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This work shows a CoCrFeMnNig gV high entropy alloy (HEA) with multiple length-scale hierarchical micro-
structure, obtained upon cooling at ~62.5 K/s, consisting of a dominant globular sigma phase, FCC matrix and V-
rich particles. The novel microstructure, never reported before for the CoCrFeMnNiV system, results in about a
fourfold and sixfold increase of hardness and wear resistance, respectively, compared to that of CoCrFeMnNi

1. Introduction

The most well known among all FCC-type high entropy alloys (HEAs)
is the CrMnFeCoNi (Cantor alloy) [1,2]. The addition of Cr and Mn
destabilise single phase solid solution and promotes the formation of ¢
phase while Ni is a strong FCC stabiliser and supresses the formation of ¢
phase [3]. The effect of Ni on CoCrFeMnNi,V alloy is similar since it
reduces the volumen fraction of ¢ phase and therefore decreases the
microhardness from 12 GPa for CoCrFeMnV to 4.1 GPa for CoCrFeMn-
NigV [4]. However, the microstructure of the novel composition CoCr-
FeMnNi gV produced upon casting at a cooling rate of ~62.5 K/s and its
influence on the hardness and wear resistance have not been studied
before.

2. Experimental procedure

The master alloys were fabricated from elements with purity higher
than 99.9 at.%. Subsequently they were re-melted at least three times
using a Zr-getter in a high purity argon atmosphere. Rod samples of 8
mm diameter were obtained by melting the master alloy into a water-
cooled copper mould in an inert gas atmosphere. X-ray diffraction
(XRD) was used to analyse the structure. A Scanning Electron Micro-
scope (SEM) and Transmission Electron Microscope (TEM) with energy-
dispersive X-ray (EDX) analysis were used to analyse the microstruc-
tures. Nanoindentation experiments were performed at room
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temperature in a UMIS equipment from Fischer-Cripps Laboratories, in
the load control mode and using a Berkovich-type diamond tip. The
surfaces were mirror-like polished prior to the tests. From the 9 nano-
indentations performed and the high load applied (2 mN) we have
sampled all the existing phases and obtained a statistical mean value.
The nanoindentation equipment was used in scratch mode for the
scratch tests of the mirror-like polished samples. The 50 ym length
scratches were performed at a load of 1.5 mN at a stage speed of 20 pm/
.

3. Results and discussion

The cooling rate T of the CoCrFeMnNi and CoCrFeMnNig gV suction
cast alloys can be estimated from the relationship [5]:

T'(E) :;—E)(i) ¢3)

s cm?

where R (4 mm) is the sample radius; hence the cooling rate is ~62.5 K/s
for both compositions. Fig. 1 shows the X-ray diffactograms, back-
scattered SEM images and compositional mappings for of the alloys. For
CoCrFeMnNi, the XRD peaks are associated to a single FCC phase while
for CoCrFeMnNij gV the XRD peaks correspond to body centred tre-
tragonal ¢ phase (most abundant) and FCC phase.

For CoCrFeMnNi HEA (Fig. la), the microstructure is basically
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Fig. 1. X-ray diffractograms for a) CoCrFeMnNi and b) CoCrFeMnNi gV and backscattered SEM images with compositional mappings for: a) CoCrFeMnNi and b)

CoCrFeMnNig gV.
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Fig. 2. a) Tem image for CoCrFeMnNi and b) corresponding elemental map-
ping. c) Backscattered SEM image for CoCrFeMnNipgV and inset showing
elemental TEM mapping of the V-rich particles.

featurless. However, for CoCrFeMnNig gV (Fig. 1b) it consists of den-
drites of clear tonality surrounded by a matrix containing tiny dark
particles mostly decorating the borders of the dendrites, something
intimately connected with the so-called complete and incomplete wet-
ting of grain boundaries by the liquid or second solid phase [6,7]. The
presence of the tiny dark particles (lenticular precipitates) seem to
precipitate with non-zero contact angle thus suggesting incomplete
(partial) wetting. The compositional mappings suggest the CoCrFeMnNi
alloy is chemically homogeneous. However, for CoCrFeMnNi, gV, a Cr-
rich globular phase surrounded by a Ni-rich matrix is detected, while
the distribution of Mn, V, Fe and Co is constant throughout both regions.
The Cr-rich phase corresponds to the ¢ phase, while the Ni-rich phase is
associated to the FCC solid solution. The TEM image for CoCrFeMnNi
(Fig. 2a) and corresponding compositional mapping (Fig. 2b) shows an
homogeneous distribution of the elements throughout the sample,
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Fig. 3. Load-displacement (P-h) nanoindentation curves for (a) CoCrFeMnNi,
(b) CoCrFeMnNi, gV, (b1) ¢ phase and (b2) matrix.

without any sign of segregation to the grain boundaries, thus confirming
the previous results (Fig. 1). For the CoCrFeMnNij gV HEA, the back-
scattered SEM image of Fig. 2¢ shows dark particles of about 1 pm size
that according to the TEM mapping (see inset of Fig. 2c), they are very
rich in V element and contains cobalt. From linear intercept analysis, the
volume fraction of the different phases are: ¢ phase (~82 vol%), FCC
phase (~13 vol%) and V-rich particles (<5 vol%). These particles are
finely and homogeneously distributed across the sample and therefore
are not the result of unmelted element. To the author’s knowledge, this
is the first time that such a hierarchical microstructure containing V-rich
particles is detected, not present even for similar compositions such as
CoCrFeMnNiV HEA [4].

The formation of these V-rich particles seems to be mostly promoted
by the relatively low Ni content and therefore the higher probability of
the V atoms to be surrounded by the Co, Cr, Fe and Mn atoms while the
small particle size and heterogeneous distribution would be favoured by
the high cooling rate. From a thermodynamic point of view, the V-Co
pairs are more likely to be formed taking into consideration the heats of
mixing (V-Co: —14 KJ/mol, V-Ni: —18 KJ/mol, V-Cr: —2 KJ/mol; V-Fe:
—7 KJ/mol and V-Mn: —1 KJ/mol [8]). Fig. 3 shows the representative
load-displacement (P-h) curves when testing (a) CoCrFeMnNi, (b)
CoCrFeMnNiy gV and also each individual phase: (b1) ¢ phase and (b2)
matrix (FCC + V-rich particles). The maximum indentation depth, also
called displacement depth, hp,x, decreases from 129.9 pm for CoCr-
FeMnNi to 70.8 pm for CoCrFeMnNig gV, probably due to the large
volume fraction of hard ¢ phase and V-rich particles. To better under-
stand the contribution of the 6 phase and matrix (FCC + V-rich particles)
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Fig. 4. SEM Images showing the scratches on the samples (a) for CoCrFeMnNi and (b) CoCrFeMnNi, gV HEAs.

on the overall mechanical behaviour they have been indented individ-
ually (Fig. 3).

The wear resistance can be estimated from the H/E, ratio [9]. This
parameter can therefore be used to estimate the wear resistance of each
individual phase. For ¢ phase the H/E, ratio is 0.057 while for the matrix
(FCC + V-rich particles) it is 0.039, therefore most of the wear resistance
contribution is attributed to the ¢ phase (~82 vol%). The relatively
small hp,,y value for the CoCrFeMnNig gV is consistent with the hardness
since it is higher for CoCrFeMnNig gV, i.e., 13.09 GPa than for CoCr-
FeMnNi, i.e., 3.80 GPa. The H/E, ratio is higher for CoCrFeMnNig gV (i.
e., 0.049) than for CoCrFeMnNi (i.e., 0.018), a threefold wear resistance
increase. The wear resistance has been also studied directly from
nanoscratch tests on CoCrFeMnNi (Fig. 4a) and CoCrFeMnNijgV
(Fig. 4b) by performing 50 um long nanoscratches, long enough to
embrace all the phases.

The scratch width for CoCrFeMnNi is 1.5 pm, while for CoCrFeMn-
Nig gV (see yellow arrows in Fig. 4a and b, respectively) it is only 0.6 pm.
A useful parameter to study the wear resistance of materials is the
scratch hardness number, which is given by the following equation [10]:

4% P

H, T w?

@

where P (N) the normal load, w’ (m) the scratch width and Hg (Pa) is the
scratch hardness. For these alloys, the response can be approximated to a
rigid plastic and therefore q = 2, which is also used in metallic com-
posites [11]. From equation I, the scratch hardness of CoCrFeMnNi
equals 1.70 GPa while for CoCrFeMnNig gV it is 10.61 GPa, much higher
than for Stellite® 6 (4.3 GPa) and for FeCoCrNiWgs (1.25 GPa),
FeCoCrNiWg 3 + 5 a. % C (4.5 GPa) [12]. No cracks have been detected
around the scratches and no pop-ins associated to the formation of
cracks are detected (Fig. 3), thus suggesting the CoCrFeMnNig gV HEA is
more ductile than other alloys such as metallic glass composites [13].
Another important parameter that can be obtained from the scratch tests
are the pile-up height and total groove depth, which are indicative of
how ductile or brittle a material is. The groove height for CoCrFeMnNi
and CoCrFeMnNig gV are 134 and 26 nm, respectively, while the pile-up
height is 32 nm and 21 nm respectively, which is consistent with the
higher wear resistance of CoCrFeMnNij gV alloy.

This work demonstrates that the microstructure of the CoCrFeMnNiV
alloy system is very sensitive to small changes in composition and
cooling rate, which enables to easily tweak their performance for their
practical application in industry. For example, the hardness of the novel
CoCrFeMnNip gV is higher than for CoCrFeMnV, while the opposite
should be expected [4]. This could be attributed to the hierarchical
microstructure containing V-rich particles when cooling at ~62.5 K/s.

4. Conclusions
The following conclusions can be drawn:
1. A novel CoCrFeMnNiggV high entropy alloy (HEA) with multi

length-scale hierarchical microstructure consisting of sigma phase
(~82 vol%), FCC phase (~13 vol%) and V-rich particles containing

Co (<5 vol%) is obtained directly upon suction casting at a cooling
rate of ~62.5 K/s.

2. The hardness for CoCrFeMnNiygV, 13.09 GPa, is nearly 4 times
higher than for CoCrFeMnNi while the scratch hardness number, a
measure of the wear resistance, is 10.61 GPa, about 6 times higher
than for CoCrFeMnNi.

3. The presence of V-rich particles is detected for the first time in the
CoCrFeMnNiV alloy system.

4. This work demonstrates that combined small changes of composition
and cooling rate can lead to a CoCrFeMnNip gV alloy of potential
interest for durable components.
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