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HIGHLIGHTS

GRAPHICAL ABSTRACT

* One phase FCC ultra-fine grained HEA
with no porosity was produced via
powder metallurgy.

« For the first time, tensile test specimens
produced from SPS compacts were test-
ed.

« The alloy exhibited excellent tensile
strength of 1384 MPa, superior to HEA
produced by casting routes.

* Ductile fracture mode with dimple
morphology has been observed on frac-
ture surfaces.
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The present work is focused on synthesis and mechanical properties evaluation of non-equiatomic
Ni; 5Coq 5CrFeTig 5, ductile single phase high entropy alloy (HEA) with excellent mechanical properties (bend
strength R, = 2593 MPa, tensile strength R, = 1384 MPa, tensile elongation to fracture of 4.01%, and elastic
modulus of 216 GPa) surpassing those of traditional as-cast HEA. For the alloy production, a combination of me-
chanical alloying (MA) process in a planetary ball mill and spark plasma sintering (SPS) for powder densification
was utilized. The tensile properties of a bulk material produced by a combination of MA + SPS are characterized
for the first time. The feedstock powder and corresponding bulk material microstructure, elemental and phase
composition, and mechanical properties were investigated by scanning (SEM) and transmission (TEM) electron
microscopy, energy-dispersive X-ray spectroscopy (EDX), electron backscatter diffraction (EBSD), X-ray diffrac-
tion (XRD), as well as impulse excitation of vibration, Vickers microhardness and tensile and bend strength tests,
respectively. The structure of the samples consisted of single-phase FCC high entropy solid solution of extremely
fine-twinned grains and oxide inclusions inherited from the original powder feedstock. Dimple-like morphology
corresponding to ductile fracture mode has been observed on the fracture surfaces, with crack initiation sites on
the inclusions phases.
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1. Introduction

In their pioneer work, Yeh et al. [1] designed an equiatomic elements
alloy comprising of five elements with a simple disordered solid solu-
tion structure. Along with others like Cantor [2,3], they provided a
new direction in metal alloys development; instead of using the tradi-
tional element-doped-into-base-matrix design approach, they chose
multi-element systems with near equimolar ratios. This new class of
materials was denominated as high entropy alloys (HEA). Over the
time, a number of various alloy systems have been examined [4]. How-
ever, most of such studied systems exhibited complicated structures
containing e.g. intermediate phases, thereby deriving from the original
idea of one solid solution [5-7]. Such multi-phase microstructure alloys
of near equimolar element ratios are now referred to as multi-principal-
element alloys (MPEA). As well as HEA, these alloys are, too, being de-
veloped considering their suitability for some targeted use such as
high strength or high temperature applications (where their multi-
phase structure is more desirable [8,9]). In fact, Wu et al. [10] proposed
that the idea of stabilization of simple solid solutions by high configura-
tional entropy (i.e., the currently acknowledged basic HEA principle)
may be wrong and highlighted more prominent role of the mixing
enthalpy.

Regardless of the terminology, these new materials have attracted
substantial scientific interest due to their excellent combination of
properties like high strength and ductility [11,12], wear resistance
[13], or e.g. fracture resistance [ 14]. This behavior is a result of the inher-
ent ductile nature of solid solutions with high strength, derived from se-
vere lattice strains present in the microstructure [4].

Despite the variety of designed and studied HEA, their tensile
strength test performance was rarely documented. Due to the relative
simplicity of the tests, the reported mechanical behavior of HEA mainly
come from compression loading, which usually yields higher apparent
strength and ductility combination [15]. To boost the application of
HEA, mechanical testing that better corresponds with the stress-strain
conditions of real parts in service is needed (cf. the outcomes of com-
pression testing only). Results indicate that in general, FCC lattice HEA
usually possess good tensile ductility, but their strengths are low,
while BCC lattice HEA can have a high strength but rather poor tensile
ductility [4].

At the present, majority of HEA is produced by the melting and cast-
ing procedure. Due to chemical or segregation phenomena, additional
time and energy consuming processes like homogenization and hot
working [10,16] are required to obtain the desired properties.

By utilizing powder metallurgy (PM) fabrication approach, in partic-
ular mechanical alloying (MA) of pure elemental powders and a subse-
quent powder densification by spark plasma sintering (SPS), it is
possible to - relatively easily - obtain dense bulk materials, as proven
in a number of previous studies [17-20]. There are a number of benefits
resulting from this manufacturing method, such as production of nano-
grained materials [19,21], ease of advanced composite preparation [22,
23], and no segregation problems [24]. Given these, it could be expected
that the properties of PM fabricated HEA bulks have a potential of over-
coming limitations encountered in the casting routes. At the moment,
though, the high hardness and high strength HEA materials fabricated
via PM routes usually possess very limited ductility values. This may
present a problem for e.g. structural materials, where ductility is a crit-
ically important property for manufacturing of damage tolerant

Table 1
Calculated HEA phase content related parameters of the investigated Niy 5Co; 5sCrFeTig 5
alloy.

Calculated theoretical density & Sconf VEC  AHpix Q
[g.cm ™3] %] [J-K 'mol™'] [1] [klmol™'] [1]
7.79 5.04 12.86 8.09 —10.74 2.22

structures [25]. As such, there is a need to produce HEA with sufficient
ductility values, too.

According to the authors knowledge, this paper present the first sys-
tematic study reporting bend and tensile strength test behavior and
fracture mechanism of HEA materials produced by a combination of
MA + SPS showing strengths superior to those of as-cast bulks, while
maintaining reasonable ductility (and hence promising application
potential).

2. Experimental

The nominal composition of the investigated alloy was
Ni 5Co; sCrFeTig s (expressed in molar ratio). The particular concentra-
tion was chosen from the previous studies due to its combination of su-
perior corrosion properties, wear resistance and high temperature
strength [13,26,27]. Importantly, the alloy also inherently represents a
promising material of a good combination of strength-to-ductility. Ele-
mental powders of Cr, Co, Ni, Fe, and Ti with high purity
(all > 99.5 wt%, Sigma Aldrich) were processed by mechanical alloying.
The process was carried out in an in-house made EN 1.2379
(X120CrMoV 12-1) hardened tool steel vial, into which the powders
were sealed together with hardened EN 1.3505 (100Cr6) steel balls (a
mixture of 15 mm and 20 mm balls, 10:1 total ball to powder weight
ratio) in a high purity (6.0) nitrogen atmosphere. The sealed vial was
then placed in a high energy planetary ball milling (Fritsch Pulverisette
6) and dry milled at speeds of 250 rpm for 30 h. Consequently, addition-
al 2 h of wet milling in toluene to decrease the powder particles size and
to remove powder stuck to the milling media was carried out.

The ball milled powders were subsequently consolidated by SPS
technology in a 50 mm-inner-diameter graphite die at 1423 K for
20 min. The sintering was performed in vacuum (residual cell
pressure < 8 Pa) at a constant pressure of 30 MPa. For easy removal
and reduction of a potential surface contamination, graphite foils coated
with boron nitride layer were placed between the die and the powders.
The sintering had been controlled by a preset heating program. The
heating from RT to 1273 K was done at a heating rate of 100 K-min™!
with 15 min dwell time at temperature of 823 K to ensure removal of or-
ganic compounds (e.g. residual toluene from the wet milling). From
1273 K to 1373 K, the heating rate was reduced to 50 K-min~ ! and fur-
ther to 20 K-min~ ! in the final sintering range of 1373-1423 K to en-
sure the best possible densification conditions. After the sintering, the
pressure from pistons and the electric current were removed and the
whole setup was left to cool down to RT in the vacuum encapsulation.
The resulting specimen was then a 50 mm diameter cylinder with thick-
ness of 7 mm.

From the sintered compact, four different sample types were pre-
pared. For SEM, EDX, EBSD, and XRD analyses, bars with dimensions
6 x 4 x 4 mm were cut, resin-mounted and metallographically polished.
The SEM characterization (powders, bars, and fracture surface after the
mechanical testing) was carried out using Zeiss Ultra Plus microscope at
accelerating voltage of 10 kV in both secondary and backscattered elec-
trons mode, as well as in electron channelling contrast imaging (ECCI)
mode [28]. The phase composition observation (XRD) of the materials
was carried out using Philips X'Pert diffractometer (40 kV) with Cu K,
radiation and the 26 range of 30-90°, followed by the spectra analysis
in X'Pert High Score Plus software. Secondly, thin foil coupons were pre-
pared for TEM (Jeol 2200FS) observation of microstructure and selected
area electron diffraction (SAED) analysis. Lastly, 22 x 6 x 4 mm and
27 x 6 x 4 mm bars were cut from the samples by means of EDM (elec-
tric discharge machining) for bend strength and tensile strength testing,
respectively. The 6 mm face of these samples corresponded to the direc-
tion parallel to the SPS pressing direction. The specimens for tensile
strength testing were then further machined to obtain cylindrical
shape with the gauge length of 12.5 mm and diameter of 3.5 mm.

Room temperature bending strength (R,,;) was then measured from
6 samples using three-point bending setup (Zwick Z020 universal
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tensile test machine), with the loading span of 18 mm and a cross-head
speed of 1 mm-min~ . The value for work of fracture was determined
according to a definition as an area under the load - deflection curve.

The tensile strength test was performed using one sample with a
crosshead speed of 0.2 mm-min~" (i.e., strain rate of 0.25 x 10~ % ac-
cording to EN ISO 6892 [29]; Instron 8801 testing machine) at room
temperature. The differential Crussard-Jaoul analysis was performed
to determine the strain hardening exponent n supposing Hollomon
equation quantifying the uniform deformation of tensile curve [30]. To
suppress the influence of the frame and other factors, the elongation
was measured with precise extensometer attached directly to the spec-
imen gauge length.

The elastic modulus measurement was carried out according to
ASTM E 1876-09 standard [31] by impulse excitation of vibration
(Grindosonic MK5i, 10 measurements). Vickers hardness measurement
was carried out under a load of 300 g. The presented value is an average
of 7 measurements.

3. Results and discussion
3.1. Phase prediction

Several parameters have been proposed in the literature to predict
phase composition of high entropy alloys without the need to use
CALPHAD software or ab-initio calculations. Yang et al. [32] proposed
enthalpy of mixing AHx, configurational entropy ASc,n; and element
radii mismatch 6 as the criteria for such predictions. The respective
equations for the calculation of these parameters can be found in their
work [33]. According to their findings, disordered solid solutions form
when —15 < AHpix < 5 kj-mol™! and 6 < 6.6% in cases when
AHpix < AScony In their calculation they further designed parameter Q as

_ TmAsconf
o ‘AHmix‘ (1)
where Ty, is a melting temperature of the system, calculated as an aver-
age of melting temperatures of its components. If Q> 1 and 6 < 6.6%, the
microstructure should be composed of one high entropy solid solution
phase only. Zhang et al. [12] later corrected the criterion. According to
their findings, single phase solid solution microstructure is formed

when & < 4%, —10 < AHpx < 5 kJ-mol ™' and ASgo,r> 13.38 J-mol !
only. This statement was supported in several previous research studies
of cast Ni; 5Co; 5CrFeTips HEA (6 = 5.04%), where <y’ (NizAl) and 1)
(Ni3Ti) ordered intermetallic phases were identified [5,13]. From the av-
erage valence electron concentration (VEC) proposed by Guo [34], a for-
mation of BCC or FCC solid solution can be predicted; in case of VEC > 8
the alloys should possess FCC microstructure.

All the parameters calculated for the composition presented in this
paper are summarized in Table 1. Based on the respective values for
used composition (in particular, 6 > 4%, AScons < 13.38 J-mol_1 and
AHyix < — 10 kJ-mol™1), the alloy should - according to the prediction
- most likely be composed of FCC solid solution matrix phase and
minor precipitated phases.

3.2. Microstructural and phase evolution

The measured XRD patterns of all samples are provided in Fig. 1. The
spectrum of the blended-only elemental powders is presented in Fig. 1a.
In the blend, all major peaks of the five respective elements were iden-
tified. After the MA procedure (Fig. 1b), three phases were formed: one
BCC phase with lattice parameter of 2.87 A (i.e., close to Cr and Fe) and
two FCC phases with lattice parameters of 3.52 A and 3.58 A, respective-
ly (i.e., both close to Ni). The milling process introduces extremely high
concentration of defects to the powder microstructure, including vacan-
cies, which play a major role in the diffusion process kinetics. Also, a cer-
tain amount of heat is generated, further supporting the diffusion of
elements. The mechanical activation of the powders therefore probably
triggered an alloying reaction during the milling process already, lead-
ing to a formation of the BCC and two FCC phases. In the milling process,
elements with lower melting points usually dissolve in a matrix of
higher melting points elements, as previously reported in e.g. [17,18,
35]. However, this theory was not confirmed in the presented study as
the detected XRD peaks pertained to FCC solid solution close to Ni, i.e.
to the element with the lowest melting point (1728 K) among the
used powders. The evident peak broadening suggests either lattice dis-
tortion due to the induced strains, resulting in an increased X-ray beam
scatter, or an excessive grain refinement induced by the repeated cold
deformation, thereby increasing the volume of grain boundaries, trig-
gering the same scatter effect. Due to the nature of the milling process,
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Fig. 1. XRD patterns of (a) blended powder feedstock (b) mechanical alloyed powder (c) SPS compacted alloyed powder.



144 1. Moravcik et al. / Materials and Design 119 (2017) 141-150

200 pm

Fig. 2. Mechanically alloyed Ni, 5Co; 5CrFeTig s powder (a) morphology (b) cross-section features (SEM, backscattered electron mode).

a combination of both phenomena probably contributed to the ob-
served XRD peaks broadening.

The morphology and cross section of the mechanically alloyed pow-
ders are shown in Fig. 2a and b, respectively. As opposed to the XRD re-
sults (one BCC and two FCC phases), no distinct different phases
contrast could be observed in the powders microstructure (SEM in
backscattered electrons mode). Further, no distinguishable chemical
composition gradients were observed by EDS mapping. Instead, the
powders exhibited a homogenous structure. It could therefore be as-
sumed that the three phases detected by XRD possess close chemical
composition. This fact indicated good results of the mechanical alloying
process, as it succeeded in production of homogenous alloyed powders

counts

without the need for consecutive annealing. As could be seen from the
powder particle cross-section images, the as-milled powders contained
oxide inclusions (the small black dots within individual particles in Fig.
2b). Using EDS mapping, these were identified as titanium, chromium,
and aluminum oxides and were initially present at the feedstock pow-
der particle surfaces. Eventually, they became dispersed within the
milled powder particles as they were trapped inside by the process of
repeated cold re-welding and further fracturing when the plasticity of
the powder was depleted, i.e. an effect used in case of e.g. ODS (oxide-
dispersion strengthened) steels [36].

Due to the repeated powder fracturing and deformation, large
strains and defects are introduced to the particles, frequently triggering

Element EDS1at%

EDS2at %

4 — o 50,7 32,24
EDS1 SN S

A T 4,55 49,88

1 EDSZ cr 9,07 5,75
Al Fe 6,46 3,85

1 o Co 6,98 4,58

Ni 0,62 2,61
Tl

Fig. 3. Electron channelling contrast imaging (ECCI) micrographs of (a) the samples after SPS revealing polycrystalline microstructure of the bulk material (red arrows denote sub-micron
oxide inclusions, yellow arrow oxide strings at original powder particle boundaries) (b) grains with extremely fine twins (c) example of EDS patterns corresponding to two oxide particles.
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Fig. 4. EBSD orientation maps with pole figures showing one phase FCC bulk material with
no significant preferred orientation of its grains. Deformation twin boundaries are denoted
by wider black lines. Note that the apparent density of the twins appears somewhat lower
in the image due to resolution constraints.

a non-equilibrium state in the produced materials [37]. This is referred
to as mechanical activation, for this process lowers the necessary activa-
tion energy to promote phase changes. Upon high temperature
sintering, the phases present in the powders were transformed to single
FCC solid solution of all elements with lattice parameter of 3.57 A, as
shown in Fig. 1c. Such transformation is a result of the thermodynamic
drive of the material to achieve the most stable state attainable in the
present condition (i.e., with the lowest free energy of the system). The
phase with the highest stability is characterized by the most negative
value of free energy change, AG. The AG can be lowered either by in-
creasing the total contribution of the system entropy (one of which is
configuration entropy ASc,rs) or lowering the contribution of enthalpy
AH in a well-known equation:

AG = AH—TAS (2)

where T is a thermodynamic temperature. Correspondingly, in the case
of the alloy produced in this study, the diffusion driven phase transfor-
mation to more stable product has been observed. Such transformation
was facilitated by the considerably high configuration entropy AScons of
the solid solution, lowering the total free energy of the solid solution
phase, thereby suppressing formation of any ordered intermetallic
phases in the respective processing conditions. For any combination of
two from the five used elements, AH,,;x was not negative enough to

Table 2
Theoretical chemical composition of the HEA and composition of the obtained SPS
compacted bulks (EDS, atomic %).

Element Ni Co Fe Cr Ti
Theoretical composition 273 273 18.2 18.2 9.1
Bulk after SPS 26.8 27.6 174 17.8 9.8

overcome the high configuration entropy of the solid solution phase
and cause the precipitation of ordered (intermetallic) compounds, ex-
cept the oxide inclusions inherited from the initial feedstock.

The powders were SPS consolidated to full density bulks with no ap-
parent porosity distinguishable through SEM analysis. The density mea-
sured by the Archimedes method (p = 7.90 g-cm™>) was higher than
the predicted theoretical alloy density of 7.79 g-cm ™3, most probably
due to the close packing nature of its FCC lattice and the accuracy of
the Archimedes method. The microstructure of the samples compacted
by SPS is presented in Fig. 3. The microstructure consisted of fine grains
of an FCC phase and oxide inclusions. High density of annealing twin-
ning inside the FCC solid solution grains was observed, as also reported
in the previous research by Fu et al. [38]. The thickness of most twin la-
mellae was extremely small, well under 100 nm (Fig. 3b). The twin
boundaries could easily be observed from EBSD orientation maps pro-
vided in Fig. 4 (denoted by wider black lines). The presence of such
nano-twining suggests low stacking fault energy (ysre) of the FCC
solid solution. Considering these, any eventual plastic deformation in
the material could be realized by a deformation twinning as an addition-
al mechanism to the prevalent dislocation slip mechanism. The EBSD
orientation pole maps presented in Fig. 4 further suggest that, despite
the uniaxial pressing during the sintering process, there was no appar-
ent preferred orientation of the FCC phase grains. The average grain
size determined from orientation map is 1.05 pm.

Metallic powders exposed to air naturally form oxide shells at their
surfaces. The nature of these layers depends on the metal's affinity to-
wards oxygen, time of oxygen/air exposure, and the elemental powder
manufacturing process and its purity. During the repeated fracturing
and cold re-welding of the original elemental powder particles in the
milling process, the oxides present at the particle surfaces form a ho-
mogenous dispersion in the cross section of the individual particles.
The nature of the oxides (denoted by red and yellow arrows in Fig.
3a) in the produced alloy was identified by EDS analysis as illustrated
in the corresponding patterns presented in Fig. 3c for Al, Ti (note that
the determined content of oxygen presented in Fig. 3¢ cannot be consid-
ered accurate due to the limitations of the EDS measurement methodol-
ogy). Aside from individual particles, some of the oxides were arranged
in strings, as denoted by the yellow arrow in Fig. 3a. Such feature most
probably formed from the oxides present at the original surfaces of the
as-milled powder particles prior to the SPS process. During the high
temperature sintering, the oxides coagulate to minimize their surface
energy (naturally attaining a spherical morphology). The configuration
entropy ASconsof the FCC solid solution phase is insufficient to promote
their dissolution, yielding the oxides exceptionally stable and, as such,
they were retained in the alloy structure.

The chemical composition of the sintered bulks almost perfectly
matched the targeted theoretical values (Table 2), i.e., no selective evap-
oration of the alloy components took place during the vacuum sintering
process.

The single phase FCC microstructure along with the extensive nano-
twinning and the presence of extremely small dispersion of oxide inclu-
sions was further confirmed by TEM EDS micro analysis observations
and SAED patterning (Fig. 5). The oxides (denoted by red arrows in
Fig. 5a) were determined as mostly titanium and aluminum oxides.
The former were formed upon contact with ambient atmosphere,
given the high affinity of titanium to oxygen. The formation of the latter
is a consequence of negligible Al impurity presence in the feedstock
powders. Additionally, a little content of chromium oxides was detected
only. As demonstrated by the red arrows in Fig. 5b, the oxide inclusions
in the SPS compacts frequently served as anchors, pinning down the
present dislocation loops, thereby increasing the material yield
strength. As the oxides of titanium, chromium and aluminum crystallize
in different crystallographic lattices, they generate non-overlapping
multiple peaks in the XRD pattern. As such, these phases remain well
below the method resolution limit of 5-7 vol.% (i.e., the pertaining
peak intensities lie within the spectrum background).
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Fig. 5. TEM micrographs of (a) FCC grain structure (b) nano-twinning within a single FCC grain. (c) SAED pattern of FCC grain in 110 orientation. (d) SAED pattern of an oxide particle
matching the calculated reflections for aluminum oxide. Arrows in Fig. 5a indicate oxide inclusions, arrows in Fig. 5b indicated dislocations pinned at oxide inclusions.

3.3. Mechanical behavior

The elastic modulus of the alloy reached as high as 216 GPa, i.e.
higher than the calculated average value of the respective used ele-
ments (202.7 GPa). Such high value could contribute to superior stiff-
ness of components produced from the material. As the elastic
modulus value is proportional to the bonding strength of the atoms,
high strength of the metallic bonds within the FCC solid solution could
be anticipated. The determined microhardness was 442 HV0.3
(4.335 GPa), i.e. a very high value for a single-phase FCC alloy. This
fact could be attributed to the extremely fine grain size and, partially,
presence of the fine oxide inclusions that induce Orowan-type
strengthening.

The results of the three-point bending test are presented in Table 3,
with the representative loading curve provided in Fig. 6. The material
exhibited extremely high bending strength R,;, = 2593 MPa, and
good tensile deformation of 6.89% calculated for tensile stress side of
samples. Such exceptional strength is a result of the severe lattice distor-
tion of the high entropy solid solution, with a synergic effect of grain
boundary strengthening and a presence of the fine oxide dispersion.
Due to the lack of available data in the literature, it is difficult to compare
the obtained data with previous research. The only published case of a
bending strength test of HEA is in [39]; all the values presented in this
paper are significantly higher. In fact, they are fully comparable with
commonly used high strength alloys, such as tool steels [40,41].

Table 3
Average three-point bending strength test results.

Rmp [MPa] Maximum deflection ~ Work of fracture Plastic deflection
(mm] [J-em™?] (mm]
2593 0.98 + 0.18 188.2 0.6 + 0.12
+ 102

The tensile test results are presented in Table 4 along with the repre-
sentative engineering stress — engineering strain curve provided in Fig.
7. The elastic modulus determined from the tensile test by fitting the
elastic part was 209 GPa. This value is very close to elastic modulus mea-
sured by the vibration method (216 GPa) and shows good validity of the
obtained results. The alloy has shown a tensile proof stress Rpo, =
1308 MPa, ultimate tensile strength of R,,, = 1384 MPa and tensile elon-
gation to fracture A, = 4.01%.

As the most important property for structural part design, yield
strength of the fabricated alloy is transparently compared with the
data of cast and wrought HEA and MPEA reported in previous studies
[42-50] in Fig. 8. For simplicity, all alloys in any way deformed after
their casting are referred to as wrought, when in fact they may have un-
dergone homogenization, rolling and annealing processes, just as in the

3000 ~
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HEA Ni, .Co, CrFeTi,,
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Fig. 6. Representative engineering stress — deflection curve from three point bending test.
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Table 4
Average tensile strength test results.

Rm
[MPa]

1384

Elastic modulus
E (GPa)

209

Elongation to
fracture A¢ [%]

Strain hardening
coefficient [1]

Rp0.2
[MPa]

1308

4.01 0.11
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Fig. 7. Engineering stress — strain curve from tensile test.

case of common industrial materials. Apparently, despite its single-
phase nature, the combination of high strength and sufficient ductility
in the presented alloy is comparable to even the best-performance
cast alloys. Given that, it is especially interesting to compare this study
results with other single phase alloys.

The fracture surface morphology of the broken bending and tensile
test specimens is presented in Fig. 9. High energy ductile fracture
mode was observed in both cases, with the oxide particle inclusions
present inside some of the individual dimples. The dimple sizes were
relatively small, suggesting that the voids nucleation started simulta-
neously at a number of places, supposedly at the oxide inclusions and

147

matrix interface boundaries, or intersection sites of the deformation
slip bands. Given their respective sizes, the voids growth stage was
short, followed by their rapid coalescence and a crack nucleation and
propagation, as generally observed in the case of high strength mate-
rials. The relatively small strain hardening coefficient during the tensile
test (nequal 0.11 - Table 4) suggests that the alloy microstructure could
have been already strengthened prior to testing as a result of the used
manufacturing process.

The deformation microstructure of the tensile test specimen directly
under the fractured surface presented in Fig. 10 reveals the presence of
high density dislocation walls (HDDW - blue arrows) and deformation
nano-twins (denoted by red arrows) in selected grains with supposed
orientation of (111) planes, in approximately 45° angle to the sample
loading direction (yellow double arrow in Fig. 10).

The results presented here demonstrate that HEA can be obtained in
five-component Ni; 5Co; 5sCrFeTig s system, in accordance with the cal-
culated predictions based on the thermodynamic parameters AH;y,
ASkons, and Q. As opposed to the theoretical microstructure prediction
based on model by Zhang et al. [12] (theoretically, the alloy microstruc-
ture should contain precipitates as its 6> 4%, AHpix < —10k]-mol~ ! and
ASeons< 13.38 J-mol '), the HEA consisted of one FCC phase. Such dis-
crepancy may reside in the fact that the involved calculations inherently
contain some simplifying assumptions and may, therefore, be limited in
their reliability. Also, these calculations are predictions for perfectly sta-
ble phases formed in the as-cast microstructures. In the case of materials
produced by PM, the processing temperatures are substantially lower
and therefore the diffusion rates may be insufficient.

The sole fact that the alloy presented in this paper contains only sin-
gle main phase (save for the inherited oxide inclusions) is a solid proof
that the selected manufacturing process plays a prominent role in the
final microstructure of high entropy materials (cf. multi-phase micro-
structures observed in the produced Ni; sCo; sCrFeTig 5 cast alloy coun-
terparts [13,26]). The resulting one phase structure presented in this
paper is not a result of deliberate metastable processing, bearing in
mind the slow cooling from the sintering temperature performed in
the hot graphite die in a vacuum (i.e., under significantly reduced heat
transfer). However, it is important to note that, as opposed to the cast-
ing route, the combination of MA + SPS may be susceptible to produc-
ing unstable structures, attributed to lower processing temperatures as
in the literature [36]. The reason for suppression of formation of any
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Fig. 8. Engineering yield strength values and elongations to fracture of the SPS compacted alloy presented in this study and different HEA and MPEA alloys with comparable densities
produced by traditional casting processes [17,35-42]. Note some of the alloy systems are presented in the figure multiple times as a result of different manufacturing procedure (e.g.

as-cast, wrought, annealed etc.).
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Fig. 9. Typical morphology of fracture surfaces of the samples subjected to (a, ¢, ) bending test (b, d, f) tensile test.

— 200 nM

Fig. 10. Deformation microstructure of tensile test specimen in the vicinity of the fractured
area. Red arrows indicate deformation nano-twins, blue arrows HDDWs and loading
direction denoted by yellow double arrow (SEM ECCI imaging).

intermetallic phases could therefore be either in the lower processing
temperature inherent to the PM processing route as previously men-
tioned before, or in the very slow precipitation kinetics in high entropy
solid solutions, that came to be known as sluggish diffusion effect [51].
The formation of ordered intermetallic compounds may result in a ben-
eficial effect on desired properties, especially high temperature
strength, but could impair the room temperature ductility. It could
also deprive the alloy of the properties believed to be intrinsic to high
entropy solid solutions. In fact, having any ordered compounds in the
microstructure can significantly reduce the configurational entropy of
the adjacent solid solution, therefore decreasing the solid solution
strengthening effect. The atomic radii mismatch 6 in the presented
alloy was relatively high (5.04%) compared to other single-phase alloys
[10]. Consequently, the amplitude of lattice distortion and solid solution
strengthening was very high, potentially yielding a major contribution
to the high strength of the pure FCC alloy, comparable to cast double-
phase alloys. The alloy exhibited a good combination of superior
strength and reasonable ductility, especially for HEA produced by PM
route [18-20] (as opposed to alloys with ductility insufficient to per-
form a valid tensile test). The superior hardness and strengths of the
alloy as compared especially to other one phase materials are most
probably also the consequence of the observed extreme grain refine-
ment induced by the mechanical alloying process, and the presence of
extremely small dispersion of stable oxides. In PM manufacturing
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processes, such oxides are inherently formed and their dispersion may
play an important role in the mechanical performance of the produced
material due to the Orowan strengthening effect by suppressing the dis-
location movement and a possibly by retarding grain growth in a high
temperature range during sintering and cooling from the sintering tem-
perature. Therefore, the presence of the inclusions can be in a way ben-
eficial for the alloy strength, but detrimental to overall alloy ductility.
The deformation in the produced alloy is proposed to be a combination
of dislocation slip and deformation twinning. The presence of fine an-
nealing twins in the microstructure prior to any eventual tensile defor-
mation and the presence of deformation twins after such deformation
suggested that the stacking fault energy ysg of the alloy lies between
18 < yspe <45 m]-m™2, an interval earlier suggested for twins formation
[52]. The deformation twining is the prominent toughening mechanism
in advanced TWIP steels and also some HEA [53,54]. It is also the main
reason for the increase of strength and ductility in FeMnCoCrNi and
CoCrNi alloys at cryogenic temperatures [44,54,55]. It promotes the
strain hardening capacity, delays the onset of plastic instability and
therefore induces simultaneous increase in strength and ductility. In
the future research, it could be the key factor for improvement of the
tensile ductility of the material.

4. Conclusions

In the presented study, Ni; 5Coq 5CrFeTig 5 high entropy alloy with
one phase face centered cubic solid solution structure was successfully
synthesized by a combination of mechanical alloying and spark plasma
sintering (cf. multi-phase cast alloys produced by traditional casting
routes). Excellent combination of mechanical properties was achieved
with bend strength R, = 2593 MPa, tensile strength R, =
1384 MPa, tensile elongation to fracture of 4.01%, and elastic modulus
of 216 GPa. The microhardness of the material reached 442 HV0.3
(4.335 GPa). The result for such good combination of properties can
be associated with extreme grain refinement induced by the mechanical
alloying process and the lattice distortion effect coupled with oxide par-
ticle strengthening. The manufacturing process has a clear influence on
the microstructure and properties of the high entropy alloys as com-
pared to cast materials, the change as are most notably connected
with increasing strength levels.
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