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First-principles equation of state and phase stability for the Ni-Al system under high pressures
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The equation of stattEOS) of alloys at high pressures is generalized with the cluster expansion method. It
is shown that this provides a more accurate description. The low temperature EOSs of Ni-Al alloys on FCC
and BCC lattices are obtained with density functional calculations, and the results are in good agreement with
experiments. The merits of the generalized EOS model are confirmed by comparison with the mixing model.
In addition, the FCC phase diagram of the Ni-Al system is calculated by the cluster variation ri@¥Hdd
with both spin-polarized and nonspin-polarized effective cluster interactl©@$. The influence of magnetic
energy on the phase stability is analyzed. A long-standing discrepancy bedleéeitio formation enthalpies
and experimental data is addressed by defining a better reference state. This aids both evaluasibrinifi@n
phase diagram and understanding the thermodynamic behaviors of alloys and compounds. For the first time the
high-pressure behavior of order-disorder transition is investigatedbbinitio calculations. It is found that
order-disorder temperatures follow the Simon melting equation. This may be instructive for experimental and
theoretical research on the effect of an order-disorder transition on shock Hugoniots.
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I. INTRODUCTION model or the so-called volume-addition model3 The ba-

In recent years, the first-principles theory of alloy phaseS' assumption of this model is th_at the volume of alloys or
stability of simple crystal structures and their superstructure§0mpounds under pressure is given by the summation of
has advanced much, and the study of complex phases, whef8uilibrium volumes of its constituents,
several inequivalent sites exist in the unit cell, has gradually
attracted the interest of theoretical investigatibrisHow- V(P) =, nui(P), (GH)]
ever, there remain significant issues in the study of phase i
stability of simple crystal structurds!! Notably, the effect . . :
of pressure on the thermodynamic properties and the phad¥'erevi(P) is the equilibrium volume of ith component at
diagram(PD) of alloys have been investigated in few works pressu_reP and n; the concentration. The internal energy is
only12-14One of the author$M.S. has found byab initio  then given by
calculations that the Al-Li system is not affected signifi-
cantly by hydrostatic compression, except for some very mi- E(P) =, ne;(P), (2
nor effects, such as the reduced Li solubility in the Al-rich i
fcc solid solutiont® However, the pressure in that computa- .
tion is limited to 5.4 GPa, and the conclusion is for one@nd the enthalpy is as
specific system only. The most important issues of high-
pressure physics of alloys, e.g., the equation of B@S, H= E ni(ei(vi) + Pv) = 2 niH; (). ©)
have not been studied yet. Progress in the physics of the ! :
Earth’s interior indicates that there are many nontrivial__, .

pressure-temperature and pressure-composition phase dia-"> model assumes that thermodynamic quantities are just
grams for mantle minerals. A similar situation for alloys with 1€ arithmetic average of each constituent, and more subtle

complex structure can be expected. The present work on a_fi_etalls, say, the structure-dependence of these quantities, are
loys and compounds at high pressures, their equations d¢§nored.
state and phase stability is undertaken to better understand Here, we suggest a more general EOS model based on the
the pressure behavior of alloys. The Ni-Al system was secluster expansiofCE) method. The EOS of Ni-Al alloys are
lected because it is the basis of Ni-based superalloys. It i§vestigated by density functional calculations at zero tem-
necessary to point out that although the thermodynamics dggerature and the generalized CE EOS model in the tetrahe-
the Ni-Al binary system have been studied in great detaidron approximation is compared with the mixing model.
(including both experiments and theoretical Spin-polarization effects on phase stability in the Ni-Al sys-
calculationy,'*152%almost all of these works apply to zero tem are explored and are shown to have partly obscured the
pressure and high pressure behavior remains unknown. fair assessment @b initio results. Finally, the order-disorder
The theory of the EOS for alloys and compounds remaingransition temperature dependence on pressure in FCC Ni-
rather undeveloped; the prevalent model being the mixingl alloys is investigated for the first time.
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Il. THEORETICAL MODEL from ab initio calculations or from fitting to experimental
data, the thermodynamic properties and equilibrium state can
be computed readily by the cluster variation method

For generalizing the mixing EOS model, the cluster ex-(CvM).3 It is evident now that the mixing model is indeed
pansion methodCEM) (Refs. 24-2Yis a natural choice for the single point approximation of CE EOS model as pointed
the mixing model in fact corresponds to the point approxi-out before. In this paper, we will focus mainly on the zero
mation of CEM, where it is always assumed that interactionﬁemperature compressions and vibratiéh# and thermal
are short-ranged in order to guarantee the convergence. electronic effects all are neglected.

The internal energy and pressure in trinomial EQGR&f.
28) are separated aE=E,+E,+E, and P=P,+P,+P,,
where subscriptg, v, ande refer to the contribution at 0 K, _ ] ) -
the thermal contribution from lattice vibrations and that of ~ Since we do not aim to model magnetic transitiéhthe
thermal electrons, respectively. lonization due to temperaturBl@gnetic cohesive energies as well as enthalpies of Ni-Al
and compression is beyond the scope of this work and igSystem can be approximated by simple spin-polarized calcu-
nored. With CEM, one can write thdree) energy terms as lations. Total energies of FCC-based superstructures for Ni-

A. Generalization of EOS model for alloys

B. Calculation methodology

on BCC lattice(BCC, B2, B32, and Dg), are computed
EV) = > v,(V)&, (4)  within the generalized gradient approximafitre® by
n

CASTEP (CAmbridge Serial Total Energy Packggérefs.

37 and 38, with a range of lattice parameters. Both spin-

polarized and nonpolarized results are calculated in order to

F,(V,T)= > wy(V, &, (5) evaluate the influence of magnetic energy on phase diagram.
n All  calculations are performed using ultrasoft

. . . pseudopotential® The cutoff kinetic energy for plane waves
for the free energy of thermal vibratiofwhere ¢ is the in the expansion of the wave functions is set as 540 eV.

cluster correlation function as defined in Ef0) in Ref. 12. X : : i .
As for the electronic free energy, instead of the simple free_lntegratlons in reciprocal space are performed in the first

L 22 . : Brillouin zone using a grid with a maximal interval of
electrons approximatiofwhich is almost configurational 0.03/A generated by the Monkhorst-P4tkcheme. The en-
independent?1?2it is better to use integration involving the g y :

: . . : ) ergy tolerance for self-consistent figl8CH convergence is
configurational electronic density of statg(E): 2x10° eV/atom for all calculations. This setting gives a

w(M precision of 0.2 meV/atom to the convergence of the total
_ energy for FCC Al.
Fe(o.T) = f No(B)LEF(E) + ke TLF(E)In F(E) Cohesive energies at different lattice parameters are ex-
tracted from the total energies by subtracting the spin-
+ (1 =f(E)In (1 -f(E)]IJE, © polarized energies of isolated atoms. Then, they are em-
where f(E) is the Fermi-Dirac distribution. Then, CEM is ployed to evaluate the CE EOS at 0 K and the formation
employed to obtain the electronic free energy for any con&nthalpies for CVM(Refs. 13,30, 41-45calculations ac-

for the zero temperature part of internal energy and

figuration, cording to
Fo= > M(V,TE, 7) AHE(P) = HA(P) = caH*"*(P) = (1 —c)H* *(P),
n (12)
The convergence of this expansion is heuristic and furthefyhere superscript refers to superstructure, acf the con-
confirmation is needed. centration of specieé in a phaseP is hydrostatic pressure
Pressure can be formulated analogously®Ry —dE,/V  and enthalpy is defined as
and PT:_(O-'FT/O')V)T:
) H*(P) = Ecu{ V(P)] + PV(P). (12
P(V) == 2 0V, ) . . . .
" The volume V is determined directly by solvingP
=—0En/ AV in this work, implying the effects of heat expan-
PV =-S W (VTE. 9 sion have been neglected. After formation enthalpiek,,,
oV T) En n(V Dén © of a set of superstructures have been worked out, the effec-
tive cluster interactioECI) v,(P) for clustern at pressuré
- _ / can be obtained readily by means of a Connolly-Williams
PV T) == 2 MV TG, 0 cedur@
where the prime indicates the derivative with respect to vol- vy(P) = EQAHf%rm(P)(gﬁ)‘l. (13

ume. Equations(8)—«10) compose the generalized EOS

model which has the capability to account for the effects ofThis set of ECIs is appropriate for phase stability calcula-
order-disorder transitions in alloys. Provided that effectivetions. However, it is improper for EOS computations since
cluster interactiongECI) v,, W,, andX\,, are known, either cohesive energies and their pressure-dependence of pure el-

094203-2



FIRST-PRINCIPLES EQUATION OF STATE AND. PHYSICAL REVIEW B 70, 094203(2004)

TABLE |. Spin-polarized total energies for FCC superstructures at 0 GPa.

Structure

(spin-polarizedl Cal Econ(€V/atom a(h) aothelA) B (GPa Bothe(GPa

FCC 0.0 -4.873 3.510 3.82 215.6 187.86
3.450

DO,, 0.25 -4.825 3.557 3.54 190.5
3.53¢

L1, 0.25 -4.873 3.547 3.567 194.5 186
3.5%
3.53%

L1y 0.5 -4.624 3.651 2.5%4 159.4
3.61%

DO,, 0.75 -4.008 3.845 3.7%7 112.5
3.787P

L1, 0.75 -4.009 3.839 3.802 111.1

FCC 1.0 -3.498 4.052 4.65 78.6 79.4
3.984

aReference 50.

bReference 16.

‘Reference 54.

dReference 16.

®Reference 51.

fReference 53.

9Reference 47.

ements have been omitted. A set of ECls containing more [ll. RESULTS AND DISCUSSION

information needed for EOS, while may be less accurate for

- . . A. EOS at zero temperature
phase stability studies, can be derived analogously by P

Calculated cohesive energies, equilibrium lattice param-
vp(V) = Ea EX(WI(EH™L (14)  eters, and bulk moduli are listed in Tables I-IV. Experimen-
tal and other theoretical results are also included for com-
parisons. The superscripts in the tables refer to the
corresponding reference papers. Both spin-polarized and

onpolarized results are presented simultaneously to evaluate

e influence of local moments on weak magnetic Ni-Al al-
QX/S. The cohesive energies for a range of atomic volume are
calculated and shown in Figs. 1 and 2. For elemental Al, the
spin-polarized and nonpolarized cohesive energy curves are

Herev, corresponds to the contribution of clusteto cohe-
sive energy. Equation&l3) and (14) can be solved using a
singular value decomposition procedure. Then, the EOS
any phase can be calculated based on its cohesive ener
curve

N = N identical within a large range of volume, which is different
Econ(V) = 21 vn(V)&n. (19 from elemental NiFig. 2). The excess energies due to spin-
n=

polarization of valence electrons are about (815 eV for
. . ) . . FCC AI(Ni) at a lattice parameter of 15 A. These values are
Merits of Eq.(1_5) lie on Its Cap*’?‘b"'ty of prowdmg a_cg:urate comparable to cohesive energies of Ni-Al alloys at ambient
EOS. for a”oy.s(.'ﬂ partur:]ular Sot}d SOAUIIOI’DStha'T. 'S.d'ff'Cl]f.lt. pressure and accurate cohesive energies can be obtained only
?e)/mdléigtua:te)sln;trlg g;?;rr%?r?.e(;rvﬁthp tl‘?jeG?bqblg 'f?g: :;e'rn'tebwhen referenced them to spin-polarized isolated atoms.
CVI\EI) W DY For the nonmagnetic phase of B2 and FCC Al, the calcu-
lated equilibrium lattice parameters and bulk moduli are in
good agreement with experimental d4t&? (better than pre-
G*=H*-TS" (16)  vious calculation$53-55. Our computed lattice parameters
are slightly larger than other calculations systematically. It is
In the present work, only tetrahedron approximation is usedwing to the GGA(GGS approximation, which always
because we focus mainly on the trends and variations ofvercorrects the deficiencies of LDA and leads to an un-
phase boundaries and transition temperatures rather than tHerbinding. The influence of spin-polarization of electrons
precise phase diagram and tetrahedron is enough for thae limited to Ni-rich side with concentration of Al below
purposet® 0.50.25 for FCQBCC) based phases. Spin-polarized equi-
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TABLE Il. Nonpolarized total energies for FCC superstructures at 0 GPa.

Structure
(nonpolarize Cal Eson(€V/atom a(A) agthelA) B (GP3
FCC 0.0 -4.645 3.488 3.82 227.4
3.450
DO,, 0.25 -4.806 3.553 3.54 195.5
3.53¢
L1, 0.25 —-4.845 3.545 3.567 198.3
3.55
3.532
L1, 0.5 -4.624 3.651 2.524 159.0
3.61%
DO,, 0.75 -4.008 3.845 3.777 111.1
3.78P
L1, 0.75 4.009 3.839 3.802 111.4
FCC 1.0 -3.498 4.052 4.05 79.2
3.984

aReference 50.
bReference 16.
‘Reference 54.
dReference 51.
®Reference 53.

librium lattice parameters of the magnetic phaB€C Ni 3 is the pressure vs compression ratio curves, whose feature
and L1, NizAl) are better than nonpolarized ones by compar-of concentration and structure dependences is evident. It
ing with experimental datgpartly for this reason, following demonstrates the mixing model is inappropriate for ordered
discussions at zero temperature are all based on spirstates. The curves of B2 and §-fthases are almost identical,
polarized calculations if without special stateménihe cal- and those of D@, and L1, are close very well within the
culated bulk modulus of FCC Ni, both spin-polarized andstudied pressure range. In particular, a detailed comparison
nonpolarized, however, are larger than experiment measuref these curves with experimeritaland the mixing model
ments. This is expected since DFT calculations always overesults is given in Fig. 4 for stoichiometric NiAl, where the
estimate the cohesive energy and consequently the bulkCC+FCGBCC+BCQ curve is derived from FCBCC)
modulus for transition metals. elemental phases only by the mixing model. B32 phase
Based on the above calculations, the cold E@Bin- seems better than the stable B2 phase by comparison with
polarized of Ni-Al alloys is computed readily. Shown in Fig. experimental data. However, both of them are within the

TABLE lll. Spin-polarized total energies for BCC superstructures at 0 GPa.

Structure

(spin-polarizedl Cal Econ(€V/atom a(h) AgthelA) B (GP3 Bothe(GPA

BCC 0.0 -4.731 2.794 2.785 210.0

DOs 0.25 -4.788 2.825 2.785 188.4
2.78%

B2 0.5 -4.769 2.882 2.886 162.1 166
2.83% 156+3F
2.864 186

B32 0.5 -4.438 2.914 2.871 151.2

DO3 0.75 -3.879 3.056 3.063 105.0

BCC 1.0 -3.403 3.240 3.1%7 71.3

aReference 16.
bReference 53.
‘Reference 49.
dReference 48.
®Reference 52.
fReference 55.
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TABLE IV. Nonpolarized total energies for BCC superstructures 0
at 0 GPa. ] —BCCNi
Structure N
(nonpolarizedyl Cal EceViatom  a(R)  aghe(A) <
BCC 0.0 -4.592 2,774 2.785 g
DO3 0.25 -4.787 2.821 2.785 2
2.789 E
B32 0.5 -4.769 2.882 2.886 S
2.833
2.864
B32 0.5 -4.438 2914 2.871
DO; 0.75 -3.879 3.056 3.003
BCC 1.0 -3.403 3240  3.1%7 Volume (A’)
®Reference 16. FIG. 2. Comparison of cohesive energies of BCC Ni with spin-
PReference 53. polarized and nonpolarized FCC Ni.

‘Reference 49.

7 shows the comparisons of bulk modulus, cohesive energy,
measurement error bar. The curves of bulk modulus vs comsp, 4 pressure between results of mixing model and the CE

pression ratio are also.presen.ted in.Fig. 5. One can see bofihg model, respectively. Subscript FP refers to first-
the bulk modulus and its gradient with respect to volume Ofprinciples calculations. Obviously, CE EOS is much better

nonpolarized FCC Ni are larger than the spin-polarized on€yan the mixing model, although the latter also provided a
The structure dependence of bulk modulus is also evident. g |ative precise approximation to the first principles resuits.

_ The EOS of Ni-Al alloys can be generally calculated us-pgays in the figure correspond to the zero points of first-
ing ECls obtained by Eq14). For the purpose of justifying principle cohesive energy, pressure and bulk modulus and

the CE EOS model, a stable phase of stoichiometriGngicate the requirement of larger parent cluster for more
L1, NisAl is considered. The EClIs for pressure are shown iNyccurate EOS.

Fig. 6, which are derived from those for cohesive energies by

Pn=—dvn(V)/V (for bulk modulusb,=V&?v,(V)/N? is ap- -

plied analogously Under tetrahedron approximatiom B. Phase stability

takes the value from zero to the four, corresponding to the The spin-polarized formation enthalpies of the Ni-Al sys-
null cluster, point, nearest neighb@¥N) pair, NN triangle, tem as functions of pressure are plotted in Fig. 8 with pres-
and NN tetrahedron, respectively. Limited by the used parenyre up to 400 GPa. A structural transition from FCC to BCC
cluster and superstructures, the coefficients for clusters ghyes place at about 260 GPa for Al. It is in agreement with
point and NN pair are identicalthis degeneracy is lifted previous calculations except for a more stable phase, HCP,
when larger cluster and more superstructures are)u€et-  hich is not considered here, presents at 220—300 GPa at

vergence of cluster expansion is demonstrated by the dgow temperatur& The stability of all ordered phases are
crease of ECIs’ magnitude by ten times successively. Figure

400
2 - J
Ji 4 — NiAIB2 250
i ----NiAIL1,
] :\\ ---NiALDo, | sodete N
= oftt Ve Ni BCC 2 1N\ .
> J&y T Ni FCC B %01 NN
g’ A1 v Al BCC =
& i —-mm Al FCC g ~~~~~~~~
i) | Y
(2]
g 2
£ &
g
Q
O 3
44 |
1 0 — T T T L L L L
5 065 060 065 070 075 080 08 090 085 1.00

Compression ratio (V/V)

Volume (A’)

FIG. 3. Ab initio pressure-compression ratio curves for Ni-Al
FIG. 1. Spin-polarized cohesive energies vs atomic volume formlloys based on FCC and BCC lattices. Notice the
some BCC and FCC structrures. structure-dependencies.
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FIG. 4. Comparison of calculated EOS with
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strengthened by pressure, while P8 more notable com-
paring with the DQ, phase. The comparison of our calcu-

lated formation enthalpies at zero pressure with experimental

dat2’-5% and previous calculatio#®® is shown in Fig. 9.

Both spin-polarized and nonpolarized results are included. It
is clear that the former is much better by comparing with the
FIG. 6. Cluster expansion coefficients for pressure in tetraneexperimental data. The latter, however, shallower than Pas-

turel's resultd® and in good agreement with Watson’s
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FIG. 10. FCC phase diagram of Ni-Al system at low tempera-
FIG. 8. Formation enthalpies as functions of pressure up taure region.

400 GPa. Notice the strengthening of the stability ofDB2, and

BCC Al phases. entropy. Its variation with respect to small changes of ECls

. . . . + v, is simply as
calculations® All theoretical calculations predict the same Un=Un™ Fn Py

order of stabilities for studied phases. The discrepancy be- T P

tween the theoretical results and experimental data at Al-rich 5Gr =, dvnén = => —M(Agﬁ)z. (17

side is due to that more stable phases,,fRIAl;) and n 2%, 0&

D5;5(Ni,Al ), in this composition range are not considered . . N .

in this work. It is necessary to point out that the experiment1€ré the condition’G*/d&;=0 is used, and\&y are varia-

data of Oelse® is excluded for their measurements were nottions of correlation functions due to the changes of ECls via

rigoroust® the procedure of minimizing Gibbs energy. One concludes
The phase stability of the Ni-Al system at finite tempera-from Figs_. 10 and 11 'ghat the contribution o_f the first_ term in

ture is computed with CVM and Eq13) is employed to Eq. (17) is small, while the secpnd term is magnified by

derive the corresponding ECls. To evaluate the influence df€MpPeraturér and becomes dominant at high temperatures.

magnetic energy on phase stability partly, FCC phase dial N€ distinct phase boundaries at the Ni-rich siélg. 11) are

grams(PD) are produced by both spin-polarized and nonpoJust Fhe responsibility of th|s term, indicating the precision

larized ECls. Figure 10 shows the low temperature part ofeduirement of ECIs for reliable Gibbs free energy and phase

this PD. It is surprising that the spin-polarized and nonpolardiagram calculations at high temperatures. _

ized PDs are almost identical. The only discernable distinc- Ve also find from Fig. 11 that the spin-polarized ECls

tion is L1,-FCC boundaries at the Ni-rich side shown in the Produced a wrong high temperature PD for Ni-Al alloys. The

inset. This is unusual for the two sets of ECIs are quiteorder-disorder transition temperaturgof L1, NizAl-FCC is

different. A completely different situation presents for high 100 low to be true. In fact, it is still too low even volume

temperature part, howevésee Fig. 11 The reason for this relaxation effects are included. This crushes Carlstal.’s

lies on that the Gibbs free energy depends on both ECls and

2400
0 o non-polarized
] Do, o 2200 ¢ spin-polarized = -
10 o - A. Pasturel
g _20_' Do, /L1,@ 2000
= oDo 0B32
2 3] oDo,, 2 1800-
g ) o . E FCcC
- % i
40 . gXx x - L1° @ E 1600
E Bl @ A. Pasturel (Calc.) &
g %01 X\ B 3* | @ R.E. Watson (Calc.) g 1400+
2 B2y % * 0. Kubaschewski (Exp.) o
g 60 e e X H. Hultgren (Exp.) = 1200 4
° ‘s + F. Sommer (Exp.)
F +70 4 o spin-polarized 1000 -
] ® o non-polarized
-eo v T v T v T M T v 1
00 02 0.4 06 08 10 800 — . — T —af g
Ni C Al 0.2 03 04 05 . 07 0.8 0.9
Al .
Al C Ni

FIG. 9. Calculated formation enthalpies at zero pressure com-
pared with experimental and previous theoretical results. The con- FIG. 11. FCC phase diagram of the Ni-Al system at high tem-
vex hull pertaining to spin-polarize@ghonpolarizegiground states is  perature region. Notice the Ni-rich part, where spin-polarized ECls
marked with a soliddotted line. produced wrong phase boundaries.
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hope® to improve the first-principled, by including mag- 421
netic energy. It is reasonable because the range of tempera- . 491
ture here is much higher than the Curie temperatures of 4 381
Ni-Al alloys and the magnetic interactions should have been
vanished. Thus the proper ECls for this region should be the
nonpolarized one. Actually, the nonpolarized PD is in agree-
ment with previous calculatior$;?° and an improvement of

T. about 100 K is acquired when no volume relaxation ef-

fects are included. The relaxéd is about 2500 K with an

3.2+

Ni-Al

Transition temperature (10
w
i

improvement of 300K compared with previous 24] o L1-FCC

calculations'® counting roughly 15% of the extrapolated ex- 22 o L1-FCC

perimentalT.. This result can be improved further by em- 20 Simon Equation

ploying larger parent clusters, including local lattice distor- it

tions and vibrational entropiéé_ 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Nevertheless, it is inconsistent between experimental for- Pressure (GPa)

mation enthalpies and the phase diagram. The former prefers ) »
the spin-polarized ECls whereas the latter prefers the nonpg- ~'C: 12. Calculated order-disorder transition temperature as
larized one. The situation becomes worse when formatio unctions of pressure by comparison with the Simon equation.
enthalpies measured at different temperatures are taken into

account. It seems the formation enthalpy of Ni-Al alloys isPressures. The reason for this may lie in that both order-
scattered and intractabl® . However, if dividing the mea- disorder transformationd.1,-FCC and L3-FCC) and melt-
sured formation enthalpies into two sets according tdng are first order. We know the phase boundary of a first-
whether they are measured below or above the Curie tenfrder transition must obey the Clausius-Clapeyron relation
perature of Ni, one may find those measured at low tempera- dP AS AH

tures (commonly at room temperatuyrerefers the spin- =—= . (18)
polarized results, while the other set prefers the nonpolarized dT AV TAV

one. Obviously the excess spin-polarized energy of Ni is theyn the other hand, Simon equation has a form of

key for this problem. In view of almost all ordered phases of

the Ni-Al system are nonmagnetic at room temperature ex- P-Py_(T\° 1 19
cept FCC Ni, it is convenient to shift the reference state from a \T, : (19)

magnetic Ni(used in measurementso the nonmagnetic . )

state for these data. This is done using the spin-polarized arfd"€ can then obtain a relation for the latent heat, pressure
nonpolarized cohesive energies of FCC Ni listed in Tables fnd difference of volume for order-disorder transition as
and I1. The low temperature experimental formation enthalpy>H/cAV=a+P. The parametera andc are 40.249 GPa and

of NisAl is then re-evaluated from —37(®ef. 58 [-35Ref.  3-546 for LL NizAl and 21.472 GPa and 2.935 for
53)kJ/mol] to ~53.8-51.5 kJ/mol, which is in good agree- L1o NiAl, respectively. o . o

ment with our nonpolarized result —47.0 kd/mol, Pasturel's 1he significance of this relation is that it would ignite the
~48.36 kJ/mol® and high temperature measurement ofinterest to investigate tr_\e hlgh-pr_essure thermodynamlc be-
—47 kJ/mol® That of NiAl (B2) is also re-evaluated from haviors of alloys, in particular the influence of order-disorder

_ ; transition on shock Hugoniots. A heuristic question is for the
-58.8 kd/mol(Ref. 57 to —69.79 kJ/mol, by comparison o - 8
with  our (nonpolgrized -67.3 kJ/mo?/ Pgsturel’s B2-BCC transition. It is second order and what kind of rela-

~75.6 kJ/mof® and high temperature measurement oftion will be followed by itsT;? Is it still in Simon form or
~67 kJ/moP3 It is evident now that the discrepancy betweenn0t? All of these are still open for answers.

the experiment data and Pasturel’s calculations is mainly due
to the LDA approximation they used, which has been cor-

rected in this work by GGA instead. V. CONCULUSION

In conclusion, the mixing model for high pressure EOS of
alloys is generalized to CE EOS model with the cluster ex-
pansion method. It is shown that this provides a more accu-

It is interesting to investigate the variation of order- rate description of ordered state due to its feature of structure
disorder transition temperature$, of L1, NizAl and  dependence. The low temperature EOSs of Ni-Al alloys that
L1, NiAl phases with pressures. Here only cold pressure ibased on the FCC/BCC lattice are calculated by first-
taken into account up to 130 GPa for simplicity, which is principles method and a good agreement with experiment
determined by nonpolarized cohesive energy curves and mgata is obtained. The CE EOS model is confirmed by com-
vibrational contributions are included. The, of the L1,  parison with the mixing model in tetrahedron approximation.
phase is lower than that of Lbnly within a narrow range of We also provide the formation enthalpies of studied struc-
pressure and has a larger gradiesge Fig. 12 It is worth  tures up to 400 GPa in order to analyze the variation of
pointing out thatT, perfectly satisfies the Simon’s melting phase stability as functions of pressure. The FCC phase dia-
equatiorf! which is a semiempirical law for melting at high gram of the Ni-Al system is calculated by CVM with both

C. Simon equation for order-disorder transition temperature
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spin-polarized and nonpolarized ECIs to evaluate the influlow the Simon melting equation. This may be instructive for
ence of magnetic energy. By defining a more sound referencexperimental and theoretical research on the effect of an
state, the low temperature experimental formation enthalpiesrder-disorder transition on shock Hugoniots.

are re-evaluated and the results matched very well with our
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