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for the Determination of Vibrational Entropy
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Thermal expansion measurements have been performed on chemically disordeied;aodered
FeAl alloy using the capacitance dilatometric method. A semiclassical model has been used to obtain
the anharmonicity parameters and accurate values of the Debye and Einstein temperatures. An estimate
of the vibrational entropy difference between the ordered and disordered phases of the alloy is also
obtained using this approach.

PACS numbers: 65.70.+y, 63.50.+x, 63.70.+h

Considerable effort has lately gone into understandindnave thus obtained an estimate of the vibrational entropy
the role of lattice vibrations in the thermodynamics ofdifference(AS, ;) between these two phases.
chemical ordering in binary substitutional alloys [1-8]. Accurate thermal expansion measurements in the tem-
It has been suggested [6,7] in this connection that th@erature range 80—300 K were carried out using a simple
contribution of vibrational entropy to the phase stability but versatile three-terminal capacitance dilatometer. The
in alloys can be quite significant. Historically, Nix and schematic cell design is shown in Fig. 1. It consists of
Shockley [9] first suggested that the state of order couldwo capacitor plates; and C,) made out of copper.
affect the lattice vibrations through a change in DebyeC, is rigidly fixed to the baséB), whereasC; is free to
temperature. They showed that the vibrational entropynove and pressed against the san{gleby three phos-
difference (AS,;,) between an ordered and disorderedphor bronze spring6S;, S», S3). The other ends of these
phase of an alloy would be given by springs are also rigidly attached to the bé&Be¢ A cop-
D o 00 per chambelC) encloses the plates and the sample, and
ASvip = Syip = Suip = 3Rln<@>, (1) serves as the third terminal (ground) of the capacitance
gell. Sample temperature is maintained and controlled by

where © is the Debye temperature and the superscript .
O and D refer to theyordere?d and disordered ptﬁ)ases F;eq Lakeshore model DRC91C temperature controller using

spectively. Surprisingly enough, the vibrational entropya noninductive heate/) anq a platm.um resistance ther-
contribution has remained largely neglected as comparefemeterPTi). Another platinum resistance thermometer
to the configurational entropy for quite some time. Later . 12) measures the sample temperature. The sample tem-
several theoretical calculations [10—-15] followed, emphapergture was scanned at the rate OT 2/5¢C and the ca- .
sizing its significance. For example, it has been showracitance values were recorded at intervals of 4 sec using

that the incorporation of vibrational entropy term in the

free energy can lead to a sizable reduction in the criti- P14 ¢
cal temperature for ordering [10—12,15]. Experimentally,
however, no direct evidence for the importance of vibra-
tional entropy was available until recently when Anthony,
Okamoto, and Fultz [6] measured the difference in vi-
brational entropy betweehl, ordered NjAl and its dis-
ordered fcc solid solution. They estimatéd,;, to be
about0.3 kg/atom which is a substantially large contri-
bution as compared to the configurational entropy of mix-
ing (0.56 kg/atom). Subsequently in a follow-up work
[7], the vibrational entropy difference between disordered
(bcc) andD0; ordered FgAl was also measured by them
directly by calorimetric studies, andlS,;, was found to

be 0.1 kg/atom. In the present communication we sug-
gest that thermal expansion measurements can be used as B
yet another direct and useful method of studying the dif-

ference in the lattice vibrational behavior of an ordered

and a disordered alloy. We have employed this method

to determine the Debye temperatures and vibrational ensG. 1. Schematic diagram of three-terminal capacitance cell
tropies of disordered anf0; ordered FeAl alloys and  used for thermal expansion measurements.
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a three-terminal capacitance bridge (Andeen Hagerling, 2.0 .
Model 2500A) at a fixed frequency of 1 kHz. An average 2 .

of fifty readings was taken to get the capacitance variation s L X2OT //'

with temperature at 0.4 K intervals. An alloy sample of T °
Fe—25 at. % Al composition was prepared from 99.99% Jror °

purity metals by arc melting under an argon atmosphere in 10+ 205} o

an Edmund BihleD-7400 arc melting furnace. A sample d 0.055— 57405

of cuboid shape3 X 2 X 2 mn? in dimensions, was cut Dos | T(K)

from the arc melted ingot. It was quenched from 1473 K N

by dropping into liquid nitrogen in an attempt to get -

chemical disorder. However, because of the bulk nature 0.0} ~ Quenched
of the sample it was not possible to get a fully disordered e pos
alloy sample. The sample passes through the temperature . . ' . 22 Ref.17
range 1073-773 K where the equilibrium statB2order oS 200 400 GO‘JT(K)E*OO 1000 1200 1400

and below 773 K where the equilibrium statdi9;. The

x-ray diffraction pattern for the quenched sample show$IG. 2. Fractional length change data of ordered and disor-
lines corresponding to thB32 phase which could arise gﬁ:gg t';@eﬁ‘ln%rl‘de)‘:'tsa#;g‘r? ch%ff(iSi)émg(hengestoTigol\{\rﬁztaetrr;]eea-
from very small antiphase domains of eith@fh or B2 et shows the arl)walytic derivative of Eq. (6).

order [16]. However, because of the requirement of the
bulk sample in our thermal expansion measurement we

assume the quenched alloy to be disordered, although dlisordered structure is obtained above 1073 K. The high
may have slight incipient order. After completing mea-temperature data [17] show discontinuitie\ih /L(T,) at
surements on this sample it was ordered by annealing atbout these temperatures, reflecting changes in the state of
773 K for 24 h followed by 723 K for one week. Thermal order. In our study we have retained the high tempera-
expansion measurements were then carried out o®ihs ture disordered state by quenching from above 1073 K and
ordered sample. Figure 2 shows the observed temperatuneeasured the thermal expansion of the disordered sample
dependence of the fractional length chadge/L(T;) =  in the temperature range 80—300 K. Data for the ordered
[L(T) — L(Ty)]/L(Ty) where the reference temperature alloy are also recorded in the same temperature range, and
Ty = 293 K, for disordered an®0; ordered FgAl inthe  a direct comparison between the ordered and disordered
temperature range 80—300 K together with the previouslgtates of the alloy is therefore possible.

reported data [17] recorded at higher temperatures (300— To calculate the thermal expansion of a solid theoreti-
1273 K). The equilibrium state of k&l below 823 Kis  cally one normally considers [18] three- and four-phonon
D05 ordered, it changes tB2 order above 823 K, and ? interactions given by

1 w2 $q).4'y'.q"}") t t t
‘7-[/ = 3 : < 6" Si e X (a,"- + a"') (a,"r-r + (1"/'/) (a,"u'// + azn '//), (2)
3| q%” b 23/2N1/2 \/W G+q'+q". K qj 47 q'j qJ q"j a
g_[// _ l h_2 ¢(§J3 &/j/’ &//j//’ &///j///) o o
W oo i N Nogogp@pp@gpe TS
t t t T
X (a*t?j + a,}]) (a*t}’j’ + a(‘irj/) (a,(}nju + a(‘irrju) ([liamjw + agmijm) (3)

Wherea;j (az;) is the creation (annihilation) operator for in which the effects of three- and four-phonon interac-
a phonon of thgth branch, wave vectaf, and frequency tions will be simulated by considering the anharmonic po-
wy;, P's are related to the atomic force constant tensorstential V(x) = cx? — gx* — fx* wherec, g, andf are

K, is a reciprocal lattice vector, andl is the number constantsg and f measuring the strengths of the cubic
of allowed vectors. The free energy is then calculatedd quartic anharmonicities, respectively. T;lf13eterm _
within the framework of the Rayleigh-Schrodinger per-describes the asymmetry of the mutual ion-ion repulsive
turbation theory usingd’ + H " as a perturbation, and potential and the* term takes care of the flattening of the
finally the lattice constant is obtained as a function ofPottom of the potential well which gives mode softening.
temperature by minimizing the free energy with respecplassmally, the average Igttlce displacement at tempera-
to it. This approach is, however, quite tedious and, infure 7 for the above potential can be calculated using the
fact, only for a linear chain are explicit calculations usu-Boltzmann distribution [19]. We obtain
ally available in the literature. We shall therefore fol- 3g 2

. ) : . = — (kgT)[1 — G(kgT) — F(kgT 4
low here a rather simple-minded semiclassical approach o 4c? (ks (ksT) (ksT)"](4)
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15 g2 8 35 15 g2 372
where,G = 1% — ¥ F=2(2¢L 4 Ay andterms  where

higher than cubic in(kgT) have been neglected. In 3 T\ [©0/T 4
our present semiclassical scheme we replace the classical ¢/ = [<—>3k3<—> f _tC 4
thermal energykT by the average energy of a quantum 4 Op 0 (ez — 1)?
oscillator. We use the Debye model for the acoustic N <p — 3>k <@E>2 e®:/T }
B .

phonons and the Einstein approximation for the optical T ) (e9:/T — 1)2
modes and also include the electronic contribution to
the average lattice displacement which then assumes tfdhe vibrational entropy differencas,;, between two

following expression phases of an alloy is now given by
Y 2 3g 2 3 T ACy
=277 + 2 ]e — — F . =
<x>T ) T 402 [6 Ge € ] (5) Aszb(T) f() T dr, (8)
where

whereACy is the difference in the specific heat between
3 T\ [O9/T 3y, the two phases at a temperatdre
€ = {<—>3k3T<®—> f pr— To examine the accuracy of our thermal expansion
P b 0 ¢ measurements and the validity of our theoretical analysis
n <P - 3) kpOF we first make measurements on Al and fit these data
p e®:/T — 1 and the standard data [21] of Cu to Eq. (6). The fits

. . I are found to be excellent and in Table | we compare the
andy gives a measure of the electronic contribution to the\/alues of the parameterg and ®, obtained from our
lattice displacement [20]@p and Of are, respectively, D

the Debve and Einstein temperatures. arid the average fitting with those quoted in the literature [22,23]. The
y P : P . 9 agreement is quite impressive, which imparts a fair amount
number of phonon branches actually excited over th

i ft i The fractional lenath ch f confidence in our approach. Figure 2 shows the fits to
entire range ot temperature. € Iractional length changg, experimentally obtained thermal expansion data for the
is now calculated as

disordered and0; ordered FegAl alloys. Table | gives
AL (O — (o7, the values of the parameters that give the best fits. The
L(Ty) = o ’ (6) percentage rms deviation is found to be 0.2 for both the
fits. Itis evident from the figure that the data for thé;
to which the experimentally obtained fractional lengthordered FeAl in the temperature range 80—300 K match

chaglge data2 are then fitted using = ¢/c’x0, f' =  quite smoothly with the data at high temperatures [17]. In
flc? " =g*/c’, Op, O, p, and y as parameters. fact, the extrapolated curve obtained from Eg. (6) with the
Herex, is the interatomic separation At= T7j. same parameter values as used in the fitting0f phase

The difference in vibrational entropy between the or-data (in the range 80—300 K) agrees very well with the
dered and disordered states of an alloy is finally estimatefigh temperature data [17] up to 823 K, the temperature of
using the knowledge of the anharmonicity parameters anghase transformation from0s; to B2 phase. The inset in
the characteristic temperature®{ and ©r) determined  Fig. 2 shows the variation of thermal expansion coefficient
from the thermal expansion measurement. For the anhajs, = (AL/AT)[1/L(T,)]} as a function of temperature
monic potentialV(x), the specific heat (at constant vol- as obtained directly from our measured fractional length

ume) is obtained as change data by numerical differentiation. The solid line
d /| P> through the data is obtained by analytically differentiating
Cy = d_T<2_ + V(x)> Eq. (6) with respect to temperature, using fahr our
mn theoretical expression (5) with the same parameter values
15¢2 3f> as obtained by fitting the fractional length change data
= - _ = !
3Ne 6N< 803 4C2 e X €, (7) to Eq (6)

TABLE I. Values of anharmonicity parameters and characteristic temperatures obtained by fitting fractional length change data to
Eqg. (6). The values 0®p andy shown in the curly braces are reported values from specific heat data [22,23].

Sample g (ev) g" (evh) f(evh) 0p (K) y (K™2)
Copper 0.265 + 0.008  (8.86 = 0.21) X 107°  (1.04 + 0.02) X 1076 3445 + 0.8  (2.60 = 0.08) X 1071
{345} {2.54 X 10719}
Aluminum 0.370 = 0.004  (7.85 = 1.31) X 1076 (9.20 = 1.53) X 107 4233 =04  (9.13 = 0.04) X 10°10
{428} {9.20 X 10710}
FeAl (quenched) 0.431 = 0.003 (222 = 0.03) X 107  (2.57 = 0.03) X 10*  431.0 + 03 (—1.58 = 0.03) X 1078
FeAl(DOs) 0.100 + 0.002  (4.66 = 0.02) X 107> (534 + 0.02) X 1074 3767 + 03 (1.27 + 0.02) X 1078
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proach to study the changes in vibrational properties of
alloys due to chemical order-disorder transformations. We
show that this method can provide us with reliable esti-
mates of characteristic temperaturés,(and ®g), cubic
and quartic anharmonicity parameters in the lattice poten-
tial energy, and the vibrational contribution to entropy.
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