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.-\lKtract-The elastic nonlinearity which leads to the acoustoelastic etTect involves the introduction
of a strain energy function which is cubic in the strain and thus requires both second- and third
order elastic constants. The complete set of nine second-order and 20 third-order elastic constants
for a rolled plate of 70J9-T64 aluminum exhibiting orthotropic texture has been experimentally
determined from ultrasonic measurements and is compared to the constants predicted on the
basis of x-ray determination of the texture. The predictions are in reasonable agreement with the
measurements. but demonstrate the sensitivity of the x-ray technique to the single crystal constants
used in the evaluation. It is also shown that the use of cubical samples for ultrasonic evaluation of
the third-tlrder constants can lead tt' erwneous results.

I :--lTRODlJCTION

Acollstoelasticity is a nondcstructive technique for the evaluation of active and residual
stresses within a structural component. With this technique heing applied more widely in
the field. as well as being invesligated in the laboratory. it has become dear that the
anisotropy of the material involved plays a significant role in determining the ultimate
utility of the technique in its usual form (PaD ('( al.• 1984).

The acoustoelastic technique is based on the observation that the speeds at which
various elastic waves propagate through a material depend not only on the material's elastic
stiffness but also on the amount of deformation or stress to which it is subjected. In the
usual approach. if a material's elastic and acoustoelastic constants arc known, and if
sulliciently precise measurements of velocity arc made. the stress may be evaluated. We
note. however, that an alternative approach in which the elastic constants do not need to
be known has also been suggested (Lee e( al.• 1986; Man and Lu. (987). The consideration
of only a material's second-order elastic constants (SOEC) docs not explain the observed
variation of wave speed. When third-order elastic constants (TOEC) arc taken into account,
the relationship between applied stress and the relative velocity change of the wave may be
quantitatively analyzed.

In the simplest ease of an isotropic material, applying a plane state of stress causes the
velocities of waves propagating in the direction normal to the plane to vary linearly with
the magnitude of the stress. For the longitudinal wave, the velocity change is proportional
to the sum of the principal stresses. The changes in the shear wave velocities arc related to
the stress in a more complicated way. but the dilTerence in shear wave speeds, called
birefringence, is proportional to the difference of the principal stresses.

Texture may be defined as the preferred crystalline orientation which leads to a
material's macroscopic anisotropy. The primary effect of texture on acoustoelasticity is that
the textured material exhibits birefringence in its unstressed state. This means that the
measured difference in shear wave speeds is no longer proportional to the dilTerence in
principal stresses. Texture also has the less widely recognized elTect that the acoustoelastic
constants themselves can display substantial anisotropy.

In the following sections. we compare the predicted and measured clastic constants of
a rolled aluminum plate. We first introduce the acoustoelastic equations. Then we give a
brief summary of the work which allows a material's elastic and acoustoelastic response to
be evaluated from a knowledge of the material parameters and orientation distribution of
the constituent crystals. This is followed by an experimental investigation into the utility of
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this analysis for a particular aluminum aHoy (7039-T64). The complete sets of exper
imentally obtained and predicted constants are presented for the material.

THEORETICAL A:"ALYSIS

I. AcoListoelasticity
The eq uations governing acoustoelasticity (see Pao et al.. 1984, for example) are based

on the behavior of an infinitesimal disturbance superposed on a material subject to a finite
deformation. The material under consideration must have a nonlinear stress-strain relation
to account for the observed variation in elastic wave velocity with applied stress. This is
accomplished by allowing the expression for the material's stored energy to be a cubic
function in the strain, thus requiring the usual set of second-order (Lame) constants and a
set of third-order (M urnaghan) constants for the complete characterization of the material.

In describing the acoustoelastic response, it is convenient to introduce three con
figurations of the body: the undeformed reference configuration 1\0 in which a material
particle is located by the position vector X: the homogeneously deformed configuration 1\

in the absence of the superposed disturbance, in which the particle is located by the position
vector x: and the current configuration 1\' in which the particle is located by the position
vector x'. Given that ,,' differs from I, hy an infinitesimal deformation, we write

x' = x+u ( I)

where u is the displacement vector associated with the propagating wave. The deformation
gradient in 1\' is related to that in 1\ as

(2)

Similarly. the lagrangian strains in 1\' and" are related as

(3)

where e" is the increment in strain caused by u as seen from 1\. Since u is taken to be
infinitesimal. we let

(4)

The constitutive relation between stress and strain 111 1\" IS introduced through the
strain energy function <(> as

(5)

where Po is the mass density in 1\" and the coefficients CM/CD and CAlIClJf.F arc the material's
seeond- and third-order elastic constants, respectively. The constitutive relation for the
Cauchy stress T,/ is given in terms of <I) as

(6)

where J = det F = PolP and p is the mass density in 1\. An entirely analogous expression
holds for the stress T;, in 1\' if E and F arc replaced by E' and F' in eqns (5) and (6).

The acoustoclastic response is evaluated hy considering the equations which govern
the motion 1\'. In terms of the Cauchy stress these equations may be written as
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2T;j ,- (7)
~=pu/
lX,

where body forces have been neglected. Linearizing eqn (7) in u and its gradients leads to
the partial differential equation in u of the form

(8)

where what may be called the "current stiffness" C'/kl is

(9)

By using eqn (5), we may rewrite eqn (9) as

If u is taken to have the form of a plane wave,

1I, = V, elkln -, - vn

( 10)

( 11 )

where V, is the amplitude, k the wave number, n the unit vector In the direction of
propagation, and J' the wave speed, then eqn (8) becomes

( 12)

Equation (12) thus represents an eigenvalue problem from which V can be evaluated for
given propagation direl.:tion n, with the eigenvector Vk being the polarization.

Now, if the dependenl.:e of Von stress is measured for waves propagating and polarized
in partil.:ular directions, the solutions ofegn (12) l.:an be used to evaluate the elastic l.:onstants
of eqn (5). Some combinations of these wnstants arc commonly evaluated experimcntally
from ll1easun.:ments of the wave velocity in the undeformed material and changes of velocity
during the application of known uniaxial stress. The task of completely characterizing the
aWllstoclastil.: behavior of a rolled metal is, however, formidable sinl.:e there are ninc
independent SOEC and 20 independent TOEC whkh must be determined. Indeed the
only such characterization for an orthorhombic material was presented by Haussuhl and
Chmielewski (1981) for calcium formate.

2. Orie/ltatio/l distributio/l jimctiu/l
As an alternative to the ultrasonic characterization of the material, a method for

estimating an aggregate's clastic constants from knowledge of the elastic constants of a
single crystal and the orientation distribution of crystallites in the aggregate has been
proposed by Johnson (I9X5). The orientation of a particular grain in the aggregate is given
by the Euler angles 0. "', and ffJ. The orientation distribution function (ODF) for all of the
grains is a function whose integral over a range of Euler angles gives the probability that
any grain will be within that range of possible orientations. In this work the material texture
is assumed to be homogeneous so that the ODF is independent of position within the
material.

As described in Roc (1965. 1966), there exists an harmonic expression for the dis
tribution function involving the Euler angles and real texture coefficients WI"," which must
obey certain interdependencies in order to satisfy the assumed cubic crystal and ortho
rhombic aggregate symmetries (Johnson. (985). Under the assumptions used in Johnson
(1985), the aggregate's SOEC and TOEC introduced in eqn (5) arc related to the crystallites'
clastic constants through the ODF. This result is given in detail in Johnson (1985) for the
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case of cubic crystal and orthorhombic specimen symmetries and may be summarized in
the form

C ~BCD = C~BCD + C~:CD

C ~BCDEf = C~BCDI:F+ C~:CDEF' (13 )

The terms C~BCD and C~BCDtF are the crystallite stiffnesses referred to the grain's principal
symmetry axes. The C~:CD depend on a single combination of the crystal's SOEC and on
three texture coefficients referred to above: W~nn. W~:I). and W~~I). The C.~:CDEfdepend on
three combinations of the crystal's TOEC and on a total of seven texture coefficients: the
previous three. WhOO ' W h : O' Wh~l). and W hhO ' It is of interest to note that the combinations
of SOEC and TOEC which enter C~:CD and C~:CDEf are measures of the crystalline
anisotropy since these combinations vanish for an isotropic material.

EXPERIMENTAL PROCEDURES

I. Ultrasonic tcchniquc
The ultrasonic measurements were of two basic types: measurements of absolute

velocity in the unstressed material (which led to the SOEC) and measurements of relative
velocity change under the application of uniaxial stn:ss (which led to the TOEC). The
douhle-pulse edlO systcm descrihed hy Ilie I't af. (1979). and which operates in a phase
locked loop. was used for hoth types of measurements. 1n this system, the frequency of an
ultrasonic carrier signal is varied to maintain a constant phase dilfcrence hetween reflections
from the front and hack faces of a material specimen. During the application of stress, the
frequency change can he related to the velocity change through a measurement of the
change in path length. Thus. the change in frequency measured with this system is just the
change in "natural velocity" ddined hy Thurston and Brugger (1%4).

Six of the nine SOrT may he ohtained hy measuring the velocities of pure mode waves
propagating in the XI. X:. or XI directions in the unstressed material. We have chosen XI
to correspond to the plate's rolling direction (RD). X: to the direction normal to the plate
(ND), and Xl to the plate's transverse direction (TD). The remaining three SOEC may he
determined from the velocities of either quasilongitudinal or quasishear waves propagating
in olr-axis directions. Expressions for these constants may he ohtained from the charac
teristic equation (12) under the no-stress condition.

Evaluation of the TOEC requires that the relative change in wave speed be measured
during the application of a known stress. Eighteen of the 20 independent TOEC can he
determined by measuring the changes in the speeds of the pure mode waves propagating
along the principal din;ctions ofanisotropy with loading along one of the principal directions
(Springer, IlJX6). Specifically, let D~c be the relative velocity change of a wave propagating
along X'B with particle motion along Xc and with uniaxial stn:ss applied along X.,. By
solving for the velocities in the characteristic equation which results from eqn (12). D~c can
be expressed as

( 14)

where E~~ is the normal strain in the X R direction associated with the stress acting along
X~. The only summation in eqn (14) is that which explicitly involves R. For a particular
wave type (that is. for particular values of 8 and C), eqn (14) gives three equations associated
with loading along the .\",. X:. and X, directions. From these, the third-order constants
CIIHCHC. C11HcHe. and C"Heoe can be calculated.

Two TOEC, CI1111' and C :1111~. do not appear in any of eqn (14). Their evaluation
requires either loading or wave propagation in a direction other than a principal direction.
To obtain expressions involving CII :~.1.1' a wave propagating in the (I, 1,0) direction with
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loading in the X 1 direction is used. The explicit c:<pression for this relative velocity change

Dt., is found to bt:

( IS)

when: the coefficients A. B. F. G. and H contain previously determined SOEC and TOEC.
The .. + .. equation applies to the quasiiongitudinal wave. while the .. -" equation applies

to the quasishear wave polarized in the 1-2 plane. To obtain a relation that involves C 2J'II:

we consider loading in the (I. O. I) direction. A shear wave propagates in the (I. O. - I)
direction and is polarized in the X 2 direction. From this condition we obtain the expression
for the relative velocity

( 16)

where J. 1\. L. and .\1 arc expressions containing previously determined SOEC and TOEC.

We note that this expn.:ssion for C ~'J II ~ is the only one in which a shear strain. £". appears.
Because of the need tl) have loads applied and waves propagate in a variety ofdirections.

several ditrcrent samples were required. One of the loading conditions involved uniaxial
stress applied in the plate's ~O (X~ direction). The thickness of the plate (nominally 25
nUll) required that this stress oy applied in compression since this dimension is too small
for a knsioll specimen. Thus. compression tests were selected for all loading conditions.

Initially. three euoical samples were thought to be suflkient: one whidl would allow
I(lading and wave propagation in any of the prim:ipal directions. one which could be loaded
in the X, din':l:tion with wave propagation possible in the directions (t. ± 1.0). and one
whidl nlldd oc loadcd in the din:l:tion (I. O. - I) with wave propagation possible in the
di rel:tions ( I. O. I) and (0. 1.0). In order to allow wa ves to propaga te along the diredion of
loading. a spel:iall:ompression grip in which the ultrasonic transducer could be mounted
was designed and ouilt. The aeoustoelastil: response observed on the cubical sample did
not. however. correspond to that observed during uniaxial tl.:nsion on a stand.trd "dog
bone" tension specimen of the saml.: material. Rather. the rl.:sults from the compression tl.:sts
were roughly JO% lower than those from the tension tl.:sts. A more extensive ex.tmination
of this situation indicakd that the stn.:ss state in the eubil:al sample under the applied
cOlllpressivl.: load w;\s Ihlt the .\ssumed uniform state. but one in whil:h the bulk of the load
was Glrried along thl.: outer edges of the cube.

An I.:xperimental investigation of this rl.:sult was performed on a sample of 2024-T35I
aluminum with squarl.: cross sel:tion. MI.:;\sureml.:nts of al:oustodastic rl.:sponse were made
as thl.: kngth of the sample was redul:eu. The initial sampk uimensions were 25 mm in each
of the N D and TD. anu 170 mm in the RD. The acoustoclastil: constant (rdative frequency
change per unit of applied stress) was dcterminl.:d for thl.: longitudinal waves with the
transducer placeu in the central region of the sample. Then the blol:k was shortened by
removing equal amounts of material from the ends and the acoustoclastic constant was
remeasureu. This prol:ess was repl.:ated until a l:ubical sample was obtained. To allow
the results to be generalizeu to other cross-sedions. thl.: data arc presented in Fig. I as
awustoelastic constant vs slenderness ratio (spl.:cimen length divideu by radius of gyration).
The measured ;Koustoclastic constant varies by only 2% for slenderness ratios above 8 and
then falls oil' uramatically for slenderness ratios less than 8. The acoustodastic constant for
the cubical sample is 24'Yo bdow that for the original sample.

Therefore. three separate samples were required for the principal direl:tion tests to
allow specimen lengths in the loading uirections to be sufficient to provide a uniform
stress state. All the samples actually used in the evaluation of the TOEC had a minimum
slenderness ratio of 12. Each specimen had faces machined parallel in conformance with
ASTM standards for compression testing and then sanued smooth.

In order' to achieve the necessary slenderness ratio for the case of loading in the NO.
a composite sample consisting of three sections glued together with a structural epoxy
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Fig. I A<:oustot:!asti<: comtant vs slcnd<:rn<:ss rati" f"r 21l2-l-T35I aluminum.

adhesive was used. A test was conducted on a well characterized sampk of 2024-T35I
aluminum in which a section was cut out and then glued back in. The remeasured response
was in agreement with the original response, thus validating our procedure. As a final
verification of our method, we compared the acoustoclastic responses of a long compression
sample and a standard tension specimen. Two such tests arc shown in Fig. :2 for loading in
the RD with longitudinal waves propagating in the NO and TO. The dilli:rences between
the results for tension and compression arc within 5% in each case.

2. x-Ral" I//ca.wrclI/cflls

The first step in the prediction of clastic constants from x-ray diffraction studies is to
obtain pole ligures. For each pole figure. x-rays from a coppcr source impinge upon a Ilat
sample of the subject aluminum at the Bragg angle corresponding to the :222:. : 220:.
{ZOO:·, or Pll} plane of interest. The intensity of the rclkcted x-rays is measured and
stored as the sample is rotated through a spiral pattern. To first approximation. the intensity
of diffracted x-rays at any given orientation is proportional to the number of crystallites
that have the specific plane of interest aligned normal to that orientation. Plotting these
intensities on a two-dimensional projection creates the pole figure for that plane. This
process yields an incomplete pole ligure since accurate measurements cannot be made
beyond a tilt angle of around gO degrees.

Three samples were prepared from the aluminum plate such that the major surfaces
of the samples were perpendicular to the R0, NO, and TO. The surfaces of the specimens
were polished to prevent machining damage from allecting the data. It is possible to
construct one complete pole ligure from measurements on three samples. but this \vas not
needed. Rather, the three sets of measured pole ligures were "inverted" independently to
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obtain the three sets of ODF coefficients using a series of programs based on algorithms
by Pospiech and Jura (1974).

RESULTS

Pole figures were measured for the:222}. :200;. :220:. and PII} crystallographic
planes. The ODF coefficients for I ~ 22 were evaluated for each sample orientation by the
"inversion" of the four pole figures. As a check. the coefficients were used to reconstruct
the individual pole figures. The experimental and reconstructed pole figures for the {222}
plane are shown in Figs (3a) and (b). n:spective!y. and those for the :200: plane are shown
in Figs 4(a) and (b). Evenly spaced contours of multiples of random distribution (m.r.d.)
are noted on the pole figures. The pole figures for the: 220} and :311} planes are similar.
For each plane shown. the pole figures measured from the three differently oriented samples
arc arranged to demonstrate the consistency of the observed texture.

[n all cases. the two-fold symmetry about the in-plane axes is clearly evident and the
data indicate a fairly strong and consistent texture. The reconstructed pole figures agree
wdl with the original data qualitativdy. although the magnitudes of the texture peaks are
substantially lower. However. the maximum m.r.d. levds for all reconstructed pole figures
of anyone plane arc in good agreement. indicating the consistency of the experimental
data. Only the first seven coellil:ients arc used to calculate the clastic constants. and these
I:oetlil:ients arc shown in Tahle I. Note that the sets of coetlil:ients do not display any
apparent consistelKy from one sample to another sinl:e eal:h set is associated with a dill'crent
sample orientation.

The measurl:d ahsolute velol:ities for the 703lJ-TM alloy arc listed in Tahle 2. The
density of the matnial. req uired to evaluate the SOEC from these vclol:ities. was determined
to he 2750 ± 5 kg/m \ with a Joly halance. Sinl:e the data in Table 2 arc theoretically
symmetric with resped to the interl:hange of propagation and polarization directions. the
appropriate shear wave speeds were averaged in evaluating the SOEC.

(bl

Fig. 3. Experimental (a) amI reCl>nstructed (0) pole ligures for the I:!:!:!: crystallographic plane of
70J'I-TtH aluminum. C"ntour values arc given as m.r.d.: contours arc equally spaced.
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Table 3. Experimental values of the slope of relative frequ.:ncy change vs stress curves in
7039-T~ aluminum

Propagation Polarization Loading Slope Uncertainty
direction direction direction (TPa-'j (TPa-')

-59.7 1.5
2 9.66 0.15
3 15.6 0.3

2 2 I 16.7 0.1
2 2 2 -68.2 1.5
2 2 3 13.2 0.1

3 3 12.3 0.15
3 3 2 14.5 0.1
3 3 3 -66.4 1.3

3 2 14.6 0.3
2 14.1 0.3
3 2 2 -26.8 0.3
2 3 -24.2 OA

3 1 -20A 0.15
1 3 2 15.8 0.3
3 I 2 14.7 0.25
1 3 3 -33.9 0.3

2 -41.2 0.3
2 2 -9.8 0.3
2 3 16.5 OA

2 3 16.3 0.9

(1.0. I) 2 (I. O. -I) 2.47 0.25

(I. I. OJ (1.1.0) 3 15.7 0.15
(I. I. OJ (I. - I. OJ 3 11.8 0.2

The experimentally determined acoustoelastic constants, given as relative frequency
l:hange pcr unit applied stress, are listcd in Table 3. These values are the slopes of the linear
least squares tits to the actual data points gathered. In Fig. 5 we show a set of such data
for the pure mode longitudinal waves propagating perpendicular to the direction of loading.
The labels on the l:llfVeS in this figure give the loading direction followed by the propagation
direl:tion. We note that for an isotropic material all these curves would be identical.

Table 4 contains the SOEC, and Table 5 the TOEC, evaluated by the ultrasonic and
x-ray techniques. For the method involving the OOF cOdlicients, we used single crystal
data at 29S K from two sources: Thomas (196S) and Sarma and Reddy (1972). These
clastic constants arc pn:sented in groups within which all entries would have the same value
for an isotropic material. The extent to which the values vary within a p'lrticular group is
thus one indication of the degree of anisotropy exhibited by the aggregate. The constants

0
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Fig. 5. Examples of relative frequency eh,tngc vs applied slr.:ss curves for longitudinal waves in
7039-Tfi4 aluminum. First letter of the label denotes the loading direction. second teuer denotes

wave propagation direction.
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Table 4. Ultrasonic and x-ray estimates of SOEC of 7039-T6-l aluminum given in GPa

C. sco (GPal

Uncertainty x-Ray Un~'l:rtainty x-Ray Un~'l:rtainty

A. BeD Ultrasonic (%) (Thomas) (%) (Sarma and Reddy) (%)

11[\ 109.9 0.5 111.3 0.2 111.3 03
,.,." 108.9 05 [11.3 0.3 111I 01
J333 11004 0.5 [ 12.1 02 [ 12.0 02

1122 566 2.0 58.5 0.\ 586 02
\133 56.9 ~.O 57.7 03 57.6 04
2~JJ 56.6 ~.O 57.7 0.3 579 0.1

2323 26.2 0.5 25.6 l.l ~5.8 0.3
3U[ 25.8 0.5 ~5.6 l.l 25.5 0.8
I~I~ 26.8 0.5 ~6.4 03 ~6.5 0.4

determined from the x-ray analyses are averages of the results from the three sample
orientations. The percent variation noted in Table 4 for an ultrasonic value is the standard
deviation calculated from the least squares fit to the ultrasonic data. The variation for an
x-ray value is the standard deviation among the three values of each constant obtained
from the three sets of differently oriented ODF codlicients.

In Table 4 it can be seen that the SOEC from the two sets of x-ray values agree well
with each other and generally agree with the ultrasonic results. The results in Tilble 5
indicate that the third-order response predicted from the ODF coetIkients is generally more
anisotropic than that measured ultrasonically. That is. within each group there is more
variation among the x-ray values than among the ultrasonic values. Further. both techniques
indicate that this malerial is only slightly anisotropic in its SOEC. but its TOEC display
substantialanistropy. It should also be noted that while in some groups of the TOEC (C.
D. and the off-principal-axis constants) there is generally good agreement between the two
techniques, in others (A and B) there is rather wide variation. In group A, in fact, there is
less anisotropy shown in either set of ODF-determined constants than those determined
ultrasonically.

There arc several possible explanations for the variation between the ultrilsonic and x
ray constants. Among these. the most plausible arc that the single-crystal constants used

T'lhle 5. Ultrasonic and x-ray estimates or TDEC or 7039-T64 aluminum given in UPa

c.,seN:" (GPa)

Uncertainty x-Ray Uncertainty x-Ray Uncertainty
Group AHCl>EF Ultrasonic (%) (Thomas) (%) (Sarma and Reddy) ('~" l

A I [ I til -1450 -1400 5 -1590 2
:!:!:!:!:!:! -158IJ - 1.\50 7 -I·NO 35
333333 -1610 -1400 2 -1570 3

B 1[1122 -370 9 -ISO 25 -200 19
[ 11133 -300 -270 5 -350 12
2222\1 -340 -250 32 -340 \.;
2222.'-' -370 -270 10 -330 Ii
3.ml\ -410 -210 20 -260 12
J333~2 -3S0 -210 20 -270 14

C 112323 -130 -110 17 -150 12
22313 I -130 -120 15 - 160 2\
3312\2 -120 -75 3\ -100 29

D 113131 -280 2 -270 2 -~90 J
111212 -330 -260 10 -290 6
222323 -290 -280 3 -320 4
221212 -240 -250 12 -270 6
332323 -290 -240 2~ -2JO 6
333131 -320 -300 26 -350 9

1[2233 -65 20 -64 4 -55 5
233 I12 - I 10 I -96 3 -93 3
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Table 6. Combinations of ultrasonic estimates of SOEC given in eqns (17) and (\8) for 7039-1'64 aluminum.
Values are in GPa

A B C C. <88- C <8.'8 C•••• -C8888 C88(T-C. KC C8C8C - CK.<C

I 2 3 29.8 1.0 -0.3 0.4
3 1 2 31.1 0.5 0.0 0.6
2 3 30.4 -1.5 0.3 -1.0

in the ODF-based calculations are not those of the 7039-T64 alloy and that the texture is
not uniform. but instead varies through the thickness of the plate. As can be seen in Table
5. the calculated constants are extremely sensitive to the single-crystal data. The single
crystal elastic constants taken from Thomas and from Sarma and Reddy were both for
aluminum of between 99.95% and 99.99% purity. The alloy we used. however. contains
up to 4.5% zinc. 3.3% magnesium. OA% manganese. and I% additional elements; it is
reasonable to expect that the SOEC and TOEC of this alloy would differ somewhat from
those of a high purity aluminum. Given the severity of the material texture. the presence
of a texture gradient would tend to reduce the anisotropy in the ultrasonically determined
constants. In addition. for any TOEC found by ODF analysis in group B or C. there is
substantial disagreement among the three values making up the average.

Evidem:e that both of these factors may be involved is found by considering the
relations which should exist among the aggregate's SOEC. Specifically. the SOEC derived
from a homogeneous texture should be related as

C,H.U-CIIII/III = CIIIICC-CHCC = CIIClJC-CACAC (.-I # B # C). (18)

and
C/.lIIII-CHIIII = Crl~~-Cr~,~ (A # B. no summation) ( 17)

In Table 6 these combinations are presented for the ultrasonically measured SOEC. Since
the value of Crl~!-Cr!,! is 32.1 GPa. we find that the measured data and the assumed
single crystal data do not agree. Further. the results of calculating eqn (18) with the
measured data as shown in Table 6 indicate inconsistency with the assumption that a single
ODF governs the entire body.
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