an11d t hi. thI rd -O!trdL I- t 1, t'!->t i Tit >, o)f Sii 1 :1C le : cr tta I I~1

hiL boun mcasaured b',1Hi 1 and (vinanzt C'_ !' IC a I nc's< ol't ;1 i ncd ;Irv C =1. (O1,

C' 0 .3 1, C = U.5t.d and C I - I7 in un iTIts Of I L' dynres/cTT. Al so the

tF..CZlu At UrL dt ;.Tl 11,:e Of 111t FriSUfIc i C O : i t 1111 nli 1 1ioc i ty X. '! in CIDA 1,1(1

1)0' crN >ta 1 MVe "'I.t 1, u n Iuue.U -r .. a ai in . Y C , r 1t

lnn t t \L OT: o L. >c Zil. vant t.c L)5C fr v, I > t .

t> 1. L 0~ 1 1 >IL t;~>. .: k.rc.!I t1 1 r. L ~ T", fC" > C c'~ n , o

t c t . 1. rA t Cc.Y 1 . t a >o 1 it U i tn' i I. t C

7 -0 s10 r rcr oba i ic- d b' ZK~t f!;, t nOr t )I( I I r.'

of t h( I Ir c l re dC"o. Im' C. o'F th seon -C 0 a r !' J asC t ic zc or sI a;.t S o t i in 1 L

C rx.1 1 t l si I~ ! 0 C U ; r

17 va I ucs of t he Stre-SS dependence XOf th( C1 seodc iast IC COnIstants

C C CI and C 44in copper were calculated using the measurements of Hiki ank.

Granato 20 and found to be dC11 /dc =-0. 66 , dC '/dc = -11. 17 and dC44/d: = 1.41 for

tensile stress. Each of the values of dC'/dc and dC /do are the axvraL~c of thE
44

values obtained on three different combinations of stress, propagat ion and polari-

zation directions. Each of these two quantities depend strongly on the relative

orientation of the direction in which the uniaxial stress is applied with

respect to the polarization direction. Using these values along with those of

-14-



t h > - cnd- , third- fuinth - L,-r L, Lr L ll.nt of c ; t . t he

,:,r11t1 cr Proralm to ot a; n t h, d , i t xc -- , a good '!:. ItN t bc Lt 1A

t h V0 r\ and ckxpc r i ncnt for t hi u.titr.t it s ol.ai ind V it h "I C c a and

Mc S0lO.- 't I. Ih c I 3ulated Al'ue of 1--51 is found to b ( .129 \ 10

cr', .k 'dx -nt 1 rr. A h i Ic that obt :11i l' 'r fu -ementI' ,o'I S 0 f th( t(mC , lIk'rt Tjt re

p 7iLH nct Lu t a i au rr \ el c it y as a ftir ci l : cOT au f Z i d s t e S uaI

to .12- x i , . kjd ' .,: -. "ic.c- d,%. n cu a:c a faU: .!t cf 20 1.:i I c

i L: t 1.L 1 tir ir Inl;u: ni ir.. N '-Irk c -:, tt. xalucs 1f .h xtet . s . s c r ' c

:':l1 Ii "'" l ]]
0f th . third- ard f,,rt - r-.! r ci:,t C :: :,n ,S - - -

tI:;cC' ra ih v', rc at' :r" >}, .."' ;( :':. itu,' a> Of H( and!C lO(P c',ri] rteci for
' Til I 1 1 11

- Inc -- - :rvcct clv in :l ur; I r a .. ColrI t rarv to I rI 1)n i Q. c, I

tt C: Ica Lt d i c , t the s'lI up. f ;it Ci. ior:l i "t l .L.vc thc t v".r. t &r

-L' cvc at tOf OILa.: J tdira] x ci,,itv --0]- aii app] e,' I cTlT e st roSS ,

found t1 bc sns iti V tc the va 1 u cd far - ..... and --- .....e . "Tab Ie 11

i ist S the calculated ales of -. Ia-.-V--- in coppicr using di fft rc nt v:lues of

and aIong %ith the samc xalues of the second- , third- anJ

fourth-order elastic consIant.s and the stress dcrivatives of the second-order

elastic constants.
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'lable 11. Values of thc derivative - i
b~ ll1  .,lll]

of the stress dependences - and . Calculatir

are made using C 1.661, C' = 0.231, C 4 0.-56, C -12.7]114 "111= 10.1

and C 1 lll = 93. u n wits of 10 dyne/cm . =

. . 1.17 and -4 -- = 1 41.

bc 4c

111 1111 ? ,C r,/

-b1
c (1 -0. 1 t,] Y -0

8 0 +0. 129 x 10

70 +0.093 x 10-

9 90 +0.1 bt x 10

9 70 +.135 x l0
-8

90 +0.124 x 10

Experiment +0.125 x 10
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