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First principles, thermal stability
and thermodynamic assessment
of the binary Ni-W system

The Ni—W binary system was assessed using critically eval-
uated experimental data with assistance from first princi-
ples analysis and the CALPHAD method. The solution
phases (liquid, fcc-Al and bcc-A2) were modeled using
the substitutional regular solution model. The recently dis-
covered NigW metastable phase was evaluated as FesC,-
like martensite with three sublattices, and shown to be pos-
sibly stable according to first principles calculations. NigW
was also modeled as an interstitial compound, but the mod-
el is not good because the solubility of tungsten in nickel is
very low, especially at low temperatures. There is no ex-
perimental evidence for such low solubility. The other bin-
ary compounds NizW and NisW were assessed as stoichio-
metric ones. Compared independent experimental and first
principles data agree well with the calculated phase dia-
gram using updated thermodynamic parameters.

Keywords: Nickel; Tungsten; CALPHAD; First principles;
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1. Introduction

The nickel-tungsten system is a basis for many alloys and
composites. For example, tungsten is a common solid solu-
tion strengthener in nickel-based superalloys, due to the
creation of favorable strains in the crystal lattice and forma-
tion of suitable precipitates [1 —3]. The Ni-W system is also

Int. J. Mater. Res. (formerly Z. Metallkd.) 108 (2017) 12

an important part of the W-Ni—Fe—(T1) system for heavy al-
loys, used for high density, structural and high-temperature
applications (e.g. die casting dies, moulds, cores etc.) [4].
This subsystem with carbon is essential for different hard
metals and cermets compositions [5]. The binary Ni—-W
coatings have been reported to be a reasonable alternative
to hard chromium coatings due to their excellent tribologi-
cal characteristics and mechanical properties [6—8], also
having outstanding magnetic features [8, 9]. Ni-W com-
pounds can have additional potential applications in cataly-
sis, high-temperature electrodes and jewelry [7].

Due to the refractory nature of the systems with tungsten
and related experimental challenges, first principles calcu-
lations are evidently an important tool to understand the
thermodynamics and the variety of possible phases. Schind-
zielorz et al. [3] performed first principles calculations in
the 0 < xy < 0.33 concentration range in the Ni-W system.
These fcc-based structures were fully relaxed in two steps
with the Vienna Ab Initio Simulation Package code
(VASP) [10, 11] using the Perdew—Burke Ernzerhof (PBE)
functional approximation as implemented in the standard
generalized gradient approximation (GGA) [12] with pro-
jector augmented wave (PAW) pseudopotentials. A clus-
ter-expansion (CE) method was used with the UNCLE code
[13] and the heat of formation data were calculated. These
energies were used for drawing the phase diagram at zero
kelvin and NiyW and NigW phases were found to be stable.
These findings were confirmed by Kurz et al. [14, 15], who
found NigW (bct PtgTi type) and NiyW (NizMo type) phases
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to be stable, but Ni;W phase (hcp-Cu;Ti type) to be at least
metastable.

In the analogous Ni—-Mo system the metastable NigMo
phase is known [7], so the NigW might be also metastable.
This would explain the difficulties related to experimental
synthesis of the NigW phase and contradictory findings re-
ported in literature. Considering NigW phase formation,
known data of similar XgZ-type intermetallics were ana-
lyzed here, where X is a Group VIII metal and Z is a group
IV, V or VI transition metal. Sufficient experimental data
were found for the following eleven XgZ compounds (struc-
tural prototype PtgTi): PtgV, PtgZr, NigNb, NigTa, NigV,
PdgW, PdgV, NigMo, PdgMo and PtgCr [7]. It appears that
NigZ- and PdgZ-like phases all require excess vacancies for
the ordering reaction to proceed at experimentally accessi-
ble conditions. Experimental evidence for some of these
systems suggests that these XgZ phases are thermodynami-
cally stable [16], but this sadly was not experimentally stu-
died in sufficient detail for NigW. A complicated heat treat-
ment with cold working or ion bombardment seems to be
needed for formation of this phase for practically achiev-
able and detectable amounts of the phase.

The tetragonal structure of the NigW phase seems to be
close to the Fe,cC, and Fe (N, martensite [7, 17—19]. Badi-
nier [20] studied both plate and lath-type martensites in the
Fe—Ni—C system, and found that those regions might actu-
ally correspond to a carbide isomorph to well-known a’’-
Fe N, martensite found in Fe-N system. Brook [17, 18],
Cardarelli [21] and Ishida et al. [22] have reported Fe—C
and Fe-N martensites having tetragonal lattices of space
group I4/mmm (D'7,,; Pearson symbol tI18). In hard metals
WC—(Fe-Ni-C) it was also found that the Fe—Ni—C binder
phase shows fcc— to bet—martensitic transformation, raising
the toughness of the bct-phase higher than in conventional
WC-Co hard materials [23].

In this study both first principles calculations and ther-
modynamic assessment for the binary Ni-W system were
carried out. The DFT (density functional theory) [24] calcu-
lations were made using VASP [10, 11, 25] and electronic
energies per mole of atoms were determined at 0 K. Subse-
quently the PHONON direct method was used to determine
Gibbs energies per mole of atoms at 298, 800 and 1250 K
[26]. Thermodynamic assessment was performed using the
CALPHAD method.

2. Review of the experimental data

2.1. Phase diagram and activity data

Data for nine relevant phases considering the Ni-W binary
system are discussed in this chapter.

Ellinger and Sykes [27], Kornilov and Budberg [28],
Hofmann [29] and Gabriel et al. [30] give fcc Ni-W solid
solubility values. All of these values are between 11 and
12.6 at.% tungsten in nickel in the temperature region of
500 to 1073 K. Pearson’s [31] phase boundary data are
from 1173 and 1273 K, where no other data exist. Laugee
et al. [32] and Udovskii et al. [33] solubility data agree well
with each other. These values are all between 16.5 and
18.1 at.% W in the temperature range from 1326 to
1776 K. Meshkov et al. [34] used a galvanic cell for mea-
suring tungsten activity for fcc nickel phase at 1173 K.
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The fit between calculated and experimental data was quite
good between 0—10 at.% tungsten.

Experimental data on NigW are convenient to compare
with its analogous NigMo phase. According to Mayer and
Urban [35], in the Mo-Ni system bct-phase NigMo was
found under 1 MeV electron irradiation from the Ni—-Mo
solid solution. Ordered NigMo phase develops from
Ni—Mo solid solution at temperatures below 555 K. Sarma
et al. [36] have studied samples, which were hot rolled at
1373 K, then cold rolled, recrystallization annealed at
773—-1173 K and finally cold rolled again. X-ray diffrac-
tion (XRD) studies of these samples showed tungsten-rich
precipitates in Ni-9 at.% W samples. They had a very large
unit cell in comparison to Ni-based matrix and the composi-
tion was ~ 12 at.% W, which is very near to 11.1 at.% W
(NigW). Maisel et al. [37] made X-ray diffuse scattering
measurements on a Ni—-W single crystal with 8% W, and
they showed {2/300} reflections, which suggest the pre-
sence of PtgTi-type Nig W.

Vogel [38] has made one of the first thermal and micro-
scopic examinations of the Ni-W system, and he found a
compound with approximate formula NigW to exist up to
1178 K. According to Becker and Ebert [39], NigW might
have face centered cubic structure. According to Taylor
et al. [7], body centered tetragonal structure (bct) and face
centered cubic (fcc) structures can be considered very close
to each other. Later, however this NigW phase has not been
confirmed however.

Hofmann [29] found the Ni,W phase with metallographic
examination, XRD and differential thermoanalysis (DTA).
Cury et al. [40] found NiyW compound in sintered and arc
molten samples at 1223 K with scanning electron microsco-
py + electron probe microanalysis (SEM + EPMA). Inomata
and Kajihara [41] studied the Ni/W/Ni diffusion couples an-
nealed 186 h at 1173 K and 210 h at 1023 K, where only
the NiyW phase was found [41]. Okamoto [42] shows that
well known phase NiyW is stable up to 1275 K.

According to Mayer [35], Arapova et al. [43] and Oka-
moto [44] an analogous phase to NisW, i.e. NisMo is a
stable phase. Umanskii et al. [45] have found Ni;W to be
stable at 1273 K after 100 h (cited by Hofmann [29]). Ara-
pova et al. [43] have cold pressed Ni-W powder samples,
then hardened them at 1673 K and cooled in cooling fur-
nace. Fcc-Ni and bee-W phases were found with XRD after
this procedure. However, in another work Arapova [46] has
found with XRD that most intense hexagonal phase (Ni;W)
lines were superposed on the solid fcc-Ni and bee-W. This
makes detection of NizW difficult.

After hardening and cooling with a cooling furnace, the
samples were annealed in ampoules at 1373 K 20 min,
1 h,2h,5h and 10 h. The type of quenching after anneal-
ing is unfortunately not mentioned. The result was that
NisW compound was found from samples annealed after
deformation, therefore this compound could be metastable,
at least at 1373 K. During annealing at 1373 K the amount
of NisW diminishes, which means metastability of the
phase or that the temperature is over the dissociation tem-
perature. The annealing temperature 1373 K is over
850 K, where NisW forms according to Kurz [14, 15]. The
stability and metastability ratios of NisW phase are related
to different temperatures and conditions: NizW is stable at
lower temperatures and metastable at higher temperatures,
which was reflected in the calculations made. Also Kurz
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[14, 15] studied Ni-W thin film samples with XRD and
transmission electron microscopy (TEM) and found that
Ni;W is (at least meta-)stable. The thin films were annealed
12 h at 850 K.

Walsh and Donachie [47] found NiW phase in diffusion
couples, but the XRD study did not find intensities of peaks
properly. However, the presence of NiW was detected with
diffusion couples where surface contamination by carbon
seems to occur.

Liu et al. [48] have analyzed diffusion bonded commer-
cial purity Ni and Ni—W alloys at 1473 K. In those diffu-
sion couples NigW¢C (M,C) carbide was found. Cury et al.
[40] showed that NiW phase found earlier is in fact NigW4C
carbide phase. They could not find NiW in either arc melted
or sintered samples. Lee et al. [49] have studied Ni-W thin
films, annealed them at 1573 K and they also found
NigW¢C compound. Marvel etal. [50] have also found
NigW¢C from electroplated and sputtered thin films with
composition Ni-23 at.% W annealed at 973 K. This phase
thus forms probably due to carbon contamination, which is
difficult to avoid in practice.

Poulsen et al. [51] used W wires in pure Ni matrix and
studied the samples with EPMA, and found NiW,, but the
intensity data is missing in that work.

Table 1. Ni—W phases, literature references and experimental data.

Liu et al. [48] also have found carbide Ni,W,C in diffu-
sion couples. This phase is similar to n-phase M¢C well-
known in the Co—W—-C system [40]. As for NiW, Cury et al.
[40] showed that NiW, phase is in fact Ni,W,C phase. They
could not find NiW, in arc melted samples. Lee et al. [49]
found Ni,W,C compound from room temperature Kr-irra-
diated film, which was after that annealed at 1123 K. As a
conclusion, it was found that NiW is in fact the carbide
NigW¢C (M;,C) [40, 48—50] and NiW, is the carbide
Ni,W,C (MC) [40, 48, 49], so these intermetallic com-
pounds NiW and NiW, do not likely exist. Table 1 sum-
marises the literature data for these Ni-W phases and used
experimental methods

Therefore, the Ni-W system contains:

1. the liquid phase;

2. The terminal Ni solid solution (Ni) with quite large solid
solubility for W;

3. The terminal W solid solution (W) with negligible solid
solubility for Ni;

4. the stoichiometric compound NigW; with decomposi-
tion temperature ~ 800 K [3]

5. the stoichiometric compound Niy,W with decomposition
temperature 1275 K [42] ; and

6. the stoichiometric compound Ni;W with decomposition
temperature ~ 850 K [14].

Phase Reference Experimental method
fce-Ni [27] Metallography, X-ray diffraction (XRD)
[28] XRD, Metallography
[29] Metallography, XRD, differential thermoanalysis (DTA)
[30] DTA
[31] XRD
[32] Electromagnetic phase decantation, solid state annealing, XRD, DTA
[33] Calculation by free energy minimization algorithm
[34] Electromotive force (EMF) galvanic cell
NigW [36] Hot rolling, cold tolling, recrystallization annealing, cold rolling, XRD
[37] X-ray diffuse scattering
“NigW”? [38] Thermal and microscopic examination
[39] X-ray spectroscopy
NiyW [27] Metallography, XRD
[29] Metallography, XRD, DTA
[40] Electron probe microanalysis (EPMA), XRD
[41] Diffusion couples
[42] Review
NisW [14] Thin films, Transmission electron microscopy (TEM)
[15] Thin films, TEM
[43] XRD
[45] XRD
[48] XRD
“NiW” [28] Diffusion couple, XRD
NigW,C [40] EPMA, XRD
(M;,C) [48] Diffusion couple, XRD, Scanning electron microscopy (SEM)
[49] Thin films, XRD, TEM
[50] Thin films, Scanning transmission electron microscopy (STEM), EPMA
“NiW,” [51] EPMA
Ni,W,C [40] EPMA, XRD
(MsC) [48] Diffusion couple, XRD, SEM
[49] Thin films, XRD, TEM
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3. Calculations

3.1. First principles calculations

One of the most important methods of quantum mechanical
modelling of solids is the framework of DFT [24] using the
GGA [25]. In this work, DFT calculations with PAW pseu-
dopotentials [52], and PBE functional [53] were used as
implemented in the VASP code. A plane wave cutoff of
at least 400.00 eV and k-spacings of 0.230x 0.230 x
0.230 A! were used. Calculations were performed in the
real space and for the following theoretically chosen
nominal compositions: Ni, Ni3; W, Ni;sW, NigW, NiyW,
Ni; W3, NijsWy, Ni;W,, NisW, Ni, W, Ni;W¢, NiW, Niw,
and W. The total energy was minimized with respect to the
volume (volume relaxation), the shape of the unit cell (ex-
ternal relaxation), and the position of the atoms within the
cell (internal relaxation). Magnetic moments were calcu-
lated using a spin polarized model.

The PHONON direct method [26] was engaged to predict
the lattice dynamics using the harmonic approximation on
VASP-minimized structures that had the lowest ground
state energy. Therefore, the electronic structure at ground
state was calculated using VASP and the zero point energy,
the phonons’ energy and the entropy were calculated using
PHONON [26]. In fact, the Helmholtz free energy was ob-
tained, which can be approximated to the Gibbs free energy
at zero stress conditions.

The Helmholtz free energy, the internal energy (that can
be approximated to the enthalpy) and the entropy were cal-
culated after the vibration frequencies, w, as follows

Egs. (1-3):
o .
Fphonon = 3NkB/ In (%)g(w)dw (1)
0
L
Eponon = 3N / wcoth ( ZZ]C:T>g(w)da) 2)
0

wy,

ha
Sphonon = 3NkB/ [2kBTCOth

T el
in(25er ) |t ()

where N is the number of atoms in the cell, kg is Boltz-
mann’s constant, 7' the absolute temperature, ¢ the maxi-
mal frequency and g(w) the frequency distribution function.
Therefore by adding the electronic contribution (calculated
using DFT as implemented in VASP) to the phonon contri-
bution one could define E(T) as the electronic plus vibra-
tional energy of formation (E¢jec + ZPE + Ejponon(T)), Where
ZPE is the zero-point energy E(0 K), S(T) is the vibrational
entropy at temperature 7, and F(T) is the electronic plus vi-
brational Helmbholtz free energy, F(T) = E(T) - T - S(T).
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3.2. Thermodynamic Assessment

Thermodynamic assessment in this work was based on pre-
vious thermodynamic evaluations of the ternary systems
Ni-Ti—-W by Dupin [54] and C-Ni—W by Gustafson et al.
[55]. Thermodynamic parameters for liquid, bcc and fcc
phases in the Ni-W system were taken from these previous
studies. The Gibbs energy of the pure element, 7, in a given
structure, at a given absolute temperature, 7, is represented
by the following Eq. (4) [56]:

0G, — HS™® = q 4 bT + cTIn T + dT? +;+.sz ¥
4)

where G; is absolute Gibbs free energy of the element, i, at
T(K), and H>ER the enthalpy of the element in its reference
state (Standard Element Reference, SER) at 298.15 K and
1 bar. The Gibbs energy functions for Ni and W above
298.15K (a...f parameters) were taken from the SGTE
(Scientific Group Thermodata Europe) compilation [56].
The Gibbs energies of the Niy,W and NisW compounds, at
T (K), is written as follows Eq. (5):

2 2
=G> xH™ =A+BT+> x(°

i=1 i=1

G.(T) G; — H*™®)

(5)

in which °G. is the absolute Gibbs free energy of the com-
pound, at T(K), and Z)CLHSER the sum of the concentra-

tion-weighted enthalpy of each element in its reference
state (A and B are the assessed parameters for compounds).
Equation (6) was used for Gibbs energy for liquid phase:

GHI(T Z xGYM 4 RT Z xInx; + G& (6)

i=1 i=1

here Z xG
Versus 1ts 11qu1d phase Gibbs energy, RT Z x; In x; is the en-

9 is the sum of each element S concentration

tropy-mixing term correspondent to the 1deal mixture, in
which R is the ideal gas constant. The Redlich—Kister equa-
tion [57] was used to represent the excess Gibbs energy of
mixing G of the liquid phase Eq. (7):

n

GEI = XNIXW Z Ly(xni — xw)", in which L, = a + bT
v=0
(7)

Thermo-Calc software version S and 2016a [58] was used
to obtain the optimal parameter sets of A and B, and a and b.

The stability of the phases in the Ni-W system was as-
sessed as follows. Liquid phase was assessed using one sub-
lattice, fcc and bce phases were assessed using two sublat-
tices. According to Schindzielorz et al. [3], Taylor [7] and
Kurz [14, 15] the phase NigW is very probably a bct phase
like PtgTi. This structure is also considered as being similar
to ordered tetragonal low temperature martensites o'-
FesC, and Fe (N, [17—19].Therefore, the NigW phase
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was evaluated as Fe 4C, with three sublattices: for the Fe-C
system they are usually (Fe);(C,Va),3(C,Va),3, [19]. Ther-
modynamic evaluation of Fe 4C, phase is based on bce-Fe,
but as the Ni structure is fcc-A 1, magnetic terms for NigW
were taken from fcc-A1l (Ni) solid solution [8, 9], with six
magnetic parameters. The sublattices used in NigW were
thus (Ni);(W,Va);5(W,Va),35. The Gibbs energy functions
in the Ni: Va:W and Ni: W: Va sublattices have different
coefficients compared with Fe:Va:C and Fe:C: Va.

Three sublattice model for martensite NigW can be cal-
culated with Eq. (8) [19], with the wildcard symbol (*)
meaning any component could be present in the respective
sublattice:

1. (2). (3 1) (2.3
G?nm = YI(\Ii)ygV)waRJCit:w:w + yI<\Ii> QV)y ifzz GECiEWIVﬂ

1) (2). (3 c 1) (2).3 c
+ yI<\Ii) &/2)’%\/) thilit:Va:W + Y§\Ii>)’§/2)’£/2 Gllzlit:Va:Va
+ 2iRT <y§$) iy +y&1n y@)
R (5 ) o) + i
(8)

with z; = 1/8 and z, = 23/8. The last term in Eq. (8) repre-
sents magnetic ordering and yE denotes the site fraction
of component i on sublattice S. The term EGP is the excess
Gibbs energy described as in Eq. (9):

EGE? = ygi)yg))’@L%t:w,Va:* + ygi)yw)’@L%t:*:w,Va )
and excess Gibbs energy consists as Eqs. (10—12):
2 2\
LIIzICil:W,Va:* = Z (ysV) - YQ/J) : bCit:W.,Va:* (]0)
v
3 3\
LtIiIcit:*:W,Va = Z (yg\’) - yi/zi) Y bcit:*:W,Va (11)
v
"Gt = RTIn((B)* +1)/(x) (12)

in Eq. (12) (B)* being the mean magnetic moment per
mole of formula unit, t = 7/T¢ and T is Curie temperature.
The alternative model for NigW could be an interstitial solid
solution like in fce-TiC: (Ti),(C,Va), [59]. In this study the

20 ey

1. Ni (Im-3m)

151 3. NI (Fm-3m)

{ B NLyW (14/m)

Eglec (kJ(mol of atoms)-1)

x{W)
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1 2 Ni(P&z/mmc)

4. Nig,W (Fm-3m)
1 5.Niy ;W {Fm-3m} SQR
6. Niy W (Fm-3m)

] 7. NigW (4immm) like PgTi

8. Niy Wy (Fm-3m)
10. Niy W, (Fm-3m)
| 1. NipW, (Fm-3m)

model is (Ni)g ggo(W,Va)y 111 Eq. (13) shows two sublattice
interstitial model [60], a = 0.889 and ¢ = 0.111 and Eq. (12)
shows MO GNBW,

GN*W(T) = yniyw " Gniw + yNivva’ Gniva
+ aRT (yniInyni) + ¢RT (yw Inyw + yva Inyv,)
mo GNiSW
(13)

Tetragonal NiyW is a stable phase [29, 40—42] and it was
thermodynamically evaluated as an intermetallic com-
pound and considered to decompose at 1275 K as in [42].
Hexagonal NisW phase in Ni-W films was observed to be
thermally stable at temperatures as high as 850 K, as evi-
denced by (XRD) before and after annealing treatments
[14, 15] and was here also evaluated as a stoichiometric
compound.

+ YNYWLNi:W + YNiyValnNi:va + YNiYWYvalniw, va +

4. Results and discussion

The first principles calculations in this work show the stabi-
lity of the phases at temperatures 0, 298, 800 and 1250 K.

3 T L A B

Ni j

“_I-\ o NiW, 3 “
& 0 Fy @ N ¥ @ NiW (P222) ]
5 : Wi
5 2r .
5 f o Niw, :
° 4 F - . ]
é 4 E .Naw ('Pﬁsfmmc) like Co ;W ]
= [ ]
i -:
% L NiSW (14 mmim) 1
S [ ]
N 8p ]
o E ]
10} :

F NISW (Pmmn) like NigMo
12k Ni W (14/m) 1
L . B S S B B B R
0.0 0.2 0.4 0.6 0.8 1.0

x(W)

Fig. 2. Gibbs energies for the Ni-W system normalized for the number
of moles of atoms at 298 K after DFT and phonon calculations. Ac-
cording to calculations Ni, NigW, NiyW, Ni;W and W were stable.
Filled circles show unstable phases.

16. NI, W, (R-3m)

17. NiW (Fd-3m)
18. NiW (Pnma)
19. NiW (P242429)

20. Wm-3m) Fig. 1. Electronic energy of formation

(VASP energy of formation) after this work.
The ground state line is represented by the
convex hull. According to this study the
phases Ni (3), NigW (7), NiuW (8), Ni;W,
(11), NisW (14) and W (20) are stable at
0 K. Fifteen other phases marked with open
circle were not stable.

12. NigW (Fm-3m)
1 1. N13W (Pea.fm mcj like 003W

15, NigW (PE3/mmc)
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Figure 1 shows electronic energies of formation for differ-
ent phases at 0 K (stable phases are on the convex hull).
Four compounds were found to be stable at 0 K: NigW,
NiyW, Ni;W, and NisW. For similar studies Schindzielorz
et al. found Ni;W, being stable [3], but Maisel et al. [37]
and Kurz et al. [14, 15] did not. Because data on Ni;W,
are contradictory, Ni;W, was omitted from thermodynamic
assessment in this study.

With first principles calculations Schindzielorz et al. [3]
agreed that NigW and NiyW are stable compounds at 0 K.

® NiW (F222)

@Ni

G(BOOK) {kJ(mol of atoms)-1)

5 ® ™6
25F Ni W (P, frme) Tike CoW
Nig W{l4/mmm} ]
230 - i
iy 'i_,'“" {Povmmn)  lilee Nial\{o 1
N W (14/m)
I 1.7 T S A T T
0.0 0.2 0.4 0.6 0.8 1.0

x(W)

Fig. 3. Gibbs energies for the Ni-W system normalized as above at
800 K after DFT and phonon calculations. According to our calcula-
tions Ni, NigW, NiyW, Ni;W and W are stable. Filled circles show un-
stable phases.

'
(]
wn

i
=

.
n
T

NiW (P222)
® 4

® °
Ni3W (l’ﬁsfmmc) Ni’)‘\?ﬁ

n
=
T

Gl(1250 K) (k] (mol of atoms)™)

N 04,

PR B

M R S R M
0.4 4y 06 0.8 1.0

60 Lt
0.0 0.2

Fig. 4. Gibbs energies for the Ni-W system normalized as above at
1250 K after DFT and phonon calculations. According to our calcula-
tions Ni, Ni;W and W are stable. Filled circles show unstable phases.

Table 2. Compounds in the Ni-W system and their electronic en-
ergies comparable to the formation enthalpies at 7= 0 K.

Compound | H; (kJ (mol atoms)™!) | H; (kJ (mol atoms) ")
(this work) [14]
NigW -8.50 -6.596
Niy,W -10.25 -10.231
Niz;W -10.38 -10.135
Ni, W, 1050 ~10.617

Table 3. Compounds in the the Ni-W system and their formation Gibbs energies at 298 K.

Compound G (kJ (mol atoms) ™) Gy (kJ (mol atoms)™) Gy (kJ (mol atoms) ")
(1% principles) (CALPHAD) (CALPHAD)
Martensitic NigW Interstitial NigW
References: References:
Ni fcc-Al and W bee-A2 Ni fce-Al and W bee-A2
NigW -8.02 -11.25 -24.0
Niy,W -12.02 -11.31 -23.27
Ni;W -11.69 -11.34 225
Table 4. Compounds in the Ni-W system and their structures.
Compound Crystal Prototype Space Group Space Group Pearson Struktur-
structure Number Symbol bericht
NigW bet PtgTi [4/mmm 139 tI18 D2/g
[7,21, 63] NigMo
Fe”)Nz
Fe]6C2
NigW fcc TiC Fm3 m 225 cF8 B1
[7,59, 61, 63]
Niy,W tetr MoNiy 14/m 87 tI10 Dl/a
[14, 27, 63]
Ni;W hep Cu,Ti Pmmn 62 OP8 DO0/a
[14, 63]
Ni;W, fcc NaCl Fm3 m 225 cF8 B1
[18, 61, 63]
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Fig. 5. (a) Ni-W phase diagram with NigW. (b) Ni-W phase diagram
without NigW. (c) as (a), but with interstitially modeled NigW.
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Further, Kurz [14, 15] calculated, that NisW is very close to
stable phase (enthalpy of formation about —10.1 kJ mol™" at
0 K), but only 144.7 J mol™' above stability curve. Using
our own data Fig. 2 shows the stable phases of Ni-W system
at 298 K and Fig. 3 at 800 K, in both cases the stable com-
pounds are NigW, Niy,W and Ni;W. Figure 4 shows that at
1250 K NiyW is the only stable compound. The Gibbs en-
ergy curve has the same shape in all cases. Table 2 shows

2200
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& [31] fee f
1400]
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Fig. 6. (a) Ni-W phase diagram with and without NigW (superim-
posed). Dashed curve shows the solid solution line. (b) Same figure,
in which the surroundings of NigW are zoomed. Dashed curve refers
to the same as in (a). At temperatures above the dashed curve, the con-
tinuous curve is common for both cases, with or without NigW. Figures
were calculated with thermodynamic parameters evaluated by the
authors. References for experimental data in [27-33, 42, 65, 66].

i,
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calculated enthalpies of formation (electronic energies) at
T = 0 K from this work and in comparison with data by Kurz
etal. [14]. Table 3 shows Gibbs energies of formation at
298 K for compounds in Ni—-W system according to first

principles calculations and calculated from both present
thermodynamic assessment. The obtained Gibbs energy val-
ues according to first principles calculations and from pres-
ent thermodynamic assessment are in a good agreement for

Table 5a. Thermodynamic parameters for the Ni-W system with martensitic NigW.

(ND(W,Va)g 125(W,Va), g7

NiyW phase, model (Ni),(W)
Ni;W phase, model (Ni);(W)

OBy, = +0.52
0TS vaw = +633
OBgiE:%;la:W =+0.52
0TS wva = +633
OBHN?%;:Va =+0.52
OGni-w:va = +GHSERNI+0.125*GHSERWW-2100—1.56*T
OGnisvaw = +GHSERNI+2.875*GHSERWW-2100
9Gni:w-w = GHSERNI+GHSERWW
OGniw vase = +19000+14*T
0 GNiew va = +19000+14%T
GHSERWW+4*GHSERNI-13600—4.15%T

GHSERWW+3*GHSERNI-11000-2.17*T

Phase Parameters (J(mol)™") Source
Liquid phase, model ()LNi,W =-20470+7.55*T [54]
(Ni,W) 'Lniw =—33545+15.2*T
2Iniw =—12400
bee_A2 phase, model OTGiva = 575 [55]
Ni,W,Va),(Va magn’
( )I( )3 OBNi:%/a=O'85
OLNi‘W =+82000
fce_A1 phase, model OTGiva = 633 (551
Ni,W)(Va magn
(W) B, =052
OLniw = +2556+11.6%T
"Lniw =—=52900
NigW phase, model 0TS vava = +633 This work

[Egs. (8—11)]

This work [Eq. (5)]
This work [Eq. (5)]

Table 5b. Thermodynamic parameters for the Ni-W system with interstitial NigW.

(Ni)g 359(W,Va)g 1)

Ni4W phase, model (Ni),(W)
Ni;W phase, model (Ni);(W)

OTIgi:Va =+633
BIE 20,52

“Gni:w = 0.889*GHSERNI+0.111*GFCCWW-24 300+21*T

OGiw va = 40000
! Griw va = 90000
ZGNi:W,Va = 300000

GHSERWW+4*GHSERNI-91400+56.25*T
GHSERWW+3*GHSERNI-69000+42.71*T

Phase Parameters (J(mol)™') Source
Liquid phase, model OLniw =—20470+7.55*%T [54]
(Ni,W) niw =-33545415.2%T
2Iniw =—12400
bee_A2 phase, model OTGiyva = 575 (551
Ni,W,Va Va magn
( )]( )3 OBNi:%/a =0.85
OLNi‘W =+82000
fcc_Al phase, model 0TS va = 633 [55]
Ni,W)(Va mogn
(NLW)(Va) OB =052
OLniw = +2556+11.6%T
"Iniw =—=52900
NigW phase, model This work

[Egs.(11-12)]

This work [Eq. (5)]
This work [Eq. (5)]
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NiyW and NisW. Values for NigW exhibit higher discre-
pancy, but the match between values is considered to be sa-
tisfactory. With interstitial NigW, the Gibbs energies were
about double to other cases. Table 4 summarises the ana-
lysed compounds in the Ni-W system and their structural
data [7, 14, 15, 18, 21, 41, 61-63].

The assessed Ni—-W phase diagram is shown in Fig. 5a
with all these possible phases and in Fig. 5b without the
NigW phase (suppressed as metastable). Figure Sc was cal-
culated with parameters using interstitially modeled fcc
NigW phase. Stability of phases was correct, except the so-
lubility of tungsten in nickel was very small at low tempera-
tures. Only calculations by Schindzielorz at al. [3] support
that solubility can be very small especially below 500 K.
However, this Ni-W system is a subsystem for the Ni—Ti—
W system, where stable fcc-Ni and metastable fcc-NisgTi
phases exist. NigW is thus a third fcc type phase [54, 64],
and correcting the solubility of tungsten in fcc-Ni may
cause a need to remodel fcc-NisTi. Therefore, the authors
prefer martensitic NigW modeling.

The superimposed diagrams are also shown in Fig. 6a
and b where both fcc-A1 (Ni) solid solution and NigW co-
exist or only fcc-Al (Ni) solid solution is present. At ele-
vated temperatures (7 > 1260 K) the fit with experimental
data is rather good (Fig. 6a). Figure 6b shows that the solu-
bility of tungsten in nickel by Hofmann [29] was reported
smaller than in these calculations. At 873 K the experimen-
tal point from Kornilov and Budberg [28] shows smaller so-
lubility of tungsten in nickel than what is calculated here,
and at 673 K the phase boundary matches very well to the
NigW phase boundary and quite well with fcc Ni solid solu-
tion boundary. Data by Gabriel et al. [30] agree well with
the calculated eutectoid point at the NigW—NiyW equilibri-
um line and also with Ni-W solid solution limits. Also cal-
culated data by Kaufman and Nesor [65] agree well with
the eutectoid temperature obtained by the present assess-
ment. For tungsten solubility in nickel, Ellinger and Sykes
[27] presented the same data point as in [65], where the lat-
ter shows too high solubility compared to the presently
evaluated values. At 1073 K Kornilov and Budberg [28]

data (same as Hansen [66]) show too small solubility of
tungsten in nickel. The fit between Meshkov et al. [34] ex-
perimental activity of tungsten data measured with galvanic
cell and thermodynamic assessment is quite good. Table 5a
(martensitic NigW) and Table 5b (interstitial NigW) show
thermodynamic parameters for Ni-W system evaluated in
this work. For the first time NigW and Ni;W were included
in this Ni-W thermodynamic assessment. The phase dia-
gram obtained from our assessment is consistent with first
principles calculations and experimental data. Table 6a
(martensitic NigW) and Table 6b (interstitial NigW) show
the predicted reaction scheme for the Ni—-W system: reac-
tions, reactions type, calculated composition and tempera-
ture. The last column shows temperatures from independent
literature data for comparison.

5. Conclusions

A set of consistent thermodynamic parameters for solution
phases and intermetallic compounds was obtained for the
Ni—W system by combining a literature review with our
first principles calculations and thermodynamic assessment
using the CALPHAD method from 298 K.

The best fit comparing calculated and experimental data
for fcc-A1(Ni) solid solution boundary was achieved at ele-
vated temperatures, with a very good correlation with the
experimental phase diagrams from the literature, especially
with the phase diagram containing NigW as a (meta)stable
phase, correlated with experimental data, where available.
The fit between experimental and calculated tungsten activ-
ity in fcc nickel was quite good in the composition region
0-10 at.% tungsten.

The NiyW and NisW phases were re-assessed thermody-
namically as stoichiometric compounds in the present
work. As NiW and NiW, phases were reported actually to
be carbides NigW¢C and Ni,W,C, respectively, they were
not included in the binary Ni-W diagram.

It was found that the NigW (prototype tetragonal PtgTi)
phase might have the same structure as Fe;4C, and Fe gN,,

Table 6a. Predicted reactions for the Ni-W system. NigW modeled as martensitic phase. All reactions are at invariant points.

Reaction Type T (K) Composition Literature data
x (W) T (K)
L — fcc-Al+bce-A2 eutectic 1768 0.208 1766 [30, 33]
fcc-Al+bce-A2 — Niy W peritectoid 1289 0.2 1275 [42]
fcc-Al - NigW+Niy W eutectoid 796 0.12 800 [3, this work]
NiyW+bcc-A2 — NisW peritectoid 848 0.25 850 [14, 15]

Table 6b. Predicted reactions for the Ni-W system. NigW modeled as interstitial phase. All reactions are at invariant points.

Reaction Type T (K) Composition Literature data
x (W) T (X)
L — fcc-Al+bec-A2 eutectic 1768 0.207 1766 [30, 33]
fcc-Al+bce-A2 — NiyW peritectoid 1289 0.2 1275 [42]
fcc-Al - NigW+Niy W peritectoid 804 0.11 800 [3, this work]
Niy;W+bcce-A2 — NizsW peritectoid 848 0.25 850 [14, 15]
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which are both martensitic phases. This allowed us to assess
these phases in a similar way with three sublattices and
modified parameters and Gibbs energy functions for Ni:
Va:W and Ni:W:Va sublattices. Two scenarios were
used: one in which NigW is stable and another in which
NigW was considered metastable and therefore not present
in the equilibrium phase diagram. Both versions indicate
that stable and metastable NigW are in good agreement with
independent experimental data. NigW was also modeled as
interstitial solid solution, but the solubility of tungsten in
nickel was very small at low temperatures and there are no
supporting experimental data. Also, calculated Gibbs ener-
gies of formation for compounds at 298 K are too high.
Therefore, martensitic NigW is preferred in this study.

Authors thank Dr. Reza Naraghi from Department of Materials Science
and Engineering, KTH, Sweden for the help with the Fe—C TDB file.
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