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Mechanically-alloyed CoCrFeNi high entropy alloys (MA-HEAs) show better mechanical properties than as-cast
HEAs. However, the limited amount of powder milled in one-milling cycle creates a challenge in larger-scale
applications. The low ball-to-powder ratio (BPR) milling used to increase powder yield resulted in the forma-

)S(Erl\: diffraction tion of Cr-rich second phases in the face-centered cubic matrix. To overcome the above issues, in this work, with
NanZin dentation a low BPR of 5:1, four different processes were analyzed: quicker milling intervals, higher milling speed, and the

pre-alloying of Cr and Ni. All parameters mentioned before were used and tested together in the fourth sample.
Samples were consolidated by spark plasma sintering technique. Microstructural characterization was made on a
Scanning Electron Microscope equipped with EDS and EBSD detectors and a Transmission Electron Microscope.
X-ray diffraction was employed to develop the structural evolution of powders sintered and annealed samples.
The global hardness was measured using microhardness tests, while the nanohardness tests helped us correlate
the evolution of secondary phases with their mechanical properties. The results show that pre-alloying elements
with the lowest diffusion coefficient before the main milling process might be an attractive strategy to improve
productivity and optimize microstructure without limiting the efficiency of low BPR MA-HEAs. The results
described below demonstrate the promising perspective for the implementation of powder metallurgy techniques
in a mass scale production as low BPR is essential for numerous applications like aerospace industry, car engines
and medicine, where improved productivity of powder mixing is mandatory.

Chromium carbides

1. Introduction might be distinguished. Among many techniques described in the

literature, mechanical alloying (MA) is predominantly used for powder

Powder metallurgy (PM) could be a suitable alternative for many
applications. The primary objective of all powder metallurgy methods is
to mix all the desirable elements in powder form in a proper composition
and perform consolidation to obtain the bulk material [1]. This group of
methods was first adapted to the ceramics-reinforced steel [2]. Incor-
poration of other refractory phases is difficult or practically impossible
using traditional techniques. Powder metallurgy techniques have been
developed and adapted in many ODS- or carbide-reinforced systems
[3-71.

Powder metallurgy is a broad term,; therefore, two different processes
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production [8,9]. Powder particles with the selected chemical compo-
sition are milled in the jar [1,8,9]. Mechanical alloying allows the
operator to control the process by tuning many parameters despite the
process being time-consuming. The process optimization results in
enhanced properties of synthesized entities, i.e., higher densification or
improved homogenization. Consequently, these factors lead to
augmented functional properties of the synthesized objects [10-12].
Spark Plasma Sintering (SPS) is a commonly used technique for powder
compaction [1,7,13-16]. The prominent advantage of this method is
implementing the external heating source, which is introduced to the
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powder particles via a graphite die by direct current [17,18]. This
mechanism guarantees that the material’s formation occurs significantly
below the melting points of its constituents. Thus, the technique enables
producing compositions that have not been developed nor analyzed
before [19].

The fields of PM applications are undergoing continuous expansion.
One of these fields is manufacturing high entropy alloys [11-13]. The
idea of HEA is to mix a few elements with no dominant one and form a
single (or dual) phase structure [1,8]. The chemical composition of the
alloy must be chosen very carefully to avoid unexpected intermetallic
formation [8,17,20]. The above factors might be critical for adapting
powder metallurgy to manufacturing high-entropy alloys. Finely sub-
divided powder particles enable a close match of the powder precursors’
composition ratio. On the other hand, the rapid sintering process hinders
unexpected phase formation or element segregation. Besides, powder
metallurgy provides an opportunity to introduce reinforcement phases
(e.g. ceramics) to improve some properties significantly. This forces the
PM to be placed next to 3-D printing methods as the most promising for
manufacturing HEA on a mass scale.

As mentioned, many parameters might be set up during the milling
and sintering processes to promote expected properties. For this reason,
the manufacturing process using powder metallurgy techniques must be
optimized with respect to the inherent characteristics of each alloying
powder. Numerous investigations concerning the milling time have been
performed, revealing the progressive structural changes occurring
within the milled powders [11,21]. However, it is worth noting that
prolonged milling time may lead to difficulties in crystal structure
analysis due to large diffraction peaks broadening originating both from
small crystallite size and increased density of defects leading to local
strains of the crystal lattice, or undesired phase formation [1]. More-
over, milling breaks must be employed to prevent overheating of the
milling system [22,23]. Salemi et al. revealed that the milling of CuNi-
CoZnAl at the speed of 300 rpm is insufficient for FCC-phase formation
even after 50 h [24]. However, increasing the milling speed to 350 rpm
with balls of different radii leads to the fully synthesized powder. One
should remember that even the size of powder precursors or the dif-
ferences in the diffusion rates of elements may impact the product’s final
quality. Suprianto et al. implied that pre-milling Cr and Ni before the
main milling promotes a more refined microstructure and uniform dis-
tribution of oxides formed in-situ in Cantor alloys [25]. Nano oxides
nucleate on the Ni-Cr-rich particles obtained after pre-milling. This, in
turn, causes mechanical properties improvement of the product.

Beyond the efficiency aspects, the productivity of the process cannot
be neglected. This might be significantly enhanced by increasing powder
fraction within a single milling campaign. The easiest way to achieve
this is to reduce the ball-to-powder ratio (BPR). However, this step might
be risky because a low BPR harms the quality of the product [21,26].
Since the process must be adapted to a larger scale, comprehensive
studies of the microstructure and functional properties of the system are
necessary to find a productivity versus efficiency trade-off. Curiously, up
to our knowledge, the description of low BPR impact on the synthesized
sample remains unrecognized.

In this investigation, we conducted a study involving five samples of
the equiatomic composition of CoCrFeNi high entropy alloys, which
were subjected to different preparation methodologies, to analyze the
impact of the pre-milling process, milling speeds, milling intervals, and
their collective effects. All samples were produced with the same milling
time and low BPR, followed by the same sintering process. A sample
prepared by a typical manufacturing process with a higher BPR was used
as a reference. In this study, optical microscopy, scanning electron mi-
croscopy (SEM) equipped with Energy-Dispersive X-ray Spectroscopy
(EDS) and Electron Backscatter Diffraction (EBSD) detectors, trans-
mission electron microscopy (TEM), and X-ray diffraction (XRD) tech-
niques were employed to analyze the structural evolution of the
materials. Microhardness and nanoindentation tests assessed the me-
chanical properties at two different scales. This study endeavors to
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elucidate the inquiries surrounding the potential impact of modifica-
tions in the manufacturing process on the resulting carbide formation
and mechanical properties of materials. The second aim is a comparative
analysis of the efficiency of the process, contrasting the current meth-
odology with a similar process wherein a higher BPR has been
implemented.

2. Experimental
2.1. Sample preparation

In this work, Co (<1.6 pm, purity: 99.8%), Cr (<45 pm, purity:
99.0%), Fe (<10 pm, purity 99.9%), and Ni (<37 pm, purity: 99.8%)
powders produced by Alfa Aesar were mixed in equiatomic composition
under an Ar atmosphere and placed in a tungsten carbide (WC) jar with
WC balls. Powders were milled in the Retsch PM100 high-energy ball
milling system. A ball-to-powder ratio of 5:1 and a cumulative milling
time of 40 h in the main milling process were used for all samples. N-
heptane was added to avoid cold welding. The impact of different pa-
rameters on the final products was tested. For the first sample, named
PA, the pre-alloying process with BPR 10:1 for 10 h and a milling speed
of 350 rpm was employed for Cr and Ni powders before the main milling
started. A short pre-alloying process was performed on milled powders
with the lowest diffusion rate and largest particle size (below 45 pm and
37 pm, respectively). The main milling process was performed with a
milling speed of 250 rpm. The mixing process was conducted in 15-min
intervals (15 min of milling and 15 min of breaks). Different intervals
were used for the second sample, and only 5-min pause after 15 min of
milling was applied. Shorter milling breaks were utilized to see if that
short time is still enough to avoid cold welding of powder particles. The
milling speed of 250 rpm was kept, and the sample was labeled MI. The
milling speed for the third sample labeled MS was increased to 350 rpm,
and equal milling intervals were restored. In both MI and MS samples,
the pre-milling process was not implemented. All the factors described
above were analyzed simultaneously in the fourth sample noted as MIX:
milling speed: 350 rpm, 5-min breaks after 15 min of milling and short
pre-alloying process following the same procedure as in PA samples.
Moreover, a sample with identical chemical composition was prepared
by a typical manufacturing process [1,27]. The BPR was 10:1, the
milling speed was 250 rpm, and intervals of 15:5 min were employed
during 40 h of the milling process and noted as BM. The samples’ names
with all applied process parameters were collected in Table 1.

After mechanical alloying, the consolidation process was carried out
using the spark plasma sintering technique. The process was performed
in a moderate vacuum (10’2 mbar). A constant pressure of (50 MPa) and
a temperature of 950 °C was maintained during the sintering. The
holding time was 10 min at a target temperature. After sintering, the
samples were mechanically ground to remove a graphite layer formed as
the result of the usage a graphite die during synthesis. The heat treat-
ment performed at 1050 °C for 12 h in quartz tubes under Argon at-
mosphere to homogenize the materials was followed by water
quenching. Moreover, PA and MIX, as samples milled in two steps, were
selected to be annealed at two different temperatures: 850 °C and
1050 °C for 12 h. The decision of two different temperatures employ-
ment for these two samples was motivated by different secondary pha-
ses’ evolution path compared to the samples milled in one milling cycle.

After the sintering and annealing, the samples were ground with

Table 1
Characteristic process parameters of the investigated specimens.
PA MS MI MIX
Characteristic Extra pre- Milling Milling All
parameter: alloying speed intervals parameters
Value 10h 350 rpm 15:5 min All three
together
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sandpapers: #320 to #2500 and then electropolished using a mixture of
8% perchloric acid with 92 % ethanol. The electropolishing process was
performed under 25 V for 20 s at 0 °C.

2.2. X-ray diffraction

Diffraction patterns (DPs) acquisition was performed using a diver-
gent X-ray beam and the Bragg-Brentano parafocusing geometry at the
Bruker D8 Advance diffractometer with a 6/6 goniometer of a 280 mm
radius and Cu Ka radiation (A = 1.54 A). Data were collected in the 20
range from 20° to 145° at room temperature by a LYNXEYE XE-T de-
tector working in high-resolution 1D mode without a Ni-filter and with a
window covering 2.941° of 26. The primary optics was optimized to the
available sample surface by setting the right size of the fixed divergence
slit and the beam vertical mask accounting for beam spill limited by 2.5°
axial Soller slits. The detector optics contained only 2.5° axial Soller
slits. Additional diffraction pattern was collected in the 20 = 30° + 67°
range for each specimen in order to ease the analysis of the minor car-
bide and oxide phase, in which weak peaks were spotted in this scat-
tering region.

The Bruker DIFFRAC.EVA program with the database of diffraction
standards ICDD PDF4+ 2022 [28] and DIFFRAC.TOPAS programs were
used for phase analysis and to refine the models of the identified phases
to satisfactorily describe the experimental diffraction patterns. The
TOPAS program uses the fundamental parameters profile fitting (FPPF)
approach to account for instrumental effects and Rietveld approach [29,
30] to optimize the model crystal structures’ parameters.

The contribution of the specimen to the diffraction peak shape shall
be considered in terms of its origin from crystal domains sizes and local
strains of the crystal lattice caused by point and line defects (a strain
shall be interpreted as a deviation from a reference, e.g. average, dis-
tance e.g. among crystal planes — Ad/d, where d is the interplanar dis-
tance). Following e.g. D. Balzar [31], these contributions can be
separated from each other judging by the evolution of the full width at
half maximum (FWHM) of the consecutive peaks with the 26 angle and
by the peak shape being described by the Voigt function with greater
Gaussian or Lorentzian share. In the absence of size-broadening, i.e.
when the crystal domains that scatter coherently are bigger than at least
200 nm (which holds in our case for the sintered and annealed samples),
the remaining lattice strain-related broadening shall make the FWHMs
to scale as tan 6.

Deviations from FWHM ~ tan 0 indicate that the lattice strains (&)
differ along different crystallographic directions, due to the varying
density and/or type of defects, i.e. anisotropy of strains is present. A
phenomenological model by P. W. Stephens [32] accounts for this by
introducing, for a cubic phase, 3 additional parameters: 1, S409 and Sz220,
which correlate the FWHM deviations with (hkl) planes spacing and h k [
peaks’ indices. Following A. Leineweber [33], these parameters are
related to the variance of strain, ((AEq)?), in different crystallographic
directions, normal to (hkI) planes.

Correct models describing the experimental diffraction patterns were
necessary to establish the FCC phases lattice constant values, although it
was the crystal phases composition, rather than the phases’ crystal
structures, which investigation was the primary objective of our
research.

2.3. Microstructural studies

ThermoFisher Helios 5 UX scanning electron microscope was
employed to study the microstructural evolution of sintered and
annealed samples. The microscope was equipped with the EDAX Octane
Elite Plus EDS system and EDAX Velocity Pro electron EBSD camera. The
microstructural observations were performed in the backscattered
electrons (BSE) channeling contrast. EBSD mapping was carried out with
a step size of 0.1 pm. The obtained data were analyzed using the EDAX
OIM Analysis 8 software. Points with a confidence index (CI) below 0.1
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were excluded from the calculations.

The transmission electron microscopy studies were performed using
the JEOL JEM 1200EX II (operating at 120 kV) and JEOL JEM F200
(operating at 200 kV). The samples for TEM analysis were prepared
using the lift-out focused ion beam (FIB) technique. The final thinning of
the samples was performed at 2 keV beam energy to reduce the density
of defects introduced by the Ga™ ions.

2.4. Hardness measurements

The hardness of the specimens was measured using a Zwick Dura-
Vision macro hardness tester with a Vickers type indenter by applying a
1 kg load and 15 s dwell time. At least six measurements on each sample
were carried out. Nanoindentation was performed using a NanoTest
Vantage system from Micro Materials. A Synton-MDP diamond
Berkovich-shaped indenter was used in this study. Tests were conducted
using a 50 mN load. Thirty-six indentations were performed on each
sample with 30 pm spacing between the indents. The Fisher-Cripps
relation was used to calculate the relationship between Vickers micro-
hardness HV and Berkovich nanohardness HB, which was done by
employing Eq (1):

8

k
H
=

94.495H,

3. Results
3.1. Density

Density measurements were performed using the Archimedes
method on a RADWAG X2 series. At least five measurements were car-
ried out on each sintered and annealed sample. The results were pre-
sented in Table 2. The theoretical density was estimated based on Eq.

(2):

_ 4maAvg
=5,
Veelt

where maayg corresponds to the averaged atomic mass of Co, Cr, Fe, and
Ni, and V¢ is the volume of an FCC unit cell calculated with the lattice
constants derived from XRD data [34]. The volumes of the real FCC cells
calculated by XRD reaches 3.5708 + 0.0002 A. Due to the very small
discrepancies the theoretical density was calculated from the average
lattice parameter. The average theoretical density is means in turn the
average mass of a unit cell (4 atoms in each) divided by theoretical
density and for all samples was estimated as 8.23 g/cm®

The obtained materials present a high densification level. All the
results exceed 95% of the theoretical density. This observation confirms
the high quality of the sintered samples. The heat treatment process
further improved the densification of materials. The density of annealed
MIX and MI samples reached 97% of the theoretical density. Moreover,
the obtained data are similar to those previously reported in the litera-
ture [4,35]. Both facts lead us to believe that the number of pores in the
specimens is negligible.

Table 2
Measured density of the specimens before and after annealing.
Density [g/cm®] BM MS MI PA MIX
Before annealing 791 + 7.91 + 7.91 + 7.86 + 7.83 +
0.07 0.05 0.06 0.07 0.04
After annealing at - - - 7.98 + 7.90 +
850 °C 0.05 0.04
After annealing at 7.89 + 7.85 + 8.01 + 7.91 + 8.01 +
1050 °C 0.07 0.06 0.10 0.04 0.05
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3.2. X-ray diffraction

Fig. 1 (a) shows the PXRD patterns of the as-milled powders after 40
h of milling and the Cr-Ni powder pre-milled for 10 h. In all samples,
two other types of crystal phases dominate the DPs, namely FCCs and
BCCs. In fact, peaks of both crystal phases consist of a few peaks, which
was demonstrated in detail in Fig. 1 (b). Apart from the MIX sample, in
diffraction patterns (DPs) of all others, i.e., BM, MS, MI, and PA,
diffraction peaks of pure elements can still be observed, especially the
ones originating from the Co HCP phase (see Fig. 1(b)). Such a case
points to the low efficiency of the main milling process.

Judging by the shapes of FCC and BCC diffraction peaks, that exhibit
multiple maxima and/or long shoulders usually extending toward lower
20 angles (the lower the position of the peaks, the higher the lattice
parameter, ay; seems to be the bottom limit), it is clear that mechanical
alloying results in formation of such phases with varying compositions
and defects density. Further evidence is provided by the intensities of
sequential peaks that differ from the values predicted by the structure
factors of typical FCC and BCC phases and by the shift of selected peaks
of FCC phases, e.g., 2 0 0, from their position predicted by fitting a model
structure to other peaks of a given phase. The former observation,
concerning the intensity, suggests at least one of the following effects to
occur: the varying occupation of sites by atoms of different elements;
possible presence of interstitial atoms or vacancies; and some degree of
disorder (namely, deviations of the particular atom position from its
lattice node). The latter phenomenon, the selected peak shift, can be
interpreted as a higher density of stacking faults, according to B. E.
Warren [36].

The BCC phase peaks, if observed in the DP, are always positioned
close to either Fe or Cr typical positions. This is the case also for the 10h
pre-milled sample. Hence, it seems that the mechanism of alloying is
based on migration and diffusion of Fe and Cr atoms into the FCC phases,
which, of course, mix together as well.

The DPs of sintered samples are presented in Fig. 2 (a). They all can
be fitted by one FCC phase model accompanied by secondary phases:
M33Ce, M7C3, and M303, where M means a metal, but no evidence for
pure elements can be found anymore. “M” should be mostly associated
with Cr, but solid solutions with other elements cannot be dismissed. We
will use the name chromium carbides for simplicity and following the
electron microscopy results. Their crystal structure investigation is
rough only (applies also to estimates of concentration) due to very few
peaks of low intensity observed in DPs.

The FCC phases in sintered samples always require the Stephens
model accounting for crystal lattice strain anisotropy and deviations
from the average value in different crystallographic directions because

(@) | «Fcces) wBCC(s)

’l -

-1

Intensity (a.u.)

100
2Theta (°)
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FWHMs of consecutive peaks do not smoothly follow the tan(20) cor-
relation. The lattice parameter of the FCC matrices in all samples is, on
average, 3.5708 + 0.0002 10\, as widely reported before [4,37,38].

Depending on the chosen milling process, one or two metallic car-
bides were formed (see Table 3) after SPS. Cry3Cg is present in all sin-
tered samples and is marked by black stars in Fig. 2(b-d). The total
content of Cry3Cs ranges between 6.0 and 9.0 wt%. This narrow range
indicates no impact of the evolution of one milling parameter on the
content of Crp3C¢. Chromium oxide (Cry03) is detected in all samples,
too, and marked by white circles in Fig. 2(b—d). The correlation between
the content of Cry30¢ or CrpO3 and the milling process was not observed.
The average oxide concentration is 2.0 + 0.6 wt%. In the MIX sample,
additionally, a Cr;Cg phase is observed marked as “X”, see Fig. 2 (c) and
Table 3.

Fig. 3 (a) shows the XRD patterns of annealed samples. In general,
the content of the FCC phases increased in all annealed samples at the
expense of chromium carbides compared to their state before the ther-
mal treatment. Only in the MIX 850 °C sample Cr;C3 converted to
Cry3Cg, which also yielded an increase of carbides content from 10.3 wt
%. to 12.8 wt% These observations suggest the structural evolution of
annealed samples. Moreover, depending on manufacturing process pa-
rameters, the direction of the evolution is different. The MS and MI
samples present a similar amount of Cry3C¢ marked as the black star in
Fig. 3 (f). Notably, despite the similar composition of sintered samples,
the as-annealed BM patterns show two carbide structures in close pro-
portion, which is listed in Table 3. Similarly, in PA, after annealing at
1050 °C the formation of Cr;Cg is promoted, as can be seen by ‘X’ in
Fig. 3 (e). Still, after annealing at 850 °C, only the peaks of Cry3Cs were
observed (see black star in Fig. 3 (d)). Combining all special parameters
in the MIX sample results in one type of carbide formation at both
temperatures. However, at 850 °C, peaks of Cry3Cg were detected, which
is demonstrated in Fig. 3 (b), while at higher temperatures, Cr;Cs was
found in Fig. 3 (c). The cumulative content of carbides for the MS, MI,
BM, and PA samples is similar (3.3-6.3 %), while the MIX samples
present a higher content of carbides, as the sintered MIX sample did. The
amount of chromium oxides in all samples remained at the same level
(1.4-2.7 %), so the impact of the annealing process on the amount of
Cry03 was not found. The contents of minor phases in all samples after
sintering and annealing are collected in Table 3.

3.3. Microstructural studies

The SEM images of the sintered samples are presented in Fig. 4. The
grain sizes range from several to tenths of microns for all the studied
samples. Moreover, different secondary phases were formed depending

i} !
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Fig. 1. (a) XRD patterns of powders in the 20 range from 35° to 100° with (b) magnification of the 20 range 40°-54°. Red and blue lines means typical Cr and Fe
peaks according to PDF cards number: 00-006-0694 (bcc-Cr) and 00-006-0696 (bec-Fe). (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
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Fig. 2. (a) XRD patterns of sintered samples; highlighted 47-55.5° regions of (b) MIX, (c) PA, (d) MI sintered samples.

Table 3
Carbides content in different samples.
Sample Process Cry3Ce Cr,Cs
BM Sintered 8.8 % -
Annealed 1050 °C 3.1% 3.2%
MS Sintered 8.8% -
Annealed 1050 °C 4.7 % -
MI Sintered 6,5 % -
Annealed 1050 °C 3.9% -
PA Sintered 7.8 % -
Annealed 850 °C 5.8 % -
Annealed 1050 °C 1.1 % 22 %
MIX Sintered 6.0 % 4.3 %
Annealed 850 °C 12.8 % -
Annealed 1050 °C - 9.3 %

on manufacturing process parameters. For the samples milled in one-
milling cycle processes, BM, MS, and MI samples (Fig. 4(a—c)), the
described particles state the cohesive formations uniformly distributed
throughout the volumes of the samples. Two distinct structures can be
discerned within these particles: observable grains located internally, as
indicated by the pink arrows in Fig. 4 (a), and an encompassing external
ring pointed out by the green arrows. The EBSD maps of the typical
particle will be discussed further.

The SEM-EDS technique was employed to analyze the elemental
distribution of the matrix and particle (agglomerate) phases. EDS
element concentration maps of MI, MS, and BM samples revealed the
presence of Chromium-rich structures distributed within the matrix,
marked with black arrows in Fig. 4 (c) presenting the characteristic re-
gions of the MI sample. The Chromium content reaches 100%, while
other alloyed elements might be neglected. Furthermore, small regions
rich in Co, Fe, and Ni were detected in these samples.

In the PA sample, Fig. 4 (d), coarse particles are still visible however,
the number of them is significantly lower compared to BM, MS and ML
The hallmark of this microstructure are evenly distributed light grey
particles’ clusters. The EDS maps of the PA sample demonstrated in
Fig. 4 (d) confirm the presence of two distinct morphologies differing
from the matrix phase, as mentioned above. A few Cr-rich particles with
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outer rings may still be observed. The remaining areas of higher Chro-
mium saturation line up with Nickel-rich areas, what is labeled by white
arrows. These Cr-Ni-rich islands correspond well with clusters of small
particles. Similarly, to samples MI, MS, and BM, small regions rich in
other alloying elements (Fe, Co) were detected by the EDS technique.

For the MIX sample presented in Fig. 4 (e), the fine particles seem to
create agglomerates that can be localized all over the sample’s surface.
An orange hexagon in Fig. 4 (e) marks an individual cluster of these fine
particles. Detailed analysis of SEM micrographs revealed the presence of
two different types of precipitates: appearing as dark grey and light grey
in BSE contrast images. The results of EDS analysis of the MIX sample are
shown in Fig. 4 (e). The number of particle agglomerates in the MIX
sample is significantly reduced compared to PA. This conclusion has
been based on the observation of significantly larger regions of the
samples, which images were not included due to the manuscript’s clarity
(see Supplemental file Figs. S1-52). The EDS analysis again confirms the
presence of Cr-Ni-rich structures in the form of agglomerates. The
decreased number of Cr-Ni-rich structures and a lack of Co-, Fe- and Ni-
rich areas suggest the higher diffusion of all elements during mechanical
alloying compared to PA. Moreover, small areas marked in an EDS
concentration map of Cr by black circles (for the sake of clarity, only a
few particles as an example) with higher Chromium content uniformly
distributed in the cross-section fully correspond with the evenly
distributed dark grey precipitates marked with white circles in the SEM
image (Fig. 4 (e)). The lower Cr concentration areas in the EDS map
reflect the distribution of light grey precipitates in the corresponding
SEM image.

The results of EBSD analysis of both matrix and particle phases are
illustrated in Fig. 5(a—c). The matrix phase was identified to exhibit the
FCC crystal structure, while the internal zone can be indexed as the BCC
crystal structure. Coupled results from EDS and EBSD analyses unam-
biguously suggest the presence of a pure Chromium phase inside the
particles. However, the EBSD analysis did not identify the external zone
(ring around the grain particle) as an FCC or BCC crystal structure. This
observation suggests the emergence of a distinct third structure in this
outer zone.

A similar analysis has been conducted for the samples after the
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Fig. 3. (a) XRD patterns of annealed samples; (b) highlighted 47-55.5° regions.

annealing process. The EDS area analysis of the matrix phase for all
annealed samples is presented in Fig. 6 (a). The plot illustrates consistent
results across all samples, indicating the formation of a matrix phase
with a chemical composition resembling the presumed one. A slightly
lower concentration of Cr in matrix phases is related to forming sec-
ondary phases rich in Chromium (particles). The microstructure of
samples after one milling cycle process is demonstrated in the MI sample
in Fig. 6 (b). The microstructure consists of Cr-rich particles evenly
distributed in a matrix phase. However, what is interesting is that the
particles consist of only one phase, suggesting the evolution of particles
at elevated temperatures.

The comparison of the microstructure of samples PA and MIX
annealed at 850 °C is presented in Fig. 6 (c) and (e). These samples show
similar microstructures to their counterparts before annealing, as shown
in Fig. 4 (d) and (e). Agglomerates of small particles were observed,
however, only one type of precipitate, called light grey, is present. The
microstructure of the PA (Fig. 6 (c)) sample consists of a higher number
of agglomerates (clusters). In contrast, the particles in the MIX sample
are uniformly distributed in the matrix, as shown in Fig. 6 (e).
Furthermore, PA presents a bimodal grain size distribution marked in
yellow (coarse grains) and blue (small grains) splines in Fig. 6 (c), while
the grain size distribution of the MIX sample is more uniform.

The microstructures of PA and MIX samples annealed at 1050 °C are
shown in Fig. 6 (d) and (f), respectively. Heat treatment at 1050 °C
caused a substantial evolution in the microstructure of both samples.
The increase in the annealing temperature leads to the replacement of
finely distributed particles in Cr-Ni-rich areas into agglomerates of
particles in a region marked with an orange hexagon in Fig. 6 (f). The PA
samples again exhibit the presence of a large number of regions of
clustering particles. Furthermore, a few coarse particles known from MI,
MS, and BM samples and demonstrated in Fig. 6 (a) might still be
observed in PA. Moreover, dark grey particles are observed while light
grey disappears when compared with Fig. 4 (e), presenting the sample
before annealing.

The EDS mapping technique was again employed to understand the
element distribution in the matrix and areas with a higher number of
clusters of the other phases. The EDS maps of the PA sample presented in
Fig. 6 (d) confirmed the uniform distribution of alloying elements in the
matrix phase after the annealing process, and no Co-, Fe-, or Ni-rich
areas were observed. Higher Chromium content in the particles has
been detected, as in the sample before annealing.

A comparison of the average grain size of the samples annealed at
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1050 °C using the EBSD technique is presented in Fig. 7(a-c). The
average grain size values for all three samples are marked in the bottom
right corners of the EBSD orientation maps. Moreover, curves showing
the grain size distributions are presented in Fig. 7 (d). One can see that
the MIX sample exhibits the smallest and most uniform grain size. Black
regions on the map correspond to the precipitates in a matrix, see Fig. 7
(c). The EBSD orientation images with the red histogram show a bimodal
grain size distribution observed in PA (marked with black lines), while
the samples milled in one milling cycle possess a more uniform struc-
ture, as in the MI sample, for example (Fig. 7 (a)). The regions of coarse
and fine grains in the PA sample are presented in the PA-EBSD orien-
tation image. As expected, the formation of twins in FCC materials is a
common phenomenon and may be observed in all annealed samples.

The STEM bright field image of the as-sintered MIX sample is pre-
sented in Fig. 8 (a). The image shows two different particles with a size
above 100 nm denoted as A and B. Two types of carbides were identified:
cubic Cry3Cq (selective area diffraction (SAD) in Fig. 8 (b)) and rhom-
bohedral Cr;C3 (SAD in Fig. 8 (c)). This observation explains well the
presence of two types of particles denoted in Fig. 4 (e) and corresponds
well with the X-ray diffraction pattern of the as-sintered MIX sample
visible in Fig. 2 (b). The EDS maps presented in Fig. 8 (d) suggest the
formation of phases rich in Chromium, which confirms the observation
conducted in EDS-SEM images (Fig. 4 (e)). Moreover, significantly finer
particles (below 100 nm) might be observed in bright field images. To
identify this phase, the EDS technique was employed. The EDS maps
presented in Fig. 8 (d) reflect the presence of chromium oxides, which
were also detected by the XRD technique for all samples, as demon-
strated in Fig. 2.

To denominate particles named ‘light grey’ and ‘dark grey’ (see
Figs. 4 and 6), the as-annealed in 1050 °C sample was chosen. The XRD
pattern and SEM image (Figs. 3 and 6) reflect only one reinforcing phase
(beyond chromium oxide). The STEM bright field image of the 1050 °C
MIX sample is demonstrated in Fig. 9 (a). The microstructure consists of
FCC grains (SAD in Fig. 9 (b)) with other grains. The SAD analysis
revealed the Cr;Cs structure, as shown in Fig. 9 (c). This is similar as
those in some recent papers [7,39]. This observation corresponds well
with the previous studies, where no Cry3Cg for this sample was found.
The EDS analysis was again employed to reveal the presence of small
chromium oxides. The EDS maps reflecting the Cr-O-rich areas are
visible in Fig. 9 (d).

As previously mentioned, two types of precipitates were identified in
SEM images and denoted ‘light grey’ and ‘dark grey’ precipitates. As
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Fig. 4. Microstructure of the samples manufactured with different milling processes (a) BM sample; (b) MS sample; (c) MI sample with EDS maps; (d) PA sample with
EDS maps; (e) MIX sample with EDS maps.

Fig. 5. EBSD orientation (a, b) and phase maps (c) of matrix and particles of the MI sample.
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Fig. 6. EDS area analysis of annealed samples (a); microstructure of annealed samples: (b) MI; (c) 850 °C PA; (d) 1050 °C PA with EDS maps; (e) 850 °C MIX; (f)

1050 °C MIX.

shown in Fig. 8, both were identified as chromium carbides. However,
the microstructure observation of the MIX sample annealed at 1050 °C
(see Fig. 6 (f)) revealed only the presence of ‘dark grey’ particles. Both
observations lead us to identify ‘dark grey’ precipitates as CryCs and
‘light grey’ as Crp3Cg. Moreover, the EDS analysis confirmed the pres-
ence of much smaller CryOg3 particles embedded in the matrix. For the
final summary, all the identified phases for all manufactured samples
through the whole manufacturing processes are collected in Table 4.

3.4. Hardness measurements

In Table 5 the results of microhardness tests on sintered and annealed
samples were collected. The evaluation using a force of 1 kgF revealed a
high homogeneity of all materials at the macroscale. The average
hardness of the as-sintered MIX sample exceeds 400 HV;, the highest
value of all tested samples. The hardness of the as-sintered PA sample is
slightly higher than that of the rest and equals 383 HV;, whereas the
hardness of the others oscillates at around 360 HV;. Samples after heat
treatment present reduced hardness. However, a modest drop in

hardness, below 5 %, of samples annealed at lower temperatures was
detected. The specimens annealed at 1050 °C indicate that the reduction
in hardness at the macroscale is approximately 23 % for all tested
samples.

Fig. 10 (a) presents the representative nanoindentation curves of the
as-sintered and 1050 °C as-annealed MIX samples. The maximal applied
load of 50 mN results in the deformation of materials approx. 600-700
nm occurred. Considering that the plastic deformation under the
indenter tip is 10x higher than the maximal indentation depth, the
recorded signal represents the response of a few grains (average grains
size was ~1.5 pm) [40]. Due to the presence of different phases, only the
matrix phase indents were considered. However, given that the small
(~100 nm-1000 nm) particles are evenly distributed in the sample
volume, the signal reflects the weighted average nanohardness of both
the matrix and precipitates. Therefore, only the agglomerates and coarse
Cr-rich particles were excluded from the nanohardness results of a ma-
trix phase.

The evolution of the nanohardness of the MI, PA, and MIX matrix
phases as a function of annealing temperature is demonstrated in Fig. 10
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Fig. 7. EBSD orientation maps of (a) MI, (b) PA, and (c) MIX 1050 °C annealed samples; (d) Grain size distribution curves of MI, PA, and MIX samples.

(b). The trends of nanohardness as a function of annealing temperature
are similar to those obtained using microhardness tests. This observation
suggests no scale dependence. Generally, the difference between micro-
and nanoscale does not exceed 10 %. The drop in nanohardness as a
function of annealing temperature for all samples is evident; however, in
the range between room temperature and 850 °C, the average nano-
hardness value of MIX is maintained, which confirms the microhardness
measurements. On the other hand, the nanohardness trend of the PA
sample might be described with robust agreement using a descending
line trend (red line in Fig. 10 (b)). Notably, a trend in the microhardness
of PA indicates that the hardness loss up to 850 °C is almost negligible
(see Table 5).

Because a maximal load of 50 mN was used, the nanoindentation
tests allowed us to first evaluate the heterogeneity of the materials.
Recorded data with the indent observation by SEM revealed two
different nanohardness ranges reflecting the matrix phase and coarse
particles or agglomerates of precipitates. The nanohardness of the coarse
particles is much higher (>10 GPa) than that of the agglomerates of
precipitates (5-7 GPa). The nanohardness of precipitate agglomerates
reflects both precipitates and the matrix below the particles. This rela-
tion can be observed in Fig. 10(c and d).

Despite the most uniform microstructure, the MIX sample annealed
at 1050 °C presents the highest nanohardness standard deviation of the
annealed samples. The opposite effect was observed during the micro-
hardness test. As mentioned before, the random distribution of pre-
cipitates made it challenging to distinguish a signal from the matrix and
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precipitates visible on the cross-section or present slightly below it.
Given that the results of nanohardness in individual indents strongly
depend on the presence of a hard secondary phase, all results were
treated as the hardness of the matrix phase. This approach leads to an
increase in the standard deviation. However, it allows one to consider a
much higher number of indents. In the case of the microhardness test,
the penetration depth of the indenter caused the deformation of a much
larger volume of the material. Consequently, the number of precipitates
deformed each time by the indenter is comparable, and the hardness
values measured at each point are similar. This observation may also
explain the visible difference between the micro- and nanohardness of
the 850 °C as-annealed PA sample.

4. Discussion

This paper examines the evolution of the microstructure and me-
chanical properties of CoCrFeNi high-entropy alloys produced using
Mechanical Alloying with low BPR and the Spark Plasma Sintering
technique. The preparation process of the consolidated samples was
differed by one characteristic milling parameter. The impact of high
milling speed, milling intervals, and pre-milling of selected elements
with the lowest diffusion coefficients was studied. Moreover, a
comprehensive assessment of all the analyzed influential factors was
used to prepare the fourth sample. A benchmark sample was also pre-
pared to check if manufacturing using similar parameters but with a
higher BPR is possible. The measured densities of the samples are
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Fig. 8. (a) TEM bright field image of as-sintered MIX sample with marked regions A and B, (b) SAD pattern of region A, (c) SAD pattern of region B, (d) EDS analysis
of Fig. 8 (a) region.

[O 1 1] Cr7C3

Fig. 9. (a) TEM bright field image of as-annealed 1050 °C MIX sample with marked regions A and B, (b) SAD pattern of region A, (c) SAD pattern of region B, (d) EDS
analysis of Fig. 9 (a) region.

collected in Table 1. The results show a high densification level of all formation of a single FCC phase with carbide reinforcement structures.
samples, which was then amplified by the heat treatment process. The Different carbides were formed depending on the process. Table 3 shows
XRD patterns of the bulk materials presented in Figs. 2 and 3 show the that the carbides in the MIX sample have a much higher volume than in
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Table 4
Secondary phases in different samples.
Sample Process Cra3Ce Cr,Cs Cry03
BM Sintered + - +
Annealed 1050 °C + + +
MS Sintered + - +
Annealed 1050 °C + - +
MI Sintered + +
Annealed 1050 °C + - +
PA Sintered + +
Annealed 850 °C + - +
Annealed 1050 °C + + +
MIX Sintered + + +
Annealed 850 °C + - +
Annealed 1050 °C - + +
Table 5
Microhardness test results.
Hardness [HV1] BM MS MI PA MIX
Sintered 361 + 14 343 +19 368 + 20 383+9 409 + 16
Annealed 850 °C - - - 378 + 14 386 + 15
Annealed 1050 °C 288 +9 263 + 25 283 +9 297 £ 9 315+5

the other samples. Microstructure observations from the sintered sam-
ples presented in Fig. 4 have revealed the evolution of the strengthening
phase by implementing the pre-alloying process and then with further
process improvement in the MIX sample. The samples milled in one
milling cycle present coarse strengthening particles surrounded by a
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ring. In contrast, after an extra milling process, fine precipitates forming
agglomerates and then evenly distributed structures after process opti-
mization were observed. The annealing process results in matrix and
particle homogenization, as shown in Fig. 6. The TEM analysis
convinced us to name ‘light grey’ precipitates as Cry3Ce and ‘dark grey’
precipitates as Cr;Cs, which was demonstrated in Figs. 8 and 9. More-
over, a significant mechanical property improvement was observed after
implementing the pre-alloying process. Compared to the one milling
cycle processes, the microhardness increased by 11 %. Notably, the high
micro/nanohardness stability of a MIX sample in a wide temperature
range is also demonstrated in Table 5 and Fig. 10.

4.1. Microstructure evolution

The literature data show that Chromium atom incorporation in the
matrix phase is the biggest obstacle in manufacturing FCC high entropy
alloys via powder metallurgy techniques, especially using low ball-to-
powder ratio. Chromium always tends to form phases with hardly-
controlled composition, including the Cr-rich phase [10], Chromium
oxides [41], o phase [42], or other intermetallic structures [11] instead
of forming a single FCC crystal structure. On the other hand, the pres-
ence of Chromium is strongly desirable due to the functional property
improvement [43,44]. Our results show that bulk sintered samples
synthesized through the one-step milling process with low BPR present
too low efficiency to overcome this issue during the assumed milling
time. The XRD patterns of mechanically alloyed powders presented in
Fig. 1 indicated that the modification of one milling parameter does not
help in reaching the scope of obtaining a homogeneous single-phase

4.11 GPa 3.27 GPa

3.09 GPa

b.49 GPa 3.16 GPa 3.29 GPa
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Fig. 10. (a) L-D curves recorded for MIX sample after sintering and annealing at 1050 °C; (b) nanohardness results of MI, PA, and MIX as a function of annealing
temperature; SEM images with marked indents of 1050 °C PA (c) and 1050 °C MI (d).
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precursor powder. After sintering, the formation of the dominant FCC
crystal structure with common lattice parameter (3.57 A) was observed.
However, EDS analysis in Fig. 4 (c) revealed some Ni-, Co- and Fe
enrichment areas that indicate slight but visible segregation of primary
elements. The presence of almost pure Chromium particles confirms that
the mechanical alloying process’s efficiency might still be further
improved. The largest Chromium particles unreacted during the MA
remain in a sintered sample matrix. Both different crystal structures and
the highest melting point among the selected primary elements did not
allow them to mix with other elements and form a single phase in
consequence. Surprisingly, the effects of Chromium in the X-ray
diffraction patterns were not observed. This observation proved that the
amount of the Cr-rich phase is below the detection level of the XRD
technique. Comparing quantitative phase analysis results with the re-
sults already published by our group [21], where minor effects of Cr
were observed, it is justified to claim that recorded homogenization was
forced by the milling parameters optimization, but the results are still
unsatisfactory. At this moment, it is worth noting that the Chromium
particles are surrounded by shells. The XRD patterns revealed that some
Crp3Ce was formed during the sintering process. Because chromium
carbides were not detected in the powder materials, we suppose that
carbides tend to develop during the sintering process. We believe car-
bide formation is related to using the organic solvent C;H;g as a process
control agent. The carbon atoms bond with chromium due to their high
affinity associated with the number of valence electron configurations
during heat and current implementation [13]. The heat treatment pro-
cess induces a higher diffusion rate, which induces further carbon
migration through the midpoint of a particle. This effect results in the
disappearance of Chromium particles and the formation of M33Cg over
the entire particle volume. The amount of Carbon was probably too low
to cover the whole particle, so some chromium atoms migrated through
the matrix phase, which increased Cr in the matrix-annealed samples.
The other potential reasons of chromium carbides formation are tung-
sten carbide jar and balls utilized in a milling process or the graphite die
usage during the sintering process. However, we believe that the
strongest effect comes from the organic solvent. All the problems
described above were not overcome even after higher BPR employment.

As a consequence of pre-alloying process implementation in PA, an
evident difference was detected from the above results. The large and
hard Chromium powder particles finally began to crumble, causing
Cr-Ni-rich areas. EDS and TEM data of sintered samples revealed the
formation of chromium carbide agglomerates inside the Cr-Ni-rich re-
gions. Recorded maps strongly suggest the impact of the pre-milling
process on the formation of the secondary phase. The higher efficiency
of the Cr-Ni alloying process facilitates carbide nucleation during the
sintering process. The low efficiency of the main milling process results
in the agglomerates remaining. Worth noting is the significantly smaller
grain size in areas with Cr-Ni-rich saturation. Lower energy delivered in
the main milling process prevents the fragmentation of Cr-Ni particles,
resulting in Cr-Ni-rich regions with Cr-C inside the particles. The
annealing process caused the homogenization of a matrix phase and
promoted a stable Cry3Ce. Higher temperature annealing caused the dual
carbide structure and bimodal grain size distribution.

In turn, the milling efficiency increment during the manufacturing of
the MIX sample, and an evident FCC peak change in milled powders was
observed. This suggests that more atoms migrate to the main phase,
resulting in high structural deformation. Compared with the micro-
structural observation of the PA sample, the number of Cr-Ni regions
was limited. The elevated efficiency of the milling process facilitates the
fragmentation of all particles, forces the formation of a single FCC phase,
and eases the uniform distribution of chromium particles. Consequently,
carbide particles formed during sintering are evenly distributed in the
sample volume. The dual carbide structure found in this sample might be
related to the rapid sintering process and the local chemical anomaly,
like Co-rich areas, which stabilize Cr;Cs instead of Cro3Cs. The anneal-
ing process at a lower temperature caused a stabilization of Crp3Ce,
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visible as light grey particles however, a higher temperature annealing
process stabilized Cr;Cs, known before as dark grey particles. Interest-
ingly, forming a single FCC phase was possible even after the sintering
process despite a very low BPR.

Some previous works [45,46] confirmed that at ~650 °C, the Cr;Cs -
> Cry3Cg transformation for other materials was observed. This analysis
confirmed the structural transformation (or stabilization) of My3Cg after
annealing. Surprisingly, annealing at higher temperatures of the BM, PA,
and MIX samples promotes recombination, and the diffraction peaks of
Cr,C3 were detected. This observation strongly suggests that the effi-
ciency of the milling process and the promotion of fine Cr precipitates
after the milling process are responsible for this effect. Wang et al. [47]
found that prolonged high-temperature annealing caused fine My3Cg
carbides to transform into M;Cgz in a Cr cast Iron alloy during the cooling
process. A similar effect might be observed in the MIX sample. Two other
samples also present the Cro3Cg phase. This effect corresponds to the
coarser particles found in both. The local amount of Carbon might be too
low to promote Cr;Cs. This observation might explain the lack of Cr;Cs
peaks in the as-annealed MI and MS samples.

4.2. Functional property improvement

Depending on the chosen manufacturing process parameters,
different strengthening effects occur. For the as-sintered MI, MS, and
BM, unreacted Cr-rich particles with a shell of chromium carbides
evenly distributed in a matrix are observed. The presence of a hard
secondary phase results in a hardness increase. Our previous work
revealed that chromium dissolution resulted in a hardness increase of a
matrix phase [21]. Some literature data also show that the Cr imple-
mentation increases the hardness [35,43,44]. These results indicate that
the Chromium dissolution results in mechanical property improvement.
Further heat treatment processes caused the homogenization of the
samples, and no Co-, Fe-, and Ni-rich areas were detected. Hardness loss
after the annealing process was observed, however, a relatively low drop
confirms the high stability of the materials. The presence of hard chro-
mium carbides hinders grain growth during heat treatment. The hard-
ness of the secondary phase reaches 15 GPa. This observation again
confirms the close Cry3Cq structure formation. Hirota et al. revealed that
Cry3Cg consolidated at a similar temperature presents a similar hardness
(13.7-15 GPa) [48].

Implementing a two-step milling process in the PA sample results in
Chromium carbide nucleation in Cr-Ni particles. The presence of
Chromium carbide agglomerates caused a hardness increase in com-
parison with the one-milling-cycle samples. When annealed at 850 °C,
the sample demonstrates a slight hardness decrease. Notably, the
average microhardness value is higher than the nanohardness, which is
seldom observed. Although the difference does not exceed 10%, the
uneven grain growth related to chromium carbide agglomeration is
supposed to determine the difference in nanohardness in specified re-
gions. The chromium carbide segregation facilitates uneven grain
growth in areas where a lower number of Cr-C agglomerates are
detected. Chromium carbide-depleted areas are more susceptible to the
grain size increase effect. According to the Hall-Petch rule, the hardness
increment of materials strongly depends on the average grain size
reduction. Higher temperature annealing results in a further decrease in
hardness.

The employment of a two-step, highly efficient milling process
caused almost complete crushing of the agglomerates and led to an even
distribution of chromium carbides in the matrix phase. This effect leads
to a hardness increase. The observation made on the sample after lower
temperature annealing confirms the high stability of the mechanical
properties. Evenly distributed hard Crp3Ce inhibits the local grain
growth and stabilizes the mechanical properties. A slight microhardness
decrease might be within the statistical error. A higher temperature
again promotes the carbide transformation and hardness drop. As
mentioned, high-temperature annealing with subsequent water
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quenching constrains the Cra3Cs- > CryCs transformation. This type of
carbide phase plus grain size increase results in a hardness decrease.
However, the hardness values measured at two scales still exceeded the
hardness of the samples milled in one milling cycle.

In Table 6, the comparison of the microhardness of the MIX sample
with other HEAs manufactured via powder metallurgy is summarized.
The analysis of the results leads to the conclusion that the manufactured
material presents similar hardness to the materials prepared using
higher BPR. The higher BPR increases the probability of ball-powder
contact, resulting in quicker synthesis and powder particle refinement.
This effect promotes the average grain size reduction. According to the
Hall-Petch rule, a slight difference might result from grain size refine-
ment. Notably, the results presented in this paper clearly show that the
mechanical properties of synthesized materials might be improved
without increasing the ball-to-powder ratio. In situ, carbide formation in
the sintered samples may increase temperature stability, while the
annealing temperature allowed us to set an expected strength vs.
ductility trade-off.

4.3. Strategy for synthesis using a low BPR

The consideration presented above led us to the conclusion that the
low BPR implementation does not act as a barrier to high-entropy alloys
manufacturing. It is only through the process optimization that we
observed a single FCC phase as a matrix formation with some reinforcing
phases typically noticed before, when higher BPR was selected [].
Moreover, the higher BPR utilized for BM sample manufacturing does
not allow the all atoms incorporation through the matrix phase. This
confirms that the BPR is a crucial, but not the most important parameter
for mechanical-alloying process.

Comparing the obtained results with our previous work [21], one
may assume that the presence of Cr-rich particles is the biggest challenge
for low BPR manufacturing of an FCC high entropy alloy with Chro-
mium. The energy delivered during milling was insufficient to crush the
powder particles. Moreover, material prepared by a similar method with
a higher BPR did not present a significant difference from a micro-
structural or functional point of view. The results show that the evolu-
tion of one milling parameter did not result in considerable process
improvement, and a similar material might be prepared with a low BPR.
Chromium particles with the highest melting point, low diffusion coef-
ficient, and largest particle size promote the formation of coarse M23Cq
particles instead of the distribution of Cr atoms in the matrix phase.

The efficiency improvement might take place through the employ-
ment of a two-step milling process. A short pre-milling process caused
greater Cr and Ni particle refinement and determined the preliminary
alloying effect of elements with the lowest diffusion coefficient and the
highest average particle size. Implementing higher BPR in the pre-
alloying process is justified because a lower amount of initial powder
was milled in this process (in total %Cr+%Ni ~50 %). By adding Fe and
Co after the pre-milling process, further crushing of the Cr—Ni rich phase
and promoting of a single phase occurs. Furthermore, the improvement
of the efficiency of the process results in a random distribution of
Chromium carbides in a single FCC matrix phase.

An effective way to modify the properties of manufactured materials
is to choose a proper annealing condition. Selecting a temperature to
obtain the desired properties and hinder grain growth is necessary. It is
visible that the presence of carbides in the lower temperature annealed
sample caused the micro- and nanohardness to be maintained, whereas
the higher temperature promotes the carbide transformation.

5. Conclusions

In summary, the impact of different process parameters on the
microstructure evolution and mechanical properties of CoCrFeNi man-
ufactured by low BPR MA + SPS was investigated. This paper proposes
the two-step milling process as an efficient and more productive
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Table 6

Hardness comparison of obtained results with literature data.
Material Process BPR Microhardness [HV] Ref.
CoCrFeNi MA + SPS 5:1 409 + 16 This work
CoCrFeNi MA + SPS 10:1 490 £+ 10 [42]
CoCrFeMnNi MA + SPS 10:1 400 + 10 [49]
CoCrFeMnNi MA + HIP 15:1 332 [50]
CoCrFeMnNi MA + SPS 10:1 450 + 10 [51]
Ni; 5Co; 5CrFeTig 5 MA + SPS 10:1 442 [41]
Fe3sMn; oCraoNiss MA + SPS 15:1 416 [52]

manufacturing path for high entropy alloys after sintering.

. The manufactured samples presents the high densification level —
even over 97 % of the theoretical density The density is reduced not
only be pores, which number in annealed samples is limited, but also
by different secondary phases formation.

. The presented results confirm the insufficient efficiency of the one-
step milling process using a low BPR. Coarse Cr-rich particles sur-
rounded by a shell are forming instead of chromium atoms incor-
poration in a matrix phase. The rest of the elements are distributed
randomly.

. Implementing two-step mechanical alloying induces the formation of
a Cr-Ni-rich phase with the nucleation of chromium carbides after
sintering. Chromium carbides form clusters and cause bimodal grain
size distribution as a consequence.

. The optimization of the milling process efficiency elicits the refine-
ment of Cr-Ni particles and promotes the random distribution of
chromium carbides. The number of chromium carbide clusters was
reduced significantly. Moreover, different heat treatment processes
led to different carbide formations. Both types of carbides, Cra3Ceg
and Cr,Cg, were detected in sintered samples. The annealing process
at 850 °C caused the evolution of Cr;Cs, and only Cry3Cs was found.
The heat treatment process at 1050 °C presents a reverse trend, and
only Cr;Cs3 carbides were formed.

. Chromium particle refinement during mechanical alloying caused
the formation of fine carbide precipitates in sintered samples. Fine
and uniformly distributed particles result in grain size decrease and
hardness increase in consequence. Moreover, the same trends of
micro- and nanohardness were observed, providing the mechanical
properties stability in both scales.

. Forming a single FCC phase with carbides and oxides reinforcement
using low BPR with similar properties to samples manufactured with
higher BPR is possible. Whenever the optimization procedure of
mechanical alloying needs to be employed, the chemical composi-
tion must be regarded.
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