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ABSTRACT

Theoretical calculations were performed to investigate the ultrasonic prop-
ertiesof NiAl based ternary alloy NiAl-Cu. Theinteraction potential model
approach has been used to measure the temperature dependent single crys-
tal higher order elastic constants. Other acoustical parameters such as ultra-
sonic attenuation, Gruneisen numbers, acoustic coupling constants and
relaxation time have been also calculated to discuss the acoustical proper-
ties insight the ternary alloys. Attention is given to analyze the ultrasonic
wave propagation behavior at different temperatures for the alloy and is
correlated with respect to the microstructural phenomena during the wave
propagation and thermal behavior of theternary alloy. An ultrasonic mecha-
nism has been devel oped to correlate the temperature dependent ultrasonic
propertieswith thermophysical properties particul arly with the thermal con-
ductivity of the material. Results from the theoretical model calculations
were found to be in good agreement with the experimental measurementson
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INTRODUCTION

Studiesabout the various properties of binary and
ternary dloysaretechnologicdly very important>2. NiAl
iswell known shape memory aloy having high therma
conductivity*™. For higher temperature applications
nickel auminide hasbeen considered asbase materia
to replace nickel -based super dloys®9. Alloyingiscon-
sdered to be effectivetoimprovetheinteresting prop-
ertieson NiAl. There are various features of nickel
alumini des based ternary alloys®®which makethe
ternary aloy very useful for variousadvanced applica-
tions such asin making gas turbine and aircraft en-
gines®X . |t isimportant to study the mechanical prop-
ertiesof aloysfor applicationsat elevated tempera-
tures. Therearevery few theoriesto describethe physi-

cal propertiesof thealloys such asYoung’s modulus,
heat capacity, thermal conductivity etc. Among these
physical properties our main work isfocused to de-
velop atheory for the eval uation of second and third
order elastic constants (SOEC and TOEC) and ultra-
sonic attenuation inthe alloysand to correlateit with
thetherma conductivity of thealloysat hightempera-
tures. The ultrasonic propertiesarewell correlated to
micro structural and thermophysical propertiesof the
materia 9224, Measurement of ultrasonic attenuation
indloysisvery useful in order to characterizethemate-
rids. Thereforewe have established thetheoretical ap-
proach for the determination of thetemperature depen-
dent ultrasoni c attenuation, vel ocity and anisotropicd as-
tic propertiesof the NiAl-Cuternary aloy. Present pa
per is concerned with the theoretical estimations of
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anharmonic higher order e agtic constantsand ultrasonic
properties of theternary alloys. Thecalculationshave
been donefor theNi,, -Al , -Cu,  ternary alloy. The
ultrasonicattenuation, thermd relaxationtime, ultrasonic
veocity and nonlinearity parametersintheternary sngle
crystasNiAl-Cuiscaculatedin thetemperaturerange
300-1000K along <100> direction. Our theory pro-
vides powerful computationa techniquesfor thebasic
knowledge about the new material sdevelopment asit
isvery costly and time consuming processtoimprove
and develop the new aloysthrough extensive experi-

mental trial and error method.
Theory
Thedastic constant of then™ order isdefined a3
Cijimn - = (8"F/01; 84 OMpp ) (D)

HereFisthefree energy density of undeformed
material and n; Islagrangian strain componentstensor.
Thetotal free energy density F expanded in terms of
strainm, can bewritten (using Taylor’s series expan-
son) as.

F= ZF _Z_(a F/anuanklanmn )nljnklnmn ()

Hencethefreeenergy density up tothe cubicterms
of strain can bewritten as:
5+a=%c

Thefreeenergy density of acrystd at afinitetem-
perature T isgiven as?:
F=U+F"P C)

HereU istheinternal energy of unit volumeof the
crystal when dl atoms(ions) areat rest ontheir lattice
point. Fisthevibrationa free energy density. Thus
the el astic constants can be separated in to two parts.
Cik.. =Clu. +Clik .. 4

Thefirst and thesecond onesare strain derivatives
of U and F®, and they represent the ‘static” and ‘vi-
brationd’ elastic constants?7.

Thedementary cdll of bee structured crystal issup-
posed to have acube edge of 2, hencethe volume
becomesas4(r ). The nearest neighbour distanceis

1
ijki Mij Nkl +§Cijklmnnijnklnmn

r, =+/3r,. The summation is done up to second
neighbourhood whose co-ordinatesare (+1, +1, +1)
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r0, (£b2,0,0) r0, (0+b2,0) r0 and (0,0+b2)r0. The ob-
tained expressionfor second and third order €l astic con-
stantsat OK using aboveequationsareas.

L3 (V3 1) 2401 1
brg 3r0 b bro \2ry b
C<1)2=C24_3 SG 4 ox)f 1 1

8rg bro \2rg b

0 —_Eisga) _M(£+i+ﬁj_
r

[ (5)

co. =cb. = 159 S(21) $(ry) \/_+ 3 ﬁ
SR ) % b 2
o ré o b
15 e?
ngs = 0256 =Ciy= _ETS(%M) _
lo
¢(r1) \/_+ \/5
9% |\ r¢ brg b2

where ¢(r;) = Aexp(-r,/b), ¢(r2) = Aexp(-r,/b), 1y =

3, 1, = 2ry and Sisthelatticesum?. Thevaueof A

can be obtained with the equilibrium conditionandis

givenas

A = (b2, /72)[BV3 exp(—r, /b) + 12exp(—r, /)]
Thedadtic constantsdueto vibrationd freeenergy

component isgiven by

C|\{]I|l2 ...=a|JK...T (7)
Here
aClx . f Vi
. =LK B% or | +_|_I\J/K ,
c

(2)’1 + 2)’5 - yi)q)(rl)} +
Y_l

8

(2y2+2y§—y§)¢(r2)} ®

{%(yf - ZY1)¢)(|'1)} + {%(yjz_ - 2y1}])(r1)} +
{g(yi - ZYZ)(b(rZ)} {2(3/% - 2y2)¢(r2)} ®
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where y,=r./b, y,=r./b, k; isthe Boltzmann constant
and f* isthevibrational freeenergy per unit cell!”.
Using aboveexpressions, thevibrationd part of elastic
components have been cal culated by egn.(7), whose
additionto Seticpart of € agtic condantsgivesthedagtic
constantsat aparticular temperature.

For the eval uation of ultrasoni c attenuation coeffi-
cient, we have used the phonon-phonon interaction
mechanismgiven by Mason and Bateman®*, [tismore
genuinetheory for studying theanharmonicity of crys-
talsasit directly involvesdastic congtantsthrough non-
linearity parameters D in the evaluation of ultrasonic
attenuation coefficient o.. Theultrasonic attenuation over
frequency square (a/f?) ., (Akhieser typeloss) dueto
phonon- phonon interaction mechanism at wt<<1lis
expressed ag®y:

E (D/3)4n’t
al/f?) gy =—0—"t —— 10
(&/%) akn e (10)
where D=9< (y/)? >-3<y! >2% (11)

0
HereD and V arethenon-linearity parameter and
vel ocity of ultrasonic wavefor longitudinal and shear
wave, E; and C arethermal energy density and the

specific heat per unit volumerespectively. <y! >isthe
average Griineisen no., j is the direction of propagation
andi isthemode of propagation. <y! >isdetermined

using SOEC/TOEC™!, 1 isthethermal relaxationtime
whichisequal tothermal rdaxationtimefor shear wave
() andishalf of therma relaxationtimefor longitudina
wave(t )andiswrittenas:

3K
CyV3
whereK isthethermal conductivity and V j isthe Debye aver-
age velocity of ultrasonic wave as:

s_1,2
Ve ovE Ve
where V and V are the velocity of longitudinal and shear
wave respectively.

The propagation of longitudina wave crestescom-
pression and rarefaction throughout thelattice. Therar-
efied regions are colder than that of compressed re-
gions. Thusthereisflow of heat between these two

T=1T5=1 /2= (12)

(13)

regions. Hencethermoelasticloss (o/f?),, occursandis
obtained by the expression ag®!:

4m? <yl >2KT

al/f? =
( )Th. 2de5

(14)

RESULTS

The higher order elastic constants (SOEC and
TOEC) inthetemperaturerange 300-1000K havebeen
caculated usngegns. (5) and (7). Caculated values of
SOEC and TOEC for NiAl-Cu at different tempera-
turesare presentedin TABLES 1 and 2. Thermal con-
ductivity (K) dataat different temperaturesaretaken
fromtheliterature®. Theva uesof specific heat per

TABLE 1: SOEC (10°N/m?) of NiAl-Cuinthetemperature
range 300K to 1000K

SOEC » T.[K]¥ Cu Cw Cu
300 14.84 11.63 9.67
400 14.87 11.60 9.72
500 14.89 11.58 9.78
600 14.91 11.55 9.83
700 14.93 11.53 9.88
800 14.95 11.50 9.93
900 14.98 11.47 9.98
1000 15.00 11.45 10.03

TABLE 2: TOEC(10°N/m?) of NiAl-Cu in thetemperature
range 300K to 1000K

TOEC
T-[K]I’ Cui Cu» Cis Cu Cis

Cass

300 -141.27 -179.36-123.15-103.75 -171.50 -132.23
400 -137.52 -167.42-115.88-90.02 -156.95 -127.99
500 -133.77 -155.48-108.62 -76.29 -142.39 -123.75
600 -130.03 -143.55-101.36 -62.55 -127.84 -119.51
700 -126.28 -131.61 -94.09 -48.82 -113.29 -115.27
800 -122.53 -119.67 -86.82 -35.09 -98.74 -111.03
900 -118.79 -107.74 -79.56 -21.36 -84.18 -106.79
1000 -115.04 -95.79 -72.29 -7.62 -69.63 -102.56

TABLE 3: Thermal conductivity (K), density (p), specific
heat per unit volume(C,)) and ther mal ener gy density (E) of
NiAl-Cuin thetemper aturerange 300-1000K

K 3 s Cv(x10° Eo(x10°

TIK] (3/sec. m. k) P (LOKg/M) J/r$13K) Jim)
300 6.77 5.913 8.88 1.59
400 7.67 5.907 9.22 2.51
500 8.33 5.900 9.49 3.45
00 8.99 5.894 9.64 4.39
700 9.33 5.887 9.69 5.35
800 9.56 5.881 9.73 6.33
900 9.67 8.874 9.72 7.28
1000 9.56 5.867 9.76 8.24
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TABLE 4: Ultrasonicvelocities(V , V, Debyeaverageveloc-

ity (V) in10°m/s) and thermal relaxation time () (in 10 16
Sec) in NiAl-Cu in thetemper atur er ange 300-1000K 14 7 —
=~ .:-""
TIK] A Vs Vo T £ P —along.
300 5.011 4.046 4.229 128.03 S 101 : —— shear
400 5.018 4.058 4.241 138.71 & g / s
500 5.024 4.071 4.252 145.67 g o g
600 5031 4084 4264 15412 = - . il
700 5087 4097 4276  158.04 S 4y’ e~
800 5.044 4.109 4.288 160.27 24—
900 5.050 4.122 4.299 161.42 i . . . . . . :
1000 5.057 4.135 4311 158.05 I T Y. S T
TABLE5: AverageGriineisen number <y’>, for longitudinal - Temp. °K) '
wave, averagesquar eGriineisen number <(y/)> and <(y/)>> Figure2: (a/f?) and (a/f?) vstemperature
for longitudinal and shear waveand acoustic coupling con- Akhlong Akh shear
gtant for longitudinal (D, ) and shear (D) wavesfor NiAl-Cu _
fr om 300-1000K 1.46
T(K) <y>  <@)> <@)> D Ds 3 145 - =
300 0191  1.155 0.482 10211 4.338 5 .
400 0158 1061 0470 9441 4231 Q 1441 A
500 0124 0978 0459 8737 4134 3 s gt
600 0.092  0.905 0.449 8109  4.048 L] w s
700 0059  0.841 0.441 7558 3972 S 142 1 P
800 0.028  0.787 0433  7.080 3.906 :s:g "
900 0003 0741 0.428  6.673  3.849 = 141
1000 0.034  0.704 0.422  6.333  3.802 <
14 T T T T T T T 1
94 200 300 400 S00 600 TOO B00 900 1000
- e, iR Temp. (%K)
c S Figure3: Anisotropy vstemper ature
B T4 L .
= mal relaxation time (1) at different temperaturesare
Lh shownin TABLE 4. The Gruneisen parametersareca-
o . .
SR culated using SOEC and TOEC in the temperature
‘% range 300-1000K. The values of Gruneisen param-
& eters, acoustic coupling constantsfor longitudina (D, )
3§ and shear wave (D) arepresented in TABLE 5. The
§ . . . . . . . ultrasonic attenuation coefficient over frequency square
300 40 so0 eoo  7oo se0 s toon  (o/fF), . forlongituding and shear wavearecalculated
Temp. (%K) using egn.(10). Values of thermodl astic lossover fre-

Figurel: (a/f?), vstemperature

quency square (a/f?). ., iscaculatedusing egn.(14). The
calculated va ues of attenuation for different types of

unit volume (C, ) and thermal energy density (E)) are  |ossesareplotted in figures 1-2. Thetemperature de-

eva uated using physica congtant tableand Debyetem-
perature® and are presented in TABLE 3.
Theultrasoniclongitudina and shear waveveloci-
tiesarecd culated usng SOEC. Thermd relaxationtime
(t) iscdculated by egn. (12) using therma conductivity
dataand Debye averagevelocity using egn.(13) at dif-
ferent temperatures. Thevalues of longitudinal, shear
wavevelocities, Debyeaveragevelocity (V) and ther-

pendent variation of anisotropy isshowninfigure 3.
DISCUSSIONAND CONCLUSIONS

At theroom temperature the values of SOEC for
thealloy NiAl-Cu (Ni, Al . Cu, )C,,C,andC,,
are 148.4 GPa, 116.3 GPaand 96.7 GPadetermined
by our theoretica cdculations. M. Landaand cowork-
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erd’ caculated thevauesfor thealloy Nig Al, Cu,, .,
C,,=142.80GPa, C = 126.84 GPa and C,,=95.90
GPaby experimenta observation. Thereisagood agree-
ment between the values calcul ated by our interaction
potential model approach and other workers. In the
present caculationsC, isnegative. Thevaueof C |
for CsCl and Al is negative?®34, We can say that our
theory for theca culation of the higher order el astic con-
gantsisjustified. Bulk modulusof thedloy NiAl-Cuis
127.03 GPaand that is 158.5GPafor NiAI®, Thus
the present dloyismoreductileat 300K duetoternary
addition of Cu. Thismay be correated asthe ultrasonic
attenuationinthealloy NiAl-Cu increasesfrom 300K
onwards (figure 1) and it decreases from 300K on-
wards in NiAl®*, Theratio A=2C, /(C -C ) isthe
measure of elastic anisotropy inthecrystal. Thetem-
perature dependent variation of A for thealloy NiAl-
Cuisshowninfigure3. Thevauesof Afor thealloy
NiAl-Cu is1.414 while the value of A for NiAl is
~0.33, Hence by proposing that high va ue of anisot-
ropy favors stability, we may say that the alloy NiAl-
Cuismoregtablethan NiAl at room temperature. Also
thevaueof A increaseswith thetemperature. Thusthe
present dloy ismorestableat higher temperature, hence
the gpplicability of theternary dloysenhancesat higher
temperatures.

A perusal of figure 1 showsthat the ultrasonic at-
tenuation dueto thermal relaxation processfor NiAl-
Cu increases from 300K to 900K and its value be-
come slightly lessfor 1000K. This behavior can be
correlated with thetherma conductivity of NiAI-Cu d-
loy asthetherma conductivity increasesfrom 300K up
t0 900K thenitsvauedecreasesdightly for higher tem-
perature. figure 1 reved sthat ultrasonic atenuation due
to thermoelasticlossismainly affected by theelastic
congtantsthrough Grunel sen parameters. Insmilar way
figure 2 revealsthat the ultrasonic attenuation dueto
phonon-phononinteraction (Akhiezer typeloss) for lon-
gitudinal wave increases almost linearly from 300-
1000K for NiAl-Cu alloy. From figure 2 we can ob-
serve that the ultrasonic attenuation due to phonon-
phononinteractionfor shear waveincreaseslinearly from
300-1000K . The acoustic coupling constants (D, and
D) contributeto thetemperaturevariation of ultrasonic
attenuation. The acoustic coupling constant dependson
elastic constantsthrough Grunei sen parameters, spe-

cific heat per unit volumeand thermal energy density.
In TABLE 3 one can observethat thethermal energy
dengty for theternary alloy NiAl-Cuisincreasngwith
temperature. So thetemperature dependent behavior
of ultrasonic attenuation isalso affected by thetherma
energy density asfrom figure 2 itisclear that the at-
tenuation dueto phonon-phononinteractionisincress-
ingwithtemperature. Thevariation of therma conduc-
tivity with temperature al so affects reasonably the ul -
trasoni c attenuation for theternary dloy NiAl-Cu. Such
typeof temperature dependency of ultrasonic attenua-
tion due to thermal relaxation process can be corre-
lated with the behavior of temperature dependent ther-
mal conductivity of themateria asthethermal conduc-
tivity for thealoy increaseslinearly with temperature®.
Thusamong variousparametersaffecting theultrasonic
attenuation, thermal conductivity playsimportant role
governing thetemperature dependent variation of ul-
trasonic atenuation.
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