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Abstract

An equiatomic CoCrFeNiNb alloy was prepared by conventional induction melting and by 8 h
of mechanical alloying and compaction via spark plasma sintering. The alloy prepared via
mechanical alloying showed a uniform ultrafine-grained microstructure composed of an FCC
solid solution strengthened by HCP Laves phases. A detailed TEM inspection revealed the
presence of nanocrystalline Cr,0s particles at the triple junctions of the present grains as well
as stacking faults and deformation nanotwins found exclusively in the interior of the FCC solid
solution grains. The as-cast alloy had a high initial hardness of 648 + 18 HV 30 and UCS of 1374
MPa and was outperformed by the mechanically alloyed alloy compacted at 1000 °C. The last
mentioned alloy also showed an even higher hardness of 798 £ 9 HV 30 as well as an ultra-high
UCS that reached 2412 MPa. Based on the TEM quantitative analyses considering the
contributions of different structural constituents and lattice defects, the aforementioned UCS
value was found to be in good agreement with results from microstructure strengthening
modelling, which indicated a calculated mean value of 2300 + 300 MPa. Moreover, the

mechanically alloyed alloy also showed exceptional thermal stability even after long-term



annealing/testing at 600 °C because it maintained a hardness of 777 + 5 HV 30, and the UCS

still had an extraordinary value of 2284 MPa.

Keywords: Mechanical alloying; Strengthening mechanism; Transmission electron microscopy;

Mechanical properties; Spark plasma sintering.

1. Introduction

High-entropy alloys (HEAs) belong to the group of modern and perspective materials that have
been intensively studied since 2004, when Cantor et al. reported the first CoCrNiFeMn high-
entropy alloy [1]. HEAs generally consist of five or more principal metallic elements whose
chemical composition varies from 5 to 35 at. % [2-7], although in the past, the boundaries were
believed to correspond precisely to an equiatomic composition made of five elements. These
groups of alloys gained attention mostly due to their unique combination of properties, such
as high strength [4, 8], high toughness together with high plasticity [9], high hardness [2, 3],
excellent thermal stability [2], and promising wear [6] and corrosion resistance [10, 11]. Such
unique properties are directly associated with the four principal core effects that include a high
configurational entropy of mixing, sluggish diffusion, severe lattice distortion and the cocktail
effect [12, 13]. A high configurational entropy of mixing affects the preferential formation of a
solid-solution, which is more stable than intermetallic compounds, resulting in improved
mechanical properties [10]. Although the single-phase solid solutions of HEAs offer an
appropriate combination of desirable properties, secondary phase strengthening is currently
of interest [14, 15]. Thus, considering all the above-mentioned properties, high-entropy alloys
composed of solid solutions and secondary phases might find utilization in a wide range of
applications mostly focused on construction materials, although the successful use of HEAs as
a sintering aid for B4C ceramics [3] or as binder for WC composites [16] has already been

reported.

The chemical composition of the studied HEAs affects the obtained microstructure, phase
composition and mechanical properties. HEAs may occur in face-centred cubic (FCC) single-
phase (e.g., CoCrCuNiFe and CoCrMnFeNi), body-centred cubic (BCC) single-phase (e.g.,

CoCrNiFeNiAl, NbMoTaW and NbMoTaWV) or hexagonal close-packed (HCP) single-phase (e.g.,
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GdDyErHoTb and GdErHoTb) materials [17]. It was shown that the FCC structure has good
ductility and poor strength [6, 13, 18-21], while HEAs with a BCC structure exhibit excellent
strength but reduced plasticity [9, 12, 22]. For this reason, it is necessary to find a balance to
obtain an alloy with high strength and good ductility. One of the possibilities for improving
ductility and preserving high strength concurrently is alloying with niobium. The radius of Nb
is larger than the rest of the elements, and thus niobium causes severe lattice distortion, which

can lead to greater strengthening in an alloy with an FCC structure [9, 23].

Moreover, the Nb has very negative enthalpies of mixing with Co, Fe, Cr and Ni [23, 24] and
forms Nb-enriched Laves phases [25] with an HCP structure that are known to substantially
increase the yield and fracture strength as well as the elastic modulus upon precipitating in an
FCC matrix [10, 24-26]. The amount of Laves phases increases with increasing content of
niobium in an alloy [10, 26]. Niobium also promotes a change in the microstructure to a
eutectic structure, which exhibits excellent mechanical properties [2, 9, 10, 23, 25, 27].
However, plasticity decreases with an increasing volume fraction of Laves phases [25, 27].
Studies [3, 28] showed that a balanced content of Nb increases strength while maintaining

sufficient ductility.

HEAs are prepared mostly by conventional induction melting [29-31], arc melting [2, 6-8, 10,
25, 26, 28, 32-39], although the growing interest in the powder metallurgy techniques
including gas atomization [3] or mechanical alloying [13, 16-20, 22, 40-47], all of which are
capable of refining the microstructure significantly, is seen in the recent research. In addition
to commonly utilized arc melting, HEAs are usually produced by the combination of
mechanical alloying (MA) and a suitable consolidation process to achieve maximized
properties that could not be obtained by any other conventional method [4, 10, 13, 16-20, 22,
29, 31, 40-42, 44, 46, 47]. The main advantage of MA is an increased solubility of even
immiscible elements, further supporting the creation of solid solutions in systems with a high
configurational entropy [40]. For compaction, spark plasma sintering (SPS) is the most
commonly used consolidation technique. The mechanical properties of alloys prepared by a
combination of MA and SPS are significantly better than those of as-cast alloys because of the

formation of a refined microstructure with nanocrystalline dimensions [19, 40]. The SPS



compaction process suppresses grain coarsening effectively and produces compact HEAs with

extraordinary properties that are not comparable to those of as-cast alloys.

In this work, high-entropy equiatomic CoCrNiFeNb alloys were prepared by a combination of
short-term (8 h) MA followed by compaction via SPS. The microstructure and mechanical
properties of the alloys were compared to those of an identical alloy prepared by induction
melting. The results showed that alloy prepared by a combination of MA+SPS showed an
ultrafine-grained microstructure composed of an FCC solid solution strengthened by HCP Laves
phases as well by Cr,0s nanocrystalline particles. This resulted in excellent mechanical
properties that outperformed the properties of the as-cast counterpart and were retained
even when the material was exposed to elevated temperatures of 400 °C and 600 °C. The
results were compared with the calculated contributions of each structural components

towards the strengthening of the alloys based on the TEM observations.

2. Materials and methods

The equiatomic CoCrNiFeNb alloy was prepared by mixing the pure powders in corresponding
ratios and forming a 20 g powder batch that was homogenized for at least 5 min. The powder
mixture was placed into the milling mould together with milling balls made of AISI 420 stainless
steel. The deleterious cold welding was partially suppressed by the addition of 5 wt.% of n-
heptane as a process control agent (PCA). The mould was sealed and flushed with argon (purity
of 99.996%) for at least 3 min with a flow rate of 2 I-min-. The mechanical alloying (MA, Retsch
PM100, Haan, Germany) was performed at a speed of 400 rpm in 30 min intervals followed by
10 min breaks to allow the alloys to cool. These steps were repeated until the mechanical

alloying process itself reached 8 h.

The prepared powder alloys were compacted by a spark plasma sintering device (SPS, FCT
Systeme HP D 10, Frankenblicke, Germany) using a die, pistons and sealing papers all made of
graphite. Prior to compaction, differential thermal analysis (DTA, DT-TGA Setys Evolution,
Setaram France) of the prepared CoCrFeNiNb powder alloy was done in an Al,Os crucible
under an Ar atmosphere with a heating rate of 10 °C-min-*to a final temperature of 1200 °C.
Based on the results obtained by the DTA, the influence of two compaction temperatures,

800 °C and 1000 °C, was tested. The heating rate of the compaction processes was set to
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200 °C-min‘! regardless of the final compaction temperature, while the samples were heated
up to compaction temperature and then compressed by a pressure of 48 MPa. The samples
remained at the compaction temperature 10 min to suppress the deleterious microstructural
coarsening. Afterwards, the samples were cooled with the maximum cooling speed on the SPS
device until they reached laboratory temperature. The prepared compact samples were

circular in shape with a total thickness of approximately 4 mm and diameter of 20 mm.

The MA+SPS compacts were ground using diamond grinding plates marked as P120 — P1000,
polished with diamond paste and etched in a mixture of HNOs and HCI (ratio of 1:3). The
microstructure was observed using light microscopy (LM, Olympus PME-3) and scanning
electron microscopy (SEM, Tescan LYRA, 20 kV, BSE+SE detectors) equipped with energy

dispersive spectroscopy (EDS, Oxford Instruments, 80 mm?).

Phase identification and quantitative microstructure strengthening evaluation were carried
out by transmission electron microscopy (TEM, Philips™ CM-200°) equipped with a double-tilt
specimen holder and a liquid N3 cooling stage with a working voltage of 200 keV. TEM samples
were prepared by grinding, polishing and dimpling 3 mm discs. The final preparation for
electron transparency was carried out in a precision-ion milling system (PIPS, Gatan™) in a
vacuum at a voltage of 12 V and with a tilting incident angle of 8° for the first half, 6° for the
following quarter, and 4° for the final quarter of the whole Ar-ion thinning time. The statistical
data were obtained by 3 different TEM discs. TEM analysis was carried out on the MA+SPS at
1000 °C compacted CoCrFeNiNb equiatomic alloy. All statistical evaluations of the

microstructure features were carried out by stereological methods according to EN-112.

The phase and chemical composition were determined using X-ray diffraction (XRD,
PANalytical X’Pert PRO, Netherlands, Cu Ka = 1.54059-10%% m) and X-ray fluorescence (XRF,
PANalytical, Netherlands). The surface porosity of the compact samples was measured by the

threshold method using ImageJ software.

The mechanical properties of the prepared compact samples were measured by Vickers
hardness tests and by compressive stress-strain tests done at the laboratory and elevated
temperatures. For the hardness testing, a load of 30 kg with a dwell time of 10 s was used until
at least 10 indents were measured. For the compressive stress-strain tests, rectangular

specimens were cut using a diamond blade (Leco VariCut VC-50) with a height that was 1.5
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times the length of the side. The compressive tests were done on a universal testing machine
(Labortech, LabTest SP 250.1-VM) with a strain speed of 0.001 s using at least three samples,
while the temperature during the tests was 25 °C, 400 °C and 600 °C. Since we presumed that
the tested alloys would exhibit excellent thermal stability at elevated temperatures, the
samples were placed between two ceramic plates made of Al;0s. The compact samples were
also tested for thermal stability expressed as a hardness change during long-term annealing at
400 °C and 600 °C, while the hardness change was measured after 1, 4, 9, 25, 50, 75 and 100
h of annealing. To fully explore the thermal stability of the MA+SPS alloys, the prepared
rectangular samples were annealed under the same conditions and compression tested at

25 °C.

To compare the properties of the prepared alloys, an identical alloy was prepared using
induction melting. The appropriate amounts of each element were placed into the Al,O3
crucible and melted under an argon protective atmosphere at a temperature of approximately
1800 °C. The melt was then homogenized through eddy currents for several minutes and
poured into a steel mould to form an ingot 14 mm in diameter and with a total length of almost

150 mm.

3. Results and discussion
3.1 Chemical composition of alloys

The above-mentioned equiatomic alloy was prepared using either conventional induction
melting or mechanical alloying. The results corresponding to the changes in chemical
composition determined by the XRF analysis are shown in Fig. 1. As is evident, the chemical
composition of the as-cast alloy was around the intended 20 at.%, except for the slightly higher
content of Ni and lower content of Nb. The lower content of Nb might be attributed to the
highest melting temperature of the Nb (2477 °C) among all the elements used. However, this
presumption has not been confirmed since there were no traces of non-melted Nb particles

suggesting partial pre-oxidization of the Nb.



Fig. 1: The chemical composition of the prepared CoCrFeNiNb alloys determined by XRF.

(Different durations of the MA process are displayed.)

The Gibbs free energy was calculated using FactSage software (see Tab. 1) for the formation of
the most common oxide products, and it reached a minimum value for Nb;Os. Since the
induction melting was done in an Ar protective atmosphere, the oxidation during the melting
was completely excluded from consideration as one of the very few likely causes. The main
reason the content of Nb was decreased in the as-cast alloy can be attributed to the partial
pre-oxidation of the Nb chunks that reduced the overall concentration of Nb in the alloy, which

is reasonable considering the very high melting temperature of Nb and its high affinity for O..

In comparison, the alloys prepared using MA (see Fig. 1) showed a steep increase in the Fe
content due to the formation of hard and therefore highly abrasive phases through the 8 h of
the MA process. Due to the XRD results, the 8 h MA was determined to be sufficient to prepare
a nearly equiatomic FCC solid solution alloy strengthened by a Laves phase; thus, increased

MA times were not used.

Tab. 1: Calculated values of the Gibbs free energy corresponding to the formation of the most

common oxides at a temperature of 298.16 K.

Reaction Compound ‘AGOZQB 16 [k] . mOl_l]
2Co + 0, - 2C00 CoO -214.02
4Cr + 30, - 2Cr,03 Cr203 -1046.69
4Fe + 30, — 2Fe,04 Fe203 -744.02
2Fe + 0, — 2Fe0 FeO -244.88
2Ni + 0, - 2Ni0 NiO -211.76
4Nb + 50, - 2Nb,05 Nb20s -1765.97

(Values were calculated using FactSage software.)



3.2 DTA results

To determine the best compaction temperature for the SPS and describe the processes that
occur during heating of the mechanically alloyed powders, DTA was done, as shown in Fig. 2.
The sample demonstrated exothermic behaviour up to a temperature of approximately 700 °C
that corresponds to a partial relaxation of the lattice stress-strain imposed during MA. At
700 °C, very slow grain growth started reaching a plateau at 800 °C and then progressed more
quickly, which resulted in endothermic behaviour as the temperature increased. Another
important finding is that the prepared powders of nearly equiatomic CoCrFeNiNb alloy did not
melt in at the tested temperatures, suggesting a possible temperature range for the
subsequent compaction via SPS. Although we did not observe melting of the sample, Jiang et
al. [35] reported a melting temperature of 1251 °C for the eutectic CoCrFeNiNbg 45 alloy. Thus,
the first temperature for the compaction was chosen to be 800 °C to suppress the
microstructural coarsening, while the higher temperature of 1000 °C was expected to provide

better particle-to-particle cohesion at the expense of microstructural coarsening.

Fig. 2: The results of DTA for the mechanically alloyed CoCrFeNiNb powder alloy.

3.3 Microstructure and phase composition of compacts

The LM micrographs of both the MA+SPS alloys and the as-cast alloy are shown in Fig. 4. The
microstructure reflects that the preparation processes were entirely different, and the as-cast
alloy had a coarser microstructure than the ultrafine-grained alloy prepared by MA+SPS. The
microstructure of the as-cast alloy (Fig. 3a) shows the presence of primary dendrites

surrounded by eutectic-like structures that are visible even without etching. In the as-cast alloy,
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pores are also visible, reaching an average 0.61 + 0.07% (see Errore. L'origine riferimento non
e stata trovata.). On the other hand, both the MA+SPS alloys (Fig. 3b and c) show a uniform,
well-refined microstructure with structural constituents that are hardly distinguishable with
LM but can be sufficiently displayed using SEM/TEM techniques. Among the well-refined
microstructures, the MA+SPS alloys had a different level of porosity, reaching up to
approximately 24.75 + 4.49% (Errore. L'origine riferimento non é stata trovata.) for the
MA+SPS alloy compacted at 800 °C. Since the porosity of the alloy compacted at 800 °C was
too high, the MA powders were compacted at higher temperatures to effectively eliminate the
porosity. Thus, an increase in the SPS compaction temperature to 1000 °C decreased the

porosity to 0.23 + 0.14% (Fig. 3c, Errore. L'origine riferimento non é stata trovata.), a value

even below the as-cast counterpart.

) ' : Fig. 3: The LM micrographs of the equiatomic
. CoCrFeNiNb alloy prepared by: a) induction

casting; b) 8 h MA+SPS at 800 °C; c) 8 h MA+SPS

at 1000 °C. (All micrographs were taken prior

etching.)

It is evident that the higher temperature of 1000 °C allowed better particle-to-particle cohesion due to
thermal activation of non-discrete dislocation movements and successfully reducing the level of
deleterious porosity. The remaining pores were circular in shape, while their distribution was

completely random in the MA+SPS alloy compact.



Tab. 2: The average surface porosity of the equiatomic CoCrFeNiNb alloys prepared by

different techniques along with confidence intervals.

CoCrFeNiNb (preparation) Porosity [%]
As-cast 0.61 +0.07
8h MA+SPS at 800 °C 24.75+4.49
8h MA+SPS at 1000 °C 0.23+0.14

The more detailed SEM micrographs of the as-cast alloy and both of the MA+SPS alloys are
shown in Fig. 4. Since the as-cast alloy reference was prepared using conventional induction
melting, the microstructure showed the presence of primary dendrites surrounded by
eutectic-like structures (Fig. 4a). On the other hand, both of the MA+SPS alloys showed a
refined microstructure (Fig. 4b and c) with no traces of the structures found in the as-cast alloy.
The present phases were refined to sub-micrometre dimensions and showed a uniform
distribution within the sample regardless of the SPS compaction temperature. In addition, the
MA+SPS alloy compacted at a temperature of 1000 °C showed a significant reduction in the
porosity and had a slightly coarser microstructure compared to that compacted at 800 °C

(compare Fig. 4b and c).
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Fig. 4: The SEM micrographs of the equiatomic
CoCrNiFeNb alloy prepared by: a) induction
melting; b) MA+SPS at 800 °C; c) MA+SPS at
1000 °C. (images were taken using 80% of BSE
and 20% of SE detectors)

The phases were determined using X-ray diffraction, and the results are shown in Fig. 5. As the
initial powders were mixed and homogenized for a sufficient time, the reflections
corresponding to pure elements are distinguishable. The first 4 h of MA resulted in a reduction
in the characteristic patterns of pure elements and increase in the reflections by a newly
formed solid solution with an FCC crystallographic lattice and a small amount of HCP Laves
phase. Thus, this observation does not correspond with the findings by Vaidya et al. [4], who
suggested the formation of only metastable solid solutions that then exhibit phase
transformations during compaction. Furthermore, the phase composition of the MA powders
and MA+SPS alloys also corresponds to the calculated pseudobinary phase diagram for
CoCrFeNi-Nb [9] that predicted and confirmed the presence of an FCC solid solution
strengthened by the HCP Laves phase. However, the preparation technique combines severe

plastic deformation and fragmentation of the powders, so the precise identification of present
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phases was quite challenging with XRD. Additionally, the mutual element substitution in the

crystallographic lattice shall be considered.

Fig. 5: XRD diffraction patterns of the equiatomic CoCrFeNiNb alloys showing the results for

the powder mixture, powder alloys and MA+SPS alloys compacted at 800 °C and 1000 °C.

Furthermore, a prolonged MA of up to 8 h resulted in the formation of an increased volume
fraction of HCP Laves phases, increasing the intensity of the corresponding peaks. Peak
broadening was also observed, suggesting either microstructural refinement or an increase in
the lattice stress-strain due to the nature of the chosen processing method. Consequently, the
prepared powder samples were compacted using the SPS method at the two temperatures of
800 and 1000 °C, which did not change the phase composition, although it reduced the stress-
strain within the crystallographic lattices of the present phases and caused microstructural
coarsening. This effect was even much more evident for the MA+SPS alloy compacted at a

temperature of 1000 °C than that at 800 °C.

On the other hand, the as-cast alloy also showed the presence of an FCC solid solution and
Laves phases, although the corresponding reflections were narrow. These results
corresponded to the previously observed micrographs (see Fig. 3 and Fig. 4) that show the
presence of either large structural constituents, in the case of as-cast alloy, or refined

microstructures containing a sub-micrometre constituent, as in the case of the MA+SPS alloys.
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In comparison, the as-cast alloys showed rather narrow peaks corresponding also to an FCC
solid solution as well to the presence of HCP Laves phases. Thus, the phase composition was
identical to that of MA+SPS alloys and corresponded to the findings of others [30] who
observed the same phase composition even when prepared by different techniques and
slightly different chemical compositions. The results of the XRD analysis demonstrate the
ability of our approach to prepare the HEAs with the targeted phase compositions within the
time of several hours of the MA process. It should be noted that similar results have not been
reported for rapid MA suitable for the production of HEAs, with the exception of our previous
research [19]; the results reported herein are comparable to the data reported by others [13,

16-18, 20, 22, 40-42] who prepared the HEAs via a MA process significantly longer than 8 h.

The SEM+EDS element distribution maps of the as-cast and both MA+SPS alloys are shown in
Fig. 6. As shown, the as-cast alloy (Fig. 6a) showed the presence of two different types of
structural constituents consisting of primary dendrites and eutectic-like structures, which were
distinguished from each other by different contents of Cr, Fe, Ni and Nb. The primary dendrites
were mainly enriched with Nb, while the interdendritic eutectic-like region showed the
presence of dark-grey phases containing mainly Cr, Fe and Ni and bright phases containing
mainly Nb. In addition, the Co content was homogeneously distributed between all the
observed structural components. The same element distribution between the structural
constituents has already been observed by Tsai et al. [38], who identified them as Nb-rich
dendrite-like phases, while the interdendritic structures were identified as a mixture of HCP

C14 Laves phases (bright needle-like structures) and an FCC solid solution (dark grey).

Compared to that the results above, both the MA+SPS alloys (Fig. 6b and c) showed a
significantly refined microstructure composed of phases with dimensions in a range of several
tens of nanometres, which was primarily found for the MA+SPS alloy compacted via SPS at
800 °C. It should be noted that the dimensions of the present phases in this particular compact
alloy were far below the detection limit of EDS (Fig. 6b). Although the microstructure showed
the presence of ultrafine-grained phases, the MA+SPS alloy compacted at 800 °C showed
enormous residual porosity and rather low particle-to-particle cohesion, which substantially
degraded the mechanical properties. However, the compaction at a higher temperature of

1000 °C resulted in microstructure coarsening that increased the dimensions of the present
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phases up to 300 nm (Fig. 6¢). The overall porosity (see Errore. L'origine riferimento non &
stata trovata.) was lower although the coarser microstructure allowed formation of small
dimples due to a localized dissolution of the alloy in the presence of Cl" ions. Considering the
significant difference in the microstructures, a much more suitable compaction technique
using ultra-high pressures in a range of several GPa might overcome this disadvantage, yielding

results that are superior to those shown below.
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Fig. 6: The SEM+EDS element distribution maps of the CoCrFeNiNb alloy prepared by: a)
induction melting; b) 8 h MA+SPS at 800 °C; c) 8 h MA+SPS at 1000 °C. (images were taken
using 80% of BSE and 20% of SE detectors)

The individual structural components in the as-cast and MA+SPS alloys were also investigated

using SEM+EDS point analysis (see Fig. 7), and the results are shown in
15



CoCrFeNiNb (preparation) Points

Average chemical compositon [at.%]

Corresponding phase

Co Cr Fe Ni Nb

1-4 20+0.2 21.95+0.4 20.3+0.2 22.1+0.3 15.7+0.7 HCP Laves phase
as-cast 5-8 19.5+0.2 25.5+0.4 22.7+0.5 24.9+0.6 7.4+1.1 FCC

9-12 20.9+0.2 17.9+0.2 19.3+0.1 15.7+0.9 26.3+0.8 HCP Laves phase

1-4 20.5+0.1 20.3+0.1 25.3+0.1 20.4+0.1 13.5%0.3 HCP Laves phase
8h MA+SPS at 800 °C

5-8 20.2+0.1 21.2+#0.1 25.9+0.1 20.4+0.3 12.4+0.1 FCC

1-4 21.9+0.4 18.3+0.3 21.9+0.1 19.6+0.3 18.410.6 HCP Laves phase
8h MA+SPS at 1000 °C

5-8 19.8+0.2 22.2+0.2 25.4+0.5 21.7+0.4 10.9+0.9 FCC

. In the as-cast alloy (Fig. 7a), the eutectic-like structures differed in the elemental contents,

specifically in the Nb content, which was low in the dark-grey phases, while the bright phases

showed an almost equiatomic content of Nb reaching up to average value of 15.7+0.7 at.%.

The appearance of the structures is due to the imaging mechanism in the BSE detector, where

an increasing atomic number causes the brightness of a structure in an image to increase.

Based on that mechanism, the primary dendrites of the HCP Laves phase showed an increased

content of Nb corresponding to 26.3+0.8 at.%, while the remaining elements were equal to 20

at.% or below. The chemical composition of the dendrites within the as-cast alloy is in good

agreement with the work of Yu et al. [2], Tsai et al. [38] and Jiang et al. [26, 35], who reported

a similar chemical composition with a concentration of Nb ranging between 26.7 and 31.8 at.%.

However, none of the authors reported the exact chemical composition of the eutectic-like

structures at the level of each structural constituent.
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Fig. 7. The SEM micrographs with points
marked for EDS analysis of the: a) as-cast; b)

MA+SPS at 800 °C; c) MA+SPS at 1000 °C alloys.

On the other hand, the MA+SPS alloy (Fig. 7b) compacted at 800 °C showed an ultrafine-
grained microstructure composed of phases whose chemical composition was hardly
distinguishable due to the physical limitations of the 80 mm? EDS detector. Based on the
micrographs and the physical aspects of used detectors, the microstructure more or less
showed the presence of two phases, one of which contained more Nb (bright phase), while
the second contained less Nb. In contrast, the compaction at a higher temperature of 1000 °C
caused microstructural coarsening (Fig. 7c); bright phases with nearly equiatomic
compositions were present, while the dark phases contained a decreased amount of Nb of
approximately 10 at.%. In addition, the presence of dark spots was also observed, and their
presence arose during etching as a consequence of Cl" ions in the etching solution, which

caused localized dissolution forming dimples. Considering the results mentioned above, the
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combination of MA+SPS resulted in significant microstructural refinement and a nearly
equiatomic chemical composition within the bright phases. On the other hand, the dark

phases in the MA+SPS alloys were supersaturated with up to 26.0 at.% Fe.

Tab. 3: Results of the SEM+EDS analysis (in at.%) of points marked in Fig. 7.

Average chemical compositon [at.%]

CoCrFeNiNb (preparation Points Corresponding phase
(prep ) Co Cr Fe Ni Nb P ep
14 20+0.2 21.95+0.4 20.3+0.2 22.1+0.3 15.70.7 HCP Laves phase
as-cast 5-8 19.5£0.2 25.5+0.4 22.7£0.5 24.9+0.6 7.4%#1.1 FCC

9-12 20.9+0.2 17.9+0.2 19.3+0.1 15.7+0.9 26.3+0.8 HCP Laves phase

1-4 20.5£0.1 20.3+0.1 25.3#0.1 20.4+0.1 13.5+0.3 HCP Laves phase
5-8 20.2+0.1 21.2+0.1 25.9+0.1 20.4+0.3 12.4+0.1 FCC

8h MA+SPS at 800 °C

14 21.9+0.4 18.3+0.3 21.9+0.1 19.6+0.3 18.4+0.6 HCP Laves phase
5-8 19.840.2 22.2+0.2 25.4+0.5 21.7+0.4 10.910.9 FCC

8h MA+SPS at 1000 °C

(Average chemical composition of points is shown together with standard deviation.)

The Fig. 8 shows a representative BF-TEM micrograph of the alloy compacted at 1000 °C in
which the three different constituents can be easily recognized. The three phases were also
crystallographically identified by means of selected area electron diffraction patterns (SAEDPs).
These are shown in Fig. 8b. The CoCrFeNiNb equiatomic HEA consists of a FCC solid solution
identified as y type-like phase characterized by a diffuse presence of tangled dislocations and
twinning, a hexagonal close-packed (HCP) Laves phase, and HCP Cr,0s3 intergranular rounded
oxides. The grains of the FCC phase showed the presence of lattice defects, mainly composed
of dislocation pile-ups found in the solid solution, deformation nanotwins, and to some extent,
the presence of secondary phase particles. The presence of stacking faults as well as nanotwins
was also reported by He et al. [21], who prepared a CoCrFeNiNbo 1 alloy by cryogenic rolling
with a total thickness reduction of 50%. The presence of deformation twins in the HEAs has
been reported by Rogal et al. [43] who prepared a CoCrFeNiMn high entropy alloy reinforced
with SiC spherical nanoparticles. These nanocrystalline particles initially enabled the creation
of deformation twins that supported their limited growth within the grain interiors and also
acted as effective barriers.

The Laves lattice is a Co;Nb-type structure, with crystallographic parameters a = 0.4835 nm
and ¢ = 0.7860 nm. lJiang et al. [26] reported the composition of this Laves phase as

Co(Ni,Fe,Cr)Nb, while Liu et al. [48] reported a slightly different composition of
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(Co,Fe,Ni)2(Cr,Nb). Both compositions refer to HCP Laves crystallographic structures. Thus,

based on the EDS analyses reported in the

CoCrFeNiNb (preparation) Points

Average chemical compositon [at.%]

Corresponding phase

Co Cr Fe Ni Nb

1-4 20+0.2 21.95+0.4 20.3+0.2 22.1+0.3 15.7+0.7 HCP Laves phase
as-cast 5-8 19.5+0.2 25.5+0.4 22.7+0.5 24.9+0.6 7.4+1.1 FCC

9-12 20.9+0.2 17.9+0.2 19.3+0.1 15.7+0.9 26.3+0.8 HCP Laves phase

1-4 20.5+0.1 20.3+0.1 25.3+0.1 20.4+0.1 13.5+0.3 HCP Laves phase
8h MA+SPS at 800 °C

5-8 20.2+0.1 21.2+#0.1 25.9+0.1 20.4+0.3 12.44+0.1 FCC

1-4 21.9+0.4 18.3+0.3 21.9+0.1 19.6+0.3 18.410.6 HCP Laves phase
8h MA+SPS at 1000 °C

5-8 19.8+0.2 22.2+0.2 25.4+0.5 21.7+0.4 10.9%0.9 FCC

, a Laves composition of (Co,Fe,Ni)2(Cr,Nb) was suspected here. Between these two phases, at

the triple grain junction, the presence of small rounded Cr,03 oxides with an average diameter

of 100 nm was observed. The volume fraction of these particles was below the detection limit

of XRD and thus was not identified in the corresponding patterns (Fig. 5).

The microstructure strengthening of the three detected HEA constituents after 1000 °C SPS

compaction conditions was calculated by the quantitative analyses of the TEM micrographs,

as is shown in Section 3.5.

Fig. 8: BF-TEM micrographs of the 8 h MA+SPS alloy compacted at 1000 °C showing: a) a

complex overview of the existing phases; b) details of the microstructure. (SAEDPs refer to the

FCC y phase, the HCP Laves phase, the twinning inside the Laves phase, and the HCP Cr203

oxide particles.)

1. Mechanical properties
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The mechanical properties of either the as-cast alloy or the MA+SPS compacts were
thoroughly investigated, and their results are summarized in Errore. L'origine riferimento non
e stata trovata.. For this purpose, the hardness of the alloys was determined before any
thermal treatment (Fig. 9). The induction melting resulted in a rather coarse microstructure,
yielding a surprisingly high hardness of 648 + 18 HV 30 due to a presence of large grains of HCP
Laves phase. On the other hand, the combination of MA and subsequent compaction via SPS
at 800 °C failed to deliver the expected results, negating its superiority over its as-cast
counterpart. The main reason for the low hardness of only 93 + 10 HV 30 was the poor or non-
existent cohesion between the powder particles together with a high residual porosity that
reached approximately up to 25%. Thus, the alloy compacted at 800 °C was not used for further
investigation of the mechanical properties. However, increasing the compaction temperature
up to 1000 °C tremendously reduced the porosity, and the compacts showed excellent
particle-to-particle cohesion. Together with an ultrafine-grained microstructure, the hardness
was 798 + 9 HV 30, which was the highest value of all tested alloys. It should be noted that this
value is superior to that reported by Yu et al. [2] (643 HV), which was obtained for a
CoCrFeNiNbo s alloy prepared by arc melting. Furthermore, the results of the investigated
MA+SPS alloy is also superior to the results reported by Fang et al. [27], who prepared a plasma
cladded CoCrFeNiNby (x = 0.25) alloy that reached a hardness of approximately 525 HV.
Moreover, Cheng et al. [41] prepared a senary CoCrFeNiMnAIl1 (at.%) alloy via MA that was
strengthened by different carbides as well by Al,0Os particles and reached a maximum hardness
of 684 HV 1. However, it should be noted that the mentioned senary alloy was far more

complex, and foremostly prepared by 45 h MA.

Tab. 4: The summary of mechanical properties of the equiatomic CoCrFeNiNb alloys.

CoCrFeNiNb Test temperature YCS
. UCS [MPa] D [%] HV 30
(preparation) [°C] [MPa]
25 * 1374 * 648 + 18
As-cast 400 * 1127 * 674+ 4
600 * 1280 * 676+ 4
25 * 351 * 93+10
8h MA+SPS at 800 °C 400 - - - -
600 - - - -
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25 * 2412 * 798 +9
8h MA+SPS at 1000 °C 400 * 2249 * 7617
600 2178 2284 <1 777 5

(YCS — yield compressive strength in MPa; UCS — ultimate compressive strength in MPa; D —
total plastic deformation in %; HV 30 — Vickers hardness measured with 30 kg which taken
either prior or after 100 h annealing at corresponding temperature) *the values could not be

determined due to brittle behaviour of the alloy

Thus, the ultra-high hardness of the investigated MA+SPS alloy was achieved mainly due to an
ultrafine-grained microstructure containing a high volume fraction of HCP Laves phases, which
made a significant contribution to the overall hardness and strength, although it
simultaneously reduced the ductility of the alloy [26]. On the other hand, the as-cast alloy
showed a decreased, but still highly comparable, hardness of 648 + 18 HV 30 mainly due to

the coarse microstructure.

1000 +
800 1 z
I
g 600
>
T 400 A
200
648 93 798

as-cast MA-+SPS at MA+SPS at
800 °C 1000 °C

Fig. 9: Hardness of the as-cast and of the MA+SPS equiatomic CoCrFeNiNb alloys consolidated

at different temperatures.

The results of the thermal stability of the alloys during long-term annealing at 400 °C and
600 °C are shown in Fig. 10. Both the as-cast and the MA+SPS (1000 °C) alloys showed an
exceptional thermal stability that manifested as an almost negligible change in hardness even
when the alloys were exposed to 100 h of annealing. In addition, both the as-cast and MA+SPS
alloys showed a small decrease in the hardness in the first hours of annealing, followed by an
immediate increase that was maintained until the end of the annealing at both 400 °C and

600 °C. The observed hardness decrease in both alloys during the first hours of annealing can
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be attributed to a partial stress-strain relaxation of the crystallographic lattice. This
presumption is further supported by the fact that the stress-strains should be considerably
lower in the as-cast alloy since the only source of such lattice tensions originated due to
thermally associated effects during rapid solidification. Thus, the hardness decrease in the as-
cast alloy should be much lower than that in the MA+SPS alloys. On the other hand, the
resulting hardness increase in both alloys might be associated with a change in the chemical
compositions of each structural constituent, e.g., by increasing the volume fraction of the
strengthening Laves phases. The hardness remained almost constant until the end of the
annealing process, showing the excellent softening resistance of the CoCrNiFeNb alloys (see
Errore. L'origine riferimento non é stata trovata.). The main reason for this excellent thermal
stability was attributed to low inter-diffusion of the elements, which suppressed

microstructural coarsening.

1000 5
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¥ = + _;___—-—l
= (}(IU "
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= 400
200 A —=—a5-cast
—MA+SPS at 1000 °C
] r T r T !
0 20 40 60 80 100
a) Time of annealing [h]

Fig. 10: The hardness change of the equiatomic CoCrFeNiNb alloys during long-term annealing

at temperatures of: a) 400; b) 600 °C. (error bars represent 95% confidence interval)

The as-cast and MA+SPS alloys were also tested by a compressive stress-strain test, and the
results are shown in Fig. 11. As shown in Errore. L'origine riferimento non & stata trovata., the
MA+SPS alloy compacted at 1000 °C showed the highest mechanical properties compared to
the rest of the tested samples. In its initial state, it reached a UCS of 2412 MPa, while the as-
cast alloy reached a UCS of only 1374 MPa. On the other hand, the MA+SPS alloy compacted

at a temperature of 800 °C did not yield satisfactory results due to the previously mentioned
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large residual porosity that reduced its UCS to only 351 MPa. Thus, the MA+SPS alloy

compacted at 800 °C was not used for further testing.

The results of the investigated MA+SPS alloys were superior to those of others. For example,
Qin et al. [25] observed a constant increase in the UCS with increasing Nb content for a similar
(CoCrCuFeNi)100-xNbx (X=0-16) alloy prepared by arc melting, where a maximum value of 1322
MPa was reached and corresponded to the (CoCrCuFeNi)saNbis alloy. Moreover, the
microstructure was composed of only an FCC solid solution up to a content of 8 at.% Nb; the
Laves phase was created at higher Nb contents. Thus, the observed high values of the UCS of
the investigated MA+SPS alloys were caused by solid solution strengthening due to the Nb

atoms with a large diameter as well by the presence of Laves phases.

It should be noted that a simple substitution of Mn by Nb in the investigated MA+SPS alloys
resulted in a tremendous increase in the compressive properties when compared to the results
of our previous research that focused on equiatomic CoCrFeNiMn alloys [19]. The increase in
the UCS of the MA+SPS alloy corresponds to a significant microstructural refinement that
involved grain boundary strengthening, solid solution strengthening and strengthening via HCP
Laves phases that were homogeneously distributed in the MA+SPS material. These
observations are in good accordance with the reports of others [26, 48], who also reported
strengthening of CoCrFeNiNb alloys via these three cooperating phenomena. Furthermore, the
abovementioned strengthening factors were accompanied by dislocation strengthening and

twinning strengthening mechanisms.
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Fig. 11: The compressive stress-strain curves
for the equiatomic CoCrFeNiNb alloy tested at:
a) laboratory temperature; b) at 400 °C; c) at
600 °C.

During the tests at 400 °C (Fig. 11b), both alloys reduced their UCS, although the MA+SPS alloy
had a UCS of 2249 MPa, a value twice as high as that of the as-cast alloy that reached a UCS of
1127 MPa. Furthermore, the compressive tests performed at a temperature of 600 °C (Fig. 11c)
confirmed the exceptional thermal stability of both equiatomic CoCrFeNiNb alloys, showing
identical or even slightly higher UCS compared to those obtained at 400 °C (Fig. 11b, Errore.
L'origine riferimento non é stata trovata.). The as-cast alloy reached a UCS of 1280 MPa, while

the MA+SPS alloy reached a UCS of 2284 MPa at 600 °C.

This behaviour of the MA+SPS alloy over the whole range of tested temperatures was caused
by the ultrafine-grained microstructure that contained an FCC solid solution with grains below
200 nm as well by the presence of HCP Laves phases, which acted as significant strengthening
elements. Moreover, the presence of Cr,03 particles with dimensions of several tens of nm at
triple junctions of the grains (Fig. 8b) contributed to the thermal stability of the MA+SPS alloy
due to suppressing the grain growth during annealing. The Cr,03 particles are thermally stable
up to temperatures of 950 °C in an oxygen-rich atmosphere, after which a slow decomposition
into a volatile CrO3 occurs [49]; thus, its presence might be considered beneficial for high-
temperature applications below these temperatures. Although the SPS compaction was done
at a temperature of 1000 °C, the process was done in a vacuum instead of an oxygen-rich
atmosphere, so the distribution of Cr,03 was within the interior of the alloy, which sufficiently

preserved the oxides.

The previously mentioned results of the MA+SPS alloys at different temperatures are superior
to those reported by Jiang et al. [30], who prepared an ultrafine-grained CoCrFeNiNbo.ss alloy

that reached at 700 °C a UCS value of 1082 MPa due to intensive microstructural coarsening.
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Furthermore, the same author also observed a further decrease in the mechanical properties
(YCS of = 250 MPa) when tested at 1000 °C. The investigated MA+SPS alloy might also
outperform the recently developed y’-enhanced high-entropy Niss.«x(FeCoCr)ao(AlTi)15Hfx
superalloy that reached a UCS of 1569 MPa at 750 °C [33]. This presumption needs to be tested,
although the preliminary results showed a highly promising 5.4% decrease in the UCS values

from 2412 MPa to 2284 MPa when the MA+SPS alloy was tested at 25 °C and 600 °C.

Considering the abovementioned facts, the MA+SPS equiatomic CoCrFeNiNb alloy
outperformed the as-cast counterpart for all the mechanical properties due to a combination
of several aspects. First, the microstructure was significantly refined during the MA, although
a certain coarsening was observed when compacted via SPS at 1000 °C. Thus, the main
strengthening mechanism found in the MA+SPS equiatomic CoCrFeNiNb alloy can be
attributed to grain boundary strengthening, solid solution strengthening (due to the presence
of considerably larger Nb atoms compared to the rest of elements) and strengthening by a
high volume fraction of homogeneously dispersed Laves phases, while excellent thermal
stability was achieved partially due to sluggish diffusion of elements as well by Cr.03

nanocrystalline particles that might effectively supress grain growth.

3.5 Microstructure strengthening mechanism

The strengthening model presented here aims to include all the meaningful microstructure
strengthening factors that contribute to the compressive yield strength. In the case of the 8 h
MA + SPS 1000 °C condition, the compression tests were able to obtain the alloy yield
compression strength (YCS) only at T = 600 °C. At room temperature, the compression tests
gave an estimation of the ultimate strength (UCS). Tab. 4 shows that the UCS from room
temperature to 600 °C was reduced by only ~5%. It can thus be assumed that the
corresponding YCS would reduce by the same rate. According to the YCS value reported in Tab.
4 and referring to the compression test at T = 600 °C, for the present model, the room-

temperature YCS was assumed to be 2412-0.95 = 2291 MPa.

The different microstructure strengthening contributions came from the three alloy

constituents, i.e., the y phase, the Laves phases, and the Cr,03 oxides. In particular, the ¥
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phase also experiences solid solution strengthening of some elements by twinning, tangled
dislocations, and existing secondary phase particles. Other than these contributions, the pure
metal strengthening of the lattice was also taken into account, and this was estimated as the

pure cobalt op = 255 MPa [50].

The overall microstructure strengthening was evaluated by the rule of mixtures of the different

contributors. Eq. (1) was formulated and applied [51]:

— Y Y Y Y
OcoCrFeNiNb HEA = 0o + [Vv (AGHall—Petch + AO-solid—solution + AO-dislocation +

Y Y 2 Laves Laves Laves 2

AO-Twl'n Boundary + Aaspp) + Vv (AGHall—Petch + AO—Thermal Exp.) +
Cr203 Cr203 Cr203 2105

T

V;J (+A0LT + AO_Thermal Exp.) ]
Eq. (1)

The individual microstructure terms were calculated as follows. The volume fractions of the
three phases, namely V\7, V,t9¢, and V,¢293, were determined by stereological means (EN-112)

using 15 different TEM micrographs. These data are reported in
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Tab. 5.

The solid solution strengthening acting within the y phase can be considered of particular
importance. The role of the solute elements in HEAs is primarily attributed to atomic size
differences among the solute atoms and the elements constituting the bulk of the existing
phases [52, 53]. The TEM inspections, SAEDPs (Fig. 8), EDS analyses (Fig. 7 and Tab. 3), and
XRD (Fig. 5) showed that the y phase is composed of FCC Co with Cr, Fe, Ni, and Nb solute
atoms. The Laves phase is constituted by a HCP (Co,Fe,Ni)2(Cr,Nb) phase with minimal solute
atoms within the phase. The solute element strengthening contribution is therefore included
only for the yphase. The atomic radii (A) of the elements that constituted the HEA are Co (1.26),
Cr (1.66), Fe (1.27), Ni (1.25), and Nb (1.98). According to [53] and references therein, the
solute strengthening contribution essentially comes from those elements having a significant
atomic size difference with respect to the cobalt. Ni and Fe have an atomic radius essentially
the same as Co, while Cr and Nb are the two elements that have atomic radii that significantly
differ from the Co atomic radius. These two elements account for a solid-solution y matrix
strengthening of ~65 MPa for Cr and ~120 MPa for Nb, yielding a total y matrix solid-solution

strengthening Ac”sojid-solution = 185 MPa.
The tangled dislocation strengthening value was calculated using the well-known Eq. (2):
A0 dislocation = MaGb(pdislocaﬁono's) Eq. (2)

Here, for the FCC y phase, M = 3.06, a = 0.2 [54], and the Co Burger’s vector is b = 0.255 nm.
The shear modulus G was assumed to be the same as the equiatomic CoCrFeNiMn HEA and
thus was set to 74 GPa [55]. The tangled dislocation density within the y phase was measured
with a stereological method by counting dislocation ends that intercepted equal radius circles
in 15 different TEM micrographs and for more than 50 y grains. The tangled dislocation
distribution within the y grains was revealed by tilting the sample to align the beam to the ¥

[111] zone axis. The mean dislocation density, puisiocation, is reported in
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Tab. 5, and the related statistical data are shown in a plot in Fig. 13. The dislocation

strengthening calculated by Eq. (2) was Ac7disiocation = 310 £ 20 MPa.

According to a previous study [56-58], the contribution from the twin boundaries, Ac”7win

Boundary, Was calculated by a Hall-Petch type relationship as follows, Eq. (3):
A0S Twin Boundary = KTB(ATB)_(M Eq. (3)

where Krg is a Hall-Petch type constant equivalent to K"7yr and Ars is the average twin
boundary (TB) spacing. The K"74» = 0.035 MPa-m¥2, as reported in [58]. The TB spacing was
statistically evaluated with 20 high-magnification TEM micrographs that contained more than
100 individual y grains and whose distribution is shown in a plot in Fig. 13. The related mean

value is reported in
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Tab. 5. The mean twin strengthening contribution is thus Ac”7win soundary = 340 = 40 MPa.

The contribution from the grain boundaries, i.e., Hall-Petch strengthening, was determined for
both the y phase and the Laves phase. The Hall-Petch relationship used constant Kp, in which
the nanometric nature of both phases (100-200 nm in equivalent diameter) was used, as

shown in Eqgs. (4a) and (4b):
AGHall-Petch = KyHP(d}/)-O'S and A S yaiipetch = KLaveSHP(dLaves)_O's Egs. (4a), (4b)

where K74p and K9 are the Hall-Petch constants for nanocrystalline grains dy and the Laves
phase diaves, respectively, which are known to be significantly smaller than the values generally
used for the coarse-grained counterparts (typically micrometre-scale grains). In this regard,
several studies have shown that some physical and mechanical parameters of CoCrFeNiNb,
CoCrFeNiMn, and other Co-based HEAs are similar to those of micrometre, submicrometre,
and even nanocrystalline pure Fe [53, 59-61]. Thus, the two Hall-Petch constants K”up and
Keves,p were set to 0.35 MPa-m /2. The two mean equivalent diameters of the y phase grains
and Laves phase grains, dy and diaves, Were statistically evaluated from 15 different TEM
micrographs and contained more than 400 counts per phase. The size distribution is shown in

Fig. 13, and the related mean equivalent diameters are reported in
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Tab. 5. Therefore, the mean Hall-Petch strengthening contribution from the y phase is Ac”Hai-

petch = 830 £ 90 MPa, and that from the Laves phase is Ac*®®ygi-petch = 1010 + 80 MPa.

The y phase was also strengthened by the existing secondary phase particles that were
detected by TEM. These were quite small and round-shaped, with mean equivalent diameter,
dspp = 7.5 £ 0.5 nm, a mean spacing, A = 23 £ 3 nm, and a volume fraction, V\,/?? = 1.2 £ 0.2%
of the V,7Phes¢. Based on well-established models of strengthening from secondary phase
particles ([51] and references therein), it can be assumed that the secondary phase particles
have a mean diameter corresponding to a typical dislocation strengthening mechanism of

bowing, which, according to [51, 62, 63], can be calculated by Eqg. (5):

KM Gb
(1-v)%5 (Aspp—dspp)

Adg,, = Eq. (5)

where K = 0.127 and Poisson's ratio v = 0.31. The secondary phase particle strengthening
contribution was thus calculated as Acsp, =570 + 110 MPa.

A further strengthening contribution came from the Cr,O3 oxides that were located at the grain
boundaries and the triple junctions of the y/Laves alloy structure. This strengthening

contribution is typically considered to be a composite-like mechanism.

The Cr;03 oxides have a spherical morphology and a mean dimension that fit the typical
strengthening mechanism of composite particles in metal matrix composites. The marked
difference occurred in their distribution and location because the Cr,03 oxides only occurred
at the y/y, y/Laves, or Laves/Laves grain boundaries, and at the boundary triple joints. With
this said, it is possible to apply a typical strengthening model used to calculate the
microstructure strengthening contribution of the composite particles. In this respect,
according to the shear-lag model proposed by Nardone and Prewo in [64], the Cr.03 oxides
reinforced the alloy by carrying a fraction of the load (load-transfer strengthening contribution,

orr) from the matrix, i.e., from the yand Laves phases.
This strengthening contribution strongly depends on the morphology of the particles, namely,
on their aspect ratio [61, 62, 64] as shown in Eq. (6a):

A(L+t)

Cr203 _
AO_LT _— O-O (1 + T

)%Cr203 + 0 (1 — V£T203) Eq.

(6a)
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where opis the Co matrix stress, which in this case is the HEA oo = 255 MPa; V293 js the Cr,03
oxide volume fraction; L is the particle size facing the load direction; t is the mean particle
thickness; and A = L/t is the particle aspect ratio. For equiaxed particles, as in the present case,

Eq. (6a) reduces to Eqg. (6b):
AO‘chr203 =0irr-00~= 0.5chr2030'0 Eq. (6b)

The Cr,03 volume fraction, V,“293, was estimated to be 3 + 1%, and thus, the corresponding

strengthening contribution was Aoi7“?%% = 4 + 1 MPa.

In general, the presence of sub-micrometre and micrometre particles also generates a
microstructure mismatch due to the different thermal expansion coefficients (CTE) between
the particles and the matrix. This, in turn, induces a dislocation density rise, yielding an
additional strengthening contribution to the alloy, generally named the particle thermal
expansion contribution, Aothermal exp. 9% [62, 64]. In fact, the relatively large thermal
expansion coefficient difference between the matrix and the Cr.03 oxides during the high-
temperature compaction processes creates a misfit strain among the Cr,03 oxides and the y
phase and Laves phase grain boundaries. This also holds for the Laves phases that have a
geometric morphology that is more similar to a parallelogram than a sphere, as in the case of
the Cr;0s oxides. The additional strengthening from the Cr.Osz oxides and Laves phase,

AOThermal Exp. 19V, was calculated by Eq. (7) [64]:
AOCThermal Exp. €r203 = OC,UGb(pCr203_thermalo'5) Eq. (7a)

AGThermal exp. %€ = UGB (praves_thermal®>) Eq.

(7b)

This additional dislocation strengthening mechanism induced by the presence of the grain
boundary Cr,03 oxides and the Laves phase is strongly dependent on the particle geometry
and specifically dependent on the particle surface-to-volume ratio (S/V). In the case of the
spherical Cr,03 oxides, S/V = 6/dcr203 = 8.6-102nm™. For the Laves phase, their parallelogram-
like morphology was assumed to be essentially cubic. Thus, according to the specific zone axis
selected for the TEM inspections (HCP [1-100] and [11-20] Laves zone axes), the quasi-cubic-

like Laves phase had side s = diavesN2 and S/V = 6/s = 7.1-102 nm™L. The calculated S/V ratio of
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the intergranular Cr,03 oxide particles was ~17% larger than that of the intergranular Laves
phase particles. Therefore, according to Eq. (7a) and (7b), the two thermal expansion
strengthening terms were AGThermal exp. ?°3 = 280 + 60 MPa and AGThermal exp. 197 = 330 £ 60

MPa.

The same arguments can be drawn for the strengthening factor that is likely to occur due to a
geometrically mismatch in the reinforcement particles. This is usually taken into account for
composite particles in metal matrix composite materials [62]. Nevertheless, in the present
case, the Cr,03 oxides did not exert a real geometrical mismatch because they were present
as grain boundary features and were not located within the matrix, where they acted as coarse

reinforcement particles.

Therefore, the strengthening contribution of the Cr,03 oxides was limited to the Aoir and the

AOCThermal xp. 293, thus resulting in Aocrz03 = Aoir + AGhermal xp. 2% = 290 + 60 MPa.
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Tab. 5: Experimental data used to determine the microstructure strengthening contributions

for the 8 h MA+SPS alloy compacted at 1000 °C.

v phase Laves Cr20s | Ac™"[MPa] | Ac™* [MPa] | Ac™"[MPa]
Vv, % 72+7 25t6 3x1
Pdislocation, 101> m™ 0.70+0.1 - - 290 330 310
ATe, NM 11.0t£2.5 - - 300 380 340
dy, Nnm 180+ 45 - - 740 940 830
dspp, NM 7.5%+0.5 - -
Aspp, NM 23+3 - - 460 680 570
VPP of ViyrPhase og 1.4+0.2 - -
diaves, NM - 120+ 20 - 940+270 1100+390 1010+330
dcr203, NM - - 70£20 230 350 290

The last three columns report the minimum, the maximum, and the mean strengthening
contributions determined from the experimental errors according to Eqgs. (1)-(7). (Vv - volume
fraction of corresponding phase in %; Pdisiocation - dislocation density in 10*> m; Ars- average
twin boundary spacing in nm; d, - mean equivalent diameter of the y grains in nm; dsy, - mean
equivalent diameter of secondary phase particles in the y phase in nm; As,, - mean spacing of
secondary phase particles in the y phase in nm; V,*P? - volume fraction of secondary phase
particles in the y phase in %; diaves- mean equivalent diameter of the Laves grains in nm; dcr203

- mean equivalent diameter of the Cr203 grains in nm)
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Fig. 12. Statistical evaluation of microstructure parameters used to calculate the different
microstructure strengthening terms through Egs. (1)-(7) for the 8 h MA+SPS alloy compacted
at 1000 °C showing: a) grain size distribution of both y phase, dy” and b) Laves phase, dg'?5;
c) distribution of the twin boundary spacing, Ars; d) size distribution of second-phase particles

within the y phase, dspp.
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Fig. 13. BF-TEM representative micrographs showing the typical microstructure strengthening
mechanisms including: a) dislocation strengthening within the y-phase, pg; b) grain size of both
y and Laves phases, dy7, and dg'?"¢; c) typical twin boundary morphology and spacing, Ars,
within the y-phase; d) a representative micrograph showing the typical size of Cr;Cs carbides
within the jy-grains; in e), typical size of the intergranular rounded Cr,;0s; in f), BF-TEM

displaying the three existing alloy constituents: y-phase, Laves, Cr,0s.

In some of the y-grains few small rounded secondary-particles were observed. These were
identified as Cr;Cs carbides ad formed by the effect of the induced agglomeration of C-solute
with Cr. This, in turns was promoted to evolve forming semi-coherent boundaries within the
y-matrix, and thus carbide particles. The driving force to promote a fraction of the solute Cin
Cr7Cs carbide particles is given by the SPS process at 1000°C. It resulted that the quite limited
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fraction of these carbides and their mean size make these particles not relevant by a
strengthening contribution viewpoint. Thence, the possible strengthening contribution
coming for the existence of these rare carbides was not taken onto account in the
strengthening model here proposed. The rather rare presence of Cr-rich carbides has been
also reported by Praveen et al. [65] who also used a combination of MA and SPS for
preparation of theirs CoCrFeNi alloy.

All the calculated microstructure strengthening terms were added to Eq. (1) to calculate the
strengthening mechanism of the sub-micrometre-grained equiatomic CoCrFeNiNb HEA. This
microstructure strengthening model was compared to the yield compression strength (YCS) at
room temperature, that was derived from the experimental value of the UCS = 2412 MPa (see
Table 4). According to what found by compression test at 600 °C the 8h-MA + SPS at 1000 °C
HEA, the YCS was only 5% lower than the UCS. The compression curves reported in Fig. 11
seem to suggest the same relationship between UCS and YCS at the lower compression testing
temperatures (400 °C and room-temperature). It was thus considered to likely be maintained
the same 5% lower compression value of YCS respect to the measured UCS, that is a value of
2291 MPa. The expected experimental accuracy and calculated strengthening terms can easily
considered as up to some 5%, that is, YCS = 2300 + 100 MPa.

This resulted in the overall microstructure strengthening model, according to the rule of
mixtures of Eq. (1), and yielded an alloy strength of ococrrenine Hea = 2250 £ 270 MPa. Thus, the
proposed microstructure-based model fully agreed with the experimental results for the alloy
compression strength at room temperature (Fig. 11). The most relevant strengthening
contribution can be identified as the y phase and related microstructure features (twinning,
tangled dislocations, and secondary-phase particles). The strengthening contribution of the
Laves phase was composite-type, as well as that of the few Cr,03 oxides.

The microstructure model reported here and the obtained results agree well with similar
proposed models and related findings that were recently published by Fu et al. in [66]. In their
study, they attributed the major strengthening contributions to the yield stress to the FCC
phase grain boundaries and tangled dislocations in a CozsNizsFezsAly sCuizs HEA. On the other
hand, a simpler strengthening model including the solid-solution, grain boundary, secondary-
phase particles, and stacking-faults (SF) strengthening terms, proposed by Zhao et al. [67], was

able to account for the mechanical response of a CoCrNi medium-entropy alloy (MEA) to some
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extent. In this latter case, in addition to the FCC phase grain boundary, a significant
strengthening contribution was given by the SFs within the FCC phase. The key role of the SFs
was also reported in two HEAs, i.e., AICoCrCuFeNi by Ganji et al. [68] and CoCrFeMnNi by
Laurent-Brocq et al. [29], although in the latter case, the role of the SFs was indirectly inferred
by modelling the alloy hardness.

Similar microstructure strengthening models were proposed in other recent publications [69-
72]. In particular, Tong et al. [69] identified essentially the same microstructure contributions
to model the tensile stress of a non-equiatomic FeCoNiCrTip 2 HEA. In that study, solid solution
strengthening and secondary-phase particles within FCC grains, and both coherent and anti-
phase boundary energy, were considered. SF energy accounted for a significant fraction of the
alloy stress, which is in good agreement with the present findings. In [70], Gao et al. recognized
three major strengthening contributions in a CrMnFeCoNi HEA: FCC grain refinement (Hall-
Petch), precipitation strengthening and tangled dislocations within the FCC phase. In [71], Kang
et al. modelled the compressive yield stress of a WNbMoTaV HEA and identified similar
strengthening contributions of the ones described here. In their work, they found that the
extremely high compression vyield stress of 2618 MPa was primarily from the FCC grain
boundary strengthening due to the solid solution and the existing secondary-phase particle
Orowan strengthening within the FCC phase. One can see that the results reported herein are
in good accordance with the findings of others who dealt with similar or comparable alloy
systems.

A similar model proposed by He et al. [72] identified precipitation hardening as the dominant
strengthening contribution in four different FeCoNiCr-based HEAs.

The rule of mixtures and summation of the different microstructure strengthening phases that
was proposed herein is in good agreement with the works by Huo et al. [73] for a CoCrFeNiTa
HEA and by Stepanov et al. [74] for (AlCrx-0.5/1.0/1.5NiTiV) different HEAs used a partitioning
approach for the different phase volume fractions.

Finally, a quadratic sum of the different types of contributions was extensively justified and

discussed in a previous published work by Cabibbo [50].

4, Conclusion
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Equiatomic CoCrFeNiNb alloys were prepared by a combination of MA+SPS and compared with
an as-cast counterpart. The combination of preparation techniques resulted in significant grain
refinement, showing the presence of sub-micrometre grains of either an FCC solid solution (y
type-like phase) or of Laves phases strengthened by nanocrystalline Cr,03 particles. The
MA+SPS alloys were compacted at 800 °C or 1000 °C to compare their microstructures and
mechanical properties. Although the compaction at 800 °C maintained an ultrafine-
grained/nanocrystalline microstructure, which is beneficial for the mechanical properties, the
residual porosity and particle-to-particle cohesion were rather poor. Therefore, the MA+SPS
alloy compacted at 1000 °C was mainly investigated and showed exceptional properties, such
as reaching a hardness of 798 + 9 HV 30 and UCS of 2412 MPa. These excellent properties were
achieved due to a refined microstructure that contained stacking faults and deformation
nanotwins preferentially in the FCC solid solution that contributed to the strengthening of the
MA+SPS alloy. The results of the compressive tests were in good agreement with the
microstructure strengthening model based on quantitative TEM analyses. It was found that
the highest contribution towards the strength of prepared 8 h MA+SPS alloy was caused by
strengthening of the FCC solid solution (y type-like phase) which contained a lot of
microstructure features including twinning, tangled dislocations, and secondary-phase
particles. The same alloy also showed exceptional thermal stability, maintaining or just lightly
reducing the above-mentioned properties when tested after long-term annealing at laboratory
temperature or at 600 °C. That was primarily due to sluggish diffusion, although the presence
of a small volume fraction of thermally stable Cr.03 nanocrystalline particles might also
partially hinder the grain growth. On the other hand, the as-cast alloy showed the presence of
eutectic-like structures (FCC solid solution + HCP Laves phase) with primary dendrites (HCP
Laves phase), whose dimensions reached tens to several hundreds of micrometres, which

decreased the mechanical properties.
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