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The present study is focused on synthesis and mechanical properties characterization of equiatomic CoCrNi
medium entropy alloy (MEA). Powder metallurgy processes of mechanical alloying (MA) with subsequent spark
plasma sintering (SPS) for bulk alloy densification have been utilized. As opposed to the single-phase alloys of
identical composition fabricated via casting routes, the alloy after SPS compaction consisted of a major FCC solid
solution phase (94.4%), minor fraction of secondary BCC phase (5.6%, precipitated at the FCC grains bound-
aries), and negligible amount of oxide inclusions. The alloy exhibited high ultimate tensile strength of 1024 MPa

and a elongation to fracture of 26%. Elastic modulus of the alloy reached 222 GPa and the thermal expansion
coefficient (CTE) was measured as 17.4 x 10~ ®K~! The plastic deformation in the alloy is carried out by a
combination of dislocation glide and mechanical nano-twinning at room temperature.

1. Introduction

Yeh et al. [1] came up with an idea of an equiatomic alloy com-
prising of five elements displaying simple solid solution microstructure.
Cantor et al. [2,3] simultaneously developed alloys following the same
concept. This new class of metallic materials was denoted as high en-
tropy alloys (HEA). They generated considerable interest in the scien-
tific community, deriving their properties not from a single dominant
element, but from a multiple elements arranged in a single cubic lattice.
Over the time, a number of various alloy systems have been examined,
exhibiting many intriguing properties, such as extremely good combi-
nation of strength and ductility [4-7], high temperature strength [8,9],
wear resistance [10-12], creep [13] etc.

Considering these, it is not surprising to learn that high expectations
are being put into the development of these new materials. However,
most of the alloys in the presented studies derive from the original one
solid solution concept (i.e., the currently acknowledged basic HEA
principle) as they exhibit multiphase structures. In fact, it has been
proposed by Wu et al. [14] that the idea of stabilization of a simple
solid solution by the increase of configurational entropy by the addition
of more elements to the alloy may be wrong. They highlighted a more
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prominent role of the elements selection, also for the improvement of
the extent of solid solution strengthening.

Gludovatz et al. followed this idea in their work [15]. In their at-
tempt to improve low temperature fracture toughness of a (well-known)
CrMnFeCoNi high entropy alloy, they have examined its variant using
three elements only: Co, Ni, and Cr. The alloy was denoted as medium
entropy alloy (MEA). Surprisingly, the CoCrNi alloy with pure face
centered cubic (FCC) solid solution microstructure exhibited fracture
toughness unrivalled by any other known HEA and competing with the
best modern materials [15]. On top of that, strength and ductility fur-
ther increased with decreasing temperatures.

Interestingly, the CoCrNi composition was previously studied by Wu
et al. [14,16], too. In their work, a wide range of FCC single phase
equiatomic alloys composed of three to five elements was compared.
Again, the alloy exhibited the best combination of tensile strength and
ductility over a wide range of tested temperatures (—196 °C to 400 °C).
These properties are believed to come from the observed deformation
mechanism of a dislocation slip coupled with deformation nano-twin-
ning, resulting in the suppression of plastic instability occurrence.

The CoCrNi alloy surely exhibits an incredible ductility and fracture
resistance. However, its strength may be insufficient in certain
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demanding structural application (especially at elevated temperatures).
In such cases, its properties could be enhanced by an intended addition
of a strengthening second phase, thereby forming a metal matrix
composite (as in the case of e.g. ODS materials). Considering its simple
solid solution nature, the alloy is particularly suitable for such MMC
production. The synergic effect of its exceptional damage tolerance as a
matrix and any high strength ceramic or intermetallic reinforcement
could produce a composite with exceptional properties upon further
development.

Until today, the alloy has been predominantly produced by me-
tallurgical process (mainly casting) methods. These are, however,
usually incapable of production of composite materials and frequently
experience other associated problems, such as controlling the pro-
spective grain size growth. In this article, a different route of CoCrNi
bulk alloy fabrication via powder metallurgy route is presented: a
combination of mechanical alloying (MA) for composite powders pro-
duction and their subsequent densification by spark plasma sintering
(SPS). In the past, such combination has been proven to be capable of
production of wide array of advanced composite materials [17-21]. The
alloy in the presented study was then characterized in terms of its mi-
crostructure, chemical and phase composition as well as thermo-me-
chanical properties, i.e. a knowledge that may serve as a basis for future
design of CoCrNi-based MMC.

2. Experimental

The composition of the investigated alloy was CoCrNi (expressed in
atomic ratio). Elemental powders of chromium, cobalt and nickel were
purchased from Sigma Aldrich (purity levels of nickel and cobalt
purity > 99.5 wt%, chromium > 99.0 wt%). It is important to note that
as determined by a performed EDS analysis, the > 1% chromium
powder impurities were mostly attributed to Al element. The powders
were subsequently processed by mechanical alloying. The process was
carried out in a high performance X150CrMoV 12-2 steel milling bowl.
The powders were sealed together with a milling medium (a mixture of
15 mm and 20 mm hardened 100Cr6 bearing steel balls, 10:1 total ball
to powder weight ratio) in a high purity nitrogen atmosphere (6.0). The
sealed bowl was then inserted in a planetary ball mill (Fritsch
Pulverisette 6). Milling was conducted at a speed of 250 rpm for 30 h.
To remove the powder stuck to the milling balls surfaces, toluene was
further added and such wet milling has been performed for additional
5 h. The powders were then removed from the milling bowl and dried
in air.

The ball milled powders were subsequently consolidated by SPS
technology (RHP-Technology) in a 50 mm-inner-diameter graphite die
at 1180 °C for 10 min. The sintering was performed in a vacuum at a
constant pressure of 30 MPa. The heating from room temperature to
1000 °C was done under the heating rate of 100 °C min~! with 20 min
dwell time at temperature of 550 °C. The dwell time was included in
order to remove any organic compounds potentially present in the
powders (e.g., the toluene used in the milling). From 1000 °C to
1100 °C, the heating rate was reduced to 50 °Cmin~' and further to
20 °C min~! in the final sintering range of 1100-1180 °C to ensure the
best densification conditions. After the final sintering dwell time, the
pressure from pistons was released, electric current was cut-off and the
set up was left to slowly cool down in the evacuated chamber. This way,
cylindrical samples with 50 mm diameter and thickness of 6 mm were
prepared.

From the bulk sintered compacts, several different sample types
were prepared. For SEM and XRD analyses, blocks with dimensions
approximately 6 X 6 X 4 mm were cut out, resin-mounted and me-
tallographically polished. The blocks along with the initial powder
feedstock as well as fractured surfaces after a mechanical testing were
analyzed by SEM (Zeiss Ultra Plus) utilizing energy-dispersive X-ray
spectroscopy (EDS), electron back scattered diffraction (EBSD) and
electron channeling contrast imaging (ECCI) techniques. Vickers
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hardness measurement was performed with a load of 300 g on polished
samples (7 measurements). Additionally, thin foil specimens were
prepared for TEM (Jeol 2200F) observation of microstructure and se-
lected area electron diffraction (SAED) analysis by material grinding
and precision ion polishing system (PIPS). XRD technique was used to
observe the phase composition of the materials. Philips X'Pert dif-
fractometer (40 kV) with Cu K, radiation was used for measurements.
The XRD patterns were recorded in the 26 range of 30-120°. The ana-
lysis was performed using X Pert High Score Plus software.

Subsequently, 27 X 6 X 4 mm bars were cut out from the samples
by means of EDM (electric discharge machining). From these, speci-
mens for tensile testing were machined to obtain a cylindrical shape
with a diameter of 2 mm and the gauge length of 7.6 mm. The tensile
test was then performed on 3 samples with a crosshead speed of
0.2 mm min ! (strain rate of 0.25 x 10~* according to EN ISO 6892
[22]) at room temperature. The tensile tests were carried out on Zwick-
Roell Z250 universal testing machine.

Additional 2 X 3 X 4 mm rectangular bar was cut out from the SPS
compact for determination of room temperature elastic properties by
resonant ultrasound spectroscopy (RUS) method [23,24]. RUS has been
recently proved an appropriate tool for characterization of elastic
constants of HEA alloys [25]. The experiments were performed using
contact-less laser-ultrasound device described in details e.g. in [26].
Resonant frequencies and corresponding modal shapes of the first 20
resonant modes of free elastic vibrations of the bar were recorded. The
RUS spectrum was then complemented by pulse-echo measurements of
longitudinal wave velocity in the direction perpendicular to the largest
face of the sample. Such a combination of ultrasonic methods enabled
reliable and accurate determination of both independent elastic con-
stants of the material, i.e. the Young's modulus E and the Poisson's ratio
v; elastic isotropy of the material was assumed. The experiments were
performed in a temperature chamber (RT = (20.00 = 0.05) °C) under
dilute (30 mbar) nitrogen atmosphere.

Finally, a thermo-mechanical analysis (TMA) by a measurement of
sample one directional size change with heating and cooling rates of
5°Cmin~ " from 20 °C to 1100 °C has been performed for the ob-
servation of phase changes and measurement of coefficient of thermal
expansion (CTE) respectively.

3. Results and discussion
3.1. Phase and microstructural evolution

The results of XRD phase analyses are presented in Fig. 1. The dif-
fraction patterns of Co, Ni and Cr elements are presented in the patterns
corresponding to pre-mixed powders in Fig. 1a. Note that the peaks of
hexagonal Co elements were somewhat weaker as compared to the
others.

In the pattern attributed to the state of the powder after the MA
process (Fig. 1b) peaks corresponding to three different phases were
observed. The dominant phase was an FCC Ni-based solid solution with
the lattice parameter of 3.532 A and a calculated volume fraction of
51.2%. The second and third phases are Cr-like BCC solid solution with
2.884 A and volume fraction of 29.2%, and Co-like HCP phase with a =
2487 A and ¢ = 4.132 A comprising 19,6 vol% of the microstructure,
respectively. These phases are referred to as solid solutions due to peak
shift to higher angles (cf. pure elements), caused by a partial dissolution
of the other two elements. All the peaks are significantly broadened as
compared to the state before the milling. This is the result of either the
elastic strain present in the powder, or the crystallite size refinement.
Both phenomena would suggest that the lattices of the powder particles
are severely distorted and of high dislocation density as the result of the
plastic deformation introduced to the powders during MA. Given its
multi-phase structure, the alloying process in the alloy probably has not
been completely finished after the milling. Nevertheless, the powders
were mechanically activated to promote accelerated sintering (i.e.,
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Fig. 1. XRD patterns of the materials at different stages of the preparation process: a) premixed as-received powders b) powders after milling procedure c) SPS compacted bulk material.

Right graph presents magnified 43-45.5° range.

their diffusivity was increased due to a higher dislocation density and
higher grain boundary area). This was later confirmed by a successful
formation of a homogeneous microstructure after the SPS consolidation
at high temperatures through enhanced diffusion rates.

After the high temperature sintering, a considerable change in the
phase composition has been observed, with patterns of two phases
present in the microstructure (Fig. 1c¢). The major phase was an FCC
solid solution with lattice parameter of 3.565 A comprising 94.4% of
the bulk microstructure, while the minor phase was a BCC solid solution
with 2.895 A lattice parameter and 5.6% fraction. The peaks of the
phases are much sharper and thinner as a consequence of bigger crys-
tallite sizes. Such increase may have been triggered by the used high
temperatures that promote grain size growth. The Co-based HCP phase
was not detected in the XRD pattern. The change in lattice parameters
(and the resulting peak shift seen in Fig. 1 close up figure) is attributed
to the Co element dissolution.

The chemical composition of the sintered bulk alloy identified by
EDS analysis (Table 1) almost perfectly matched the desired calculated
composition. The detected presence of iron is attributed to the wear of
the steel milling balls during the high energy milling process, where
chipped micro-shards of the steel may have become embedded into the
powder particles prior to sintering. Due to its negligible volume (0.7 at
%) and the similarity of iron atoms (atomic number 26) to chromium
(24), such contamination should not influence the resulting micro-
structure and properties of the alloy.

The morphology and cross section features of the powder particles
after the milling procedure are illustrated in Fig. 2. In the powders cross
section, the fine layered microstructure of alternating elements (or their
respective solid solutions) can be observed in accordance with the XRD
results. The thickness of most of the layers is in the range of hundreds of
nanometers (illustrated by EDS mapping presented in Fig. 2d). Upon
subsequent high temperature sintering, such extensively mechanically
activated microstructure should provide sufficiently short diffusion
paths for the mutual reaction of the present elements i.e. formation of
microstructure without the traces of original particles. After prolonged
milling, the layered microstructure would disappear - full solid solution
would be obtained, however at the cost of much more significant iron
contamination as a result of more extensive wear of steel milling balls.

Table 1
Chemical composition of the produced materials (EDS, atomic %).

Element Ni Co Fe Cr
Desired composition 33.3 33.3 0 33.3
Bulk after SPS 33.2 32.2 0.7 335

Fig. 3 shows SEM micrographs of the bulk alloy compacted via SPS.
No porosity is present throughout the whole cross-section and no traces
of the original particle boundaries or layers of different phases that
were present in the powder particles before the SPS densification can be
seen. In accordance with the XRD measurements, the microstructure
was identified as consisting of grains of a FCC phase and a minor sec-
ondary phase. The latter should correspond to the BCC phase and it was
observed solely at the individual grain boundaries, as denoted by red
arrows in Fig. 3. Considering these, it is suggested herein that it formed
through a secondary precipitation process from the initially formed FCC
phase during the cooling from the sintering temperatures. The dark
contrast spherical phase present in the microstructure (denoted by
yellow arrows in Fig. 3b with corresponding EDS microanalysis in
Fig. 3c) was identified by EDS analyses of both SEM and TEM samples
as aluminum and chromium oxide inclusions; considering aluminum's
and chromium's high affinity towards oxygen, it may have formed as a
result of powders contamination due to air exposure of the elemental
powders prior to and after the milling procedure. The presence of
aluminum oxides is attributed to negligible aluminum content in
feedstock chromium powders, most probably as a result of the powder
manufacturing procedure.

Fig. 4 represents a microstructure of the bulk alloy as observed by
TEM. Planar dislocation arrays in FCC grains are visible in Fig. 4a
(denoted by red arrow). A dislocation network formed by dislocation
pinning at the present nano-scale oxides dispersion is visible in Fig. 4b,
suggesting a strong dispersion strengthening effect. Additionally, an-
other notable microstructure feature was observed in the TEM imaging
(denoted by yellow arrow in Fig. 4b). Considering its properties, the
feature may represent the parallelepiped stacking fault, as also ob-
served previously by Zhang in CoCrFeMnNi high entropy alloy [27].
This volume structural defect is supposedly formed by the simultaneous
movement of partial dislocations on two active {111} planes and their
subsequent intersection, forming an obstacle around which entangling
of dislocations occurs. This defect structure is retarding the dislocation
movement, and thereby increasing the strength and strain hardening
capacity of the alloy [27]. The presence of several stacking faults has
been observed within the FCC grains, as denoted by green arrows in
Fig. 4c.

In Fig. 5, the intergranular secondary phase precipitate is visible
(denoted by green arrow) at the boundaries of the major FCC phase
grains. The selected area diffraction pattern analysis of the figure
(presented in Fig. 5b) revealed the phase bearing a BCC crystal lattice.
The phase possesses chemical composition of almost pure Cr element,
as observed by the point EDS measurement and corresponding ele-
mental mapping in Fig. 5c. Therefore it perfectly corresponds to the Cr
based BCC phase revealed previously by XRD and SEM analyses.
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Fig. 2. SEM back scattered electrons micrographs of the milled powder particles used for SPS: a) morphology b) cross section image of the powders c) cross sectional powder micro-
structure d) corresponding EDS map revealing extremely fine layered microstructure.

R

Fig. 3. SEM back scattered electrons micrographs of the SPS sintered bulks revealing a) polycrystalline fine-twinned FCC microstructure and b) second BCC phase (denoted by red
arrows). The dark contrast dots (yellow arrows) were identified as chromium and aluminum oxide particles by EDS c) corresponding EDS pattern of denoted oxide particle. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).
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Fig. 4. TEM micrographs of a) FCC grains containing dislocation arrays (red arrow) b) dislocation networks pinned by oxide particles and stacking-fault parallelepiped structure (denoted
by yellow arrow) formed by slip on multiple {111} planes ¢) FCC grain containing several stacking faults denoted by green arrow. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.).

The fact that the sintered compacts are composed of a two-phases
mixture (supported by XRD, SEM and TEM studies) is in a contradiction
to the previous results, where this alloy was shown as bearing single
FCC phase only [14-16]. Importantly, the produced alloy is in a ther-
mally stable state (as was proven by a subsequent TMA analysis). As
such, the phase content discrepancy (cf. e.g. Gludovatz et al. [14]) is
most probably associated with the different manufacturing process. The
materials in the previous studies were produced by a casting route,
followed by a subsequent homogenization and rolling to obtain
homogenous microstructures. After the homogenization, water
quenching from high temperatures was utilized. Therefore, the asso-
ciated cooling rates were much higher as compared to the presented
material produced by SPS (slow cooling in a graphite die under vacuum
inside the SPS chamber) and may have resulted into a formation of
metastable compounds. Further to that, in the study by Wu et al. [14] it
is proposed that from the predictions based on phase diagrams, the
alloy should bear single phase FCC microstructure only in the tem-
perature interval 927-1227 °C. Below 927 °C, the alloy should be
composed of a multiphase microstructure. In fact, the study actually
proposed that some of the studied FCC alloys might in fact still be in
non-equilibrium conditions and could decompose to form more

complicated structures upon long time annealing. Given these and the
outcomes of the study presented herein, it is suggested that the widely
accepted opinion of this alloy being of single phase nature may not be
valid in general, but may depend on the used fabrication method in-
stead. To build on the currently obtained results and yield additional
knowledge on this issue, expanded study of the investigated alloy mi-
crostructure and properties is undergoing at the moment.

The EBSD orientation maps (Fig. 6a) and pole maps (Fig. 6¢) suggest
that, despite the uniaxial pressing during the sintering process, there
was no apparent preferred orientation of the FCC phase grains. Aside
from others, this finding justifies the assumption of the isotropic elastic
behavior applied in the subsequent RUS measurements. Due to the re-
solution constraints of EBSD, the secondary BCC phase was not de-
tected. The average grain size determined from the orientation map was
4.11 pym. However, as can be seen from grain size distribution histo-
gram presented in Fig. 6b, the grain size distribution is relatively non-
uniform: almost 85% of grains have diameters smaller than 2 um, while
bigger grains over 8 um represent less than 1% of the total grains
quantity only. A high density of annealing twins was found within the
FCC grains, suggesting that the alloy has a low stacking fault energy in
the interval of 18 < ygpg < 45 MJ m ™2 [28].
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Fig. 5. TEM analysis of secondary phase that precipitated at FCC grain boundaries a) TEM micrograph of the precipitate (denoted by green arrow) with corresponding point EDS
composition measurement b) corresponding SAED pattern revealing BCC lattice ¢) EDS elemental distribution maps. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.).
3.2. Mechanical behavior

The measured hardness of the alloy reached 309 HV0.3, i.e. a value
relatively high for almost pure (94.4%) FCC material without involving
any strengthening process (such as e.g. work hardening) prior to
testing.

The tensile properties are summarized in Table 2. The alloy ex-
hibited tensile yield strength of 05> = 652 MPa, ultimate tensile
strength of UTS = 1024 MPa, and tensile elongation to fracture E,
25.9%, suggesting an excellent strain hardening ability. The extremely
small data scatter stems from the homogeneous structure of the SPSed
compacts. From the representative engineering stress - engineering
strain tensile curve (Fig. 7), a uniform deformation behavior without
necking has been observed.

The comparison of these results with available data from literature
is presented in Table 3. It can be seen that the produced PM alloy ex-
ceeds its cast counterparts in both yield and ultimate tensile strength
values, but is lacking in tensile elongation to fracture. At this moment,
it should be noted that the mechanical properties taken from the pre-
vious research studies [15,16] are considered as one of the best cur-
rently available results, well exceeding the results of most of other
comparable materials [29,30]. The properties of the PM alloy presented
in this study could be attributed to several factors, as explained below.

The improved strength properties could be the results of grain
boundary strengthening of comparatively finer grain size, a con-
sequence of the utilized PM manufacturing process. Another phenom-
enon contributing to the improvement in strength is most probably
strengthening by the small fraction of the secondary BCC phase and fine
oxide inclusions. The decreased tensile elongation to fracture is most
probably the consequence of lower strain hardening capacity and det-
rimental effect of coarser oxide inclusions, acting as nucleation sites for
void formation.

The fracture surfaces of the broken tensile test specimens were ob-
served in SEM (Fig. 8). The fracture started approximately in the geo-
metrical middle of the tensile specimens and ended with shear tearing
at the specimen edges. The fracture surfaces exhibited a typical ductile
fracture mode, a consequence of a nucleation, growth and coalescence
of fine microvoids. Oxide particles were located in the middle of ma-
jority of the ductile dimples and presented the microvoids nucleation
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sites (as illustrated by red arrow in inset of Fig. 8b).

The longitudinal tensile test specimen cross-section images in
Fig. 8c-d (perpendicular to fracture surfaces), suggest that the plastic
deformation in the alloy is carried out by a combination of dislocation
slip and a deformation nano-twining as an additional mechanism. This
is apparent from the presence of dislocation cell structures (denoted by
green arrow in Fig. 8c) and extremely fine deformation nano-twins
visible in Fig. 8c-d - yellow arrow. Detailed HR EBSD analysis of de-
formation nano-twinning is provided separately in Fig. 9. As can be
seen from the image, twinning has been activated on several inter-
secting planes (intersecting twins) in grains possessing suitable crys-
tallographic orientation. Our observation of deformation nano-twin-
ning is in a good agreement with the previous findings obtained on cast
materials [15]. The study suggested that, of the two mechanisms, the
deformation nano-twinning is the main factor causing the alloy's ex-
ceptional combination of strength and ductility. Further to that, the
simultaneous improvement of both characteristics in the cryogenic
temperature range is attributed to a shift from the dislocation slip to the
deformation nano-twinning [15]. Incidentally, the deformation twin-
ning mechanism is also exploited in TWIP steels (twinning-induced
plasticity), one of the most damage tolerant materials with extremely
high ductility [30,31].

In order to characterise the plastic deformation mechanism of the
produced material in detail, its work hardening performance has been
qualified. To do so, the strain hardening exponent was assessed by
fitting the true stress- true strain curve (o, - &,) by the modified
Hollomon equation [32]:

In(oy) = In(K) + n In(ey) (€8]

where K is a material constant and n is the strain hardening exponent.
The original measured raw data without any pre-processing were used
for the analysis. The result of this analysis is presented in Fig. 10a,
where n is presented as a slope of the calculated In(o,)-In(e,) curve in
the first stage of plastic deformation, before reaching fracture condi-
tions. The exponent values showed a smooth change from 0.1 to 0.28.
The higher the n value is, the higher is the strain hardening of a ma-
terial in general. This contributes to the material overall ductility by
retarding the onset of localized plastic deformation, thus postponing the
appearance of plastic instability (necking) [28,32]. To further evaluate
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Table 2

Tensile test results of investigated alloy after SPS.

092 [MPa] UTS [MPa] Elongation to Reduction [%] Work of
fracture [%] fracture
[Jem™ 3]

652 = 0.58 1024 =5.77 259 +0.7 21.5 + 1.41 246

this phenomenon, the strain hardening rate (do./de) was calculated
and plotted against on a true strain ¢, (Fig. 10b). The strain hardening
rate changed smoothly, without any sudden discontinuities — suggesting
no sudden change in deformation mechanism. Based on the fact that the
deformation in the CoCrNi alloy is in later stages carried out by a
combination of the dislocation slip and deformation nano-twining (as
seen in Fig. 8), both deformation mechanism are most probably em-
ployed simultaneously, depending on the grain orientation.

In the work by Pierce [31], the influence of stacking fault energy
vsre on changes in the deformation mechanism in advanced steels was
studied. The authors found out that with the ygz of 15 MJ m ™2, the
deformation mechanism consisted of FCC to ¢ (HCP martensite) strain
induced phase transformation as well as a planar dislocation glide,
while a combination of mechanical nano-twinning and dislocation cross
slip occurred in the alloy at ygz = 39 MJ m ™~ 2. Interestingly, the shape
of the (do,/de,.) curve of CoCrNi PM alloy in this study also follows the
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Fig. 6. EBSD analysis of SPS sintered bulk
material; a) microstructure orientation maps
with visible annealing twins b) calculated
grain size distribution curve c¢) pole maps
showing no significant preferred orientation
of its grains.
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Fig. 7. Representative tensile test stress — engineering strain curve for room temperature.
Geometrical features of the tensile specimens are provided in the inset.

curve corresponding to the yspg of 39 MJ m~ 2. Therefore, there should
be no strain induced phase transformation in the produced CoCrNi alloy
and its deformation mechanism should comprise of cross slip and de-
formation twinning. The theory of the prevalence of the dislocation
cross slip over the planar gliding mechanism is also supported by the
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Table 3
Tensile test results comparison of investigated material with previous studies of cast
materials.

0o [MPa] UTS Elongation to Preparation method Reference
[MPa] fracture [%]
652 1024 25.9 Milling + SPS this work
320 880 60 Casting + [16]
homogenization +
deformation
440 890 72.5 Casting + [15]
homogenization +
deformation

fact that a dislocation cell structure is formed (Fig. 8c) due to ability of
the dislocations to change direction in the planes [33], rather than a
formation of straight lines of highly dense dislocation walls (HDDW),
that are present in the microstructure where planar dislocation glide is
preferred [34].

3.3. Elastic constants

From the resonant ultrasound spectroscopy measurements (RUS),
the values of elastic constants E (222 +2) GPa and v
(0.30 = 0.01) were obtained. The value of Young's modulus E is very
close to but slightly lower than 229 GPa reported by Gludovatz et al.
[15] for the room temperature. It is interesting that the obtained
Young's modulus is very close to Hill's average E = 227 GPaforal:1:1
mixture of pure Co, Cr, and Ni polycrystals, taking E = 204 GPa for
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cobalt [35], E = 210 GPa for nickel [35] and E = 272 GPa for annealed
chromium [36]. Also the Poisson's ratio obtained by the RUS mea-
surement is in agreement with Gludovatz et al. [15]. Hence, it can be
concluded that the elastic properties of the cast material and of our
material prepared by powder metallurgy are fully comparable.

3.4. Thermomechanical behavior

The results of relative size change measurements are presented in
Fig. 11. As could be seen, the produced alloy exhibited almost linear
size change dependence with temperature. The measured CTE had a
value of 17.4 x 107 ®K™?! (cf. the value of 10.44 x 10 %K™ ! calcu-
lated as an average value of Co, Cr and Ni elements). The discrepancy of
the two figures might stem from the fact that in the alloy, the three
elements are arranged in one FCC solid solution (plus minor BCC phase
content), while the original elements lattices might differ (BCC Cr, HCP
Co).

The measured value is relatively high as compared to present-day
alloys of comparable density, that generally exhibit values of CTE
ranging from 8 to 14 x 10" ®K ™! [37]. In fact, the high CTE value of
the alloy presents a unique possibility of the alloy to be used as a matrix
in ceramic reinforcements MMC applications. As the CTE of ceramic
materials is usually low, in the range of 4-10 x 10"°K~!, the com-
bination of CoCrNi MEA matrix with such reinforcements would yield a
significant strengthening effect through high residual stresses devel-
opment at the phase interfaces. The stress development due to the
significant CTE mismatch is generally associated with a formation of
geometrically necessary dislocations (GND) during cooling from

Fig. 8. SEM micrographs of a) tensile test specimen fracture surface overview with apparent shear edges b) ductile fracture dimples present at the fracture surface and the oxide inclusions
frequently observed at the dimple bottom (red arrow) c, d) polished longitudinal cross-section perpendicular to tensile axis directly under fractured surface of tensile specimen. Formed
dislocation cells are denoted by green arrow and the deformation twins by yellow arrow. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).
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processing temperatures [38]. The prospect of using the produced alloy presents one of the most important criterions for MMC matrix materials.
in the MMC application is further supported by the fact that there were
no peaks or discontinuities on the measured size change curve, sug- 3.5. Comparison with analogous alloy systems
gesting an absence of any phase transformation during the temperature
change, thereby confirming stability of the produced alloy - this A direct comparison of the ultimate tensile strength and total
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Fig. 10. Plastic behavior of the CoCrNi PM alloy characterized by a) the variation of the strain hardening exponent n determined for uniform plastic deformation stage b) strain hardening
rate changes.
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Fig. 12. Comparison of strength vs deformation of conventional materials, high and
medium entropy alloys.

elongation of the current PM CoCrNi alloy with those of high strength
steels and other HEA (data from references [4,16,39-45]) is presented
as Ashby type plot in Fig. 12. The produced PM material exhibited a
good combination of mechanical properties, competitive with other
HEA that were produced by casting and subsequent deformation pro-
cesses. It is worth mentioning that despite being relatively new group of
materials, the high and medium entropy alloys already outperform the
conventional materials in strength and ductility, not to mention their
other additional properties (most notably corrosion resistance and wear
resistance, as mentioned previously). In HEA scientific community, the
fact that the final alloy properties are not only influenced by the used
chemical composition, but also by the processing conditions is some-
times neglected. For instance, the Fe,o 4Ni;1.3Mnsg gAl; 5CrgC; alloy in
the study [42] properties were shown to be affected a by the grain size,
which was adjusted by cold deformation from initial 120 um to 4.7 pm.
In the case of wrought materials, the only way to induce grain refine-
ment is a use of deformation processes with severe cross-section re-
ductions. Using the combination of MA and SPS presented in this paper,
the materials can be produced already bearing a fine grain size
(4.11 pum directly after SPS) without the need of plastic deformation or
additional heat treatment processes.

4. Conclusions

In this study, CoCrNi alloy has been produced by powder metallurgy
route of mechanical milling and spark plasma sintering. Microstructural
parameters, mechanical and physical properties have been character-
ized with following results:
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e the produced alloy possesses a two phase microstructure (with
dominant FCC phase), as opposed to single phase alloys produced by
the casting route, most probably as a results of different cooling
kinetics.

the alloy's multi-phase fine grained microstructure results in a high
tensile yield strength of 652 MPa, ultimate tensile strength of
1024 MPa, tensile elongation to fracture 25.9%, and elastic modulus
of 222 GPa, i.e. values superior to e.g. martensitic or TRIP steels.
the plastic deformation is presumably not carried out by a planar
dislocation glide, but rather by a combination of dislocation cross
slip and deformation twinning mechanisms.

the microstructure of the CoCrNi alloy is thermally stable and pos-
sesses a relatively high CTE of 17.4.10"°® K™, yielding it a pro-
mising stable matrix material for MMC composites.
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