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Samples of NjV were prepared with two microstructured) with equilibrium D05, order, and(2) with
partial disorder(having a largeD0,, chemical order parameter, but without the tetragonality of the unit. cell
For both materials, we measured the difference in their heat capacities from 60 to 325 K, inelastic neutron-
scattering spectra at four values @fat 11 and at 300 K, and Young’s moduli and coefficients of thermal
expansion. The difference in heat capacity at low temperatures was consistent with a harmonic model using the
phonon density of statd®OS) curves determined from the inelastic neutron-scattering spectra. In contrast, at
temperatures greater than 160 K the difference in heat capacity did not approach zero, as expected of harmonic
behavior. The temperature dependence of the phonon DOS can be used to approximately account for the
anharmonic contributions to the differential heat capacity. We also argue that some of the anharmonic behavior
should originate with a microstructural contribution to the heat capacity involving anisotropic thermal contrac-
tions of theDO0,, structure. We estimate the difference in vibrational entropy between partially disordered and
ordered NjV to be SU5—4=(+0.038+0.015kg/atom at 300 K[S0163-182006)02945-1]

. INTRODUCTION rium DO,, structure'*8The second state of the material was
the DO,, equilibrium structure, obtained by annealing the
There is a growing awareness that vibrational entropyalloy.
S,ibr Can have a significant effect on the thermodynamic sta- The difference in the phonon density of states of the two
bilities of alloy phases. Vibrational entropy has received spomaterials,g’(e) —g“(e), wheree is the phonon energy, is
radic interest over many yeals? Only recently, however, often the physical origin for differences iIACL(T). The
have studies been performed to meaStfeor calculate phonon density of statg®OS) of a material can sometimes
accurately>'® the difference in vibrational entropy, be measured by inelastic neutron scattering. For transition-
ASP *=Sf —S2 between two statesy and 3, of a mate- metal aluminides, it was found that the development of op-
rial. Reported values oASE,“ have been in the range of tical modes at high energies, associated with vibrations of
0.1-0.2 g/atom. Such differences in vibrational entropy arethe Al sublattice in the ordered structure, was the change in
large enough to have a considerable influence on criticahe phonon DOS most important to the vibrational
temperature&® or the shapes of phase boundaris. entropy>°It was also found, however, that interpreting pho-
The direct way to determine differences in entropy at con-hon dispersion curves from single crystals of chemically dis-
stant pressure is to measure differences in heat capacity ofdered alloys runs the risk of underestimating the density of
two states of a material over a range of temperatureiigh-frequency mode¥.In the present work we attempted to
ACp(T)Ecg—Cg. This can be done by differential calo- measure the phonon DOS by a more direct inelastic neutron-

rimetry, and then calculating: scattering experiment on polycrystalline samples. We re-
corded energy-loss spectra at various values of momentum
/ transfer,Q, to measure incoherent inelastic scattering and
TACKT") d X . X
ASE~(T)= — dT’. (1) coherent inelastic scattering. The alloy;Wiproved conve-
0

nient for this study, since the incoherent scattering cross sec-
tions of Ni and V are nearly identical, and the lattice dynam-
If the two states of the material remain constant during thécs of fcc Ni are well known. We obtained approximate
measurements, calorimetric methods using(Epare a good phonon DOS curves from inelastic neutron-scattering spectra
way to obtain ASZ,%(T). Fortunately, the integrand measured at 11 and 300 K. The phonon DOS curves ac-
AC(T)/T is often largest at low temperatures where there icounted for the low-temperature part of theC (T) mea-

no significant atomic diffusion, so there are no changes irsured by calorimetry.

atomic configurations during the measurements. In the The temperature dependence of the phonon DOS curves
present work we used differential scanning calorimetry tocould account for much of the anharmonic partAd€ (T)
measureAC(T) for two states of the metallic alloy V. measured at temperatures greater than 160 K. Using mea-
The material was quenched from high temperature to provideured values for thermal expansion and elastic moduli,
a state of partial disorder, which we confirmed to have strondgnowever, we found a discrepancy in the anharmonic contri-
chemical order, but none of the tetragonality of the equilib-bution calculated as the classical differeng,—C,,. We
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argue that this discrepancy could originate with a microstruc- ag dg de do

tural mechanism for storage of elastic energy. The difference = (8)
S . . . JT de o 9T

in vibrational entropy of the partially disordered and ordered

Niv was estimated to be $¥—9=(+0.038 o9 g .
+0.015kg/at t K. —=——| —v —|(3za).
0.019kg/atom at 300 0T as( y ”)(3 a) (9
Il. PHONON DOS AND HEAT CAPACITY It is easy to substitute E¢9) into Eq.(7) and obtain for the

. Gruneisen approximation at high temperatures
We calculate the heat capacity at constant presSy(&)

as follows. The phonon energy in the lattigg;, is yCy

a—3—B . (10)

de. 2

o 1 1
E =3f 8)8(—+ KT .
ph 0 o 2 eM-1 Unfortunately, the Gmeisen approximation is not accu-

rate for the temperature dependence of our experimental
n%l(.ss). Our approach to calculatinG,/(T) is instead to lin-
early interpolate the phonon DOS curves of 11 and 300 K,
including the zero-point contribution:

The temperature dependencekgy, occurs through both the
change in the phonon occupancy factor of each mode, a
the change in the phonon energies:

IEpn 3f°c ( )82 e*/kT q 3T o2 Qo /KT
—= Ot (&) =2 skt 152 UE = ) - T2 TaslkT—
oT 0 0 kT (e 1) CV(T)_TZ_T]_ fO [gTz(s) ng(S)]sz (es T_1)2 de
+3F o 1+ﬁk—1 )d 3 3T [~ &
o 918 Grl 2 e )de G ¥ | Targer-ar e de. (1D
T2_T1 0 0 1 2

wheregTO(s) is the phonon DOS af=0. We recognize the

) ) ) where the temperatures afg=300 K andT;=11 K. The
first term in Eq.(3) as the heat capacity at constant volume P ¢ !

'phonon DOS at 11 K is assumed to be the same as that of

Cv(T): zero temperature.
o 2 ee/kT To obta_\in Cp(T), we used the result from classical ther-
Cv(T):Sf0 9T0(8) T2 W de, (4) modynamics:

— 2
which is equal toC,(T) when the phonon frequencies are Cp(M=Cu(T) +9B-a’T, (12)
unchanged with temperature so tliat/dT=0. In what fol-  where the first term is provided by E@.1). To obtainC,(T)
lows, we assume that the individual phonon frequencies unfrom the phonon DOS alone, we obtained the second term
dergo small shifts with temperature. We can then obtain thérom Eq. (7):
shift in energy of each point on the phonon DOS curve with

. 3T o 82 es/kT
temperature throughg/JT and dg/de: Cp(T):T - f [QTZ(S)—QTl(S)]ﬁz e de
2=~ Jo (ef¥T—1)?
Epn * —agldT(1 1
W_ CV(T)+3f0 gTO(S) 09/(98 \E—'_ es/kT_ 1 de. 3T o e
- e [ Torger-gn e 5 de
[When dg/de is small, it may be important to scatge) by . ag/r?T/ 1 1
its breadth] With increasing temperature there are more +3J gr.(¢) =t =T de. (13)
phonons in the crystal, increasing the total phonon energy. 010 9gloe\ 2 eMT-1
The phonon energies decrease with the volume of the crystal,
however, so with increasing temperature it is advantageous ll. EXPERIMENTAL
to increase slightly the volume of the crystal, even though
this creates an elastic enerdsy: Ingots of N5V were prepared by the induction melting of
pieces of elemental Ni99.99+%) and V (99.9%) in an ar-
Eo=3 BA(3aT)2 (6) gon atmosphere. The ingots were sealed in evacuated quartz

ampoules and homogenized at 1150 °€Zd and cooled in
the furnace. The brittle homogenized ingots were cold-rolled
to break them into pieces of about 1 g mass. These small
pieces were annealed in evacuated quartz ampoules at
- —a3glaT(1 1 1150 °C, and quenched by breaking the hot ampoule in iced
3f gr,(2) 20l \§+ FRT—1 de+BA3a)?T=0. brine. In what follows, we refer to these materials as “par-
0 gloe tially disordered.” To form the equilibriunD0,, structure,
@) some of these partially disordered pieces were annealed at
The thermal expansion can be related to the temperature d850 °C for 2 h and cooled in the furnace; we refer to these
pendence of the phonon DOS through Ed). With the materials as “ordered.” Samples of both materials were
Grineisen approximation afe/d..=— yel,, whereyis a con- heated to 400 °C and analyzed for evolved hydrogen, oxy-
stant: gen, and nitrogen with a Hewlett-Packard 5890 gas chro-

where «a is the linear coefficient of thermal expansidd,is
the bulk modulus, and is the specific volume. This decrease
in phonon energy is converted into elastic energy so that
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matograph equipped with a thermal conductivity detectorspeed was 0.05 cm/min, and the extension of the sample was
None of these gases were detected, and detectability limiteasured using a strain-gauge extensometer. We attempted
were 0.0032 wt % for hydrogen, 0.078 wt % for oxygen, andto perform the compression tests in the elastic regime of the
0.22 wt % for nitrogen. Chemical compositions and chemicamaterial. The yield stress at room temperature for ordered
homogeneities were measured with a JEOL Superprobe 7343V has been reported to be 900 MBzOur samples were
electron microprobe. Averages of the composition measurdoaded to only 270 MPa, and we ensured that there was no
ments gave 25.44 at% V for the partially disordered alloy,reéduction in slope of the stress-strain curves at the highest
and 25.39 at % V for the ordered alloy. Composition varia-10ads. Several load-unload cycles were performed on each
tions within each sample were no more than about 0.1 at ¥s@mple. We also performed compression tests on a similar
X-ray diffractometry was performed with an Inel CPS-120 S&MPle of mild steel to confirm that we obtained a reasonable
diffractometer using C&a radiation, and an Al filter was Young’s modulus and no hysteresis in our stress-strain mea-

used to suppress X « fluorescence. surements. . .

Low-temppf)erature heat-capacity measurements employed a Samples of the partially dls_ordgred and order.ed alloys,
Perkin-Elmer DSC-4 differential scanning calorim&@60) each about 50 g, were placed in thin-walled aluminum cans
that had been modified by installing its sample head in 6{and mounted in a closed-cycle helium refrigerator on the

I ; . [ ter of the HB2 triple-axis spectrometer at the High
liquid-helium dewar. Masse@bout 300 myof the partiall goniome ; .
d?sordered and ordered alloys were matc?hed to 81 mgyacc Flux Isotope Reactor at the Oak Ridge National Laboratory.

racy and placed in the two sample pans of the DSC. Heat\ easurements on our two materials were performed at both

capacity measurements comprised pairs of runs, with the tngl gmd 33? |t<h T?e S dpefg;trc:meter was ofp(:alzlaged m\t/:or_:_éﬁant-
samples interchanged in their sample pans between runs. THOGE Wi e fixed final energy; o -© Mev. 1he

difference in heat capacities of the two samples was obtainef'€r9Y-10Ss spectra were made by scanning the incident en-

from the difference of these two sets of runs. To test repro-ergy from 14.8 to 74.8 _meV. The ne_utr_on flux from th_e
ducibility, we obtained nine matched pairs of runs with lig- monochromator was monitored with a fission detector, which
uid nitrogen, and two matched pairs with liquid helium as theyl_vk?: ilrjli(ie ddert1ct) t?é):rtr:ocl)rmﬁecgspot;;'fci]c“gr?aep];\ci){eerzgzodciti)rggtr:)tr'
cryogen. To counteract instrumental drift, runs comprised Lo )

yo9 b crystal had a collimation of 110and 40 Soller slits were

two pairs of scans over temperature intervals of 30 K, which .
typically overlapped by 10 K. Scans were performed at 1d.lsed between the monochromator and the sample. Pyrolytic

and 20 K mint. A measurement was also performed with graphite filters placed after the sample were used to attenuate

the ordered sample alone to determine approximately its Det-he M2 and M3 contamination. The filtered beam passed

bye temperature. Thermal-expansion measurements we rough 4Q slits before the pyrolytic graphite analyzer crys-
l. Following the analyzer, 705oller slits were used before

erformed over a temperature range from 50 to 275 °C usin . i
P P g e ®He detector. With this arrangement, the energy resolu-

a Perkin-Elmer TMATY. i ied bet 0.9 and 2 meV. d di |
Efforts were made to measure ultrasonically the Iongitu—Ion varied between 0.9 and 2 mev, depending on the energy
ansfer and the slope of the phonon dispersion surface.

dinal and shear wave velocities in the partially disordereotsr . .
and ordered states of M. We used a Panametrics 10 MHz pectra from each specimen were obtained at four values of

ultrasonic longitudinal wave transducer and a Panametrics 9: 3.48,3.73,3.98, and 4.23°A
MHz ultrasonic shear wave transducer, whose outputs were
passed through a Panametrics Model 5052UA ultrasonic ana- IV. RESULTS
lyzer to a Hewlett Packard 54510A oscilloscope sampling at
1 GHz. Two sets of matched cylindrical samples were used.
The top and bottom faces of the cylinders were accurately Very weak, if any, superlattice diffraction peaks were ob-
cut parallel and then polished. Successful measurements eérved in the CoKa x-ray-diffraction patterns from any
the longitudinal and shear wave speeds inAiuwere made samples, but the x-ray form factors are not strongly different
using similar samples from previous calorimetry for Ni and V atoms. On the other hand, neutron diffraction
measurement¥. We deduced bulk moduli at room tempera- showed strong superlattice diffraction peaks from both the
ture of 18.8&10 Pa for L1,-ordered CyAu, and quenched sample and the annealed sarfwlg, the(002),
18.70x 10" Pa for chemically disordered fcc GAu, in good  (101), (110 peaks ag=1.74, 1.98, 2.51 A']. From calcu-
agreement with previous results.However, none of the lated peak intensitie€,we found the ordered alloy to have a
NizV samples showed a pulse-echo pattern, so measurementsg-range orde(LRO) parameter close to one. The super-
were impossible. The samples of Mievidently showed a lattice peaks from the quenched samples were broadened, but
strong ultrasonic attenuation, perhaps because inhomoghad 85 to 90 % of the areas of the superlattice peaks from the
neous internal stresses caused scattering of the ultrasoraninealed sample. The Bragg-Williams LRO parameter of the
waves. quenched alloy was therefore between 0.90 and 0.95. X-ray
To measure Young's moduli, compression tests were perand neutron powder diffractometry showed tetragonality in
formed using an Instron Model 4204 load frame. A cylindri- the annealed specimen that was characteristic ofCtBe,
cal sample of 0.55 cm diameter and 1.9 cm height was mastructure. Figure 1 shows that the ratio of the intensities of
chined from an induction-melted ingot of i, and was heat the (200 and (020 diffractions (at q=3.48 and 3.55 Al
treated to produce the partially disordered state. After comare 1:2, as expected for the powder-averaged intensities of
pression testing, the same sample was anneale@ fo at  these diffractions. The as-quenched specimens showed no
850 °C and cooled in the furnace to obtain the ordered statéetragonality, and their sharp diffraction peaks were charac-
and the compression tests were repeated. The crosshetdistic of an fcc structure. This is consistent with previous

A. Structure
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q = (4nsinB)/n (A7) with differential calorimetry of the difference in heat capacity of

partially disordered and ordered JNi materials(sign is partially
FIG. 1. X-ray(label ¥ and neutron(n) powder-diffraction pat- T(S)O(;g:ri;j mll/nKustrde'rked\l/ar:a:!ons bet\(/jveen'glf:;erer#] rutn N tW ere
terns of the partially disorderedPD) and orderedO) NizV mate- - moV/K. Lines. calculations as described in the text.
rials. Some weak diffractions from surface oxides are seen in the
x-ray-diffraction patterns, but not in the neutron data. C. Elastic moduli, thermal-expansion coefficients,

o . ) Gruineisen constants
results of transmission electron microscopy studies that

showed a “tweed” microstructure of quenched,Mi The The stress-strain curves of Fig. 3 show considerable hys-
tweed microstructure has a fine-scale distribution of internaferesis. For determining the Young's modulus we used the
strains, but no regions that are distinctly tetragdidf:?2 unloading curve at stresses slightly below the peak stress of
Since the quenched sample had a high degree of the chenihe test. We expect this slope to be least affected by internal
cal order of theDO0,, structure, but none of the long-range processes contributing to hysteresis, and more representative

tetragonality, we call it partially disordered. of the elastic response. In support of this expectation, we
found that the unloading curve was more reproducible than
B. Calorimetry the loading curve, and we found that the Young's modulus of

Averaged results from the differential calorimetry mea- e or<_jered material WaS‘.InlngOd a‘%"eeme”‘. with that of
surements are presented in Fig. 2. The sign of the data fs'@N@IS, Hug, and Veyssie.”” Young's moduli are pre-
positive, showing that NV has a larger heat capacity in the sented in Table I, together with linear coefficients of thermal
partially disordered state than in the ordered state. The he&XPansion. _
capacity was also measured with an ordered sample alone. Gruneisen constants were obtained from the temperature
From this experiment the Debye temperature was determinegependence of the phonon DOS. For the ordered alloy, for
to be approximately 365 K.This could be inaccurate, since example, we rescaled in energy the 300 K phonon DOS
data were not obtained much below 100 K, but it showedcurve by 0.95% to achieve a best match with the 11 K curve.
reasonable agreement with the heat capacity calculated withhe 300 K curve for the partially disordered alloy matched
the phonon DOS curves as described below, and should dzest with the 11 K curve for a rescaling by 1.5%. Using the
adequate for our need to account for the low-temperaturénear coefficients of thermal expansion in Table | with the
part of AC,(T) for use in Eq.(1).] Using this Debye tem- 289 K difference between 11 and 300 K, we obtain therru
perature of 365 K for the ordered sample, the data of Fig. Zisen constantg of 4.9 for the partially disordered alloy and
could be best fit at temperatures below 160 K with a Debye8.2 for the ordered alloy. These values seem large, perhaps
temperature of 360 K for the partially disordered sample. Atbecause the measured thermal contraction is an average of
high temperatures, these Debye temperatures provide a larganisotropic constants involving different crystallographic di-
vibrational entropy for the partially disordered than the or-rections. On the other hand, using Ej0) we obtain Gru-

dered alloy, and\S, is eisen constants of 1.15 for the partially disordered material
365 and 1.53 for the ordered material. Not only are thesenGru

L ©09| eisen constants smaller that those obtained from the phonon

ASip=3ke |n<360) =0.041 ks /atom. (149 DOS, but their relative sizes are reversed for the two mate-

TABLE |. Measured physical properties of partially disordered and ordergd. Ni

State of NV Young's modulus a (350 K) v [from Eq. (10)] v (from DOS

Partially disordered 12410'° Pa 10.6¢10°6 K™t 1.15 4.9
DO0,, ordered 17.%210° Pa 10.x10°6 k™! 1.53 3.2
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FIG. 3. Engineering stress-strain curves from compression tests ™t isordered 11 KA
of partially disordered and ordered Ni These curves were the O el b
! : ¢ 10 20 30 40
fifth load-unload cycles of the materials.

. . . . . . FIG. 4. Raw neutron energy-loss spectra for the partially disor-
rials. We b_elleve that the inconsistency in t_hese_r@rsen dered and ordered N/ powders, obtained at four values @f and
constants is caused by the crystallographic anisotropy ofyo temperatures as indicated.

NigV.
f(T)=¢e[1l—exp(—e/kT)]. (15
D. Inelastic neutron scattering All spectra were then normalized to unit area. Finally, for
The 16 inelastic-scattering spectra from the two samplegsach specimen at each temperature, we summed all four
(partially disordered and ordergdat two temperature€ll  spectra for the different values @. For the incoherent in-
and 300 K, and four values ofQ (3.48, 3.73, 3.98, 4.23 elastic part of the scattering, this data processing procedure
A1), are presented in Fig. 4. The strong elastic peak is seeshould provide the total phonon DOS, since the incoherent
at energies below 2 meV. At higher energy losses, the inelascattering from both Ni and V atoms are the same. The co-
tic scattering shows features of the phonon DOS of the maherent inelastic scattering from Ni atoms contributes signifi-
terial, such as the peak from the longitudinal branch at 3%antly to the spectra, however.
meV. In each of these spectra, the phonon DOS is signifi- It is usually not possible to obtain an accurate phonon
cantly modified by a thermal factor and t@edependence of DOS from coherent inelastic scattering spectra of polycrys-
the coherent inelastic scattering. Since all spectra were olials without prior knowledge of the lattice dynamics of the
tained with the same total incident beam flux, the thermamaterial®* and there is little such knowledge for JMi. One
factor is evident from the stronger scattering at 300 than aproblem occurs because Ni and V atoms have different co-
11 K. TheQ dependence of the coherent inelastic scatterindierent scattering cross sections. In particular, we were con-
is seen as differences in the shapes of the four spectra in eachrned initially that the negligible coherent scattering from V
of the four graphs of Fig. 4. Overlays of these raw data shovatoms will deemphasize vibrational modes having polariza-
that the inelastic loss spectra of the ordered alloy are dion eigenvectors with large components for V atoms. High-
slightly higher energies than are spectra of the disordereftequency optical modes should be particularly susceptible to
alloy, and the inelastic loss spectra of both materials showhis problem. However, if there were significant differences
some thermal softening. between samples in vibrational modes emphasizing V atoms,
We proceeded to analyze these data to extract four phawve should be able to detect the differences through changes
non DOS curves for the two samples, partially disorderedn the incoherent inelastic scattering. Furthermore, most op-
and ordered, at two temperatures, 11 and 300 K. Our methdtical modes involve some motion of Ni atoms that are neigh-
has similarities to approaches used previod$?-2°To un-  bors of the V atoms, so these modes should also contribute to
derstand the effect of temperature, we calculated the incohethe coherent inelastic scattering. We examined carefully the
ent inelastic scattering using the conventional multiphonorspectra in Fig. 4 and the final DOS curves of Fig. 5 over the
expansiorf°=28 The calculation was performed for 300 K energy range of 25—-50 meV. We found no distinct differ-
with the phonon DOS curve of fcc NP:2%30 The results ences in the features of curves for the four sets of data.
showed that at the relatively low values Qf and tempera- The processed phonon DOS curves are very similar to
ture of the present experiments, the inelastic scattering ieach other, and to the phonon DOS curve for fc¢Nh our
strongly dominated by one-phonon processes, but the smatrevious work!® a Born—von Kaman model was used with
background enhancement of the 300 K data with respect tmteratomic force constants of fcc Ni to calculate the eigen-
the 11 K data was approximately consistent with the calcufrequencies and eigenvectors of the dynamical matrix. With
lated two phonon scattering. First, a background waghis information for each phonon in the first Brillouin zone,
stripped from each spectrum. Second, each spectrum wdlse coherent inelastic scattering was calculated by perform-
corrected by the one-phonon thermal factdT), of ing a crystallographic average of the dynamical structure fac-
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curve is much like th C,,(T) curve from the 11 K phonon
A S L AL AR RN RS DOS, and near 300 K the neAC,/(T) curve approaches the
. A 3 AC(T) curve from the 300 K phonon DOS. At 300 K, the
60x10" F .. Dis 11K E new AC,(T) curve lies below the harmonitC,(T) curve
D3 3 from the 300 K phonon DOS, however, owing to the reduc-
tion of zero-point energy accompanying the softening of the
phonon DOS.
Figure 2 shows that for temperatures greater than 160 K,
3 there is poor agreement between th€,,(T) curve calcu-
lated with Eq.(11) and the data measured by calorimetry.
; Since the energy scale for the HB2 spectrometer is reliable,
Y o %0 T the heat capacities calculated with Efj1) should be accu-
Energy (meV) rate, since they are integral quantities over the phonon DOS.
Modifications of Eq.(11) that started the transition from the
FIG. 5. Phonon DOS obtained from the experimental data ofOW-teémperature DOS to the high-temperature DOS at 160
Fig. 2 by processing as described in the text. K, for example, were also incapable of providing the large
anharmonic behavior in C,(T) measured by calorimetry.

. : . ; Our first attempt to include the anharmonic effects of
tor intensi xplicit val with r he crys- . . .
sity at explicit values o with respect to the crys thermal expansion on the heat capacity used (&) with

tallographic axes. It was shown that for fcc Ni, summing the

: the values ofx from Table I, and-=6.8x10® m*mol from
dynamical structure factors for the four values@f(3.48, . . ' \
3.73, 3.98, 4.23 AY) provides a good approximation to the :[It]eb(lj'ﬁlracifn data. Wetﬁssll;rrlLe tha(; t?gs\_(rzgng S rr;%dfulus of
phonon DOS? More significantly, systematic errors in the . itrgpiésma?esr%rgehzi/inge auPoir:;)orllj’s ré\tiolsolf i’g' anoc: the
analysis are not too important for our purposes, since ourgmsson’s ratio of microtwinned AW is reported to be

need_ls to identify differences m_the phonon DOS curves f00.354.18 The difference in anharmonic heat capacity,
the different states of the material. _PD o lcul
Owing to the excellent 0.01 meV energy accuracy and®Can{T)=Cani{T) ~ConfT) ~was calculated to  be

— — 4 . .
stability of the HB2 spectrometer, small energy shifts in the Can{T) =—2.43<10"T (J/mol/K). This expression pre-
phonon DOS curves can be measured reliably. It is seen iflictS the wrong sign for th& C,,(T) (primarily because the

Fig. 5 that the curve for the ordered alloy at 11 K is shifteg€lastic modulus of the partially disordered sample is smaller

to the highest energy, and the lowest curve is for the disortha@n that of the ordered samplét the temperature of 300

dered alloy at 300 K. Differences in the partially disorderedK: 2dding AC4,{300=-0.073 J/mol/K to theAC\(T)
and ordered DOS curves at the same temperature are indicgdrves in Fig. 2 would provide a total differential heat ca-
tive of the harmonic contribution to the difference in vibra- PaCity with a negative sign in Fig. 6. _

tional entropy between the two materials, and the changes of OUr sécond attempt to include anharmonic effects of ther-

these differences with temperature are indicative of anhar1@l €xpansion on the heat capacity was to use only the pho-
monic effects on the difference in vibrational entropy. non DOS curves through EGL3). The third term of Eq(13)
was calculated with the phonon DOS curves for both the

partially disordered and ordered alloys, and their difference

V. DISCUSSION was taken. There was a problem of how to defigésT with
the DOS curves obtained at 11 and 300 K, since the thermal
expansion andig/dT will approach zero at low tempera-

With Eq. (4), we calculated the harmonic differential heat tures. We assumed thag/ 4T would track the harmonic heat
capacity,ACV(T)EC\P,D(T)—C{,C’)(T), from the differences capacity of the alloy between 11 and 300 K, so at 300 K we
in phonon DOS of the partially disorder¢®D) and ordered defineddg/dT as the difference in the DOS curves measured
(O) samples. The calculation &fC,,(T) with the 11 K pho- at 300 and 11 K, divided by 192 K. For lower temperatures,
non DOS curves is presented as a thin dashed curve in Fig. /e reduced?g/JT in proportion to the ratio of the heat ca-
and the calculation cAC,,(T) from the 300 K phonon DOS pacity at temperature to the heat capacity at 300 K. The
curves is presented as a thin solid curve. The measured dibiggest problem with the use of E(L3), however, was that
ferential heat capacity\C,(T), at temperatures below 160 there were some energies whetg/dE was nearly zero,
K is described adequately by calculations with a harmonicausing large values of the integrand in the third term of Eq.
model using either pair of phonon DOS curvdd or 300 (13). It was necessary to suppress those points whgfeE
K). At temperatures greater than 160 K, however, the calcuwas nearly zero. Variations in this practice caused uncertain-
lated curves are qualitatively incorrect. TReC,(T) mea- ties in the anharmonic part of the differential heat capacity of
sured by calorimetry did not asymptotically approach zeroabout =20%. This differential anharmonic contribution is
as expected in a harmonic model where the heat capacities pfesented in Fig. 6, labeled as “DOS Anharmonic.” Adding
both states of the material approach the same Dulong-Petihis anharmonic contribution to th®C,, from Eq. (12) pro-
limit of 3 kg/atom. vides the total differential heat capacity labeled “DOS

With Eq. (11) we calculatedC,,(T) for both the partially AC,” in Fig. 6. The calculatedAC,(T) has a much better
disordered and ordered alloys, using the phonon DOS curveagreement with the calorimetry data than do any of the
shown in Fig. 5. The result foAC\(T) is presented as a AC(T) calculations shown in Fig. 2. The agreement be-
thick curve in Fig. 2. At low temperatures, this n&vC,,(T) tween the measured and calculate@,(T) data is good,

0S

40t

Phonon D

20f

A. Anharmonicity and phonon DOS
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considering that there are no adjustable parameters in corre- N ——
lating the results from two very different sets of [ , A
measurements—inelastic neutron scattering and differential o20f * DOS Anharmonic
calorimetry. I
Thermal expansion was calculated from the phonon DOS
curves by arranging Ed7) to solve fora. At 300 K, we
obtained linear coefficients of thermal expansion of
15.5x10 %K for the partially disordered alloy, and
13.7x10 9/K for the ordered alloy. These results seem rea-
sonable, but we note that they would be more accurate if we
used the larger bulk modulus obtained by electronic structure

calculation§®**rather than the data of Table I. r ) DOS Cy(T)

0.00 st SRR RN NS RIS TN BN
o 50 100 150 200

0151

AC (J/mol/K)

010 |
L Calorimetry

Microstructure

Ll
250

NI B
300 350

B. Microstructure and elastic energy Temperature (K)

Although theAC,(T) calculated by our second attempt in
Sec. V A with Eq.(13) was successful, thAC(T) calcu- FIG. 6. Differential heat capacities. Curve DGS,(T) and
lated by our first attempt with Eq12) was qualitatively points calorimetry are as presented in Fig. 2. Curve DOS Anhar-
unsuccessful. We believe the problem in using EIR) monic is calculated with the third term of E(L3) as described in
originates with our measured bulk moduli. We propose &he text. Curve Microstructure is calculated with E@8) in the
microstructural mechanism for elastic energy storage iriext, and is presented only as a functional fotwith likely its
polycrystalline NiV with the DO,, structure which allows ©Pposite sigh Curve DOSC(T) is the sum of the curves DOS
for macroscopic differences in the bulk moduli of the two Cv(T) and DOS Anharmonic.
samples, even though they have nearly the same local che
cal order. The mechanism is based on the tetragonal ani
ropy of the thermal expansion of the ordered alloy. FojWi
with DO, order, it is known that the microstructure within
each prior fcc crystallite consists of lenticular packets com- F%E O'IZEMS“
prising lamellas of ordered domains. The domains are mutu- BZV(W N2
ally arranged in a microtwin-type microstructure to minimize
the elastic energy/*82%?2Such a microstructure can be op- The second contributiol®”, originates with how the internal
timized to minimize elastic energy at only one temperaturestresses are changed by the mechanical loading of the mate-
however. With changes in temperature, the ordered domairtéal. The sign ofB” is not obvious, because these elastic
expand or contract anisotropically, generating internal elastistrains are added heterogeneously to the microstructure, and
energy owing to geometrical mismatch between the lenticuwill interact with strains generated by thermal contraction.
lar packets. The ordered domains were originally formedFurthermore, we do not expect a tetragonal crystal to be
during the annealing and cooling from 850 °C, so we expecelastically isotropic. Our moduli seem low in comparison
the microstructure was optimized for minimizing elastic en-with those of electronic structure calculatiois® We there-
ergy at high temperatures. Anisotropic thermal contractiorfore suspect thaB” is negative, and it becomes more nega-
upon cooling will generate internal stresses at room temperdive for the partially disordered sample with its larger inter-
ture. Tanner showed that the tetragonality of ordereg/Ni nal strains.
can vary from about 1 to 2 %, depending on the thermal A microstructural contribution to the heat capacity is ex-
processind’ (Our ordered alloy had a tetragonality of pected to originate with thermal contraction from the tem-
1.7%) Nonequilibrium tetragonalities require the presenceperaturel ; where the microstructure was formed to the tem-
of internal stresses. In Tanner’s work, significant strain conperatureT. The microstructural storage of elastic energy at a
trast was found in transmission electron micrographs of ortemperaturel will be
dered NiV at room temperature, and others have reported

" 2
large strain effects around NI precipitates in Ni-V E t:B é’(fTHSa(T’)dT’) (17)
ustr 2 .

n?‘léting directly from the interatomic potentidt,,, but we
Soékpect an additional contribution from the elastic energy
stored in the microstructuré

~B'+B". (16)

alloys?'?2 In comparison, crystals of the disordered alloy T
gﬁlgjsl'Efvgranﬁi;ﬁtﬁggorgil'tg]; fﬁgﬁggf O?ggr'?l%\?vs\?éie{ﬁ gghe heat capacity associated with this microstructura! en-
must have significant stored elastic energy at all tempera-rgy’CPMS“(T):aEM.S“/’?T)P' can be ca!culated as a function
tures. These local elastic distortions cause “tweed” diffrac-Of temperature. Using Ed10) to provide the temperature
tion contrast in TEM. We do not know the temperature de_dependence foat(T) through the temperature dependence of
pendence of these elastic distortions in the partiaII)ACV(T)’ we obtain from Eq(17)
disordered alloy, although it is likely that they change with B 2
temperature. CWS"(T)ZB,—2 Cyu(MIE(T)—Ep(Tw)]. (18

We expect this microstructural mechanism for elastic en- a
ergy storage in the polycrystalline ordered alloy to affect theWe do not know the prefactors of EL8), except that we
elastic moduli measured in tests on macroscopic specimensxpect them to differ between the partially disordered and
We expect the measured bulk modulis=VJ°E/dV?, to  ordered materials. The functior®,(T) and Epn(T) do not
depend in the usual way on the energy of the crystal origidiffer significantly between these two materials, so it is rea-
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sonable to calculate the temperature dependence of the difial having the higher entropy. This calculated heat-capacity
ference in microstructural heat capacitiedC,,(T)  curve does lie below the experimental data at low tempera-
:CEDstr(T)_C(p) «(T). This temperature dependence is pre-tures, and above at higher temperatures. To make the esti-
Senté‘d(probab|§‘with its opposite sigrin Fig. 6. It is per- Mmate of the difference in vibrational entropy more consistent
haps not surprising that adding an appropriately scaledith the calorimetry data, we increased the curve DOS

ACp,a(T) to theACy(T) calculated from the phonon DOS | i - ST JRERSEE 8 T B, oheaned the.
curves in Sec. V A can improve the quality of fit to the ame value ofS,.(T)=(0.038+0.015ky/atom at 300 K.

experimental data. The improvement in the fit was not larg . L ; :
enough to make a convincing case for the size Ofrhe anharmonic contribution to the heat capacity provides a

AC,,(T), however. By assuming the difference B is thermal increase of the difference in vibrational entropy of

h d diff ooy , ddlble 1. § 5.84x10 °kg atom * K. This difference in vibrational en-
the measured difference in Young's mod(fiable |, from tropy between the partially disordered and ordered states of

Eq. (19) we obtain a difference in elastic energy of about 100\;;.\; is smaller than results reported for other all§y&we
J/mol at low temperatures, with the ordered alloy having the,qjieve the reason is that our partially disorderegvNiad

larger elastic energy. This estimate shows th&ly,s{(T)  nearly the same chemical long-range order as did our ordered
could be comparable to the other contributions presented NV,

Fig. 6. Unfortunately, although we expect the€, ,(T) is

a real phenomenon, its quantitative evaluation is not justified
given the accuracy of our calorimetry data and the uncer- We performed a comparative study of two states gM\i
tainty in the calculated anharmonic part®€C,,(T). Fur-  a state of partial disorder obtained by rapid quenching, and
thermore, the thermal contraction of the ordered materiathe state of equilibrium D order obtained by annealing.
upon cooling from 1123 to 160 K is large, being about 1%.The heat capacity of the partially disordered alloy was con-
With anisotropic contractions, it is likely that the elastic con-sistently larger than that of the ordered alloy in the tempera-
tractions may give way to some local internal plastic defor-ture range of our calorimetry measurements, 60—-325 K. In-
mation at the lowest temperatures. Plastic deformation in thglastic neutron scattering was used to obtain approximate

ordered alloy could altekC,,,¢,(T) at the low temperatures. phonon density of states curves for the two alloys at 11 and
300 K. The phonon energies were larger for the ordered alloy

than the disordered alloy, as expected from their difference
in heat capacities. Th€,/(T) calculated from the phonon
The ordered NV does not exhibit ideally elastic behav- DOS curves measured at 11 K could account for most of the
ior, as shown by the mechanical hysteresis of Fig. 3. Thélifference in heat capacities of the two materials at tempera-
area of the loop is largest for the first few cycles, but the loogures below 160 K. .
remains relatively constant after the fifth cycle shown in Fig. The phonon DOS curves showed thermal softening be-
3. The area of the loop increases strongly with the maximuniween 11 and 300 K. The phonon DOS of the partially dis-
strain. We are confident that the data of Fig. 3 show therdered alloy showed more thermal softening than the or-

hysteretic loss of mechanical energy in the ordered alloy iédj.?fred al!o?/, ar;}d this s'oftﬁning COUId.aCC?u?]t for much of th?
greater than in the partially disordered allfgr which the Iiierential anharmonic heat capacity of the two states o
NisV at the higher temperatures.

maximum strain was larger, but the area of the loop is : .
smalle). In a cyclic process, the mechanical deformation of_. Wwe performed ancﬂlary_ measurements of the Imear coef-
the ordéred alloy should b'e more strongly converted int ficients of thermal expansion ar]d the young's moduli of the

. X %wo alloys. The thermal expansion coefficients could be cal-
heat. The area.of the particular hysteresis loop shown for_ the Jlated from the temperature dependencies of the phonon
ordered alloy in Fig. 3 corresponds to 0.6 J/mole, whichhns curves. There was a significant difference in the
seems too small to account for the large anharmonic effect$oungxs moduli of the two alloys, however. With these
in Fig. 2. moduli  the  classical anharmonic  contribution,

We are still investigating the origin of the large mechani-cp(T)_CV(T):9 B..a?T, predicted the wrong sign of the

cal hysteresis in the orderedNi The hysteretic behavior of measured anharmonic contribution. This suggests that some
the ordered alloy could be promoted by the internal stressesf the anharmonic heat capacity could arise from a micro-
from thermal contraction, which may be nearly large enougtstructural contribution. When the alloy is cooled from the
to drive plastic deformation at some locations in the micro-high temperature where the ordered domains are formed, an-
structure. It is also possible that hysteretic effects may arisesotropic thermal contractions cause the buildup of elastic
if the axes of tetragonality of the D@structure change to energy in the ordered alloy. With increasing temperature,
accommodate the applied stress. We have performed préhis elastic energy is relieved and converted into heat, sup-
liminary measurements of x-ray diffraction patterns when thepressing the measured heat capacity. Our present data are
sample was under a compressive strain of about 0.2%. Wenfortunately insufficient to isolate rigorously this micro-

found no evidence of transformations between variants of thétructural contribution to the heat capacity. There may be
DO,, structure at this strain, however. another small microstructural contribution to the anharmonic

heat capacity orginating with the hysteretic mechanical be-
havior of ordered NV.
For the partially disordered and ordered alloys, we esti-
Using the curve labeled DOGS,,(T) in Fig. 6, we used mate the difference in vibrational entropy to be
Eq. (1) to calculate the difference in vibrational entropy of AS,;,(T)=(0.038+0.015kg/atom at 300 K. The anharmonic
the partially disordered and ordered g Mi to be  contribution to the heat capacity provides a thermal increase
0.025 kg/atom at 300 K, with the partially disordered mate- of the difference in vibrational entropy with temperature of

VI. CONCLUSIONS

C. Microstructure and plastic deformation

D. Entropy
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the amount 5.8410 °kg atomi * K 1. The difference in the surements, and R. D. Conner for help with the mechanical
elastic energy in the microstructure is about 100 J/mol at lowesting. L. Preister and I. Wong performed much of the
temperatures, and may make a significant contribution to thgample preparation. We thank L. Anthony for valuable dis-
difference in heat capacity of the partially disordered andcussions. The Oak Ridge National Laboratory is managed for
ordered alloys. the Department of Energy by Lockheed Martin Energy Re-
search, Oak Ridge, Tennessee under Contract No. DE-
ACO05-960R22464. This work was supported by the U.S.
We thank M. Walter and G. Ravichandran for providing Department of Energy under Contract No. DE-FG-03-
the ultrasonic facilities for the attempted sound velocity mea96ER45572.
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