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Abstract: The microstructure and mechanical properties of mechanically alloyed and spark plasma
sintered AICoFeMnNi-xB (x =0, 0.5, 1, and 5 at. %) high-entropy alloys (HEAs) have been investigated.
Boron-doped HEAs were synthesized using mechanical alloying up to 50 h of milling. Synthesized
powders were then consolidated at 850, 900, and 950 °C for 10 min under a uniaxial pressure of
40 MPa using spark plasma sintering (SPS). A scanning electron microscope, which was equipped
with energy dispersive spectroscopy (EDS), together with an optical microscope (OM) were used
to analyze the microstructural evolution. X-ray diffraction analysis was used to differentiate the
phases formed in the solution. The mechanical properties of the sintered specimens were analyzed
using the shear-punch test (SPT). The fracture surface of the SPT samples was studied using SEM.
Thermodynamic calculations revealed that by employing this process, it is possible to produce solid
solution HEAs with a duplex FCC + BCC structure. It was shown that boron-doped AlCoFeMnNi
high-entropy alloys contain some unique attributes. SPS at 900 °C for a sample with boron up to
0.5 at. % leads to the formation of an alloy with the highest shear strength. A further increase in
the boron content in the boron-doped HEAs exhibited a decrease in the maximum shear strength.
Finally, the correlations between the microstructural and mechanical characteristics of the sintered
boron-containing high-entropy alloys are discussed.

Keywords: high-entropy alloy; AlICoFeMnNi; boron; spark plasma sintering; mechanical alloying

1. Introduction

Engineering alloying systems are developed based on the utilization of up to two
elements as host elements. Minor amounts of alloying elements are often added to host
elements to control the mechanical and physical properties of alloys [1-3]. The concept of
alloying was further extended by developing alloying systems using five or more alloying
elements in a (near) equimolar ratio. This concept is based on the fact that there is no
principal element in the chemistry of the so-called high-entropy alloys (HEAs). This
mixing of elements in equimolar ratios creates a high mixing entropy, induces a large
lattice strain/distortion, and results in a sluggish diffusion of elements [4-8]. With a proper
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selection of elements, HEAs with a simple solid solution structure can be attained [9-12].
HEAs exhibit a unique combination of mechanical properties, i.e., high strength and
excellent ductility. Moreover, many reports show that HEAs have promising properties
when it comes to corrosion, high-temperature oxidation, and wear [13,14]. HEAs are
often synthesized by vacuum arc melting, vacuum induction melting, splat quenching,
and sputtering [4]. Vacuum arc melting and other liquid metal production routes are
inherently susceptible to solidification defects and structural irregularities. Additionally,
when it comes to the casting process, all sorts of problems related to the high temperature
oxidation and segregation of alloying elements are expected to come to the fore. Room
temperature powder processing routes, and more specifically mechanical alloying, have
been suggested as an alternative to liquid-based production methods [15,16]. Mechanical
alloying is a widely used powder metallurgy technique with the possibility of controlling
the morphologies of powders [17]. More importantly, compared with vacuum melting
techniques, mechanical alloying is known to be much cheaper and more cost-effective.
Depending on the input energy during the milling, mechanically alloyed powders are
often nanocrystalline. Powders synthesized by mechanical alloying can be consolidated
using different methods. Amongst different consolidation methods, spark plasma sintering
(SPS) has recently gained a lot of attention [15]. SPS has numerous unique characteristics,
including relatively quick consolidation time, high density of consolidated components, and
minimized high temperature exposure of powders [17]. SPS is essentially carried out under
simultaneous application of electric pulse and pressure within a relatively short holding
time. Combined mechanical alloying/spark plasma sintering has been successfully applied
in synthesizing high-entropy alloys [18]. Even though a lot has been done on the synthesis
and characterization of high-entropy alloys, the idea of doping interstitial elements, and
more specifically boron, into the matrix of these alloys has not been widely investigated.
Supposedly, boron addition results in the formation of new phases in the matrix [19],
which are associated with significant enhancements in the hardness and strength [20]. The
available literature on the implications and effects of boron doping in high-entropy alloys
is very limited. This research is therefore an attempt to investigate the implications of
boron addition on the microstructure and mechanical properties of high-entropy alloys. In
that regard, this research investigates the phase stability, microstructure, and mechanical
properties of mechanically alloyed and spark plasma sintered nanocrystalline boron-doped
AlCoFeMnNi high-entropy alloys. The alloy was first synthesized from elemental powders
using mechanical milling, followed by consolidation through SPS.

2. Materials and Methods

Briefly, 99.9% purity powders of Fe (with an average particle size of 35 um £ 5), Al
(23 um £ 5), Co (8 um =£ 3), Ni (3 um =£ 1), Mn (16 pm =+ 2), and B (1 um =+ 0.5) were
purchased (Sigma-Aldrich, Germany). Scanning electron microscope (SEM, Phillips XL30,
Eindhoven, The Netherlands) and X-ray diffraction analysis (XRD, Cu Kot = 1.54 nm) were
conducted to investigate the particle size and the chemistry of the powders. Figure 1
shows SEM micrographs of the morphologies of the initial particles, representing the
difference in features. It is noticeable in this figure that iron, aluminum, cobalt, and nickel
have rather spherical morphologies, while manganese particles show more irregularly
shaped morphologies with sharp edges and corners. Figure 2 also depicts the XRD/Energy
Dispersive X-ray Spectroscopy (EDS) characteristics of the mixed powders, showing hardly
any irregularity in the composition and the phase structure of initial powders. All pure
powders, except boron, were mechanically alloyed for about 50 h in a steel vial using
steel balls. A ball to powder weight ratio of 10:1, a rotation speed of 350 rpm, and an Ar
atmosphere were used for the mechanical alloying. Up to 2 wt. % stearic acid was added
to the initial mixture to minimize the sticking of powders with the balls and the container.
Afterwards, the powders were sintered at 850, 900, and 950 °C by spark plasma sintering
(SPS). The heating and cooling rates were 100 °C/min. Powder samples were held at
sintering temperatures for 10 min under a uniaxial pressure of 40 MPa. The diameter and



Metals 2023, 13, 1025

30f15

thickness of the bulk samples were 15 and 1 mm, respectively. The optimum sintering
condition was chosen for the sintering of boron-containing samples. To synthesize boron-
containing samples, boron was added to the mixture in the last 5 h of milling to obtain four
different compositions containing 0, 0.5, 1, and 5 atomic percent of boron. The powders with
the (AlICoFeMnNi)100-xBx (x =0, 0.5, 1, and 5 at. %) compositions were characterized using
SEM and XRD methods to study the microstructural evolution and particle morphologies.
Mechanical properties of the bulk samples were assessed using the shear punch test (SPT)
with a punch diameter of 3 mm and under the rate of 0.1 mm/s. The fractured surface and
the top surface of the specimens were assessed using an SEM and EDS apparatus. Vickers
hardness measurements were performed with 30 kg loads. Each hardness experimental
point is the average of 5 indents.
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Figure 1. Morphologies of the initial powders: (a) Al, (b) Co, (c) Fe, (d) Mn, (e) Ni, and (f) initial
powder mixtures.
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Figure 2. (a) XRD and (b) EDS of the initial power mixture from the area shown in part (c).
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3. Results and Discussion
3.1. Thermodynamic Assessment of Phase Stability and Phase Compositions

The formation of a solid solution in a multi-component alloying system is a function
of the difference in the atomic size, electronegativity of components, crystal structure, and
the valence number of alloying elements in the alloying system [21-23]. Zhang et al. [24]
investigated the effects of these parameters on the formation of different phases in high-
entropy alloys. They showed that the formation of FCC, BCC, and FCC+BCC structures in
a high-entropy alloy and the stability of a certain crystal structure depend on the difference
in the atomic size of the components in the alloying system (5), the enthalpy of mixing
(AHpix), and the entropy of mixing (ASpx). The latter has the most important ascription
to the formation and stability of phases in these alloys. These three parameters can be
calculated using the following equations [4]:

5= 100\/2?_1 Ci(l - %)2 )

AHpmix = ) ., i ;GG )

ASpmix = —RY 1 GiInG; (3)

in which R is the universal gas constant (R = 8.314 ] /K-mol); C; is the molar fraction of ele-
menti, (); = 4 ARIX: ATUX §s the so-called interaction parameter, also known as the enthalpy
of mixing in the A-B binary alloy; T = )i ; Cir; is the average atomic radius; and rj is the
atomic radius of element i [4]. Zhang et al. [24] concluded that the following conditions
should be met to attain a single-phase solid solution in a high-entropy alloying system:

§ < 6.6%, ASyix > 13.38]/(k.mol), —15 KJ/mol < AHyy < 5 KJ/mol @)

Further to the aforementioned parameters, another parameter, ), was introduced,
taking both AHp,ix and ASpix into consideration [25,26]. This parameter can be calculated
using the next equation:

Q= ‘TmAsmix/AHmix| (5)

where T, is the average melting point of the components in the system. T, is calculated
using the below equation:
Tm =Y, Xi(Tm); 6)

where (Tn); is the melting point of element i in the alloying system. According to this
criterion, the solid solution is formed when (2 > 1.1, inferring that entropy is expected to
be more influential when it comes to the formation of solid solutions [26]. Guo et al. [27]
introduced two other parameters: Ax and valence electron count (VEC), with the former
being related to the difference between the electronegativity of alloying elements and the
latter being related to the density of valence electrons.

Ax = \/Z?:l q (x —x)? 7)

VEC =) (VEQC); (8)

in which X = Y' ; ¢jxj, where X; is the Pauling electronegativity of component i in the
system and (VEC); is the concentration of electrons for the element i in the system. Guo
et al. [27] postulated that these parameters cannot be used to evaluate whether a solid
solution or an amorphous phase is stable in a multi-component system. VEC is more useful
when it comes to the determination of the stability of crystal structures. Based on the
proposed criterion, FCC is stable when VEC > 8. VEC values lower than 6.87 result in
the stabilization of the BCC crystal structure. The physical characteristics of components
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in the AlCoFeNiMn alloying system and the enthalpy of mixing for the binary mixtures
can be found in the literature [25,27]. Table 1 shows that in this case, the solid solution is
stable, there is no indication of the formation of any amorphous or intermetallic phases
in this alloying system, and that the final equilibrium microstructure is anticipated to be
FCC + BCC.

Table 1. Thermodynamic and phase stability parameters in the AlICoFeMnNi system.

VEC

Q Tm (K) ASpix J/mol-K)  AH,,;x (kJ/mol-K) 8 (%) Structure

74

0.1473

1.49 1551.86 13.38 —-13.92 529 FCC + BCC

3.2. Mechanical Alloying and Sintering of the AICoFeNiMn Alloy

Figure 3 represents an overview of the morphological changes in the powders during
milling. The morphology of particles plays a key role in final properties of manufactured
parts [28,29]. In the initial powder mixture, different morphologies are visible. As men-
tioned earlier, larger particles are Mn and Al, while smaller-sized ones are Fe, Co, and
Ni. With 10 h of mechanical alloying, larger blocky-shaped particles disappear. They
are replaced with smaller-sized particles with flake-like shapes. This clearly shows the
amount of plastic deformation during the initial hours of milling. It appears that particles
are flattened due to excessive plastic deformation, originating from recurrent high-energy
collisions. In addition to the flattening and plastic deformation, some other main reac-
tions, including the cold welding of particles, work hardening of particles, and particle
fragmentation, are anticipated to take place. While cold welding enlarges particles, particle
fragmentation results in a particle size refinement. Results display that at some point, a
balance is reached in the parallel enlargement/refinement reactions. As can be seen in
Figure 3, the variations in the mean particle diameters and the morphology of particles are
rather marginal after 30 h of mechanical alloying. As reported in one of the current authors’
previous works [18], the mean particle size is around 5 pm after 50 h of milling. More
importantly, mechanically alloyed samples are mostly spherical with a very narrow size
distribution, making these particles suitable for the subsequent sintering process. Spherical
powders are expected to have a much better sintering response compared with particles
with irregular morphologies [30]. Figure 4 depicts the EDS analysis of the powders after
50 h of milling together with the elemental mapping in the mechanically alloyed sample.
There is hardly any deviation from the nominal composition, inferring that milling has been
carried out in a well-protected atmosphere. More importantly, all elements are very well-
intermingled and the elements are perfectly homogeneously distributed. Both mentioned
observations are strong indicators that mechanical alloying has been effectively performed
up to 50 h. Inhomogeneity clearly has negative implications for the mechanical properties
of engineering alloys [31-33].

Figure 5 represents the XRD spectra of the initial powder mixture, mechanically alloyed
AlCoFeNiMn alloy (after 50 h of milling), and sintered specimens (the XRD spectrum of
the sample sintered at 850 °C is not reported as it was very similar to that of the sample
sintered at 900 °C). Figure 5 shows that sharp peaks, related to different elements, disappear
after mechanical milling up to 50 h. It can be seen that 50 h of milling is associated with a
complete transformation of elemental powders to a single FCC phase structure. Moreover,
mechanical milling has led to a significant decrease in the intensities of XRD peaks and
an increase in the peak width, both of which are attributable to the refinement of the
crystal structure. A crystallite size as small as 10 nm can be attained after 50 h of milling.
As mentioned in one of the current authors’ earlier works [18], the final structure of
mechanically alloyed powders (single phase FCC or a mixed FCC/BCC) mainly depends
on the milling time. At intermediate stages (around 30 h of milling), the alloy has a duplex
FCC/BCC structure [18]. With a further increase in the milling time, the ratio BCC/FCC
phase content approaches zero in such a way that 50 h milled powders are completely
FCC-structured. Sintering at 850 and 900 °C does not change this single-phase structure.
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However, XRD peaks become sharper in the sintered samples, inferring that a grain growth
has taken place during sintering. Sintering at 950 °C results in the enlargement of crystallite
size to 25 nm (calculated by the Wilson equation). Moreover, a BCC phase formed in
the structure for the 950 °C sintered sample, in such a way that this alloy has a duplex
BCC/FCC phase structure. It appears that the formation of this BCC phase in the structure
of the sintered sample is a diffusion-dependent phenomenon. Moreover, the fact that
sintering at 850 and 900 °C does not end up in a duplex BCC/FCC structure can be justified
by lower diffusion rates at these two temperatures. A 50 °C increase in the sintering is
clearly enough to stimulate diffusion and form the BCC phase in the microstructure. The
“sluggish diffusion effect” has been a core concept in the development of high-entropy alloy
theory from the early stage of its development. It is postulated that the highly distorted
lattice of HEAs hinders atomic transport, leading to sluggish atomic movements. This view
was supported by the slow kinetic of oxidation and high creep resistance in HEAs. It is
also worth mentioning that the diffusion in high-entropy alloys reportedly takes place via
the vacancy mechanism. Therefore, it can be concluded that sluggish diffusion is the direct
consequence of the comparatively higher enthalpy of vacancy formation in high-entropy
alloys as compared with FCC-structured elements. With that said, it can be concluded that
the diffusion is highly dependent on temperature. This is a very important issue, as the
different nature of the BCC phase, compared with that of the FCC phase, can be used to
tailor the mechanical properties. While the BCC phase is often harder (and more brittle),
the FCC phase has a higher ductility. To investigate the characteristics and the nature of
phases, SEM/EDS analyses were conducted on the sintered specimens.

Figure 3. Variations in the morphology of (a) initial powders after (b) 10, (c) 20, (d) 30, (e) 40, and
(f) 50 h of milling.
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Figure 4. EDS analysis and elemental mapping 50 h milled powder sample.
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Figure 5. XRD analyses of the initial powders and mechanically alloyed powders for 50 h, sintered at
900 and 950 °C.

SEM/EDS analyses of the sample, sintered at 950 °C, are depicted in Figure 6. There
are several interesting features in this figure. Firstly, the porosities can be divided into two
distinct size groups. The first category consists of very small porosities that are locked inside
grain interiors. The second category is for the large-sized porosities that are positioned
between the particle spaces as well as in the tripe junctions. It is important to mention that
two types of phases are present in the structure. They include the dominant greyish phase
and a secondary white phase, dispersed in the particles spacing. It is worth mentioning
that in some locations, the white phase is in the form of a continuous film over the matrix
greyish phase. Seemingly, sintering at 950 °C led to the re-distribution of alloying elements
into the mentioned phases. It also led to the formation of a duplex FCC/BCC structure, as
predicted using thermodynamic calculations and confirmed with XRD results. Analyzing
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the SEM micrograph using an image analyzer software (Image-J), we revealed that the
white phase is about 10% of the whole microstructure. In addition, EDS point analysis
was conducted on these two phases (the spots are depicted in Figure 6). The results of
EDS analyses of the white and the greyish areas are shown in Figure 6. The EDS analysis
shows a substantial depletion of Ni and Al elements at the grain boundaries for the white
phase. The atomic percentages of Ni and Al are 17 and 16%, respectively, in the white
phase. These values are well below the nominal alloy composition (i.e., 20% for these
elements). Moreover, the EDS analysis of the greyish phase depicts that the depleted Ni
and Al diffused away from the grain boundaries within the greyish phase. On the one
hand, the results imply that Fe and Co have segregated into the white phase at the grain
boundaries. However, it is seen that Mn did not show any tendency for segregation into
either of the two mentioned phases. Since both Ni and Al have FCC structures, the greyish
phase is possibly an FCC phase. The white phase is possibly the BCC phase due to the
BCC structure of the Fe element. This corroborates with the XRD results, pointing out the
dominance of an FCC phase in the structure.
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Figure 6. EDS analyses of the (a) white and (b) greyish phases in the sample, sintered at 950 °C.

Figure 7 depicts the shear test results as well as fracture surfaces of the samples,
sintered at 850, 900, and 950 °C. Results show that the highest shear strength is achieved in
the sample sintered at 900 °C. It appears that the strength is controlled by both the porosity
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percentage and the BCC/FCC compositions. As previously mentioned [18], the porosity in
this system varies from 2 to 7%, depending on the sintering temperature. The lower the
sintering temperature, the higher the porosity percentage. In addition, it is not surprising
that the fracture in the 850 °C sintered sample is controlled by porosities (as highlighted
in Figure 7b). The increasing sintering temperature is associated with a decrease in the
porosity contents, and this in turn is associated with an improvement in maximum shear
strength to values as high as 170 MPa. A further increase in the sintering temperature up to
950 °C results in a decrease in the maximum shear strength down to 100 MPa. This can be
justified with the fact that sintering at 950 °C leads to the precipitation of the less ductile
BCC phase (as discussed earlier).

Shear Stress (MPa)

>
. 3
2 ng l—————'ﬂ 10 um =,
092000« &9k 102

Figure 7. Results of (a) shear test and fracture surfaces of samples sintered at (b) 850, (c) 900, and
(d) 950 °C.

3.3. Mechanical Alloying and SPS of the AICoFeNiMn-xB (x =0, 0.5, 1, and 5 at. %) Alloy

The SEM images of the milled boron-containing samples (Figure 8) show proper
milling with the occurrence of further refinement of the quasi-spherical shaped particles
as the boron content increases, compared with the core HEA. A slight reduction in the
average particle diameter and the size distribution of the powders can be observed with
increasing the boron content. The particle size of the powder reduces to about 1-2 pm
in HEA containing 5 at.% boron. Figure 9 shows XRD spectra of 50 h milled boron-
containing specimens. As mentioned earlier, the microstructure of a 50 h milled sample
is predominantly FCC. Boron doping up to 1% does not change the FCC structure of the
milled alloys. The only noticeable effect of boron doping on the microstructure of the base
HEA is the implications of boron for the crystallite size of the milled samples. In fact,
boron significantly decreases crystallite size to values less than 10 nm. This can be inferred
from peak broadening and a considerable decrease in the intensity of XRD peaks. Further
increase in the boron content by up to 5% is associated with the formation of the FCC/BCC
duplex structure. The 50 h milled 5% boron-containing specimen has a clearly different
XRD spectrum compared with that of other samples. Given that boron doping increases
the diffusion rate of alloying elements [15], and providing that the formation of the BCC
phase was postulated to be a diffusional reaction, this observation can be justified.
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Figure 8. SEM micrographs of mechanically alloyed powders, containing (a) 0, (b) 0.5, (c) 1, and
(d) 5% boron.

@ FCC Phase O BCC Phase

° 0 ° o] ® 5%B

1% B

M\' 0.5% B
| 0% B

30 40 50 60 70 80 90 100
2 Theta

Figure 9. Variation in XRD spectra of 50 h milled samples with boron content.

To explore the impact of B on the sintering of the fundamental HEA, samples that
contained boron were subjected to sintering at a temperature of 900 °C. The selection
of this temperature was guided by the previous results and shear test outcomes for the
base alloy. Figure 10a shows the effects of boron addition on the porosity content of
sintered alloys. Figure 10b shows how sintering temperature can change the porosity
percentage of the base alloy. Based on these images, one can conclude that an increase
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in the sintering temperature is associated with a decrease in the porosity percentage of
the sintered specimens. Boron addition significantly affects the porosity percentage of the
sintered specimens. Moreover, B appears to enhance the diffusion and mobility of alloying
elements during high-temperature sintering. In fact, boron is expected to distort the lattice
structure and provide faster diffusion paths for the movement and diffusion of alloying
elements. Figure 11 depicts the effects of sintering on the XRD spectra of the AlCoFeNiMn-
1%B and AlCoFeNiMn-5%B alloys. XRD spectra of these alloys are shown as typical XRD
of low and high B-containing alloys. In both cases, sintering significantly increases the
crystallite size. This is confirmed by the observed sharp increase in the intensity of the XRD
peaks. In that regard, peak broadening is an indication of decreasing crystallite size. This is
not surprising, as thermal exposure during sintering provides an appropriate condition for
the grain boundaries’ movement.

Figure 12 depicts the elemental mapping of the sintered AlICoFeNiMn-5%B alloy. As
expected, the sintered alloy, in this case, has a duplex structure, which is essentially the
distribution of a white BCC phase in an FCC matrix. The BCC phase has a noticeably lower
aluminum content, inferring that aluminum has been depleted from this phase during
sintering. Another observation worth mentioning is the low porosity percentage in the
sintered sample, which is attributable to the presence of boron in the structure.

Figure 13 shows the shear test behavior of boron-containing samples compared with
that of the base alloy. SEM micrographs in this image show the distribution of the white
BCC phase in the matrix, which is related to the AlICoFeNiMn-0.5%B and AlCoFeNiMn-
5%B alloys. Shear test results indicate that boron addition up to 0.5% significantly enhances
maximum shear strength. Further boron addition is associated with the deterioration
of mechanical properties. It appears that boron content influences the shear strength by
decreasing the porosity contents of sintered alloys on the one hand and increasing BCC
phase percentage on the other hand. While a reduced porosity concentration clearly has
positive implications for the mechanical properties, the presence of a coarse and brittle BCC
structure negatively affects mechanical properties. Finally, it is clear that 0.5% B creates an
optimum condition. The comparison of the hardness of the HEA sample with that of the
optimum sample (0.5% B) shows an increase from 500 to 580 VHN, which is in accordance
with the shear test data.

8
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Figure 10. Variation in porosity percentages in the sintered specimens with (a) boron content and
(b) sintering temperature (in the base alloy).
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Figure 11. Effects of sintering on the XRD spectra of (a) AICoFeNiMn-1%B and (b) AlCoFeNiMn-

5%B alloys.

Figure 12. Elemental mapping in sintered AICoFeNiMn-5%B alloy.
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Figure 13. Effect of boron concentration on the shear strength of the sintered HEAs.

4. Conclusions

This study was conducted to investigate the properties of the boron-doped AlCoFeMnNi
high-entropy alloy. The alloy was perfectly synthesized using the mechanical alloying
method, resulting in a single FCC or a duplex FCC/BCC microstructure. Thermodynamic
calculations showed that the alloy is expected to have a duplex FCC/BCC microstruc-
ture. However, it appears that the appearance of the BCC phase in the microstructure is
a diffusional process. It is also noteworthy that an increase in the sintering temperature
elevates the likelihood of BCC phase formation. The addition of B to the base alloy has
two notable implications. Firstly, the inclusion of boron significantly enhances the sintered
quality of the components, specifically in terms of the concentration of porosities in the
sintered sample. Secondly, B promotes the formation of the BCC phase, and the greater
the B concentration, the greater the BCC phase content within the final microstructure is.
The mechanical properties of the sintered specimens are influenced by the interplay of the
mentioned parameters. While the reduction in the porosity is expected to positively affect
the mechanical properties of the sintered specimens, the increase in the BCC phase-volume
fraction adversely influences mechanical properties. In this investigation, 0.5 at.% boron
addition was found to be the optimum addition.
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