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Abstract: Multicomponent Al CryFeysNiysMnyq alloys were synthesized using spark plasma sintering at different temperatures (800, 900, and
1000°C) and holding times (4, 8, and 12 min) to develop a high entropy alloy (HEA). The characteristics of spark plasma-synthesized (SPSed)
alloys were experimentally explored through investigation of microstructures, microhardness, and corrosion using scanning electron micro-
scopy coupled with energy dispersive spectroscopy (EDS), Vickers microhardness tester, and potentiodynamic polarization, respectively. X-
ray diffraction (XRD) characterization was employed to identify the phases formed on the developed alloys. The EDS results revealed that the
alloys consisted of elements selected in this work irrespective of varying sintering parameters. The XRD, EDS, and scanning electron micro-
scopy collectively provided evidence that the fabricated alloys were characterized by globular microstructures exhibiting face-centered cubic
phase, which was formed on a basis of solid solution mechanism. This finding implies that the SPSed alloy showed the features of HEAs. The
alloy produced at 1000°C and holding time of 12 min portrayed an optimal microhardness of HV 447.97, but the value decreased to HV 329.47
after heat treatment. The same alloy showed an outstanding corrosion resistance performance. The increase in temperature resulted in an
Al CrygFe,sNipsMny g alloy with superior density, microhardness, and corrosion resistance over the other alloys developed at different parameters.
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1. Introduction

Numerous alloys have been developed for most engineer-
ing applications, but despite years of improvement, these al-
loys still exhibit limitations, such as low hardness and poor
corrosion [1-2]. In 2004, a new class of material known as
high entropy alloys (HEAs) with improved properties were
developed. HEASs are centrally based on solid solution phases
as a result of high entropy of mixing (AS,;,) induced by at
least five or more elements, with each element content
between 5at%—35at% [3]. Other effects, such as sluggish dif-
fusion, severe lattice distortion, and cocktail effect, play im-
portant roles in determining the physical and mechanical
properties of HEAs. On the other hand, conventional alloys
comprise single elements as a solvent, whereas small traces
of other elements are added as solutes [4]. Dissimilar to con-
ventional alloys forming various phases due to the addition of
alloying elements, HEAs form a simple single body-centered
cubic (bee) or face-centered cubic (fec) solid solution [5].
Over 300 HEAs have been developed from 30 different ele-
ments [6]. Of the 30 considered elements, the HEAs de-
veloped from AlCoCrCuFeNi and AICoCrMnFeNi possess
high hardness depending on the elements’ quantity [7]. The
valence electron concentration (VEC) model proposed by
Guo et al. [8] can predict the probability of bee or fcc phase
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outcome on HEAs. Recent reports suggest that HEAs with
the combination of bce and fce are desirable as these alloys
exhibit balanced properties compared with singular bec or
fee [5].

Liquid mixing, solid mixing, and gaseous mixing are
methods commonly used to produce HEAs. However, liquid
and gaseous techniques are regarded as costly because they
involve intense heating and produce alloys with cracks.
Spark plasma sintering technique (SPST), which falls under
solid mixing, offers an option of producing HEAs with con-
trolled grain size because no intense melting is involved
[4,9]. To substantiate that SPST can be used to develop mul-
ticomponent alloys, Zhang et al. [10-11] prepared CoSb, 7
Teo163€005.3, through this technique; meanwhile, Popescu
et al. [12] reported that an equiatomic AICrFeNiMn HEA can
be fabricated through SPST given that the developed alloy
exhibited fcc and bee structures; however, the authors ap-
plied mechanical alloying (MA) on AICrFeNiMn mixed
powder prior to SPST. This procedure has become a com-
mon practice because MA enhances the formation of HEAs
in nano-crystallines, which in turn lead to improved proper-
ties [ 13—14]. However, the rapid synthesis of alloys via SPST
is retarded by prolonged times required to carry out MA [15].

SPST can guarantee the fabrication of HEAs with desired
microstructures, with shortcomings brought about by MA be-
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ing mitigated by using proper SPST parameters and utilizing
gas-atomized element powder [16]. This statement can be
justified by exploring the work of Kanyane ef al. [4]; from
their work they consolidated equiatomic TiAIMoSiW into
HEA using SPST without employing MA on the premixed
powder. However, in relation to AICrFeNiMn, the fabrica-
tion of this alloy, particularly a non-equiatomic HEA, using
SPST is sporadically reported. This study attempted to fab-
ricate non-equiatomic Al CrayFe,sNiysMny, via SPST to de-
velop HEA. Furthermore, comparisons of alloys fabricated at
various sintering temperatures and holding times were per-
formed to understand the relationship between SPST para-
meters and AICrFeNiMn HEA properties.

2. Experimental
2.1. Powders and mixing

A non-equiatomic AICrFeNiMn powder mixture was pre-
pared using high-purity (99.5%) metal powders of Al, Fe, Ni,
Cr, and Mn, with the particle size of powders ranging
between 45 pm and 90 um (TLS Technik GmbH & Co.). The
powders were selected based on an earlier reported statement,
that is, the development of non-equiatomic AICrFeNiMn
HEASs have been rarely developed using SPST. The appro-
priate mass ratio of each element powder determined by cal-
culations using atomic ratios were weighted using an elec-
tronic scale and mixed together to attain a composition of
20%Al-20%Cr-25%Fe-25%Ni-10%Mn (at%). The pre-
mixed powder of AICrFeNiMn was then subjected to mixing
in dry state using a tubular mixer for 12 h at 49 r-min' to en-
sure homogenous distribution of the powders.

2.2. Sintering of mixed powders

A spark plasma sintering system (FCT Systeme GmbH
Rauenstein) in a vacuum was used to consolidate the mixed
powders of Al CryFe,sNiysMny, (at%) at sintering temperat-
ures of 800, 900, and 1000°C and holding times of 4, 8 and
12 min. SPST involves simultaneous powder pressing and
heating, which is generated by a pulse direct current passing
through an electric conducting graphite die filled with com-
pacted powders. The rise in temperature, as a result of heat-
ing, causes the powders to bond and eventually yield a rigid
dense alloy. Prior to sintering processing, the mixed powders
were separately filled into a graphite die of 40 mm diameter
and then loaded into the SPST machine. Under all con-
sidered sintering temperatures and holding times, the heating
rate and applied pressure were kept constant at 100°C/min
and 30 MPa.

2.3. Characterizations of
(SPSed) alloy

spark plasma-synthesized

2.3.1. Relative density

The densities of the fabricated alloys were measured by
using the Archimedes’ method. This method is based on the
principle of submerging alloy specimens in deionized water
filled in pycnometer volumetric flask surrounded by air.
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Archimedes’ principle stipulates that the volume of speci-
men is equal to the volume of water if completely sub-
merged. From here, the density can be determined. The aver-
ages of five readings were obtained for each specimen. The
relative density of the sintered specimen was calculated as a
fraction of the measured and theoretical densities.
2.3.2. Microstructure and phase characterizations

The fabricated alloys were sectioned mounted, grounded,
and polished following standard metallographic procedure
and etched in Kroll’s reagent containing 92 mL distilled wa-
ter, 6 mL nitric acid, and 2 mL hydrofluoric acid. The micro-
structural and elemental analyses of the synthesized alloys
were examined by means of scanning electron microscopy
(SEM) coupled with energy dispersive spectroscopy (EDS).
The identification of phases evolved in the matrix of pro-
duced alloys were analyzed by X-ray diffraction (XRD;
Philips Analytical X’Pert High Score VR software built-in
with International Centre for Diffraction Data database).
2.3.3. Microhardness measurement

Microhardness property of the developed alloys was
measured by using Vickers hardness tester (EMCOTEST) at
a load 0f 980.66 N and with a dwell time of 10 s. Random in-
dentations at five different positions were made onto the sur-
face of each specimen, and the average was recorded and re-
ported in Section 3.6. Microhardness test was carried out on
SPSed alloys that were subjected to heat treatment. The heat
treatment was performed at 800°C for 4 h and with sample
cooling within the furnace.
2.3.4. Electrochemical measurements and surface morpho-
logy

The electrochemical behaviors of the developed alloys
were studied using potentiodynamic polarization through a
potentiostat (AUTOLAB PGSTAT30) device. The test was
conducted using 1 cm® sample was submerged into a cell
filled with 0.5 mol/L of H,SO, solution and connected to the
Autolab potentiostat. The cell was setup as follows. The solu-
tion composed 0.5 mol/L H,SO, was used as the electrolyte
at ambient temperature; three electrodes, namely, the work-
ing electrode (sample), counter electrode (platinum sheet),
and silver/silver chloride electrode as a reference electrode
(SCE), were connected. After the setup, a sample was cath-
odically polarized to a potential of —1.5 V for 5 s to remove
the possibly existing surface oxides. The potentiodynamic
test was then performed at a scan rate of 0.001 mV/s from an
initial potential of —0.8 to final potential of 0.5 V. As corro-
sion commenced, the potentiodynamic polarization curve
was plotted by NOVA software integrated with a potentio-
stat. Immediately after corrosion testing, the surface morpho-
logy of the corroded sample was investigated using SEM.

3. Results and discussion

3.1. Calculations

Table 1 presents the calculated values of mixing enthalpy
(AH,;) and AS,; of the developed AlyCryFe,sNiysMny, al-
loy. Table 1 also shows other parameters, such as parameter
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©Q and atomic size difference, which define the feasibility of
solid solution formation, as referred from the work of Kan-
yane et al. [4]. The solid solution phases form when the crit-
ical parameters, i.e., AH,;, 0, and AS;,, are in the following
ranges: 0 <6 < 8.5, 22 < AH,;, <7 kJ'mol ™, 11 < AS,; <
19.5 J-K "\mol™", and Q > 1.1 [5,9]. These parameters were
determined by the models described in Egs. (1), (2), (4), and
(5).

ASwix==RY " CinC; (1)

i
where C;, n, and R are the atomic fraction of the components,
the number of elements in an alloy system, and gas constant
(8.314 J-K"-mol ™), respectively.

AHyix = Z;Qijc,-cj (2)

Q;=4AH g 3)
The constituents in Eq. (2) are defined as the £2; that rep-
resents the regular solution parameter interaction between ith
and jth elements; the parameter can be determined through
the AH,;, of binary liquid alloys on the basis of Miedema’s
principle [4].
TAS mix
AH, i

Tm = Z:l:lci(Tm)[ (5)

The average melting temperature (7},) of the HEA can be
calculated using the mixing variable in Eq. (5).

5= 100‘/Zj=1c"(1‘g)2 (6)

r= Z:;l Ciri @)

where 7; is the atomic radius of the ith element [9].

Q= 4

Table 1. Calculated values of (AH iz, ASwixs Ty 0, and Q)

parameters for the Al,(Cr,oFe,;sNisMny, alloy

Ay / (kJmol™")  ASy/(JK''mol) 6/% @ T,/K
—12.46 13.03 035 1.7 16593

The above-mentioned parameters determined herein were
within the ranges proposed in literature. Furthermore, the sol-
id solution phases can be formed at any temperature in ac-
cordance with the Gibbs free energy equation (Eq. 8).
However, the chances of phase formation increased as tem-
perature increased.

AGix = AH pix — TAS 1mix 8)

The VEC of an alloy is another parameter apart from the
strong atomic size effect and electronegativity that constitute
the crystallinity of a solid solution phase according to the
Hume—Rothery rule [17]. The model from the work of Guo et
al. [8] illustrates that fcc or bee forms when VEC > 7.92 or
VEC < 6.8, respectively. VEC values between 6.8 and 7.92
yield a combined bce and fce structure [8,18]. This paramet-
er is calculated using the model proposed by Guo et al. [8]
(Eq. 9). Herein, VEC was applied to determine whether the
predicted phases correlated with the formed phases on the

SPSed alloys despite the varying sintering parameters. The
calculated average VEC of AlyCryFe,sNiysMn,, was 7
(Table 2), and this value indicates that the alloy should be
composed of fcc and bee phases. The VEC of Al CrayFeys
NiysMny, alloy was within the range of 6.8-7.92, with Al,
Mn, and Cr accounting for 50% of the total atomic composi-
tion of the alloy. Aluminum had the lowest VEC. Thus, the
high content of Al lowered the overall VEC of the alloy. On
the other hand, 50% of the total content of the alloy was con-
stituted by Fe and Ni, with the latter portraying the highest
VEC (Table 2). As witnessed by Munitz et al. [19] the pres-
ence of Al at high contents in high-VEC alloys leads to fcc to
bee transformation, which implies a decline in VEC.
Choudhuri et al. [20] observed that an Al content of as much
as 12at% significantly influences the transition from fcc to
bee phase. Herein, Al quantity approximated 20at%. Thus,
the probability of transformation due to Al was amplified.
The presence of different crystalline structures prompts the
formation of grain boundaries due to mismatch. Experiment-
al work was performed to verify whether these predictions
transpired, and the characterization results are reported in
Sections 3.3 and 3.5.

VEC=)"" C{(VEC), ©)

Table 2. VEC calculation of AlzocrzoFezsNistnlo all()y

Element VEC Composition/at% Average VEC of the alloy
Al 3 20

Cr 6 20
Mn 7 10 7.00
Fe 8 25
Ni 10 25

3.2. Density analysis

Fig. 1 shows the densification of Al,iCryFe,sNiysMny, al-
loy at varied sintering temperatures of 800, 900, and 1000°C
and holding times of 4, 8, and 12 min. From Fig. 1, the sinter-
ing temperature and holding time of 1000°C and 12 min, re-
spectively, yielded an alloy with an optimum apparent dens-
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Fig. 1.
alloys.

Densification results of Al,iCr;oFe,sNiysMny, sintered
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ity of 99.6% of the theoretical density.

On the other hand, the lowest apparent densification of
91.3% of theoretical density was observed in the alloy de-
veloped at the sintering temperature of 800°C and 8 min
holding time. Comparatively, the sintering temperature
showed more effect on the densification of Al CrygFe,sNiss
Mn,, alloy over holding time. This observation was attrib-
uted to the increase in temperature support powders that ap-
proached that of liquid sintering, which led to the fabrication
of dense alloy [21]. However, despite showing less influence
compared with temperature, the holding time increased the
alloy density. This manifestation can be determined by con-
sidering the literature indicating that holding time plays a role
in homogenous solid solution formation [22]. Solid solution-
ing of phases illustrates that atoms of different elements in
the premixed powder diffused subsequently, inducing the
formation of a dense alloy.

3.3. Microstructures

Fig. 2(a)~(b) shows the SEM micrographs of Al,;CryFeys
Ni,sMny, alloy sintered at 800 and 1000°C, respectively, with
a holding time of 12 min. Fig. 3(a)—(c) presents the micro-
graphs of Al CryFe,sNiysMny, alloy fabricated at 1000°C at
various holding times of 4, 8, and 12 min, respectively. The
micrographs of all samples revealed no significant presence
of pores and cracks.

Fig. 2. SEM micrographs of Al CryFe,sNisMny, sintered al-
loys at 12 min holding time and temperatures of (a) 800 and (b)
1000°C.

The absence of such defects illustrates that all the para-
meters selected for sintering the studied alloy achieved high
densification (Fig. 1). However, the samples fabricated at
1000°C showed traces of cavities in comparison with their
counterparts. The cavities were pronounced (Fig. 3(b)—(c))

Int. J. Miner. Metall. Mater., Vol. 29, No. 1, Jan. 2022

and might have resulted from the increase in holding time at
1000°C. Fig. 3(a)—(c) also shows that the grain size of
AlyCryFeysNiysMny, alloy increased with holding time and
temperature increments. Cavity formation in relation to in-
crease in holding time at 1000°C transpired possibly due to
the prolonged holding time, which allowed the burning of
low-melting-point elements, such as Al, from the alloy sys-
tem because of high pressure and temperature [4]. The in-
creased grain size because of holding time increment was
ascribed to the sufficient time for grain growth, thereby redu-
cing boundaries before being cooled below the recrystalliza-
tion temperature, as also reported in literature [23]. Mean-
while, grain coarsening due to the increase in sintering tem-
perature was expected given the common grain growth law,
which can be found in the work of Wagner et al. [24].

The structures shown in Figs. 2(a)—~(b) and 3(a)—(c) were
globular for all the present phases. Herein, the observation of
globular microstructures in the SPSed alloy can be referred to
the findings of Kennedy et al. [25]. The explanation behind
the globular microstructure formation is related to the solute
or thermal instabilities, which are unable to progress [26].
SPST does not induce complete melting, implying that the al-
loys synthesized in this work at the average melting point
presented in Table 1 (1659.3 K) were exposed to low temper-
atures during sintering. Despite their low values, these sinter-
ing temperatures were higher than the melting temperature of
Al and this condition prompted liquid particle (Al) fusion
with existing solid crystals, leading to the formation of glob-
ular microstructures. This mechanism was also reported by
the results of Adedayo [26]. However, given the number of
grains present in the microstructures, diffusion was not only
achieved by Al atoms. During sintering, diffusion of ele-
ments was also activated by the combined events of spark
discharge, joule heating, electric field, powder rearrange-
ment, and plastic deformation at temperature above 0.67,,
(melting temperature of a material) [21,27].

Four distinctive phases can be distinguished as white, light
gray, gray, and dark phases from Figs. 2(a)—~(b) and 3(a)—(c).
Table 3 shows the results of quantitative volume analysis of
these above-mentioned phases in the SPSed alloy matrix.

Table 3 shows that the gray phase was prominent in all the
alloys. The volume fraction of the gray phase increased with
the increase in holding time, whereas the increase in temper-
ature showed a non-distinctive trend. Thus, the gray phase
was probably the solid solution crystal occupying most of the
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Table 3. Volume of fraction of phases present in SPSed
alloys displayed in Figs. 2 and 3
. White phase / Gray phase / Dark phase /
Figure voﬁ% zori% voli%
Fig. 2(a) 16.5 69.8 13.7
Fig. 2(b) 32.1 4991 17.6
Fig. 3(a) 20.8 63.9 15.3
Fig. 3(b) 11.7 78.14 10.16
Fig. 3(c) 1.08 89.64 9.28

SPSed alloy matrix, and its formation intensified when the
interaction of elements within the matrix was prolonged due
to the increase in sintering holding time. Meanwhile, other
phases formed at low volume quantities because most ele-
ments favorably participated in the gray phase formation. The
EDS analysis further gave evidence of the elements consti-
tuting each phase.
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3.4. EDS analysis

The distinctive phases observed in the microstructures re-
ported in Section 3.2 were quantified by using EDS. Fig. 4
presents the elemental content results in relation with the
phases. The light gray (spectrum 5) and gray phases (spec-
trum 1) were Fe-rich and Cr-rich grains, respectively. The
white phase (spectrum 2) was predominated by Ni atoms.
Meanwhile, dark phase (spectrum 3) was composed of Al.
Noticeably, the Fe-rich phase (light gray) was dominant in all
the microstructures, implying that most elements in minor
quantity (Al, Cr, and Mn) successfully diffused into the Fe
and Ni lattice structures, respectively, regardless of the vary-
ing sintering parameters. XRD was employed to define the
crystal structure of the phase that dominated the microstruc-
tures of the developed alloy, and the results are divulged in
Section 3.5.
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Fig. 4. SEM/EDS micrographs of Al CryFe,sNiysMny, sintered alloy at 800°C and holding time of 12 min.

3.5. Phase constituents

Fig. 5 shows the XRD patterns of AlyCr,oFe,sNisMn, al-
loy sintered at 800, 900, and 1000°C with a holding time of 8
min. The XRD showed that the alloy phases were composed
of the elements used in this work. As shown in Fig. 5, all the
XRD patterns of the alloys revealed a fcc phase detected as a
major peak at 45°. In addition, the XRD diffractograms
showed the scattering of bec phase and AlCr at 43° and 52°
respectively, whereas a minor AINi intermetallic phase was
detected at 78°. In relation to microstructures, the major peak
correlated to the gray phase, which was pronounced in the
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Fig. 5. XRD spectrum of Al CryFe,sNi)sMny, alloy sintered
at 800, 900, and 1000°C at a holding time of 8 min.

100

microstructures shown in Figs. 2(a)~(b) and 3(a)~(c). This
finding can be substantiated with reference to the work of
Elkatatny et al. [28]; the authors showed that the Al;Crj,
Fe3sMnyNiy alloy portrayed the fcc phase as a major peak at
45° and contained high Fe content. On the other hand, phases
that included bce, AlCr, and AINi intermetallics correspon-
ded to the other phases that appeared in the microstructures.
The presence of fcc as a major phase signified the formation
of solid solution in spark plasma-sintered (SPS) AlyCry
Fe,sNiysMny alloy. Thus, the Al CryFeysNipsMny, formed a
HEA. The formation of solid solution can be explained in the
following manner. First, thermodynamic parameters (Table 1),
such as enthalpy of mixing (AH,), entropy of mixing
(ASpiy), and atomic size difference (6), suggest that Al, Cry
Fe,sNiysMn, alloy can form a solid solution phase irrespect-
ive of the varying sintering parameters as stated in Section
3.1.

The high AS,;, induced by the presence of numerous ele-
ments in a system suppresses the potential formation of inter-
metallic compounds formed mostly by two elements [29].
Based on the calculated VEC value (Table 2), the Al,CryFess
NiysMn,;o HEA should have been composed of fcc and bec.
Given such argument, bec is strongly associated with the dif-
fusion between Al and Cr [30]. Herein, both intermetallic
phases detected recompensed bce although simple bece is re-
garded as a solid solution phase. Furthermore, the calculated
VEC of 7 slanted toward the direction of fcc phase precipita-
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tion compared with the bec that formed at VEC < 6.8. Mean-
while, the AINi intermetallic formed because the mixing en-
thalpies of Ni and Al were substantially lower (more negat-
ive) than those of the other elements present in the matrix
(Cr,, Fe, and Mn) [8]. Al and Ni atoms formed an intermetal-
lic compound due to their high negative AH,;, [31]. The
competition between entropy and enthalpy explains why the
interaction of other elements did not yield intermetallics. The
low AH,;, between element pairs indicated a high entropy,
which supports the solid solution formation. On the other
hand, AICr precipitated as an intermetallic because of Al dif-
fusion into Cr due to high electronegativity, and the inter-
metallic of these elements is a stable low-entropy compound
[32]. However, intermetallics formed in low intensity due to
the presence of numerous elements in the matrix, which in-
duced high AS,;,, thereby forming a solid solution. The fcc
solid solution formed because of the presence of numerous
elements that are fcc in nature. However, as reported in sub-
Section 3.1, the addition of Al initiated the transformation of
fee to bece.

Additionally, for the sintering temperature, the increase
from 800 to 900 and 1000°C caused no changes in the phase
constituents, phase shifts, and phase intensities of the SPSed
alloys. Sintering temperature induces the rapid diffusion of
elements [22]. This condition means that the phase intensit-
ies should have increased with the temperature increase.
However, this event could not occur possibly because 8 min
of sintering holding time was adequate to ensure phase trans-
formation, thus reducing the intensity of fcc phase. Increas-
ing the holding time during sintering is useful to ensure the
complete transition of phases [29].

3.6. Microhardness analysis

Fig. 6 shows the microhardness results of SPSed Aly,
CryFeysNipsMny, alloy and post-heat treatment. The figure
reveals the increased microhardness of the alloy as a function
of the increased sintering temperature and holding time. Pri-
or to heat treatment, the SPSed alloys showed optimal and
minimum microhardness values of HV 447.97 and HV
120.9, respectively. The maximal microhardness was an out-
come of the fabrication of Al CryFe,sNi,sMn, at high sin-
tering temperature (1000°C) and prolonged holding time (12
min), whereas the lowest microhardness was linked with low
sintering temperature (800°C) and short holding time (12
min). Such outcome can possibly be attributed to the pres-
ence of high-intensity AlCr and AINi hard intermetallic
phases, densification, and severe lattice distortion. The bcc
hard phases formed at elevated temperatures, and they exhib-
ited a superior hardening effect over fcc [4]. High density,
which is associated with high sintering temperature and pro-
longed holding time (Fig. 1), played a significant contribut-
ory role in hardness enhancement [33]. On the other hand,
lattice distortion, which prompted grain boundary pinning,
intensified with the increase in sintering temperatures and
holding times given that the movement of atoms became
more pronounced [4]. Thus, after heat treatment, the alloys’
microhardness significantly increased, except for that of two
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alloys that were sintered at temperature of 1000°C and hold-
ing times of 8 and 12 min. Fig. 7 shows further details on the
alloys.

I 300°C SPS [ 800°C HT
[ 900°C SPS [l 900°C HT
[ 1000°C SPS [l 1000°C HT

Microhardness, HV

4 8 12
Holding time / min

Fig. 6. Comparative microhardness graph of SPS and heat-
treated (HT) sintered Aly)Cr,oFe,;sNisMny, alloys.
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Fig. 7. Influence of heat treatment temperature on the micro-

hardness of the SPSed alloys.

Fig. 7 presents the results of measured microhardness of
SPSed alloys HT at different temperatures. Noteworthy, the
heat treatment at temperatures of 800°C and 900°C resulted
in microhardness increase compared with the untreated
SPSed alloy (Fig. 6). The significance of heat treatment was
quantified by demonstration, that is, with the increment from
HV 120.9 to HV 227.4 for the alloy that had the lowest mi-
crohardness among all SPSed alloys before heat treatment.
Microhardness improvement caused by heat treatment was
possibly due to the controlled cooling rate and recrystalliza-
tion of deformed grains. Heat treatment of HEAs composed
of supersaturated or inhomogeneous phases improved the
phase distribution [18]. On the other hand, instead of con-
tinual microhardness increment, as the heat treatment tem-
perature rose to 1000°C, a substantial decline in microhard-
ness from HV 447.97 to HV 329.47 was observed for SPSed
alloy, portraying maximal microhardness prior to heat treat-
ment (Fig. 7). Fig. 7 reveals that this trend of decreased mi-
crohardness transpired for SPSed alloys fabricated at 8 and
12 min and 1000°C sintering temperature.

By contrast, the increase in microhardness after heat treat-
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ment witnessed on AlyCryFe,sNi,sMn,, alloys fabricated at
1000°C with 8 and 12 min holding time can be attributed to
the disordered bce phase, which transformed into an ordered
crystal structure, present in Al CryFe,sNiysMny, alloy [29].
Another possible explanation for the decrease in microhard-
ness can be the interaction of high content Al with one or
three elements during SPS fabrication at high temperatures
and prolonged sintering times, thereby probably forming
traces of B2 phase that could not be detected by XRD. This
phase is a bee phase that exhibited high hardness and formed
as a result of high Al contents [19]. Subjection of such alloys
to heat treatment caused the homogenization of phases with-
in the alloy’s matrix, thereby suppressing the hardness effect
induced by B2 phase.

3.7. Electrochemical studies

3.7.1. Potentiodynamic polarization analysis

Figs. 810 present the potentiodynamic polarization
curves of AlyCr,oFe,sNiysMn,, alloys at various parameters
in 0.5 M H,SO, medium. Varying of sintering parameters
showed a significant effect on the corrosion behavior of the
developed alloys. With regard to the comparisons of varying
holding times, the best current densities were observed at a
holding time of 8 min at 900°C (Fig. 9) and 12 min at 800°C
(Fig. 8) and 1000°C (Fig. 10). The alloys sintered at 12 min
holding time at 800°C and 1000°C showed a high potential
over alloys sintered at lower 4 and 8 min holding time. Com-
paratively, the alloys fabricated at 1000°C and 12 min hold-
ing time outperformed those sintered at 800°C and 900°C.
Notably, temperature showed a significant influence given
the wide margin of difference between the current densities
of alloys fabricated at different temperatures and at 12 min
holding time compared with those at varying holding times
(Figs. 8-10). A low current density implies a low corrosion
resistance. Meanwhile, a high potential indicates a high
passivity. The improved corrosion performance exhibited by
the alloy sintered at 1000°C with 12 min holding time can be
attributed to the maximal densification of the alloy (Fig. 1).
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Fig. 8. Polarization curves of the alloy sintered at 800°C.

The corrosion behavior can be swayed into a positive out-
come due to the high densification that reduces porosity and
volume defects [5]. In contrast to densification, porosity
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Fig. 9. Polarization curves of the alloy sintered at 900°C.
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Fig. 10. Polarization curves of the alloy sintered at 1000°C.

renders an alloy susceptible to corrosion attacks because
pores are vicinities where electrolyte accumulates [34]. Vari-
ation in the microstructures present in the alloys can be an-
other reason. Corrosion sites tend to form on grain boundar-
ies [35]. From the above point, most grain boundaries exhib-
ited by alloys fabricated at low sintering holding time and
temperature led to poor corrosion performance. A high po-
tential means the capability to be passive in corrosive medi-
um, whereas the formation of oxide layers prompts a high
passivity. The high potential portrayed by the alloys fabric-
ated at 12 min holding time can be ascribed to the high com-
pactness of Cr atoms present in the alloy. The high-concen-
tration Cr forms a protective oxide layer against corrosion at-
tacks in oxygenated environments [36]. In the equiatomic Al-
CrFeMnNi HEA observed by Masemola et al. [37], Cr was
an active element that formed a passive oxide film when sub-
jected to sulfuric acid solution.

With regard to the comparison between the significance
caused by temperature and holding time on corrosion behavi-
or of the alloys, the increase in temperature decreased the
current density, whereas the holding time exhibited no dis-
tinct relationship with the current density of the alloys. The
scientific reasoning behind this outcome cannot be found in
literature. However, in theory, sintering at 900°C at 8 and 12
min holding times did not cause considerable microstructural
changes, which subsequent plays a role in the electrochemic-
al properties of the alloys. The Al,CryFe,sNisMny, alloy
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produced at 1000°C and 12 min holding time showed superi-
or corrosion performance. The increase in temperature dur-
ing sintering showed a prominent influence on the chemical
behavior of the alloys [38].
3.7.2. SEM of corroded alloys

Fig. 11(a)~(c) shows the SEM micrographs of Al Cr
Fe,sNiysMny, alloys sintered at 800°C with different holding
times after corrosion testing. The micrographs revealed the
presence of white and dark structures. The black structures
were superior in numbers over the white ones for the alloys
sintered at 4 and 8 min holding times, whereas the alloy
sintered at 12 min contained less quantity of black structures.
As referred from Fig. 8, the potentiodynamic polarization
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curve of the alloys sintered at the above-mentioned holding
times performed poorly in comparison with the alloy de-
veloped at 12 min.

The surface of sample produced at 12 min (Fig. 3(c)),
which showed superior corrosion resistance over the other
samples fabricated at 800°C, exhibited minimal dark phases.
The surface of Al CryFe,sNisMny, alloy sintered at 800°C
with 8 min holding time (Fig. 11(b)) revealed more black
phases and the poorest performance in terms of corrosion be-
havior in 0.5 M H,SO, medium. This finding illustrates that
the black phases can be the products of corrosion. Thus, cor-
rosion was probably not prevented from further commencing
because of such instabilities.

Fig. 11. SEM results of the alloys sintered at 800°C after corrosion for (a) 4, (b) 8, and (c¢) 12 min.

4. Conclusions

A non-equiatomic AlCrFeNiMn alloy was fabricated by
using SPST to understand the structures (fcc or bee) present
in the alloy. The effects of sintering temperature and holding
time on the microstructural evolution, densification, micro-
hardness, and corrosion behavior of the developed HEAs
were investigated, and the following conclusions were
drawn.

(1) High density alloys were synthesized, with the optim-
al densification of 99.6% achieved at 1000°C and a holding
time of 12 min. This result indicates that a dense Al,\Cry
Fe,sNiysMny, alloy can be plausibly fabricated using SPST.

(2) Elemental analysis quantified by EDS confirms that all
the elements selected in this paper were present in the alloy
produced.

(3) SEM showed no significant evidence of cracks and
pores, supporting the achievement of highly dense SPSed al-
loys.

(4) XRD, EDS, and SEM collectively provided proof that
the globular microstructures in AlyCryFe,sNipsMny, alloy
was a fcc solid solution (HEA) synthesized at temperatures
lower than the average calculated melting point of Al Cry
Fe,sNipsMny.

(5) The maximum microhardness of HV 447.97 was
achieved at a sintering temperature of 1000°C and a holding
time of 12 min. After heat treatment, the microhardness de-
creased from HV 447.97 to HV 329.47 due to the disordered
phases transforming into ordered crystal structure. However,
no distinct relationship was observed between the micro-

hardness improvements of sintered alloys with heat treat-
ment.

(6) A similar alloy that showed superior microhardness
portrayed outstanding corrosion resistance properties over
the other SPSed alloys.

(7) An increase in sintering temperature during SPSed of
Al CryFe,sNisMny g HEA yielded better densification, high
microhardness, and superior corrosion resistance in 0.5 M
H,SO,.
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