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NONDESTRUCTEIVE MEASURLMENT OF BULKR RESIDUAL STRESSES

ANNUAL REPORT
Contract N00014-82-K-0496

BACAGROUND

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 cexternal loads. Residual stresses result from non-uniform plastic
deformation which includes cold working, forming, forging, heat treatment, etc.
Their prescnce in manufactured components plays an important role in determining
the behavior 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-
merts 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.




In the application of these calculations to detcermine unkhnown 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 unhnown stresses. Development of prefered orientations (texture)
during deformation or fatigue, scverely modify the third-order elastic constants.
These problems can be solved when the diffurences between velocities of shear
waves polarized perpendicular and parallel to stress direction are used. Due
to these diffcrences, 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 deterrination
of the shear velocity in the usbscence of stress.,

Basically, the temnperature dependences of the elastic constants are due
to the anharmonic niature of the crystal lattice, and can be related to the
pressure dependence of these constants, I1f we consider the isothermal bulk

modulus B to be a function of pressure and temperature, it follows that

BBT: o oB 9B

3P 'T BB[aT vV TaT p

(1)

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

empirically that for many materials




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

= 57| (3)

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

correct,

T % EBT ~ 3T 'p 4)

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,

37 - 9 lCha1 * €2 * 3Cyg5 + 2Cp05) (5)
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
anharmonic properties due to the presence of residual stresses can therefore
be detected by the changes in the slope of the relationship betwecen the ultra-
sonic 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 AS533B steel elastically deformed showed that the ultra-
sonic velocity, in the vicinity of room temperature, changed linearly with
temperature, and the slope of the lincar relationship changed considerably as
the amount of applied stress was varied., In aluminum, copper and steel, the
relative changes of the temperature dependence of longitudinal velocity in-
creased respectively by 23% at a stress of 96 MPa, 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)c at applied stress

c may be represented by the relationship,

(dv/dT) | - (dv/dT),
(@v/am

= Ko (7)




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

a constant. The accuracy of the temperature dependence in 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. 1In
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 measurcments, 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
: s0 that values of the constant K in eqn. (1) can be calculated using the

solid anharmonic constants.




SUMMARY OF_RESULTS AND DISCUSSION

—

© > The rescarch on this contract was initiated in July 1982 in order to

develop the method of the temperature dependence of ultrusonic velocity for

! the nondestructive evaluation of bulk residual stresses. Results previously
obtained on aluminum, copper and stecel have shown 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. Two objectives have been
set for the research to be performed during the first vear of this program.
The first objective is to establish eaperimental relationships between the
temperature dependence of ultrasonic velocity and stress applied in a direc-
tion parallel to and perpendicular to that of wave propagation. These re-
‘i iationships dre to represent the variations of the tempersture dependence when
the stresses are applied in tension as well as in compression.

Appendix 1 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 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,

. e malis e il st e A K —Wm;md




and emphasize 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 ultra-
sonic velocity increases lineurly with either tensile or compressive stress
when they are applied in a direction parallel to that of ultrasonic propagation.
In the case af 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 aluminum used,

The second objective for the first vear of this program was to establish
the theoretical background for the relationship between the temperature depen-
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 11 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

o
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obtained by Hiki, Thomas and Granuto for the temperature dependences of
i1sothermal elustic 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 modulus 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 these computed by other investigators. Furthermore, the
derivative of this vapression with respect to stress is shown to be constant
for constant values of the stress dependence of the third- and the fourth-
order clastic constants. This result agrees with the experimental findings

relating the temperature dependence of ultrasonic velocity to stress,
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The terperature dependences of ultrasonic ve-
locitaes are due to the arharmonic mature of the
crystal lattice, and therefore can be used for
stress measurerents. Exjeriments perforred orn
6061-Tt alu-inur show that, ir the viciraty of roon
termperzture, the vltrasonic Jongitedinal velocity
decreases Janearly wit} terperature, and the slope
of the linezr relationstap varaee corcaderatly when
the speoarer 3s sutsected 1o stress. For conjres-
sSive stress aprlled perperdacular 00 wmaEve frijafe-
taor, the ter;erature de;endence of the velooaty as
found 1o decreace hinear’y by ac mot)t as 20% at
strese of B0 Ma. Trhe resulis 2lse 1ndicate that
the ryelat:ive cherjes 31 the ter;-vatore dejendence
of vejocaty e & functtaon of strees zre egqusl 1o

those prevacse)y ertzined or ethir 2lurinar alloys.
Trae shoes the 3nsensataingty of the terjeroture de-
Jerdinie method 10 torture ard 2lloy corjposition.

Trne retnod thue cffers & prorissrg porsitilaty for
the yondestrustoive reecereent ©f resicual sirese.,

1. Irtroedsitaern

TaeTe 3¢ & geneTel apreerent that ultyascenac
cethods apjear tc held the best procise an the mon-
destructive rezsurerents of bull strecses an_both
crystalline and mor-crystalline raerials.)+? Cal-
culation® have showt that changes 3n ultrasonic
velocatyes are lincar functaons of arplied stress
and urdrowT. strecses car. be determined whern both
the velocity in the absence of stress as well =s
third-order elastic constants are known indepen-
dently. The measured velocity, however, strongly
depend: or. microstructural features which makes it
necessar) to develor @ calibration betweer velocity
and stress for eact materisl in onder to be used in
the determinatior of unknown stresses. 1In sddition,
development of preferred orientatiens (texture)
during deformatior or fatigue, sewerely modify the
third-corder elastic constants to ke used for the
calibration. These protlers can be solved when the
di1fferences betweer velocities of shear waves
polarized perpendicular and parallel to stress
directions are used. Due to these differences, a
shift ir phase will occur, and the out-of-phase
cosporents will interfere and cause a change in
intensity. This method, Lowever, does not have at
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Fresent eroogl Sersitivity, &nd requires BY &CCu-
vate delervinatior of the stear velocity ar the
abeence of stress.

bzsicully, the terperature Cejendences of the
elsstic constants of & cclad are due tc the an-
Larronic nature of the crystal Jzttice. 2.8 A
mezsure of the terperature deperdence of the ulire-
sonic velocity car, therefore, be used tc eczluate
buld stresses. Experimente undertzber on alurita
and coppers,€ elastically Qeformed ir corjreseao
showed that the ultrasorac velocity, a1 the voair-
3ty of roor tecjerature, changed lanear)y with
terjerature, and the slope of the lamear relziiorn-
sty ctemged corseideratly as the armiwnt of zrrlied
strese wis varded. Ir zlurinur, the relative
charjes ©f the terjrrature dejendence of Jorgitu-
diregl vederity Ceirested linear)y by 2 pach oas
23% a1t & stresc of zpirevirately 9t Mie.  The
resulle oiizired or Cifferent types ef elurinas
2llcye #lsc irdicate that the relative charjes ot
the te-erature cependinre due 1¢ afflied stress
aTe 1rteraitiv. 1 cosrocition gné texture, and
the Cate ortein.d o1 these elloys car be Tepreo
cented by & tangple velaticrnshagp.’

Al)l the above studaes heve beern performed
wher the :tress 3¢ aprlaed ar & ¢iTectiorn per-
pendicular to that of the uvltrzsonic wave prope-
fetion. Ir practice, the pagrnitude as well as
the direction of applied or residual stress are
not knowni. 1Ir order tc apply the terjerature de-
perdence of ultrasornic velocity and stress should
be available for stress spplied parallel as well
as perpendicular 10 wave propagation.

Ir this paper the effects of sprlied corpres-
sive stress or the absolute a¢ well s the tern-
perature dependence of the ultrasonic Jongitudinal
velocit, have been investigated. The experinents
were performed with the stress gpplied ir & direc-
tion parallel to and perpencdicular to the ultra-
SOnic wave propagation.

2. Experisental Frocedure

The specimens used in the present stud) were
wmade fror one inch disneter bar stock of comner-
cial 606)-T¢ alurinur in the form shown in Fig. 1.
A1l specimens were made identically except the
overal) length L was varied., The specimens weTe
machined with 8 2.54 cx dianeler cap on each end
shick 8l1Jowed the same specimen to be used for
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stress applied AT con;ress)Of &t well 8% ar ternc)of.
The twe cape &t the ends were radc fiat &nd parallel
to wathar 0. 000 cr ur crder 1o mvead &iffraztaorn
effecte ar the vitresuric bear during propegataorn,
Trece cajpe wmere BleC coinnected 1o the certer por-
taor of the specansr by & 0.0t cm radyus ir order

1C Lirib. 3¢ SiTess (C.eftratuone. After eaperi-
cente of the stresrs &a;;01ed juraliel 1 the aris

of specaper wore cotpleted, el perallel surfates l
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of thicvress, 1, wmere £:23€c 31 the certer of the
specarer te 2lies 1 osclrorinte for stress aprlied s - —
}z:;{ﬁﬁzcula! 10 wave JrCia,20r duTedtyon,  1r
this czce the LITIésoric mov€s were Jrojejeted arn
the center poriaes of b ogerimir wteve tle stress
3¢ €rpecies to be uoiform,

()

Fig. retes veed for the a75)ication of
Ve stress AT & CLTETTICT JuTjern-
¢

the ultresorac yrojegation.

leading ¢
Conjsecsd
:
dicular t
The &;7 acetiorn of externa) sirese wit (eTTied
cot with & rodel Y120 fioor type Jretrer r-ctane

Tre a;;rlacatior of external stress wee carried
©ut with & £oded 1125 floor type Instror pachane

INLTFOR Joac ©f 20,000 g reriran Jead capacity. Twe dafferent
Falwal e tyyes of Yoadirg evrangerints sre used in the pre-
sent woth, Fagures 2 and 3 show the systens used
Caretmla™ [N for a351ying the conjiessive stresses. To hely en-
T sure the uniformity of stress in the specimens,
BIARN specia) effort was mede in designinp these systeme
o tc piririze effects of risalignment betweer the
R &xi¢ of the specimer. and the Joacding axis. A
FLanNADT TEANSDICER

lirnear bal) bearing served as the farst slignrent
betmeern the upper and lomer Joading axe:s anc &
hecispheric steel bzall served as the second align-
SR L MIN ment betweern the specamer &nd the Joading asais.
T The shafie used in the coTpression tests wmére made
of surface hardened steel rod (K. = 40) tc resist
possible wearing frog the bearing during Jeading.

_rD.DIE

The ultrasonic velocity was weasured using the
pulse-eche overlap method which has beer fully de-
scribed elsewhere.& Fipure 4 displays the experi-

F mental syster used ir this inmvestigation. A pulse
I of spproximately )-, sec duration of variable pulse-
Tepetitior rate is gererated by the ultrasonic
generator &nd ivjresced on & transducer of & funda-
mertal frequency of 10 MH: which is acoustically
bound te the specimen. The reflected rf echoes are
. __.N4A- — received by the same transducer, amplified, and dis-
played on the screen of an oscillescope. Two of
the displayed echoes are then chosen and exactly
overlepped by critically adjusting the frequency

of the c» oscillator. This frequency f, asccurately
deternined by the electryonic counter, is exployed

Fig. 2 Lcading systen used for the aprlication of
cocpressive siress ir @ direction parallel
to the ultresonic propagation.,
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Fag. 4: Pulse-echo Owerlap Systerm.

to corpute tho ultrasonic velocity using the rela- Table 1 lists the results of (dV/dT) ottzined
tiorn ¥V = 2if, where £ is the length of the specirven. orn the three specicens investigated when the stress
X-cut trarcducere are vsed for the generatior of the vact &prlied parallel to (specimens 3} anc 2) 2c well
| Jongitudinal wmaves, whach were used irn al) prasure- e: perpencdicular te (specimens 2 and 3) the darec-
; ments. tior. of wave propagation. Alsc included in this
table are the offset uncertairities which peasure
The tenjpesature contyol sycter 3e derigned to the dejree of linearity of the relationship hetmeer
enclese the <"t iter and its gripping accernblies in velocity and ternperature. Fron these results one
crder te ersure statalaiied tezpirature for the whole car seec that the terperature dependence of vltra-
specamer durang the tioe regycired for velocity sonic selocity ir sluninun increeses oY decrezses
mezsurenents. These rezsurerents were performed sccording tc whether the strecs is sppliel parzllel
betweer 300 b and 370 b wlere the coupling conditiorn 1o or perpendicular to the Sirection ir which the
beterer the trersdocer 218 the epeciver was found ultresonic waves are Jropagetec. The results glsc
te be catatfactiory. Al &)) terjeratures, the actual show that the charpes ir the tecperature dependence
u:,e'a.urt ‘of the sjpuliber mat wmecured by & cop- are Jerger wher the stress is perpendicular tc weve
per-corstantarn t?(v-tu:c».;;-}c &ttahel direct)y to Jrefegatior thar wher the stress is applied parallel
the specicer. Tne thesrocouple alongp with & poten- 1¢ projegatiorn €irection.
troveter provicded & coecuyenent of the ternjerature
with ar aicuracy of +C.01 M.

Fecause the vzlues of (dV/dT) at z2erc applied
stress were found 1o vary among the specimens amn-
vestigated, the relative change in the tenperature

3. Results C¢ependence, £, 6ue tc the spplicstion of stress
. L . vas czlcvlated and its values are listed in column
Tecperature Lependence of Uitrasomic Velozity: ¢ of Tatle (1). The varistions in the temjerature

dependence of the three speciwens tested at zero
styess &re believed to be due tc differences ir
the residual stress in these specimens. The values
of ¢ were calculated using the relstionship,

The effects of applied siress on the tegjpetra-
ture dependence of ultrzsonic Jengitudinal velocity
were investigated on three specimens 1, 2 and 3 of
606)-T¢ aluzinum. Speciwens ) and 2 were used when
the stress was applied parallel to wave propagation,

while specimens 2 ar.xd 3 were used \.f?.en \.he stress (dV/dT) _ - (8v/4T)

was spplied perpendicular to the directior in which L= ] )

ultrasonic waves were propagated. Typical examples (dv/dT)

of the results obilsined on specimes 1 showing the .
varistions of ultrasonic velocity with tesperature e
8t the coxpressive stresses 0 and -19.8 MPa applied where (dV/AT) is the temperature dependence at zero .
parallel to the propagation direction are shown in applied stress. i
Fig. $. From this figure it can W seen that, in

the temperature range from 310-370 K, the ultra- The relative changes in the texperature depen-

sonic velocity decreases linearly with temperature dence of ultrasonic velocity as a function of ap-

and the s)ope of the linear relatiemship varies when plied stress, obtained on the three specimens in-

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

tc process the velocity-terperature data to deter- that the dats points obtsined on specimens 1 and

zine the temperature dependence of ultrasonic ve- 2 shen the stress was applied parsllel to wave pro-

Yocity (8v/éT). pugation, lie on a straight line which passes
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Srevarer Sivoary lengtk Arilield Soress dy /¢l

LT 4 cr (M a) (r/e);

STKESS // PKIFAGATION

] 3.897 0 -0.969
-19.8 ~-0.982
-39.7 -0.99¢
-59.¢ -1.01¢
-79.5 -1.032
Z € .985 0 -1.009
-9.9 -0.97%
-16.8 -C.954
-36.7 -0.99¢
-L8CLe -1.022

STRESS 1 FROTASATION

< 1t : (.624 0.0 -1.007
1= ¢.98L -le e -0.96¢

-33. -0.933

-6 2 -0, K63

3 t = (.e22 o.c L N
L = 7.¢3¢ -a2. -0.845

-84, -(.77¢

-6t L] -0.73¢

ttrougt the crygar wath e slopt egual 1o

-8.¢3 3 2074 per MYz and B correlation cotffacient
€gual 1o -0.962.0 Tre frgure slsoshowe that the
reculte o¥rzined whern the strets mas pespendicular
tc wave Fropefpatdor (specivens 2 and 3), elso lae
or. & straxght lane wlach passes llvosgi the origin,
but s1th & slojpe equal te 24.4 2 )07 per M'e and

& correlatior ceeffacaent of O.9K.
gataon.

Stress Dependence of Ultrasorac Welocity:

The effects of applaed stress on the velocity
of lonjgirtudinal ultresonic waves propagating
Jaralle) tc and perpendicular to stress has been
measured OF specimens 1 and 3 yespectively. The
Eeasurenents were performed at roow temperature
with aprlied stress ranging from 0 to -59.¢ Mrs
for speciven 1 and fror 0 to -44.) MPa for speci-
wen 3. The yesults of these mcasurenents are
given in Table 2, which s8lso lists the values of
the relative change in the velocity £V/V, Flots
of these values as & function of spplied stress
for the two specimens are showr: ix Fag. 7. Fron
this figure, one can set that LV increases oY
decreases linearly with stress mecording to
whether the stress is sprlied parsllel to or

880 - 1952 ULTRASONICS SYMPOSIUM

Cfiset
trierteinty
(n/s)

.16t
234
.252
.233
.342

.22¢6
.272
.230
. 2€ES
.174

perpendacilar 10 wave jrojagétion.
the strzight line rejresenting the selocity and
stress when the Ul1Ta+0nic waves &Ye pProjajating
Jaralle) to stress is -(.210 &/s°Mic with & cor-
velation coeffacient egual 1o -C.90F,
however, is equal to 0.0F32 m/s-Miz with & cor-
relatior coefficient equal 1o 0.993 whern the

stress is applied perpendicular tc wave progpa-
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Lires: / XerAlfrz.;nr: i
Siress Velocaty AYA}
(MPa) (e./s)
0.0 6l18.¢ 0.00
-9.9 ©118.7 1.83
-19.9 6121.8 5.26
-29.8 6123.7 8.40
-39.7 6125.7 11.6
-49.7 6126.1 15.%
-59.¢ 6130.7 19.7

ftrecc 1 Frop (Specaper 3

Stress
(Ml &)

e, ccor 1e ) end 3 of

L

Velocity (ev/vyrot
{n/s)
©191.2 0.00
6191.1 0.16
6190.6 -1.03
6150.2 -1.70
6189.5 -2.78
©185.9 -3.76
6185.2 -4.86
6187.5 -6.06
6186.9 -7.01

Stress Dependence dV/dc = 0.0832 m/s-MPa
Correlstion Coefficient = 0.993

i

f

e fu/i

Qe

Stress Dependence dV/dc =-0.21C /s MpPa
Correlation Coefficient = -0.998

ALY IS o) -84

€Ok PR:S3VI 7/ V. TRISONK
sy M
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-

Fig. §

[l 4]

Effect of applied cozpressive siress on
the tegpersture dependenme of ultrasonic
Jongitudinal velocity in the aluminux
slloy 6061-16. The strems js applied
irn 8 direction parallel W the ultra-
sonic propagation.

(+)

Reistive Change i Jv/aT x 162
3 &
I T

——e e e

gl Seecimenzrel:3.807cm

Specimensz2e-t: EMem

Atuminum 6061-T6

Ciress //Prop.
2+-1-8 $85cm

[ RS WU [
-20 -40 - -80 -80

Applied Compressive Stress MPa)

Stress L Prop.

l:eoasem.

73 at. B24cm
L=3.83Bcm

Fig. 6

Effect of applied compressive stress on
the relative change in the temperature
dependence of longitudinal ultrasonic
velocity in 606)-T6 aluminum. Stress
was applied parallel to and perpendicular
to wave propagation.

1882 ULTRASONICS SYMPOSIUM — 883

—Ale e e— e e



A= .81 T

Relstive Change in Utragonic Veloety 1§ 10

L)
-8~ Specimeng 3. ois7838cm

1: g24cm

Fig. 7 Felative change it wltrzsonic velocity
&8s 8 functior of aprlied conjressive
stress ir 60t)-Te aluminuc. Stress
was spplied pzrallel to and perpern-
dicular vc vltrasonic wave propzjation.

4. [ISTUSSION

1. Tenperature Lejendence of Mtrzsonic Velocity

Trne effects of corjressive stresses or the
terperature dependence of Jongitudinal ultrasonic
velocity have beer studied in the aluninuc alloys
2028-C and 60€3-T4 by Sslarz swd Ling®. These
experiments were perforted with the siress applied
in & directior perpendicular to the ultrasonic
propagation. The results ohtained by these
suthors shos that the relative change in the ten-
perature dependence of ultrasomic velocity is a
Jinear function of the spplied elastic conjressive
stress and can be represented by the relationship

(V/dT) - (dv/er)

N 971 ) I

+ Ko (2)

where (8v/dT) is the temperature dependence at
aerc spplied stress, (dV/4T), is the temperature
dependence at an applied stress o, and K is s con-
stant equal to 2.3 x 10°3 per WPa.

In the present investigation, the experiments
w7t performed to study the effects of corpressive

882 —- 1982 ULTRASONICS SYMPOSIUM

Longitud.na! Velocity
2¢) @ 6061-T6
© 2024-0

o~ C 6063-T4
e

-
-

6!6;—
~
3

£

®

)

€

[ ]

£

(&)

£}

= o Stress 1 Prop.
©

3

1 1
(] -40 -80

Applied Compressive Stress (MFa)

Fig. & FKelative change in the teaperature
dependence of ultrasonic velocity as
s function of applied stress ir three
alucinue alloys. -

stress on the terjerature dependence of longrtudineg)
ultreseric velocity or three specimens (1,2 &nd 3)
of the slurinur alloy 6061-T6. The relative clarpes
ir the tecpcrature dejendence of Jongitudinal ultras-
sonic veloiitly s & function of applied stress ob-
tzined ir thic worl as wel) as theose published in
seference © are plotted in Fig. (B). The solad
dats points ir this figure represent the datz ob-
tained in this investigation and the hollow dats
points represent those ottained in this reference.
From this figure it car be seen that the relative
changes ir the terperature dependence of these
three slurinut alloys as a function of compressive
stress can be represented by Eq. (2) with K egual
to 2.3t x 10-3 per MPa. This resull ecphasizes

ar earlier finding concerning the insensitivity of
the tecperature dependence of ultrasonjc velocity
to texture and »l)oy composition, and males this
method more sujtable for the nondestructive evalua-
tion of stress than direct velocity mezsurements.
The latter method has been shown to be strongly
influenced by metallurgical variables and requires
calibration for each slloy or perhaps for each
specimenl®,

On the other hand, the effect of stress on the

tenperature dependence of ultrasonic Jongitudinal
velocity becomes much smaller and opposite in sign
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sher the stvec 3t aprhaed parallel te the dive -
T 1w st the wsved are i agated. T
e,tt: wLtt the sesults (hte nec I Cuery pn?
h',ra'l whe alec otxemved sral) changes ar the
1¢7; trature dejendence wath stress ar 2024-74
slur.nur whern the stress wae applaed ir the same
civectror of wave propagatior. Fams Fags. ¢ and
7 31 1% interesting to note that the behavior of
the tempersture dependence with styess (Fag. 6)
1s opposite to that of the velocity atself (Fag.
7). The comparisorn between the effects of stress
ori the temperature dependence and e the velocity
will) be discussed belowm,

2. Stress Dependence of Ultrasoniz Velocity

For a longitudinal ultrasonic wave propagsting
parallel to the direction of aprlied stress, the
change in velocity with stress, évVjdc, may be ex-
pressed as!

av -1 Jep
a - 22% (areareno
dc T 2ev(3ae 2 1R T Ureae10)

(3)

In Eq. 3 3 and ) sre the second crder elastic con-
stants, L and ® are the third ordey elastic con-
stante of Murragtarl?, ¢ is density, V is ultra-
soenac velocity, and ¢ it applied stress.  This
equation incicates that for small stresses, dV/dc
it @ corstant. Heyuar and Chernl? Bave vsed the
fcllowang relatiorship 1o meesure axial stresses
in facteners

ef _ 1 & 1.
A S 1 (4)

Poere e the Yoo tvar frecurnty of & Jongotu

¢ oo wave Tt e, ETany 21 the mrae) ditectyorn of
Tt frcrener, Vo3t the ultrasonac velozaty, | oas
Yourp's Bodulus end ¢ 3¢ spplied stress. For

stall strains, the terr an brachets 1s constant and
Eq. (4) car be wratter a:

ER (s)

-1 1 dv -
Wiy a - ) e

™| o

For sluninuz, they found K} to be a constant equal
to -1.86 x 104 Mpa.

In the present investigation, the effects of
corpressive applied stress on ultrasonic longitu-
dinal velocity are showr irn Fig. 7. Froo this
figure, it can be scer that for stress sprlaied in
& direction parallel) to that of ultrasonic propa-
gatior, the results give 8 value of -0.210 £./s-MPa
for the strecs dejendence, dv/de.  Substitutang the
values V = €200 o/s, E = 70.3 Gha, and dV/dc =« -(.2)C
R/eMfa into Eg. (6) yarelds HY o -1.9¢ 2 108 Mia.
This value 3t am €xcellent agreerent with the value
of H-) equa) 1o -1.8¢ 2 10% MPa obtained by Heyvar
#nd Chern for 2024-T¢ zlurinur.

For stress spplied perpendicular te mave pro-
pa[atior.i the change 3ir velocity with stress js
giver byl?

a& -1 2 )
d " 2pvima ) 120 R mere2) )

Table (3) - Surmar) of igportant qumtities found in thic investigation for sluminur 606)-T6.

Row # Quartity Stress 1 Fropagation Stress // Propagation
D (7l ie=0 -0.985 */5 -0.985 /2
W v a N
2 I37), - t373 -23.4x0 RA £.50 5 207 (2L
...... o
T . Roon -/’ ./s
5 { TR Tecpersture 0.0832 W -0.210 e
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STt el T lerT a1 1b el Rt gTE B Ar
. '3 Conte the veluer ©f the tharye 3de el
€.r-tlarts § anc e ©f Biicinam bTe bt re, Tuve &

c! the sare magn:tua:", the value of (dVv,e-) 10
Fiesented by eq. (7)) should be negative aé sreller
thar. that of eq. (3). Thit agrees with the revl ts
shown ir Fag. 7 where (8V/do) ar csse of strec:

sprlied perpendicular 10 wave profagation as z
negative and has & sraller value (0.0832 m/s.Mla)
than that obtained wher the siress is applied
parallel to the propsgatior direction (-0.210
®/s.MFa). 3.
3. Relationshif Between Temperature and Stress 4.
Dependences
Table (3) lists a summary of the important S.

relationships obtained in this investigation for

alurinum 6061-Té. The temperature dependence

Quantit) given in row ] represents the average

value of the temperature dependence of ultrasonic 6.
velocity found in this imvestigation when the

applied stress is equal to zero. The quantity in

rox 2 represents the change in the temperature

dependence due to the application of compressive 7.
stress, whach is cslculated from Fig. 6. The

values of the stress dependence st roon tempera-

. ture, are shown in row 3. 8.

Fror Tatle (3), 3t car be seer that the pro-
duct of the change ir the tenpurature dependence 9.
due 1c applied stress (row 2) anc the stress de-
pendence 81 roon tenperature (row 3) is the same
for bothl the parallel! and the perpendicular con- 10.
figurations. The relatiorship between these two
guantities can ther be writter as,

v a #\
l(;1-')c - ('af')] I g;)] = k]c (8) . .
: where
12,
k) = -1.918 2 0.035 |(m/s)/nra]2(1/‘x).
13.

This relationship indicates that the change in the
tecperature dependence with applied stress is in-
versely proportional to the dependence of the
velocity on stress regardless of the relative
divection of the stress with respect to the wave
propagation. Equation £ can thus be used to pre-
dict the magnitude as well as the sign of the
change in the temperature dependence with stress
when the corresponding dependence of velocity is
known. This later can be cslculsted froz availadble
relationships similar to those expressed in eqs.

3 and 7.

14,
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NOSUESTROCTIVE STHESS MEASUREMENTS IN ALUMINGM
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the temperature deperderce of

1tudinal velodity have heer stadied uroaluranur 60tl-
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SUNLS1T1VITY AT COtErFIinING unhOwT
el tc be 2 I Mia,

1. INTRODUCTION

Mater:als irn rachine (onponents are always in a
state of stress. This stress car be apriied
stress due te eaternal ioading, residual stress
w:thir the materia. without any exaternal load-
iny, or a combination of applied and residuall.
Aprlied stresses car be calculated using formu-
la¢ fror me.hanics of materials or can be found
experimentally using strairn measurang devices
attached to the machine. Residual stresses,
however, car se.dom be calculated because there
1¢ usually ne data on which stress calculations
are based. There are presently several methods
of experimentally finding residual stresses by
destructive means, such as hole drilling and
ring coringz. To measuTe residual stresses in
3 body non-destructively, however, several ap-
proaches tased on three major metheds have been
proposed. These methods are »-ray diffraction,
eiectromagnetics, and ultrasonics. MNone of
these nmethods meeasures stress directly. X-ray
diffyaction measures jattice strair, electro-
ragretic methods measure magretic properties,
and ultrsesoric methods measure uitrasonic

La. LITIESUNLI waver WOre TOaSLrel &€ a function
€ aTins Le,ng -€chi-Cveriay systenm.  Ex-
the 8 1T & C.reltyir parallel
direlt,arn.,  Ir all
velaiaty os found te
trne line of best fit

. < w TR
vary (0T saauraby

Lre ontained wher thg

J¢ propagation
ity Ancreases
stress. In the case
}Jripagatior, the results

.
>
-
-
o)
b
¥
-
-
jad
~
.
e
-
«

<
1reé
ation curves, the
1T alurminur 1§ estinat-

veiocaty. Al) of these methods have liritations
which prevent any of ther fron beirg used ain alil
stress measurenent aprlications. For the non-
destructive evaluatiorn of bullk residual stresses
ir crystaliine and non-crystalline materaals,
the methods using ultrasoric techniques seenm to
hold the best prorise.

The temperature dependences of the elastic con-
stants of a solid are due to the anharmonic
nature of the crvstal lattice.®.4 A measure of
the temperature dependence of the ultrasonic ve-
locity can, therefore, be used to evaluate bulk
stresses. Experiments undertahen on aluminum
and copper®,6é elastically deformed in compres-
sion showed that the ultrasonic velocity, in

the vicinity of room temperature, changed lir-
early with temperature, anc the slope of the
linear relationshiy changed considerably as the
amount of applied stress was varied. 1In aluri-
nunm, the relative changes of the temperature dc-
pendence of lonpitudinal velocity decreased

¢

linearly by a: much as 3% at & stress of

A e




a¥€ Q1rselsl -
ard the d

ala
re;recented by

a

= k- (1

where 1d\;d7T: 1s the tempcrature dejpendence at
terc applied stress, (d\v,dT7,. 1s the tempera-
ture dependence at an ap;.led <tres< z, and K

1s a corstant egqual to J.3 x 10°° per MPa. 1Irn
add tiern, the effects of ternsile elastic stress-
es or the terperature deyerdence of longitudinal
veleolty were studied using the aluminur alloys
2024-0, 30(C3-TI51, and 2024-T331 by Salama and
hang (5. The results from these eaperiments
were found te sat.sfy B¢, (1; with the constant
boegual to -1.89 x 107 per MPa.  AlL the above
stucdies have beern performed »neh Ih- siress was
appliec ir & directior nat

cf the Litresonll wa<

in rt o TS WETE
per slu LTIrEs-
€1\ tie iern-
[ K32 rde o5 2ON1C
Vel Lre t at. uT oal-
ioy T 3 performed
wit €8 a direction parzllel
1< drce ultrasoriz wave jro-
Fafation.

2. EXPERIMINTAL FROCEDURE

The specimens used ir the present study were
made fror ore inch diamster bar stock of cor-
mercial 60ei-Te alwinur in the forr shown in
Fig. 1. ALl specirers were made icentical ex-
cept the cverall length 1 was varied. The
speCImens were machined with a 2,53 cr Jdiameter
cay or each end which allowed the same speci-
mer. t¢ be usec for stress applied in compres-
sjor. as well as ar tension. The two caps at
the ends were made flat and rarallel to within
*+(.0C2 ¢r in order to avcid diffractiorn effects
ir. the ultrasonic bear during propagation.
These caps were alsc ¢onrnected to the center
portior of the specamern by a 0.0¢ cr radius irn
order tc rmiririle stress (oncentrations. After
experaments of the stress apriied paraliel to
the avis of specarern were conpleted, twc paTal-
el surfaces of thickness, t, werc milled in the
center of the specimen tc allow measurements
for stress applied perperdicular tc wave pro-
pagation direction. Ir this case the ultra-
sonic mwaves were propagated in the center por-
tior. of the srecimen where the stress is ex-
rected tc be uniform.

Tre appliicatior of external stress was carr.ed
out with a model 1123 floor type Instron
machine of 20,000 Vg masarur load capacity.
four different t,pes of Jeading arranygements

Gt ST CerLtuhien 3T 4(\“;; vt
ot feL] ensure the an.formaty of
SUrers L1 s lLrens, &peclal effort was raac v

desigring tr.:c stress applicatior s)sters to
mirar.: a:) effects of misalignment betweer the
axi1s ¢f the specimen and the Joading arxis. for
tensile testln;, this was achieved by using twe
unjversa. joints between specimer. and co' nec-
tions to load cell and to the loading frame.

For corpressive testing, a twi-stepped alignment
system was used. A linear ball bearing served
as the first alignment betweer the upper and
lower leading axes and the hermispheric steel
bali served as the second alignment betweern the
specimer. and the Jcading axis.

The ultrasonic veloc1ty was rmeasured using thc
pulse-echo-omeriag rethod which has beer fully
described elsenhiere M-cut transdalers are
used for the gereratior of the longitudinal
waves, which were used ir 2all measurerents, The
trar~ducer is plated orn the specamer by reans of
special holcders which are designed to clan) t¢
the s showr 31 Fig. 2 for the psralie.
Fig. 3 for the perpend.cuiar
Tre SITInE-f4 prorted piurger
semves the : Zaiter of the coaxla.

3 e 1t \ﬁu electrical sig-
icer which 15 bonded
grale are transmitted
tece of tefion-coated

Ji€ whach s rountec divelt-

("‘

to :
fror tn’ 7
wire tc & b
Iy te the 1

A tempera®nre COrirel s) 18 deszgred to er-
close the specimer ;:;,,,n& seserbiles tC en-
sure stabilizec terperature for the entire speci-
men during the tir¢ reyoired for veiocity rmeasure-
ments.  All experiments were performed betweern
approximately 310°\ and 37(°k where the coupling
condition betweer the trarcducer and the speci-
mer. was found to be catisfactory. A test fur-
nace was used for heating. Thas furnace pro-
vides a uriforn temperature performance by mawing
use of & recirculating biower and planum s)sterm.
The furnace is eguipped withr @ temperature con-
troller which 35 capable of providing precision
terperature control. before tabing velocaty
mezsurenents, the furtace 15 set at a desired
maviran tenperature. After this desired ter-
perature 1s Teached, the furnace 1s turned off
and the cocliing rate of the specamer i1s con-
trolled tc actieve a corstant coolling rate. The
tenjerature of the speciner is mezsured by &
COpper-constantar thernocouple attached directly
te the specamen, The therma.ouple along with
a potentioretey provaides the meassurement of the
specimer. terperature tC ar accurac) .i°h.

3.0 RESCLTS
The veiocity of longitudinal ultrasoril woaes
projagating perjperdicular te the applie] stoues

. - T —
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SPowes that, ar o tre ten-

Peatar hote 3TCTR, ultrasunie
Veioolty dedrensers Dt avly owath temperature.
saTTAtel proptdn owes used 1o detert.ne the
Tev,erat e deperdence of Ultrasonic velodity,

Table (1) - Variations of the temperature dependence of Jongitudanal

ultrasonic velocity

sive stress an 60¢1-

. R N S TS N T S e Y
IS S P S S SR
S0 Tt T eature depet detie, dat
Poavalalt ot atrers, Trnese rolatlive percenlagc
Tanr of e tTatlure dependence are piot-
tec ar a functior of applied stress an Fig.
(5,. From this figure, 1t car be seer. that the
data pcants for tensile stress lie on a straight
line which pusses through the origin. This laine
has a slope of -1.16 » 107 9/Mbe and & correla-
tion covffilient eyual to -(,4°

A TeLating

<. Tne cate

with aprlied ternsile and conjres-
Te alaur.rum. The stress 1s appliecd

perpendicular tc the direction of ultrasonic propagation.

Spedamern Sypecirern
Namber [imerssons

cp anch

EET

.62
R ¢. G

< T o= (.28 (o 3,
NI JRCES B '3,

R X 34 Slope Correlation Y-Intercept
RNLANT ;s b Miag Coefeivient (m/s N
B . Sy T T
i d 1.22x 10 .921 -0.997¢
L
- - -3 . -
: t Tersile 1.20x 10 .965 -1.02¢C
N
1 t Conjressive -2.15 107 -.998 -1.0us”
1
L

Table .1 l:sts tne values of the terjerature
dependence of Jengitudanal velocaty and the of-
fset uniertaint) ir specimens ] and 2 when the
were sublected to applied stresses ranging fror
-b6.2 MFa tc 66.8 Mfa. This table shows that
the magnitude of the temperature dependence of
ultrasonic velocity decreases linearly with ap-
piled compressive or tensile stress with the
ravimur value for the temperature dependence of
ultrasonic velocity occuring at C.0 MPa. The
values of the siope, the intercept, and the cor-
reiation coefficient of the lines of best fit

1
lular te the direct.on of wilt

dyv,dl Offset L

Applied
Stress (miseh; Uncertainty
Mbg (m/s: ‘_ i
be .2 =917 .15¢ -8.04
2.1 -.0518 .18¢ -4.62 i
22 =98 3( 304 4050
c.c -1.0070 L5358 .0
-let -.9637 L3t B 3
-33.1 - 9333 e} =71
-6l - 53] 6T il
6¢ .t LlIa -EL2s
ae,” e -l
2e.7 Llal LI
. Jiel [t

peints for comyressive stress alsc lie or a
straight line which passes througl the origa
and Las a slope of 2.44 x 1(-3/Mia and & cor- .
relatiorn wvefficient egual to (L9862,

The velovaty of Jongitudinal ultrasonic waves
propagating parailei tc applied strese was
measured as a funtior of temjerature or the

twe alurinur specimens . and 3. Table (3

lists the results obtained or these twe alur.-
nur 60el-Tt specimens investipated ir the
parallel configuration. Included 1r th:is table




The Wl 0! oa

lestrates

e - -, o 3t
: B oerTaaTatlies wr oLt
Ty ool the Telatilot g
S terperature. Tne oresults
Ctted an o Fag. (b whacot al-

prlred (ompressive and

LT et
.Y CENCE OuvnITing &1 L
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best fit for <he experamental results shown ir

Fig. ¢, are giver in Table (4). Fror Tabties
(2, and 4., 1t can be seen that the slopes of

- Varistions of the temperature dependence of longitudinal ultrasonic

veiooity with applied tersiie and compressive stress in aluranun
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¢ the direction of ultrasonic propa-
Siope Correlation Y-intercept

misek MPal Coefficaent {(mse-k,
. o= -4 e -

=353 10 -.98) -1.038
-a.82a 107" -.04¢ -.9704
4.5¢x 107" 99t -1.0142
- -4 - --
7.99x 1C .07 -.8070

the lines of best fit for the perpendicuiar
configuration are muchk larger and opposite

1. SiET tco those obtained ar the paraliel cor-
figuration.
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4. DISCUSSION
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ABSTRACH

ine teporetare dopendence of Tongrtoding? witresonic velocaty an poly -

crystalline cuboe stractures nas boeen derinvad 1l terrs of sccond-, third- and

Toarth-order Ciostie vonstant

t

. b dersvatiorn rs pade using the Velyt sveraye

af CTORTI0 censtants slony with the oapross oy obtoanea by diiki et al. for the

e e NS
Lol N;.utull

~
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oo op the isothoraal scoond-order elastic constunts of single
Crastals. Corparisons Betwoon serived tenpotatare doependonce and moesured
GanttlTios an aa s end copper, viedld vaiucs of foartheorder clustic constants
Whoch agroee witho thesc previously obtained by other investizstors using single
erystal duta. Alse, the coaparison botweern the caloulated stress derivative

ot the tenperature dependence and the corresponding eaperimental values, yvields
reasonubic values for the stress dependences of the third- and the fourth-order
¢lastic constunts of aluminum and copper.  Furthermore, based or the fact that
these values are constants for each material, It is concluded that the tempera-

ture dependence of ultrasonic velocity in these materials varies lincarly with

v
ot
]
1
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n

as 1t is observed cxperimentally,
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A preat deal of eaperirental work has been done on the tenperature do-
. . : . !
pendence oY scecond-order elastic constants of single- and polyv-crystals,

The data <how thut tho clastic constunts are lincar functions of terjeiature

. . ) . & .. , . . . 4, I
up to melting temperatures . Also, roecent eaperinents performed on aiuranur
N 1

cuppcrll and steel ciastically deformed, show that the ultrasonic velocity,
in the vicinity of room terporature chunges lincarly with tenperatare, and the
siope of the lincar relationship ts strongiy influcihced by the presence of stress,
In these reterials, the relative (hanyges of the tepeorature dependence of lonyitu-
dinal velocity are found to increase by 30 at o stress of 96 Mg in &lominun,

by 640 4t & stress of 240 Mis o An copper, onrd by g 130 ut @ ostress of 240 NMPa in
type ASS3E steel,  The resuits en thesco roterials alse irdicate that the relative
change 1n the temperature dependence 15 a lincar function of applied stress, and
the slope of this lincar relationship appcars to remain anchunged for specinens
of the same material tested. No theoretical explanation, however, is yet

avaiiable for this linear behavior of the temperature dependence of ultrasonic

velocity with stress.

THEORY

Basically the temp.rature dependences of clastic constants are due to the

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

order elastic constantsls’lb. Hiki, Thomas and Granatol/ have derived eapressions

for the temperature dependences of the isothermal second-order elastic constants




using @ guasiharmonic anistropic-continuum model. The theory takes account of
poiarization and orientution dependence of phonon freguencies and their strain
derivatives, but assumes the derivatives ure wavelength independent.  The ex-

plicit expanded forms for cubic crystals are given as
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where the Grineisen parameters are given as,
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In these eapressions N and U are, repectively, the propagation and the polarizu-
tion vectors of the ith normal mode, the superscripts $ and 1 are, respectively,
for the adiabhatic and the isothermal elustic constants, k is the boltImann

constant, and o is the density of the uandeformed material. In evaluating

. . . I oy - . .
the lattice sums of the above equations, Hiki et al.”’ used a 367-point grid
over an octant of tho Debye sphere.  The values of the sums obtained by this

method for Cu, Ag, and Au have beern shown, however, to be only o few joercent

1g
. 18 . .
larger than those calvulated nsing & pure rode aoerage o bmpioving thic

; . e ST i .
latter method and neglecting the differences between Lii} und Liik’ which huave

been shown to be small, the temperature dependences of the elastic constunts,

Cll’ c' = —L(Cll —Cl’) and C4, can be upproximutely cxpressed as

“ - 4

Cyp o Reg 30 Gy o 3yt Gyggg )
e S e AP B to

- 11 11

. aC aC ke

cr 1 % 12 o ) . ) o

S L S S Tk e D s L R T D P IRt BE e PR (8)
394ﬂ Ei?.(sc + C + 4C + C + C. ). (9)
T 7 aC,, 160 144 as6 * ‘4443 T “asss 3

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

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

9C' /9T and 3C44/3T, we considered the modes of shear waves propagating along the

-5-
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{110} dircection and polariczed parallel to the [110) and [001] directions,
respectively.
The expressions for the temperature dependences of the second-order
elastic constants show a linear relationship up to the fourth-order elastic
i R Ve 19 ‘
constants.  Assuming the Casuchy relations hold for the fourth-order elastic

constants as,

L. il = C ol g > C e} = L’ a = (‘A‘ 3
2 55 22 206 a1
111 115 11 120¢ 1144 (10
Cricz T Sinas T Goas T Crase T Casss
then only four of the fourth-order elastic constants namely, C]l]]’ C]ll"
C and ( nced to be considered,  Basically the Cauchy assumption reuns

1122 1123
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

. 20 .
elastic constants , we obtain,

1 _
Ciriz ® Cyg22 7 76y @nd Gyypp = 0 (i
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Fhis assumption follows from the predominant contraibution of the short-range
forces to these higher-order elastic contants,

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

("Lu] ) "*o[,"cll * Cm): ‘i1 * Cllllj e
e e R R S 2,
of 2 ‘11 ‘1
N k:o
A L r=z- - 4 -
Grd = ssev 3yt G (13
5C h:

44 "0 .- - .
Coar = s 15% 1 * Sy (14

5
I . 21 . . . . R
Carbar and Granato™  used these relationships to determine values of the fourth-

! order elastic constants of noble metals Cu, Ag and Au. The values of the fourth-
ordcr elastic constants obtained were approximately an order of magnitude greater

than and oppesite ir sign from C which agrees with the predictions of nearest

111°

o 2a]

1
interactions“~ for a potential of the form —%; where C
T

1 .
11117611 7 -7 (n+6) and

a value of 13 was suggested for n.

TEMPERATURE DEPENDENCE OF POLYCRYSTALS

Voigt‘° has shown 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. S AL FOASTE IR Y s
3 ey -t - - Sy
: (g » 3yt Ly
C,, -C.,+3C
. 11~ C12* %y
G, = £ (16)

The velocity of longitudinal waves in a polycrystal is related to the Young's

modulus and the modulus of rigidity as

o Tl (17)

where ¢ 12 the density of the solid.
Substituting eqns. 13 and 16 into egn. (17), yiclds
1 - 1/2 e
v e - ' - ] )
R — o= [5C,) - 40T+ 4C,,] (18)
Vo
. Voie ¢ L 5
where C' is Cll CIZ/"
Considering the density ¢ 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,

oV aC

- 1]
T LT TR Rl L B R o . . ) (19)
2Y5¢

.*.

oT oT aT




T g g
Substituting for the teperature dependences ==, -2~ and - 0o
ol el aT
from eyns. (12, 13 and 14), egn. (19) takes the form,
N 5 sc. % s
v My O T VAT & 0 S >4
e = - T\ - “ ) L\~ "%~ ", - 2 + ————
o1 VI0 11 44 4 4Cl] ac 4Cl]
11
C % fon Y to -
~ 1 ~ 1 ,‘—_ AT “ )
1ol 16C 4L44 4L44

Fauation (2¢. represents the tenperature dependence of Jonyitudinal velocity
in & polyverystalline solid in terms of the second-, third- and fourth-order

elastic constants of the sirgle c¢rystal structure of that solid. A sinilar 3

o
relationshir. however rnore complicated, may also be obtained using the Keuss’

averaying procedure in ocalculating the Young's and Rigidity modulz, which arsumes

cach grain 1s subject teo constant stress.




CHANGE OF TEMPERATURE DEPENDENCE OF ULTRASONIC VELOCITY WITH SIKESS

1. Aluminum

Measurements of the ultrasonic longitudinal velocity in the temperature
range betwecen 180 and 260 K on the aluminuwn allovs 2024-0 and 6063-T4, have
shown that the velocity devrcases linearly with temperature, and the value of
the temperature dependence dYL/dT is in the range between -92.3 and -111.1
cm/s. k. Similar results were also obtained on the aluminun alloys 2024-1351,
S0053-T251, and 6061-T4, where the values of in/dT are respective’y found to
be -1i8.7, -125.1 and -130.4 m/s.h. The average value of the tenperature
dependence of longitudinal velocity ir polyervstalline alurinum, -3113 m/is .k,
and the values of the second- and third-order elastic constants obtained by

25

Thomas™ C]] = 1.0075, C' = 0.237, C44 = (,2834 and C]]] = -10.76 in units

> b}

i2 2 . . . . . .
of 10 "dyne/en™, are substituted in to egn. {20). The valuce of the fourth-order

. . . 12 2 . . .
elastic constant Llll] is found to be *86.5 x 10 “dyne/cm”, which is opposite

in sign, and about a factor of 8§ larger than that of mecasured C]]]. This

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

1 . . . . .
of the form - with n = 10. 1t also agrees with the findings of Garbor and
be
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- L

hand side of eqn. (20) with respect to stress will be a function of the second-,

-10-
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third- and fourth-order elastic constunts, and their derivatives with respect

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

. av
to stress, ﬁ%*‘?ﬁ—) 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 shown that the temperature dependence of
ultrasonic velocity in these materials 1s a lincar function of applied stress.
The siope of this lincar relationship, hownever, i1s te he different in different

materials, and and differs according to the reiative direction of stress with

respect to the directions of propegution and polurication.

. B
. . N ) R . . . . . c
In ¢rdcer to ohtann cusntitatinve determination of the derivative T ;}— s
el ca
- - bl . - - el . -
cocorputer prograr was Jdoveloped to conpute the value of the quamtity e-v /hced
X

for a givern values of the sccond-, third- and fourth-o1der elastic Constants and
thelr derivatives with respect tco stress. ihe progran i hused on Aewton's
26

backward difference formule for polynomial apprexipation™ , which does not give
the exact differential but rather an approxivete differentiation of the function.
The accuracy of the prograrn was tested for functions of known derivatives, and
the results of the “rivatives at given valuces of the function were found te be
equal to those of the exuct solution within 0.1%.

The second- and third-order elastic constants of aluminum single crystals
obtained by Thomas along with the value of the fourih-order elastic constants

12 2 . .

#86.5 x 10 “dyne/cm” obtained from th- temperatur. dependence calcuations are

C‘\"(
used to evaluate — :

=557 Also the values of the stress dependences of the

-11-




""lIllllllllllI!!!!!!!!!!E!!!!!TF"""""""'

second-order celastic constants

dicular to propugation, obtained by

7 \'I.
caloulatle ———,
KTalcl|

for

These values

and -2.40 respectively. The vuluc

‘ obtained with stress applled in two 4
r
:
t - L v L - . .
0ot the third- and foarth-ordoer eiusti
are available in the Titoeiure, and
- LIy
111 ) . 1iil )
Using w== = 10 und S IR C
= 2z ol
RRAN
sk . L L .
- B LU Wil 1s oin O
u\I’lL/L'fh
CTr b nos R T Ut ned oatw s pia it
sed to yv1€id the Grleo N DeTwooenn O

= (.12 % 107

¢ Zero.

RS

vaiue of the derivative by =255,

i

different values of and

oL

Tablc

Alsc chanying tho values of

i

oy

-~

o1l

2 when

oY
o R
L [341
a2
R
e~

exs applied in tension

L :
— tul ostress applicd perpen-

11 the comrputer proyrar to

arc +1,07, 0.01

1¢ the average of -0.32 and -0.906

ierent directions.,  For stress aopendences
= N
e 111 . 111l v
vonrsiants o~ ST Gl T ne vaiues
vordingly some Cstinnles wore je.
ol 10 vicld ovstue oy GLIZex 1
Tent agroernont with the value CL232 0 1L
. AL

i . - i1l 1113

. IR Gudes oo oo MR T

1

al

1 contains the values of

bot

!
and

ities.  The vieiues or the
RN R
Py ; 11y \
b= and - o= aTEe equal

=500 changes tag

iy
)
at

cCe




Values of the derivatives  —

S,
vaiues 0f stress dependences - ;J
ac
are made using CII = 1.068, (' -
p) = - M -
and C o= 6,5 dnounits of o
1111
al! T RN o
B e UN B ANy S TO
R hae
S0, 3. N
1 1 ¢
az gl AR
L i ULl
5 K Bo172

16 1 G.oo&

15¢ G.284 >

—
72}

Caperiment 0.232 x

Calculations




.. (.\l}\;icl'

Ihe second- and the third-order elastic corstants of single crystal copper

0
-

have been measured by Hikt and Granato™ . The values obtained are C11 =1.601,

- 5
c' = 0.231, Cyy = 0.75¢ and Clll = -12.71 in units of ]Ulhdynvs/cn’. Also the

tenperature dependonce of ultrasonic longitudingl velocity av /=1 in (b 110
. - B N
poircerystalline copper hus been measured by Sulome and ling * . ihe results

ebtoined O wrrcnied 2DOCITOns wveraged o value aof -0038635 nie ) Tor Qv R,

white those on e receinned spocimens have an sverage of -0.521 mrs.b. Substital
iy the cvoraye of thosd twe waantities =UL502 m s, b for ov, 0l in car. (20

2 : . N . Ve 3y - ot N S T U . B . H
and using thoe velues of tho second- and thord-ondor ¢lastic constints ontained
by Hikd and Oratntcl L we obtadn oova
NIy vaiule 1 opnesite dnosion and hwat o factor of TU3 daryer than that or

the thivd-order ¢lastic vons ~0 licse within the ran

- - - 12, Z . . C . 21 . .
87,7 - 107 x 10 Tdyne/enmT obtalned by Giarhar and Granate from their enalysi

'y,

of the temperature deperdonee of the second-order clastic constants of singlc
crys=tals of coppor.

The values of the stress dependence of the sccond-order elustic constants
C]l’ C' and C44 in copper were calculated using the measurements of Hiki and
- 20 - . -
Granato  , and found to be dCll/dc: -0.66, dC'/dc= 4.17 and dLJJ/d: = 1.41 for

tensile stress., Each of the values of dC'/dc and dC44/dc arc the average of the

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

zation directions. Each of these two quantities depend strongly on the relative
oricntation of the direction in which the uniaxial stress is applied with

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




F e

the scoond-, third- and fourth-order ¢iastic constants of copper arn

the

B
. N A
computer prograf to obtuin the derivative  -— 1 % ), a good dyroenent between
theory and exaperiment for this auantity is obtained with 6(’1“/'36 = and
\

~C /ac = 80, The calculated value ot
L”“,\ Q 'he caloulated value ot |

‘a

-+

: '%— is found to be 0.129

X

107

em/s h Adype/em™, whilo that obtained tror neasurenments of the temperature

dependence of uitrasonic velocity as o function of applicd stress
to GL125 8 e cmes ok SdvnesenT L These velues are o factor

than those obtalned an siaminmun, Novertheless, the values of the

of the third- and fourth -order clastic constants - < o= & and -

3 e}

Teined Inocojper are ot the same rugnitude as of 1¢ and 100 corputed for

I R R
- — and - 4

S e

s vdual

of

~= respectively an aluminun., Contrary te aluninam,

20

smialicr

&0

ob-

Lowever "

the calvuicted value of the siope of the gcelationship betweon the toenperatun

A

deperidence of the jongitadinal velocity -h-_.]#—'-— and applicd tensile stressg

o

found to bc sensitive te the vaelues used for -——-— and -

o LS SRS I

y

Table

. ol ol
Y

lists the calculated values of T T in copper using different values of
ol e

aly1) 1

~——"i— and -——-—— atong with the sam¢ values of the second-, third- and

ol oc

fourth-order elustic vonstants and the stress derivatives of the second-order

elastic constants.




3v
Table 11. Values of the derivative cc ({ ,1L) in copper at various valucs
“ (o} .
o ST Cano
of the stress dependences - -— and ———. Calculatiors
v [a )

are made using C = 1.661, C' = 0.231, C = 0.756, C =-12.71

11 44 o 111
B ) ol
f and C“11 = 93.55 in units of lol“dync/cm”. —f—ll = -(,06,
t o2
: o 3C
, = -1.17 and —4 = 1,41,
oC a7
11 L P
ac oc R
dynies on™
: -8 |
¢ ¢ -0.161 x 10 ;
& 80 w0120y 1078
\ -
- T +0.093 % 1077
| -8
o9 90 +0.160 x 10 ‘
[ ) !
;8 70 +¢.133 x 10 & |
| PO
LT 90 +0.124 x 10 i
| _ s |
| Eaperiment +0.125 x 10
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