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HIGHLIGHTS GRAPHICAL ABSTRACT

e Cast CoCrFeMnNiV shows 71 vol% of
sigma (o) phase enriched in Cr and V.

e g-phase is avoided in nanocrystalline
CoCrFeMnNiV formed by MA-SPS route.
e Un-solicited contamination of during
MA-SPS leads to suppression of ¢ phase.
e Calphad based G vs composition plots
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ARTICLE INFO ABSTRACT
Keywords: CoCrFeMnNiV high entropy alloy (HEA) exhibits a high content of c-phase (70 vol%) when produced by casting
High-entrop}‘r alloy i route. In the present work, a combination of mechanical alloying (MA) and spark plasma sintering (SPS) has been
Nanocrystalline materials used to synthesize nanocrystalline CoCrFeMnNiV HEA where the formation of c-phase has been avoided. Elec-

Spark plasma sintering

tron microscopy and atom probe tomography analysis indicated the formation of FCC structured HEA matrix
Atom probe tomography

along with (Cr,V) carbide (15 vol%) precipitation, without the presence of ¢-phase in SPS processed alloy. Gibbs

Calphad energy vs composition (G-x) diagrams of binary subsystems and possible carbides and oxides substantiate the
absence of o-phase during SPS of CoCrFeMnNiV alloy. Thus, the unsolicited contamination during MA-SPS route
proves beneficial in suppressing the complex phase formation.

1. Introduction alloys, which have generated fundamental inquisitiveness and shown

encouraging technological potential. Although initial research in HEAs
High entropy alloys (HEAs) represent a new class of multicomponent was driven towards identifying single phase HEAs, it has now been
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realised that true single phase HEAs are either scarce or those compo-
sitions exhibiting single phases are stabilized in their metastable states
which upon equilibrium treatment decompose into multi-phase alloy
[1-3]. The maximized configurational entropy (ASnix) of HEAs does not
guarantee the formation of single phase solid solutions in many of the
investigated alloys [4]. Rather, formation of multiple phases is widely
reported in HEAs. For example, sigma (o) phase, which is frequently
observed in binary phase diagrams of Ni or Fe based alloys while
involving Cr/V as one of the constituents, and accordingly, the forma-
tion of o-phase is widely reported in Cr/V containing HEAs [5,6].
CoCrFeNi and CoCrFeMnNi HEAs, for example, show a thermally stable
single-phase FCC structure when processed through casting [7].

Addition of V to CoCrFeMnNi HEA leads to the formation of c-phase
when synthesized by casting route [6]. CoCrFeMnNiV system, even
though has high ASpx of 1.79 R, displays nearly 70 vol% of c-phase [5,
6], consequently poor ductility and therefore remains largely unex-
plored. While small quantities of intermetallic phases have been shown
to be advantageous [8], presence of complex structures in large fraction
embrittles HEA leading to poor ductility [5]. V being a refractory
element, retaining it in single phase FCC might have potential
improvement in structural properties, particularly at high temperatures.
Mechanical alloying (MA) is a widely used approach to produce nano-
crystalline materials and the non-equilibrium nature of the process leads
to extended solid solubility of alloying elements [9]. MA has also been
increasingly used to synthesize nanocrystalline HEAs with formation of
simple solid solution structures [10]. Additionally, nanocrystalline
HEAs have shown improved strength [11] and promising functional
properties [12]. Spark plasma sintering (SPS) has become an increas-
ingly attractive option for the consolidation of MAed powders [13],
owing to the shorter processing times relative to conventional sintering
and thus ensuring better retention of nanocrystallinity.

In the present work, we aim to study the phase evolution in CoCr-
FeMnNiV HEA by processing it through MA followed by SPS. To make a
detailed comparison with equilibrium structures, CoCrFeMnNiV HEA
has also been synthesized by vacuum arc melting. Usage of binary Gibbs
energy vs composition (G-x) plots, calculated using Calphad models, has
been reported to be successful in understanding phase formation and
stability in HEAs [14,15]. In the present study, such plots have been
utilized for understanding phase formation in CoCrFeMnNiV HEA. The
inevitable carbon and oxygen pick-up during milling are duly consid-
ered in the thermodynamic analysis to provide novel insights into the
phase formation during MA-SPS. In order to predict the relative stability
of competing phases, Ellingham diagram can be utilized. However, it
can be used only to know the competition among similar phases, e.g.
between oxides or between carbides. More importantly, phase diagram
calculation requires Calphad database inclusive of all the constituent
elements along with C and O, which are not prevalent. In such a sce-
nario, to understand the competition among different types of phases,
such as oxides, carbides and solid solution and intermetallic phases that
generally form in transition metal systems, G-x plots are utilized. To the
best of our knowledge, CoCrFeMnNiV HEA has not yet been produced in
nanocrystalline state or through any non-equilibrium processing routes.

2. Methods
2.1. Alloy preparation and characterization

Solid pieces (99.5 wt% purity) of Co, Cr, Fe, Mn, Ni and V, in
equiatomic proportions, were melt in an arc melting furnace to form
bulk CoCrFeMnNiV HEA. The melting chamber was first evacuated to
1075 mbar pressure, and subsequently the melting was carried out in a
highly purified Ar atmosphere. Each alloy was re-melted 4-5 times to
improve the chemical homogeneity. The buttons were sealed in quartz
tube under Ar atmosphere and homogenized at 1473 K for 50 h.
Elemental powders of Co, Cr, Fe, Mn, Ni and V (99.5% pure) were milled
together in a high energy planetary ball mill (Fritsch Pulverisette P-5) at
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300 rpm with a ball to powder weight ratio of 10:1 to obtain nano-
crystalline CoCrFeMnNiV HEA. Toluene was used as process controlling
agent in milling media of tungsten carbide (WC) vials and balls. The
milled powders were consolidated by SPS in Dr. Sinter unit (Model SPS-
625, SPS Syntex Inc., Japan) at a temperature of 1173 K for 5 min at a
pressure of 60 MPa. X-ray diffraction (XRD) analysis, using Panalytical
X-ray diffractometer with Cu-Ko radiation, was used for phase
identification.

Nanocrystalline microstructure and phase analysis of the sintered
sample was determined using transmission electron microscopy (TEM)
in a FEI-Tecnai-T20, 200 kV microscope. Atom probe tomography (APT)
measurements were performed on homogenized alloy, using a CAMECA
local electrode atom probe (LEAP™) 4000X HR, with the tips prepared
using a FEI Helios Nanolab 660 dual beam microscope. APT measure-
ments of the alloy processed through SPS were performed using LEAP
5000 XR. Both the measurements were performed in laser pulsing mode
using 355 nm wavelength (UV) laser beam while APT tip was main-
tained at a temperature of 60 K. The pulse frequency of 200 kHz, laser
energy of 25 pJ and a detection rate of 0.5% per evaporation pulse were
utilized for both the samples. The needle shaped APT specimens of the
SPS sample were prepared using a dual beam workstation, Helios G4 UX
focused ion beam/scanning electron microscope (FIB/SEM). Hardness
measurements were performed on the bulk and sintered samples using a
load of 500 gf with a dwell time of 10s on a Wolpert Wilson Vickers
Hardness instrument. Reported values are an average of 10 readings
across the pellet.

2.2. Computation of G-x plots

G-x plots were generated for the stable phases of all the binary sub-
systems in CoCrFeMnNiV alloy at 1273 K. G-x data was also calculated
for stable binary carbides of the elements in HEA. In these cases, FCC
was chosen as the reference state for ease of comparison. In order to find
stable phases for the G-x plots, binary phase diagrams were first calcu-
lated. Thermo-Calc software with TCHEA2 database was used for these
calculations. For calculating the G-x data for oxides, SSUB5 database
was used, since TCHEA2 does not include O. The reference state in this
set of calculations was the standard elemental reference. For the sake of
comparison G-x data for the carbides of V were also calculated using
SSUBS.

3. Results and discussion
3.1. Phase formation in bulk CoCrFeMnNiV HEA

Fig. la displays the XRD pattern of cast and homogenized CoCr-
FeMnNiV HEA, where peaks corresponding to tetragonal (¢) (major
phase) and FCC phases can be observed. Using quantitative XRD anal-
ysis, the volume fraction of c-phase is estimated to be 70%, which is in
close agreement with the previous reports [5,6] on bulk CoCrFeMnNiV.
To determine the localised composition of ¢ and FCC phases accurately,
APT measurements have been performed. The APT tips were
site-specifically lifted-out from a grain boundary region decorated by the
second phase (Fig. 1b). Ni enrichment was observed in the elemental
distribution map and it was delineated using a 18 at.% iso-concentration
surface shown in Fig. 1c. Corresponding proximity histogram shown in
Fig. 1d indicates Cr and V enrichment and, concomitant Ni and Mn
enrichment, on either side of the grain boundary indicating the potential
o phase formation. The compositions of the FCC and o-phases have been
presented in Table 1, which further substantiate the excess Cr and V
(18.42 and 17.84 at.%, respectively) in the o-phase.

3.2. Phase evolution in CoCrFeMnNiV during MA-SPS

Phase evolution during MA of CoCrFeMnNiV is depicted in Fig. 2a.
The major phase is FCC from initial hours of milling. BCC phase is also
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Fig. 1. a) XRD pattern of as cast and homogenized CoCrFeMnNiV HEA, b) SEM SE image of the alloy showing the near grain-boundary phase, c) Ni iso-concentration

surface in this region along with the elemental maps and d) the corresponding concentration profiles.

Table 1

Composition (at.%) of major phases in CoCrFeMnNiV HEA after casting and homogenization and MA-SPS.
Element C (0] Co Cr Fe Mn Ni A
After homogenization (Determined using APT)
Tetragonal - - 16.2 £ 0.3 18.2+ 0.4 17.5+£0.2 147 £ 0.3 14.8 £ 0.1 18.6 +£ 0.2
FCC - - 16.8 £ 0.1 12.7 £ 0.2 15.6 £0.3 179+ 0.4 23.0+0.1 139+ 0.3
After SPS (Determined using TEM-EDS)
FCC - - 21.1 +£0.3 13.6 £ 0.5 20.5+0.3 17.8 £ 0.3 22.0+1.0 5.0 £ 0.5
Cr,Cs 46.2 + 3.1 - 4.3+ 0.6 249+ 0.4 5.4 +0.2 58 +0.8 35+1.1 9.6 £ 0.6
V-0 10.2 £2.2 24.4+1.2 6.5+0.7 9.0+1.1 6.7 £0.8 6.9 £ 0.6 6.6 £ 0.7 35.6 £ 0.9
Cr-C-O0 222+ 2.6 26.0 + 2.2 2.8+ 0.8 27.4 £ 3.5 45+1.2 4.7 +£1.2 3.5+0.8 8.7+0.5
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observed, which dissolves into Ni-based FCC matrix after 12 h.
Elemental peaks of Mn and Co are observed until 8 h of milling, while
WC contamination appears after 10 h of milling. The final alloy, after 15
h, consists of a major FCC phase along with minor fractions of WC.
Broadening of XRD peaks with milling time indicates the formation of
nanocrystalline grains within the powders and the presence of lattice
strain. Formation of FCC phase proceeds via dissolution of Co and Fe in
Ni-lattice, which have high mutual solubility as reflected in their binary
phase diagrams [16]. Further, the lattice parameter (determined using
single peak (111) method) of initial FCC phase (after 3 h of MA) is close
to that of Ni (0.352 nm), which slightly increases to 0.359 nm after 15 h
of MA. The XRD patterns of sintered alloy, milled powders and
as-homogenized alloy are compared in Fig. 2b. After SPS, the alloy
consists of the matrix FCC phase along with WC that is retained from
milled condition and additional Cr;C3 phase. Cr, among all constituents,
has highest tendency to form carbides [17] as is apparent in the present
study. From quantitative XRD analysis, the volume fraction of Cr,Cs is
estimated to be approximately 15%. This is in close agreement to the
carbide fraction reported for other Cr containing HEAs like CoCrFeNi
and CoCrFeMnNi formed by MA-SPS [18,19].

Fig. 2c shows TEM bright field image of sintered CoCrFeMnNiV HEA
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confirming the presence of nanocrystalline grains. A higher magnifica-
tion image (Fig. 2d) shows the distribution of different phases within the
nanocrystalline grains. The composition of different phases has been
determined using EDS (Table 1), which shows that the FCC phase is
depleted in Cr and V. The Cr and V depletion arises due to the formation
of their respective carbides and oxides. Two kinds of oxide particles are
seen, one which is rich in Cr (indexed as Cr-O) and other which is rich in
V (indexed as V-0). Presence of Cr-O could arise due to the oxidation of
some Cr;Cg particles. Selected area diffraction (SAD) patterns depicted
in Fig. 2e and f substantiate the orthorhombic and FCC structure of Cr;Cg
and the matrix phase, respectively. The grain size distribution of FCC
phase (Fig. 2g) reveals the average grain size value to be 86 + 10 nm. It
may be noted that no evidence for o-phase formation could be found
during the TEM investigations on a large number of thin foils of
consolidated sample.

To obtain the composition of the nano-scale phases in the alloy after
SPS in greater detail, APT investigations have been carried out and the
results are presented in Fig. 3. The 3-D reconstruction of a typical
CoCrFeMnNiV measurement is shown in Fig. 3 including individual ion
maps (Fig. 3a) of the constituent elements. Significant Cr enrichment is
observed and has been demarcated using a 20 at.% Cr iso-concentration
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0
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Fig. 2. XRD patterns showing a) phase evolution in CoCrFeMnNiV during MA, b) structure of the alloy subjected to homogenization, MA and SPS, c) low and d) high
magnification bright field images of CoCrFeMnNiV HEA processed through SPS. SAD patterns of e) orthorhombic Cr,Cs, f) FCC matrix and g) Grain size distribution

for FCC phase.
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surface (Fig. 3b). The one-dimensional concentration profile in Fig. 3c
generated from the 10 nm diameter cylindrical region of interest shown
in Fig. 3b confirms the presence of Cr carbide, which is in agreement
with the results from XRD and TEM. In addition, traces of oxides of V
(VO and VOy) have also been observed as shown in Fig. 3a Formation of
VC has also been observed from the 3-D elemental maps of Co, Cr, Fe,
Mn, Ni and V presented in Fig. 4a. Proximity histogram corresponding to
the 7.3 at. % C iso—concentration interfaces (Fig. 4b) have been plotted
as shown in Fig. 4c. The presence of VC is clearly reflected as the con-
centration of C and V increased rapidly and that of Co, Cr, Fe, Mn and Ni
reduced drastically.

The contamination during MA is often inevitable. The oxygen pick-
up can occur from the atmosphere or during handling of nanocrystal-
line powders. The mechanism of C incorporation has still not been
identified with certainty. Vaidya et al. [19] have recently shown that
Cr;Cs formation begins during milling stage itself, and gets enhanced
during thermal exposure for e.g. during consolidation by SPS. The car-
bon containing compounds present during milling are WC (vials and
balls) and toluene. However, WC being a stable carbide is unlikely to
dissociate and therefore most probable source of C contamination is
argued to be decomposition of toluene [19,20]. Although the carbon
pick-up during MA of HEAs is unsolicited and some efforts have been
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directed to reduce the carbide contents (see for e.g. Ref. [21]), a limited
fraction of carbide has shown some beneficial effects as well. AlICoCrFe
HEA has demonstrated excellent phase stability and very high hardness
due to the presence of Cr rich Ma3Cg carbides [22]. Cr;C3 particles
present in CoCrFeNi and CoCrFeMnNi alloys after SPS pin the grain
boundaries to restrict the grain growth in these HEAs [23].

3.3. G-x plot of the competing phases in CoCrFeMnNiV

It is clear from above sections that the o-phase present in homoge-
nized CoCrFeMnNiV is absent in the alloy processed through MA and
SPS. Although Cr;Cg is observed after SPS, its volume fraction (~15%) is
significantly less than the amount of c-phase (~70%) present in cast
alloy. To understand the suppression of 6-phase during the adopted MA-
SPS route, G-x diagrams have been utilized.

Fig. 5a shows G-x plots for the stable phases in binary subsystems of
CoCrFeMnNiV at 1273 K. It is evident that G of V containing o-phases
(Co-V, Ni-V, Fe-V) is highly negative, followed by Cr, which forms
o-phase with Co and Mn. With this dominance in the G competition,
o-phase dominates the material produced via casting route. Also, there
are no known kinetic constraints on the nucleation of this complex
phase, as high thermal energy is available during solidification. Though

40 4
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Fig. 3. (a) Elemental distribution of Co, Cr, Fe, Mn, Ni and V with Cr rich carbides, (b) 20 at.% Cr iso—concentration surface and (c) elemental concentration profiles

generated from the 10 nm diameter cylindrical region of interest shown in (b).
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Cr-V BCC phase also has one of the lowest of G values, it does not
become stable in HEA. The reason being both these elements are c-phase
formers with the other elements in the HEA. Therefore, the HEA is ex-
pected to have a major o-phase in microstructure, which is observed in
the casting route.

When the alloy is formed using SPS (preceded by MA), one may
expect to obtain a more equilibrium microstructure due to thermal
exposure. However, we have conclusively shown that no c-phase is
present even after SPS. This can be explained by comparing G-x dia-
grams of carbides and possible o-phases. In Fig. 5b, the G-x plots of
dominant c-phases from Fig. 5a are taken and compared with the stable
binary carbides. Carbides of V and Cr are highly stable than other car-
bides and c-phases. Therefore, due to the higher driving force, the car-
bide phases form preferentially. Once the carbides have formed, the
remaining alloy gets depleted in Cr and V, and therefore do not reach the
desired composition to nucleate any c-phase. Fig. 5b also suggests that
the carbides of V are the most stable followed by carbides of Cr. In ex-
periments, however, the carbide is found to have more Cr rather than V
(Fig. 2).

The reason can be understood from Fig. 5c. It shows comparison

between the G-x data of carbides of V and stable oxides of all the ele-
ments in HEA. V has the highest tendency of oxide formation as reflected
in its multiple oxides (VO, V203, V204 and V305) having highly negative
Gibbs energy, followed by Cr. Therefore, the experimentally observed
oxide phase is dominated in V content. Since, more V gets into this oxide,
the experimentally observed carbide phase is not dominated V, but the
next strong carbide former namely, Cr. The preferential oxidation of V
during MA and its adverse effect on c-phase stability has also been
exemplified for binary alloys such as Fesg 1Vs1.9 [24-26].

It may be noted that the G-x diagram compares the minima in G
values for various binary phases. However, the phase stability compe-
tition in binary subsystems cannot be considered directly to represent
the HEA behaviour and the inferences may carry uncertainties in the
multicomponent space.

3.4. Absence of o-phase after MA-SPS of CoCrFeMnNiV — a kinetic
perspective

The thermodynamic analysis present above explains that a higher
driving force is present for the formation of carbides and oxides than
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that for c-phase. MA being a non-equilibrium process, it is also impor-
tant to briefly discuss the kinetic factors affecting the precipitation of
c-phase. The evolution of ¢-phase during non-equilibrium processing
routes has been investigated previously for binary [27-29] and ternary
alloys [30]. MA, in general, provides both favourable scenario as well as
kinetic constraints for the precipitation of o-phase. MA is a solid state
process and takes place at room temperature, hence complex phases are
difficult to nucleate [9]. However, the c-phase formation can be pro-
moted by increased fraction of GBs in some cases. For instance, Costa
et al. [30] showed that the formation of c-phase in Fe-Cr equiatomic
alloy formed by MA is enhanced due to a higher fraction of grain
boundaries (GBs).

However, when Sn is added (2-6 at.%) to Fe-Cr alloy, Sn precipitates
at the GBs and blocks the nucleating sites for c-phase, thereby sup-
pressing its formation. The reduction in c-phase content due to Sn pre-
cipitation at GBs has been observed for cast alloys as well [32]. The ratio
of Fe/Cr is not altered significantly by Sn addition in small amount,
hence the composition still remains favourable for c-phase formation,
although its content is reduced. During MA of CoCrFeMnNiV HEA, all
the constituents of CoCrFeMnNiV alloy belong to 3d transition series in
the periodic table and hence do not differ significantly in their atomic
sizes. This facilitates the formation of FCC and BCC structures during MA
(Fig. 2a). The nanocrystallinity of powders leads to reduced diffusion
distances and aids in achieving enhanced solid solubility [9]. The pre-
cipitation of Cr-V carbides, on thermal exposure during SPS, leads to the
depletion of Cr and V in the matrix, and their content is no longer suf-
ficient to form o-phase in the alloy. Therefore, even though the GB
fraction is increased after SPS of CoCrFeMnNiV alloy, we do not see any

o-phase formation as evinced by APT and TEM.

The role of contaminants during MA-SPS of HEAs has also been
exemplified in literature (although the thermodynamic explanations
using G-x plots have never been discussed). The quinary CoFeMnNiV
alloy is reported to have c-phase after MA and SPS, in which C or O
contamination is avoided [33,34]. Praveen et al. [22] have demon-
strated that the unsolicited C addition during MA-SPS provides excellent
phase stability and very high hardness to AlCoCrFe due to the formation
of My3Cg carbides. Grain growth kinetics have shown to be restricted in
CoCrFeNi and CoCrFeMnNi HEAs after SPS, due to the GB pinning by
Cr,Cg particles [23].

3.5. Hardness of as-homogenized CoCrFeMnNiV alloy after SPS

It is important to briefly highlight the significance of suppressing
o-phase formation for the mechanical behaviour of CoCrFeMnNiV HEA.
The bulk CoCrFeMnNiV reported through casting route shows c-phase
fraction of ~70%. The Vickers hardness measurements for this alloy
reveal a hardness of 770 + 26 HV. Salishchev et al. [5] reported similar
hardness values and 0 ductility for this alloy with similar microstructure.
They assessed, assuming rule of mixture to be applicable, hardness of
o-phase (H;) to be 1002 HV. For the SPS CoCrFeMnNiV HEA used in the
present work, the hardness value was 525 + 35 HV. The alloy after SPS
has three contributions to hardness, namely solid solution strengthening
from multi-element HEA matrix, grain refinement due to nanocrystalline
microstructure and precipitation strengthening arising from
second-phase particles of carbides and oxides. Recently John et al. [21]
estimated the hardness of CryCs phase (H¢r7c3) to be 85 HV formed



M. Vaidya et al.

during MA-SPS of Al 3CoCrFeNi HEA. Clearly, Hy; > Hcyycs, therefore
embrittlement caused by ¢ phase is much higher than carbide particles.
In fact, it has been shown that CoCrFeMnNi and CoCrFeNi HEAs pro-
cessed by MA-SPS route exhibit reasonable ductility [18,35] along with
high strength, which is derived from second phase particles.

4. Conclusions

The present results demonstrate the phase evolution in CoCrFeMn-
NiV HEA during MA-SPS and the role of unsolicited contaminations in
suppressing c-phase formation. Microstructure of cast and homogenized
CoCrFeMnNiV exhibited the presence of 70 vol% brittle, tetragonal
o-phase, while no o-phase was observed after MA and on consolidation
by SPS. Although, the alloy processed through SPS exhibits majority FCC
phase presence, the identification of Cr;Cs and minor fractions of oxide
particles substantiates impurity phase formation. G-x diagrams have
been used to demonstrate that when C and O are present, appearance of
Cr and V containing carbides/oxides is more favourable than c-phase
formation in CoCrFeMnNiV HEA. The preferential formation of car-
bides/oxides leads to the depletion of Cr and V content in the alloy,
which is insufficient to nucleate -phase. Nanocrystallinity of powders is
retained after the SPS and average crystallite size of ~86 nm is obtained.
This ensures that the elimination of o-phase does not drastically
decrease the hardness of the alloy processed through SPS, grain-
refinement and precipitation strengthening contribute to high strength
of the CoCrFeMnNiV.
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