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The recent observation of the hexagonal-closed-packed (hcp) phase in CoCrFeNi-based multicomponent
alloys has reopened the question of phase stability in these alloys. We investigate the alloying effect of tungsten
on the crystal and magnetic structures of (CoCrFeNi)1−xWx high entropy alloys using density functional theory
by means of the exact muffin-tin orbital method. The body-centered-cubic (bcc), face-centered-cubic (fcc), and
hcp phases are investigated in two magnetic states: ferrimagnetic and paramagnetic. Below 8 at. % W the
ground state of (CoCrFeNi)1−xWx is the ferrimagnetic hcp phase and above that, the ferrimagnetic bcc phase
is stabilized. Our calculations show that the fcc and hcp phases are energetically very close in the whole range
of studied W compositions and because CoCrFeNi and (CoCrFeNi)0.93W0.07 are observed in the fcc phase at
room temperature, the hcp-fcc structural phase transition is expected to occur at lower temperatures. The total
magnetic moment in bcc is almost double the value calculated for the fcc and hcp structures, which is due to that
Cr moments are nearly quenched in bcc but are coupled antiferromagnetically to Fe, Ni, and Co in both hcp and
fcc. We calculated also the Curie temperature of these alloys using the mean-field approximation. The calculated
value was found to be 155 K for fcc CoCrFeNi, in excellent agreement with experiments, and the addition of W
decreases this value. Our results contribute to the development of these relatively unknown corrosion-resistant
materials into industrial applications, such as cemented carbides.
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I. INTRODUCTION

High entropy alloys (HEAs) are defined in general as
multicomponent alloys consisting of five or more principal
elements in compositions, typically ranging between 5 and
35 atomic percent [1]. This virtually unexplored class of new
alloys offers an enormous span of material possibilities due
to the vast number of different combinations of elements to
design innovative engineering materials with tunable proper-
ties. HEAs often exhibit superior mechanical properties such
as high strength at high temperatures [1–3], ductility [4],
toughness [5], and resistance to corrosion [6,7], wear [8],
and fatigue [9]. Despite the diversity of their components,
these complex alloys can form simple single phases and are
often stabilized in bcc and fcc phases [4,10]. The observation
of the hcp phase has been more elusive; however, recently,
there have been reports of the stabilization of the hcp phase
in CoCrFeMnNi [11], AlHfScTiZr [12], Al0.5CoCrFeNi [13],
and CoCrFeNi [14]. The last two HEAs have long been
viewed as fcc systems.

CoCrFeNi is an interesting material that has been exten-
sively studied in the past [14–21]. Recently, CoCrFeNi with
dissolved W and C has been considered for replacing cobalt in
cemented carbides because of its good mechanical properties
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[22]. Cemented carbides are composite materials that are
constituted by a hard phase: tungsten carbide grains cemented
or glued by a metallic binder phase, typically Co. The use of
cemented carbides is quite universal. They are employed in
metal cutting, structural parts, mining and construction, wear
parts, etc., which makes cemented carbides very important
materials for industry. Due to health concerns related to Co
dust [23–25], the substitution or reduction of Co content in
cemented carbides has become urgent. Unfortunately, despite
a lot of research efforts in the last decades, this issue has not
been solved satisfactorily [26].

The task is to identify a Co property that correlates with
its good performance as a binder to be able to emulate this
property in the alternative material [27]. For example, it is
known in Co-based alloys that the resistance to galling, a form
of wear, is related to the low stacking fault energy (STE) [28]
and that tensile properties are associated to the fcc-hcp phase
transition [29]. Recently, an ab initio and thermodynamic
study on SFE and its relation to the fcc-hcp phase transition in
Co-based binary alloys showed that, when Co is alloyed with
Fe or Ni the fcc phase is stabilized, whereas Cr and W (below
10% W) stabilize the hcp [27]. Consequently, CoCrFeNi
is considered a good candidate to replace Co in cemented
carbides because the hcp and fcc phases are energetically
close and therefore SFEs are likely to be as low as in Co
and other Co-based alloys [27]. Because W dissolves in the
binder phase, it is a key issue to understand the effect of W on
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the phase stability of CoCrFeNi. Understanding the magnetic
properties of these HEAs is also very important if they are
going to be used as a replacement for Co in cemented carbides
because the change of the magnetic response of Co due to
the presence of W in the binder is widely used in industry
to control the quality of cutting tools in a nondestructive
manner [30].

There are very few investigations in the literature on these
(CoCrFeNi)1−xWx alloys [7,22,31]. Poletti et al. synthesized
new CoCrNiFeW0.3 and CoCrNiFeW0.3 + 5 at. % of C alloys
and were able to demonstrate that the performance of these
new HEAs compare well with that of benchmark commercial
alloys, Stellite6, as wear resistance materials for coating au-
tomotive engine valves [31]. Altogether, (CoCrFeNi)1−xWx

HEAs are important engineering materials for several appli-
cations and their further development depends critically on
a better understanding of their properties. The present study
aims at investigating the effect of W on the phase stability
and the magnetic properties of (CoCrFeNi)1−xWx HEA by
means of first-principles theory. We compare our results with
pure Co to determine to which extent these HEAs behave as
Co. The paper is organized as follows: in Sec. II we describe
the computational methods, in Sec. III we present structural
and magnetic analyses based on our ab initio calculations and,
finally, we summarize our findings in Sec. IV.

II. COMPUTATIONAL DETAILS

We performed total-energy calculations in the framework
of density functional theory (DFT) [32,33] as implemented in
the exact muffin-tin orbital (EMTO) method [34–37]. EMTO
is an improved screened Korringa-Kohn-Rostoker (KKR)
method [38], where the exact one-electron potential is rep-
resented by large overlapping muffin-tin potential spheres.
By using overlapping spheres the exact crystal potential can
be described more accurately when compared to the conven-
tional muffin-tin or not overlapping approaches [36,39]. The
Perdew-Burke-Ernzerhof generalized gradient approximation
(PBE) was used for the exchange correlation functional [40].
HEA can be stabilized in random solid solutions. In this
study the chemical disorder in the random solid solutions was
treated within the coherent-potential approximation (CPA)
[41–46]. Nowadays, CPA is one of the most powerful tech-
niques to treat random alloys due to the possibility to calculate
properties of materials accurately using the unit cell instead
of employing large and time consuming supercells [37]. The
latter method has the advantage of being able to consider local
relaxations, [47] however, for the properties investigated in
this study local relaxations appeared not to be significant.

The EMTO method together with CPA have been suc-
cessfully applied to calculate the ground state properties of
ordered [48,49] and disordered alloys [50] as well as HEA
[19,51,52]. The full charge density (FCD) technique is imple-
mented for accurate total energies [53,54]. The EMTO basis
includes s, p, d and f orbitals. The one-electron equations
were solved within the scalar relativistic approximation and
the soft-core scheme [37]. The total number of k-points in the
irreducible Brilloiun zone was 506, 916 and 1919 points for
the bcc, fcc and hcp lattice. The screening parameter was kept
constant throughout the calculations, 0.6020.

III. RESULTS AND DISCUSSIONS

A. HCP phase

We investigate the crystal structure of the high entropy
alloys (CoCrFeNi)1−xWx , where the W concentration varies
between 0 to 10 at.%. This concentration range was chosen
because it is in the relevant interval where W diffusion occurs
in the binder phase of cemented carbides. Two magnetic states
were considered here: ferrimagnetic and paramagnetic. The
ferrimagnetic state corresponds to a spin arrangement where
the spin of Cr atoms aligns opposite to all the other spins
of the other elements in the alloy. The paramagnetic state
is modeled by using the disordered local moments (DLM)
approach that in combination with CPA treats CoCrFeNiW
as a 50-50 alloy, where (CoCrFeNiW)↑50 (CoCrFeNiW)↓50 with
magnetic moments distributed randomly [55].

When stabilized in simple solid solution, HEAs are of-
ten found in the bcc or fcc structure [10]. However, there
have been recent reports on the observation of the hcp
phase in CoCrFeMnNi [11], AlHfScTiZr [12], and even in
Al0.5CoCrFeNi [13] and CoCrFeNi [14] HEA. Our present
calculations show that the hcp structure is energetically close
to fcc, similar to the case of pure Co [56]. In order to investi-
gate the hcp phase, we searched for the equilibrium values of
the c/a ratio and the lattice constant a for each composition 0,
2, 4, 6, 8, and 10 at. % W. We utilized a dense mesh (15 × 10)
of c/a and a values. The calculated total-energy surfaces were
then fitted using the following polynomial expression:

E(y = c/a, z = a) = a1y
3 + a2y

2 + a3z
2 + a4y + a5z,

(1)

where the coefficients a1, a2, a3, a4, and a5 as well as the
equilibrium values of c/a and a are listed in Table I for
each composition and for pure hcp Co for comparison. The
total-energy surfaces fitted using Eq. (1) and energy contours
are displayed in Fig. 1(a) for hcp CoCrFeNi and Fig. 1(b) for
pure hcp Co. Total-energy surfaces and energy contours for
(CoCrFeNi)1−xWx with x > 0 were also calculated. We do
not show them here since they are very similar to the energy
surface of CoCrFeNi [Fig. 1(a)] [57].

In Fig. 1 we compare hcp CoCrFeNi with pure hcp Co and
find striking similarities between the two energy surfaces. The
shape of both curves is very alike and exhibits little variation
around the minima, in particular, along the c/a axis. The inset
in the figure displays the energy difference between the two
energy surfaces at c/a = 1.62.

Table I shows that there is a nearly linear increase of the
lattice constant as the concentration of W increases, whereas
the value of c/a stays almost constant. Interestingly, c/a is
slightly larger for pure Co than for (CoCrFeNi)1−xWx .

B. Phase stability

In this section we present the results of total-energy cal-
culations for the bcc, fcc, and hcp structures. For the hcp
structure we have used the equilibrium values for c/a and
a listed in Table I. Figure 2 displays the total energies for
the concentration range between 0 and 10 at. % W in the
ferrimagnetic and paramagnetic state. The ferrimagnetic hcp
phase is energetically more stable than fcc and bcc in both
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TABLE I. Coefficients a1, a2, a3, a4, and a5 used in Eq. (1) for (CoCrFeNi)1−xWx HEAs. Equilibrium lattice parameters and c/a ratios for
all compositions. Experimental values are taken from Ref. [58].

x (at. %) a1 (Ry/Å
3
) a2 (Ry/Å

2
) a3 (Ry/Å

2
) a4 (Ry/Å) a5 (Ry/Å) c/a a (Å)

Co (Expt.) 1.623 2.5071
Co (Theor.) −5757.13 688.15 8984.4 −3583.75 1227.83 1.624 2.50

0 −4912.97 581.91 7670.56 −3046.05 1047.47 1.621 2.51
2 −4969.72 582.18 7759.82 −3064.53 1059.49 1.621 2.52
4 −5273.26 611.76 8232.72 −3235.50 1124.34 1.621 2.53
6 −5593.14 644.37 8739.91 −3423.00 1191.54 1.621 2.55
8 −5946.84 680.92 9301.37 −3631.83 1265.77 1.622 2.56
10 −6342.41 722.61 7670.56 −3046.05 1047.47 1.623 2.57

FIG. 1. Total energy surfaces for (a) CoCrFeNi and (b) pure Co
in the hcp structure as a function of the c/a ratio and lattice constant
a. Energy contours are also displayed. In both cases a ferrimagnetic
state was assumed. The inset shows the energy difference between
hcp CoCrFeNi and pure hcp Co energy surfaces at c/a = 1.62.

ferrimagnetic and paramagnetic states for compositions below
8 at. % W. Total energy differences for the ferrimagnetic state
are listed with respect to the energy of the hcp phase at the
equilibrium volume in Table II. The ferrimagnetic hcp and
fcc phases are almost degenerate with an energy difference
of 0.2–0.4 mRy for concentrations below 6 at. % W. This
difference becomes even smaller as the concentration of W
increases above 8 at. % W and at 10 at. % W the two
curves are almost on top of each other. Above 8 at. % W the
ferrimagnetic bcc phase becomes the global minimum. The
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FIG. 2. Total energy for (CoCrFeNi)1−xWx where x = 0, 2, 4, 6,

10 at. % W. The label F denotes a ferrimagnetic configuration
in which all the atomic spins point in one direction except Cr,
whose spin aligns opposite to the rest (open symbols). The label P
corresponds to the paramagnetic state. In all cases the total energy
is given with respect to the energy of the ferrimagnetic hcp structure
(open squares).
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TABLE II. Total-energy differences given with respect to the hcp
phase at the equilibrium volume.

x (at. %) �Ebcc-hcp (mRy) �Efcc-hcp (mRy)

0 1.89 0.40
2 1.40 0.37
4 0.91 0.31
6 0.43 0.26
8 0.05 0.21
10 −0.56 0.14

ferrimagnetic bcc phase favors larger equilibrium volumes
than both hcp and fcc.

Paramagnetic solutions are always higher in energy than
the ferrimagnetic ones and their equilibrium volumes are
smaller than their ferrimagnetic counterparts. The paramag-
netic bcc energy curve lies well above all the other curves and
the paramagnetic fcc and hcp curves have an almost constant
energy difference of ∼0.5 mRy across the whole range of W
concentrations.

It is interesting to notice that the energy difference between
ferrimagnetic hcp and fcc is smaller than in the case of pure
Co, that is ∼1.6 mRy [56]. This suggests that the hcp �
fcc transition temperature is lower than in the case of pure
Co, 700 K [58]. Recently, Niu et al. observed the presence
of a nanostructure with hcp phase in CrCoNi [59]. They
calculated also the free-energy difference between hcp and fcc
by using DFT calculations and obtained ∼0.7 mRy, which is
in the order of magnitude of the energy differences obtained
here. We also notice that the fcc paramagnetic state energy
is never lower than paramagnetic hcp, an effect that is also
observed on pure Co [56]. This implies that magnetic effects
alone cannot account for the phase transition and as it has
been demonstrated for pure Co, several energy contributions,
namely, vibrational energy, volume expansion effects, and
magnetic and electronic entropy, may be needed to trigger the
fcc-hcp phase transition in these multicomponent alloys.

The equilibrium volumes for the high entropy alloys
(CoCrFeNi)1−xWx have been obtained by minimization of the
total-energy curves in Fig. 2. Figure 3 presents the equilibrium
volumes for fcc, hcp, and bcc against concentration in the
ferrimagnetic and paramagnetic state. One can observe that
there is a linear increment of the equilibrium volumes as a
function of W concentration with a similar slope 7.0–7.7 ×
10−2 Å

3
/at. % for all the investigated cases. The paramag-

netic equilibrium volumes are always smaller than the ones
corresponding to ferrimagnetic configurations. Ferrimagnetic
hcp and fcc equilibrium volumes are very close for all concen-
trations. This resembles the pure Co case as well, where the
volume change at the phase transition �V/V = 3.3 × 10−3

is very small [60].
There is very little experimental work on these alloys,

(CoCrFeNi)1−xWx . Poletti et al. synthetized and charac-
terized (CoCrFeNi)0.93W0.07 by means of x-ray diffraction
(XRD) and scanning electron microscopy (SEM) [31]. They
found that the (CoCrFeNi)0.93W0.07 alloy is almost entirely
constituted by an fcc phase once equilibrium is reached at
room temperature and the lattice constant was determined
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FIG. 3. Equilibrium volumes for (CoCrFeNi)1−xWx in the bcc,
fcc, and hcp structures considering the ferrimagnetic (open symbols)
and paramagnetic state (full symbols). Experiments a, b, c, and d
correspond to Refs. [31,15,16,65], respectively. Calculations A and
B correspond to Refs. [51] and [19], respectively.

to be 3.6048 ± 2 × 10−4 Å (Vat = 11.71 Å
3
). This is in ex-

cellent agreement with our calculated equilibrium volume,

11.713 Å
3
, of the fcc phase in the ferrimagnetic state at 7

at. % W obtained by linear extrapolation of the FM fcc curve
in Fig. 3. The value for paramagnetic fcc at 7 at. % W is

11.57 Å
3
.

C. Magnetism

In this section we discuss the magnetic structure of
(CoCrFeNi)1−xWx HEAs. Figure 4 displays the atomic mag-
netic moments for Co, Cr, Fe, and Ni for each W concentration
and for each crystalline phase. The moments are obtained at
the equilibrium volume for each structure in the ferrimagnetic
state. One can see that, in general, the magnetic moments of
all elements are larger in the bcc phase, which can be seen as
well in other CoCrFeNi-based HEAs [19,52,61]. Increasing
the concentration of W does not change very much the atomic
magnetic moments of the elements, except for Ni, where the
magnetic moment decreases with a similar slope ≈ −7 ×
10−3μB /at. % for all three phases.

Co magnetic moments in (CoCrFeNi)1−xWx HEAs are
slightly lower than in pure Co, and they tend to decrease as
W concentration increases; conversely Fe slightly increases
its magnetic moment with W concentration. The magnetic
moments of Cr behave differently. In bcc, Cr has a very small
magnetic moment, and only marginally increases with W
concentration, whereas in hcp and fcc, Cr magnetic moments
are negative varying between −1μB and −0.85μB . This is
the reason that in the bcc phase the total magnetic moment
of the alloys is much larger than in hcp and fcc, where the
Cr magnetic moments couples antiparallelly with the other
spins. It is worth mentioning that there has been a report of
a tendency of Cr-Cr repulsion in CoCrFeNi that might be
related to the presence of short-range ordering at ambient tem-
peratures [62]. However, since investigating this possibility
would require a supercell approach and it is out of the scope
of this paper we did not study this issue.
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In the bottom part of Fig. 4 we also show the total magnetic
moment for (CoCrFeNi)1−xWx as a function of W concentra-
tion. The effect of W is to decrease the total magnetic moment
of the three phases, bcc, fcc, and hcp. The total magnetic
moment of the bcc phase is nearly double the total magnetic
moments of both fcc and hcp.

The magnetic saturation is commonly used in industry to
assess the tungsten concentration in Co binders by means
of a linearly decreasing magnetic saturation as function of
W content [63,64]. In Fig. 4, we notice that the magnetic
response of CoCrFeNi also behaves linearly on the W content,
similarly to that of a Co binder.

The last graph in Fig. 4 displays the Curie temperature
(Tc) versus W concentration for bcc, fcc, and hcp. We have
employed a mean-field expression [61]

Tc = 2

3

(
EDLM

tot − EFM
tot

)

kB (1 − cW )
, (2)

where EDLM
tot and EFM

tot are the total energies of the DLM
and ferromagnetic states, respectively. Our calculated value

of the Curie temperature for CoCrFeNi in the fcc phase is
155 K, which compares remarkably well with experimental
values 120–130 K [65,66] and other ab initio calculations
[67,68]. Our ab initio trend predicts a decrease of Tc as the
concentration of W increases. The effect is more pronounced
on the bcc phase. Unfortunately, to our knowledge there are
no experimental data to verify these trends.

IV. CONCLUSIONS

In this study we have calculated the phase stability and
magnetic properties of (CoCrFeNi)1−xWx HEAs. Calcula-
tions were performed for paramagnetic and ferrimagnetic
states. In the latter, Cr magnetic moments are aligned in
opposite direction to Fe, Co, and Ni. The paramagnetic state
was modeled by using the DLM approach. The ground state of
these HEAs is the ferrimagnetic hcp phase for concentrations
below 8 at. % W and above it, the ferrimagnetic bcc phase
becomes more stable. The ferrimagnetic hcp and fcc phase
are energetically very close as in Co and Co-binary alloys.
The calculated equilibrium volume of the fcc phase at 7 at. %
W is in excellent agreement with the experimental value at
room temperature.

Incrementing W concentration reduces the magnetic mo-
ment of Co and Ni, while it increases the Fe atomic moment.
The total magnetic moment of these alloys is reduced with
the increment of W concentration. The magnetic moment
of Cr changes depending on the crystal structure; in bcc Cr
moments are nearly quenched, however in fcc and hcp Cr
magnetic moments are coupled antiferromagnetically to the
other elements in these alloys. This accounts for the large
difference in the total magnetic moment between bcc and
the other two phases, hcp and fcc. Our calculated value of
the Curie temperature of CoCrFeNi agrees well with exper-
iments and the trend predicted by our calculations is that W
decreases Tc.

In general, our results show that (CoCrFeNi)1−xWx HEAs
behave similarly to pure Co below 6 at. % W, where the fcc
and hcp phases are very close in energy and hence stacking
fault energies are likely to be small. The magnetic response of
these multicomponent alloys follows the same trend as pure
Co with increment of W. All these facts support the choice
of CoCrFeNiW with less than 6 at. % W as a replacement
for Co in cemented carbides and also encourage more exper-
imental work on these corrosion-resistant materials for their
further development as highly relevant materials for industrial
applications.
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