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A B S T R A C T

This work examines the influence of adding 2 % boron carbide (B4C) to an AlCoCrFeNi high-entropy alloy 
processed by spark plasma sintering under identical conditions. The study combines microstructural charac
terization, electrochemical evaluation and statistical microhardness analysis to determine how the ceramic 
addition modifies the behavior of the alloy. Scanning electron microscopy and optical metallography revealed 
that the undoped alloy presents a relatively uniform matrix with limited contrast variations. In contrast, the B4C- 
reinforced sample shows a more heterogeneous structure, marked by a broader range of gray levels and a clearer 
separation of phases. Chromium-rich regions were identified in both materials, consistent with the high melting 
point of Cr and the solid-state nature of the mechanical alloying route. In the doped sample, boron and carbon 
tended to accumulate within these Cr-rich domains, following their mixing enthalpy preferences. Electro
chemical testing in chloride solution indicated that the addition of B4C reduces corrosion resistance, with the 
doped material exhibiting lower stability during open-circuit measurements and a decreased charge-transfer 
resistance in impedance spectra. Mechanical testing showed that the 2 % B4C addition increases Vickers hard
ness, although the hardness distribution becomes less uniform, as reflected by a higher dispersion in the sta
tistical parameters. Overall, the results indicate that B4C reinforcement strengthens the alloy but introduces 
greater microstructural heterogeneity and compromises corrosion performance.

1. Introduction

In 2004, another way of understanding metallic systems was 
discovered, High Entropy Alloys (HEAs). These are outstanding metallic 
compounds develop at 5 five principal elements in same atomic pro
portions [1,2]. By their superior possible combination, many different 
properties could be enhanced, such as higher melting points, hardness, 
corrosion resistances or fracture toughness. Therefore, their application 
range increased, as their demand on biomaterial [3], tribology [4], en
ergetic [5] or refractory [6–8] industrial fields. These new types of 
metallic alloys have shown outstanding mechanical and chemical sta
bility, together with a notable adaptability that depends strongly on 
their elemental balance, processing route and possible reinforcements 
[9].

Recent works has shown that different HEA exhibits strong corrosion 

resistance in aggressive environments. This behavior is mainly related to 
chemically uniform and stable passive films on the material surface [10, 
11]. In parallel, the inherent lattice distortion of HEAs contributes to 
high resistance against wear. Low wear rates and stable friction re
sponses have been reported under sliding and abrasive conditions [12].

Oxidation resistance is also a key property of HEA, especially for 
those intended for elevated temperature services or in extreme 
demanding environments. Different studies indicate that selected com
positions can form dense and adherent oxide layers. These layers 
effectively limit oxygen transport and slow degradation kinetics, 
particularly in Cr and Mo containing HEA, due to their oxides stability 
[13].

Among the different systems reported, the AlCoCrFeNi alloy is one of 
the most widely investigated and its synthesis routes and resulting 
properties are well documented in the literature [14–16]. This alloy can 
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be produced through multiple fabrication techniques and is often 
formulated with variable aluminum contents. Instead of keeping an 
equiatomic ratio, it is commonly denoted as AlₓCoCrFeNi, where x 
typically ranges from 0.2 to 1.5 [17–19]. The amount of Al controls the 
crystalline structure: for x ≤ 0.3, the alloy exhibits a single FCC phase; 
when 0.3 < x ≤ 0.6, both BCC/B2 and FCC phases coexist; and for 
x > 0.6, the structure fully transitions to a BCC structure [20].

HEA-based composites are also frequently reported, either incorpo
rating the HEA as a strengthening phase or reinforcing the alloy with 
additional materials [21,22]. Reinforcement approaches are highly 
varied, ranging from metallic additions to the integration of polymers or 
ceramics. Ceramic-based strengthening, particularly when combined 
with Spark Plasma Sintering (SPS), has led to substantial improvements 
in strength and wear resistance, expanding the engineering relevance of 
these systems. Common ceramic reinforcements include SiC [23,24], 
TiB2 [25], TiC [26,27] or B4C [28,29], all valued for their excellent 
mechanical stability. Between all ceramics B4C ranks as the third hardest 
material known, which raises its interest as doping or matrix compound 
[30].

Boron carbide (B4C) is distinguished by its low density, very high 
hardness, strong neutron absorption capacity, semiconductive behavior 
and elevated melting point, resulting in excellent thermal stability and 
strong corrosion resistance [31–33]. These attributes make it highly 
valuable for aggressive environment electronic devices, bulletproof ar
mors, extremely high temperature refractory components and nuclear 
protection systems [34]. Its combination of light weight, mechanical 
strength and durability makes it a potential alternative to diamond for 
industrial use, being lighter and cheaper. B4C-reinforced composites also 
show improved tribological performance compared to Si3N4, Al2O3, SiC 
or ZrO2 ceramics, due to their high hardness and low density [35]. 
Therefore, B4C ceramic presents a high interest in many technological 
and engineering fields, with uses ranging from nuclear engineering to 
structural and electronic applications [36].

This work examines the microstructural, mechanical and electro
chemical behavior of two materials derived from an AlCoCrFeNi HEA 
matrix produced by SPS, one of which incorporates 2 % B4C. By 
combining scanning electron microscopy with a series of electro
chemical tests and a statistical Vickers microhardness test, the study 
evaluates how the addition of boron carbide modifies the corrosion 
response and general performance of this doped high-entropy alloy.

2. Experimental

2.1. Materials

The high-entropy alloy powders used in the study were mechanically 
alloyed at the Polytechnic University of Bucharest, Romania, using a 
Fritsch™ Pulverisette™ 6 Classic Line Planetary Mono Mill. The B4C 
powder used as an additive was commercially supplied by H. C. Starck 
Cop. and the samples were sintered in the Spark Plasma Sintering (SPS- 
7.40 MK-VII, SPS Syntex Inc., Saitama, Japan) device located at Istanbul 
Technical University, Department of Metallurgy and Materials 
Engineering.

The sintering process was carried out under vacuum at 900◦C under a 
constant uniaxial pressure of 40 MPa for 3 min. Information such as the 
production parameters and codes of the samples is provided in Table 1. 
The equimolar AlCoCrFeNi sample (named M1) and 2 % B4C-doped 
AlCoCrFeNi (named M2) were obtained. For M2 system, powders were 

mixed for 6 h in a turbulent mixer (T2F Bachofen) to achieve complete 
homogenization before sintering. Graphite sheets are placed between 
punches and powders in the mold to facilitate conductivity during the 
SPS process.

The graphite paper adhering to the surface of the obtained samples 
was removed with SiC abrasive paper (120–2500 grit) in using the 
Struers TegraPol-11 system (Struers, Copenhagen, Denmark). The 
cleaned samples were polished using a 0.1 µm alpha alumina suspension 
for characterization processes.

2.1.1. Microstructural characterization
The microstructure characterization of the sintered samples was 

performed by three different methods. First, Scanning Electron Micro
scopy (SEM) test was performed using a Thermoscientific Axia Chem
iSEM model scanning electron microscope. The analyses were 
performed at different magnifications of 500×, 2000× and 5000× to 
better understand the microstructure. Both EDS mapping and point EDS 
analyses were performed at 5000x magnification to observe the phase 
distributions in the microstructure. For a quantitative analysis of SEM 
images, software ImageJ has been used. This is an image analysis soft
ware extensively used by the microstructural characterization commu
nity for almost 20 years [37–39]. The second characterization step 
involved XRD analysis, in order to reveal the atomic structure and phase 
composition of the samples. This test was executed with the X’Pert PRO 
PANalytical X-ray Diffractometer, Cu-Kα radiation, 2θ: 10–110◦. Finally, 
a metallographic examination using an optical microscope was per
formed. Before observation, the polished surfaces were electrochemi
cally etched in a 10 % oxalic acid (H2C2O4) solution, applying 5 V for 
10 s to reveal the microstructural features. Surface images of the etched 
samples were then acquired with a Zeiss Axiocam ERc 5 s system 
(Carl-Zeiss QEC GmbH, Ostfildern, Germany).

2.1.2. Electrochemical tests
After preparing the samples, three electrochemical techniques: open 

circuit potential (OCP), linear polarization and electrochemical imped
ance spectroscopy (EIS), were performed using a BioLogic Essential SP- 
150 potentiostat in 3.5 % NaCl simulated seawater.

Test parameters and data analysis were carried out with EC-Lab 
v.9.55 software in compliance with ASTM G5–94 (2004) [40]. The 
cell employed a three-electrode configuration consisting of analyzed 
sample as the working electrode, a saturated calomel electrode as 
reference and a platinum mesh as counter electrode.

OCP was monitored for 24 h using the “Ecorr vs. Time” method, with 
data logged every 30 s or upon a 100 mV potential shift, to assess 
passivation, stability or corrosion tendency. Linear polarization mea
surements were conducted after stabilization by defining the electrode 
surface area and duration (110 min). The potential was scanned from 
− 0.1 to + 1 V vs. OCP at 10 mV/min and corrosion rates were calculated 
via Tafel fitting.

EIS, following ISO 16773–1–4:2016, was carried out by applying an 
AC signal over a frequency range of 100 mHz to 100 KHz [41]. The 
impedance response was represented using Nyquist and Bode plots, 
while equivalent circuit modeling was applied to simulate and interpret 
the electrochemical behavior of the material.

2.1.3. Vickers microhardness statistical analysis
Vickers microhardness tests were carried out with the use of FM-810 

Microhardness Tester (Future Tech, Kawasaki, Japan), using a load of 

Table 1 
SPS production parameters of the samples.

Sample Codes AlCoCrFeNi (vol%) B4C 
(vol%)

Sintering Temperature 
(◦C)

Sintering Time 
(min)

Sintering Pressure 
(MPa)

Heating Rate 
(◦C/min)

M1 100 - 900 3 40 100
M2 98 2 900 3 40 100
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0.1 kgf (HV0.1) and following ISO 14577–1:2015 standard [42]. This 
load was chosen to obtain reliable indentations while avoiding 
surface-roughness effects. For each sample, a total of 40 indentations 
were made to ensure good statistical significance. The hardness data 
were examined using three tools: boxplots to show quartiles and 
dispersion, histograms to display the distribution of values and fitted 
Gaussian curves to evaluate how close the results were to a normal 
distribution.

3. Results and discussion

3.1. Microstructural characterization

Fig. 1 shows magnifications of 500× and 2000× to the samples 
consolidated with SPS. Fig. 1, (a) shows dark gray phases within a ho
mogeneous matrix in the microstructure of sample M1, its analysis on 
ImageJ determined that dark gray areas correspond to a 15 % of the 
surface fraction. For sample M2, as seen in (b), it is observed that the 
color contrast between the matrix and the dark-colored phases formed 
decreases with the addition of 2 % B4C. Additionally, it is seen that these 
dark phase areas formed separately in the matrix are also wider. Its 
analysis on ImageJ confirmed that a bigger heterogeneity can be seen on 
the sample surface, classifying the gray tones and their surface fraction 
into 3; light gray (16.2 %), middle gray (62.6 %) and dark gray (21.2 %). 
The 2000× magnification is taken for more detailed examination, a 
generally homogeneous structure is seen in sample M1, while phase 
diversity is observed in sample M2. Additionally, it is seen that the pores 
have increased slightly with the B4C addition.

The elemental distributions of the phases are shown in Fig. 2 and 
Fig. 3 for M1 and M2, respectively. Point EDS and mapping analysis 
were performed at 5000× magnification.

The results of the 5-point analysis performed on the different colored 
regions of the M1 sample in Fig. 2a) are given in Table 2. According to 
the table, chromium is particularly enriched in the dark regions. In the 
Cr-rich regions, the aluminum distribution is low, while the cobalt and 

nickel distributions are limited. In a similar study conducted by Li et al. 
[43], Cr-rich regions were also observed in the microstructure of sam
ples produced by SPS. The authors stated that this situation occurred 
because chromium has a higher hardness than other elemental powders 
during mechanical alloying, causing it to remain in large particles and 
weld with other small elemental particles. They interpreted this as 
causing Cr to segregate. In the study conducted by Onawale et al. [44], it 
was stated that Cr is the element with the highest melting point (1907 
◦C) in the system and will be the first element to solidify during solidi
fication. It was stated that in the equimolar system, Cr remains separate 
within the structure up to 1350 ◦C, while Al, with its low melting point 
(600 ◦C), has the highest diffusivity coefficient and stabilizes the BCC 
phase.

When examining the EDS mapping in Fig. 2, where each element is 
assigned a different color, images consistent with the above explanation 
are observed. The dark region is seen to be rich in chromium. Looking at 
aluminum, it can be interpreted that its distribution within the structure 
is lower compared to other elements.

Similar to M1, EDS point and mapping analyses were also performed 
for the M2 sample. The data from the point analyses are presented in 
Table 3. Points 1 and 2 show that the dark areas are chromium rich. An 
increase in boron and carbon values was observed along with the in
crease in Cr content, but aluminum and nickel content decreased. In Wu 
et al.'s study on CoCrFeNi alloy produced by adding B4C using the laser 
powder bed fusion method, B and C were also observed in C-rich regions. 
This phenomenon was explained by the fact that the mixture enthalpy 
between Cr and C (-61 kJ/mol) had a higher absolute value than the 
mixture enthalpies of the other elements [Ni (-39 kJ/mol), Fe (-50 kJ/ 
mol) and Co (-42 kJ/mol)] [45]. The area indicated by point 3 shows 
that Co-rich areas may also form within the structure, and their colors 
are lighter. The area at point 5 is seen to be rich in nickel and aluminum. 
In CoCrFeNiAl alloys, depending on the chemical composition, the 
chemical mixture enthalpy value in the Ni-Al binary phase system is 
− 22 kJ/mol, which is the most negative value, thus enabling the for
mation of Ni-Al-rich phases [46]. Considering the area at point 6, boron 

Fig. 1. Different magnifications SEM images of the surface for M1 (a,c) and M2 (b,d).
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and carbon reach their relatively highest values, suggesting that boron 
carbide may have agglomerated in some areas.

Looking at the EDS mapping provided for sample M2 in Fig. 3, it can 
be seen that there is greater elemental segregation in the structure 
compared to sample M1. It can be interpreted that boron and carbon, 
which can be determined, are homogeneously distributed in the 
structure.

Analysis of the elemental maps revealed, as in M1, that chromium is 
concentrated in certain specific regions, where the distribution of 
aluminum is very limited. In contrast, iron, nickel and carbon are ele
ments that are distributed more homogeneously within the structure.

In the study conducted by Mohsen Kivy and his collaborators [19], it 
was reported that, due to the free diffusion of carbon from the graphite 
crucible, chromium separates from the matrix and the (Cr,Fe)23C6 phase 
is formed.

The XRD patterns of samples M1 and M2 are shown in Fig. 4. In both 
samples, the peaks obtained were consistent with the (111), (200), and 
(220) planes and were similar to the standard diffraction pattern of FCC 
Ni (JCPDS: 00–004–0850) [47]. Both structures indicate the presence of 
a BCC phase, while the M1 sample is seen to have a predominantly FCC 
structure. This observation supports previous reports indicating that the 

addition of Al to the CoCrFeNi system promotes the coexistence of FCC 
and BCC phases and may lead to local chemical partitioning or 
element-rich regions rather than a single homogeneous phase, as dis
cussed in detail in recent studies [48–50]. In addition to the FCC and 
BCC phases in the M1 sample, the σ (sigma) phase (JCPDS: 
00–005–0708), represented by low-intensity peaks in the 2θ ≈ 35–45◦

range, was detected [51]. The sigma phase is a brittle intermetallic 
compound that can form particularly in Cr-rich regions and may appear 
during the mechanical alloying process. After the SPS process, the σ 
phase did not completely disappear, although its diffraction intensity 
remained low, suggesting a limited volume fraction.

The addition of B4C to the structure resulted in a more complex phase 
composition in sample M2. Additionally, peaks compatible with the BCC 
NiAl (JCPDS: 00–002–1261) phase were observed in the (110), (211), 
(200), and (100) planes [52]. Furthermore, the M23C6 carbide phase 
(JCPDS: 01–085–1281), characterized by multiple peaks in the 2θ 
≈ 38–42◦, 60–75◦ range, is clearly evident. The formation of such car
bide phases has been widely reported in carbon-containing or 
carbide-reinforced high-entropy alloys processed at elevated tempera
tures, where enhanced carbon diffusion during SPS promotes carbide 
precipitation, in good agreement with recent literature [53]. When 

Fig. 2. Analysis points identification (a) and EDS mapping technique with color filter on M1 sample: b) Aluminum; c) Chromium; d) Iron; e) Cobalt; f) Nickel.
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comparing the peak intensities and phases of both samples, it is observed 
that M2 exhibits a more complex and multi-phase structure due to its 
carbon content, while M1 has a relatively simple FCC + BCC + low 
amount of σ phase combination. The formation of the M23C6 phase in M2 
indicates that carbide reactions occurred during SPS and that stable 

carbide phases were formed.
Below, Fig. 5 presents the metallographic observations obtained by 

optical microscopy. In sample M1, two distinct phases can be clearly 
distinguished, consistent with the features previously identified in the 
SEM analysis (Fig. 1). A slight surface porosity is also visible. In contrast, 

Fig. 3. Analysis points identification and EDS mapping technique with color filter under 5000x on M2 sample: a) Point identification; b) Boron; c) Chromium; d) 
Iron; e) Cobalt; f) Nickel; g) Aluminum; h) Carbon.
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the microstructure of M2 reveals a significantly more heterogeneous 
appearance, with a large number of dark inclusions distributed across 

the surface, corresponding to the presence of B4C introduced during 
doping.

The segregation factor is a useful parameter to quantify how strongly 
an element accumulates in specific regions of a microstructure. A higher 
segregation ratio (SR) indicates that the element is concentrated in the 
most enriched area, meaning that the alloy exhibits a stronger degree of 
segregation.

In this work, the SR values, seen in Table 4, were calculated from 
SEM-EDS measurements by comparing the maximum and minimum 
local concentrations of each element. On both samples, the micro
structure shows two clearly distinguishable contrast regions: a light-gray 
matrix (LG) and dark gray zones (DG) enriched in chromium. These two 
areas allow a direct comparison between the Cr-rich domains and the 
surrounding matrix. 

SR =
Element concentration in DG
Element concentration in LG

(1) 

The SR values show clear chemical partitioning in both alloys. M1 
exhibits strong segregation, especially for Cr in the darker regions. In 
M2, the segregation of Cr is stronger, with more than double SR factor. 
B4C in M2 sample had a moderate segregation. Overall, the SR trends 
highlight that boron carbide doping increases the compositional 
contrast of the base HEA.

3.2. Electrochemical tests

3.2.1. Open circuit potential
Fig. 6 shows how the corrosion potential, Ecorr, of both samples 

evolves during 24 h of immersion in 3.5 % NaCl solution. In the case of 
this kind of open-circuit potential (OCP) test, higher positive values are 
correlated with an improved degree of stability of the passive film and, 
consequently, a reduced tendency to corrode.

It can be observed that for sample M1, its potential is initially around 
–0.33 V vs SCE and in the first few hours it becomes slightly more 
negative, stabilizing at around –0.45 V. This behavior indicates that M1 
quickly reaches a quasi-steady state and remains stable for the rest of the 
measurement, suggesting good corrosion resistance.

Sample M2 starts at a potential similar to that of M1 but within a few 
minutes quickly shifts to much more negative values (approx. − 0.95 V 
vs SCE). During the measurement, it shows significant fluctuations 
without reaching a completely stable state.

3.2.2. Linear polarization
From the linear polarization curve (Fig. 7), it can be observed for 

sample M1 that the corrosion potential around − 0.45 V vs. SCE co
incides with the open circuit potential in Fig. 4. The passive region of M1 
suggests the formation of a passive layer with stable products that limit 

Table 2 
Atomic percentage on the different points selected at M1 sample.

Atomic %

Element P1 P2 P3 P4 P5

Al 0.4 1.7 2.6 3.6 8.2
Cr 99.0 56.2 74.4 28.8 38.6
Fe 0.3 19.0 7.2 22.7 18.5
Co 0.1 14.2 7.6 22.1 17.9
Ni 0.3 8.9 8.2 22.9 16.8

Table 3 
Atomic percentage on the different points selected at M2 sample.

Atomic %

Element P1 P2 P3 P4 P5 P6

B 1.4 1.8 1.4 2.2 2.8 3.0
C 12.5 14.7 12.6 13.7 18.4 19.7
Al 11.2 1.0 5.3 7.8 23.1 11.2
Cr 48.6 69.3 7.4 10.5 2.5 23.6
Fe 10.1 6.5 7.7 24.8 14.7 18.5
Co 7.2 4.3 61.9 29.4 17.5 13.9
Ni 8.9 2.6 3.8 11.6 21.0 10.2

Fig. 4. XRD patterns of M1 and M2 samples.

Fig. 5. Metallographic microscopy for: a) M1; b) M2.
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the anodic reaction. The order of magnitude of the corrosion current is 
low (10− 6…10− 7 A), indicating very good corrosion resistance. For 
sample M2, the corrosion potential is approximately − 0.95 V, much 
more negative than that of M1. The corrosion current is much higher 
(10− 4…10− 5 A) and the shape of the curve, together with the unstable 
OCP in Fig. 5, confirm pitting corrosion.

Table 5 shows the kinetic parameters of the corrosion process. The 
higher Tafel slopes for sample M2 indicate a breakdown of the passive 
film and instability of passivation, while M1 shows more moderate 
values, consistent with more stable passivation. M1 behaves as a mate
rial with more effective passivation and lower corrosion rate, while M2 
behaves as a more active sample susceptible to localized corrosion. M2 
passive layer behavior is probably due to chromium-carbon bonds, 
impeding the formation of a CrO2 protective layer, as seen in SEM where 
chromium separates from the matrix and the (Cr,Fe)23 C6 phase is 
formed.

3.2.3. Electrochemical impedance spectroscopy (EIS)
The Nyquist diagrams are shown in Fig. 8 show a much larger 

semicircular arc for M1 than for M2, indicating a significantly higher 
load transfer resistance Rct for sample M1. A higher Rct is associated with 
a lower corrosion rate, especially because there are no dominant diffu
sion effects.

It can be observed that at low frequencies (from 100 mHz to 100 Hz) 
sample M1 has a higher IZI than sample M2 (see Fig. 9), which indicates 
greater resistance to charge transfer and, implicitly, greater resistance to 
corrosion. At high frequencies, the differences in IZI are small, demon
strating that the resistance of the solution is similar for both samples.

Both samples show a single broad minimum in the phase vs. fre
quency curve (see Fig. 10), suggesting a two-step corrosion process, 
typical of a simple R(QR)(QR) equivalent circuit, i.e., kinetic charge 
control through the passive film (see Fig. 11). However, M1 has a deeper 
phase minimum (approx. − 70º) and is shifted to lower frequencies, 
indicating a higher effective capacitance associated with the passive film 
and a slower charge transfer process. M2 has a less pronounced phase 
minimum (approx. − 50º), suggesting behavior with less capacitive 
accumulation due to a thinner or more defective passive layer.

Table 4 
Composition average results in LG and DG areas and SR values of both samples.

Sample Parameters Al Co Cr Fe Ni B C

​ LG 3.6 22.1 28.8 22.7 22.9 - -
M1 DG 0.4 0.1 99.0 0.3 0.3 - -
​ SR 0.111 0.005 3.44 0.013 0.013 - -
​ LG 5.3 61.9 7.4 7.7 3.8 1.4 12.6
M2 DG 1.0 4.3 69.3 6.5 2.6 1.8 14.7
​ SR 0.189 0.069 9.365 0.844 0.684 1.286 1.167

Fig. 6. OCP plot for 24 h immersion comparison for both samples in artificial 
sea water.

Fig. 7. Linear polarization curve comparison for both samples in artificial 
sea water.

Table 5 
Corrosion parameters for all samples tested.

Parameters M1 M2

Ecorr (mV vs. Ref) -465.995 -941.769
Icorr (µA/cm2) 0.137 2.516
βc (mV) 6.0 47.5
βa (mV) 5.8 45.8
Equivalent weight (g/eq) 21.033 20.953
Measured density (g/cm3) 6.87 ± 0.008 6.91 ± 0.02
Surface (cm2) 0.933 0.991
Corrosion rate (mmpy) 1.470⋅10− 3 25.189⋅10− 3

Fig. 8. Nyquist plot comparison for both samples in artificial sea water, with 
high frequencies magnification.
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In Table 6, the equivalent circuit parameters are displayed. It can be 
seen that the parameters of the porous layer (RA–QA) in both samples, 
present lower values than the ones found in their compact layer (RB–QB), 
due to the effectiveness of the created inert protective fil on the samples 

surface. M1 values, in concordance with the other electrochemical tests 
conducted, present better corrosion behavior.

In passive systems, “Q” denotes a Constant Phase Element (CPE). 
This circuit layout indicates that the surface has a two-layer passive film, 
with porous and compact regions that slow down dissolution before the 
electrolyte reaches the alloy. Applying Kirchhoff’s laws and substituting 
the CPE terms leads to the following expression: 

Zcircuit = Rsol +
RA⋅QA

RA + QA
+

RB⋅QB

RB + QB
(2) 

Where letters “A”, “B”, “C” and “D” stands for: 

QA =
1

YA(jw)
nA (3) 

QB =
1

YB(jw)
nB (4) 

3.3. Vickers microhardness statistical analysis

The statistical analysis shows that M2 has a slightly higher average 
hardness than M1, as expected when adding a hard ceramic such as B4C. 
However, according to the values in Table 7, M2 also presents a wider 
spread and higher standard deviation. This indicates that its hardness is 
less uniform across the sample. The boxplots and Gaussian curves 
confirm this trend, showing a broader distribution for M2, as seen in 
Fig. 12. This behavior is consistent with a more heterogeneous micro
structure caused by the B4C addition and its distribution after SPS sin
tering, according to SEM results. In contrast, M1 exhibits a narrower 
range of values, reflecting a more homogeneous alloy. Overall, the 2 % 
B4C reinforcement increases hardness but also introduces greater 
variability.

4. Conclusion

This study investigated the effect of ceramic B4C doping on the 
microstructural, mechanical and electrochemical behavior of equimolar 
AlCoCrFeNi HEA, processed by spark plasma sintering. Microstructural 
analysis revealed that the addition of B4C leads to an increase in phase 
diversity on the homogeneous microstructure. Also, Cr-rich phases were 
observed in both M1 and M2 samples due to the mechanical alloying 
process and the high melting point of chromium. Ni and Al were 
observed to coexist with the most negative mixture enthalpy within the 
structure. XRD confirmed the existence of metallic carbides (M23C6) on 
the doped sample and in SEM it was observed that B and C elements 
concentrated in the Cr-rich region due to their mixture enthalpies.

The Vicker test results demonstrate that B4C addition leads to a clear 
increase in hardness primarily attributed to the ceramic reinforcement, 
although at the expense of a less uniform distribution of mechanical 
response. However, this mechanical enhancement is accompanied by a 
greater degradation in corrosion resistance. The doped sample presented 
a higher susceptibility to corrosion, associated with a less effective 
protective film. This is mainly produced by the M23C6 phase formation. 

Fig. 9. Bode impedance comparison for both samples in artificial sea water.

Fig. 10. Bode phase for both samples in artificial sea water.

Fig. 11. R(QR)(QR) equivalent circuit for both composites in artificial 
sea water.

Table 6 
R(QR)(QR) equivalent circuit parameters for composites under study.

Parameters M1 M2

Y0
A (S⋅secn/cm2) 7.16⋅10− 5 2.27⋅10− 4

nA 0.81 0.69
RA (ohm⋅cm2) 7.49 2.33⋅101

Y0
B (S⋅secn/cm2) 2.38⋅10− 8 1.41⋅10− 4

nB 1.00 0.90
RB (ohm⋅cm2) 7.05⋅103 1.95⋅103

Chi-square 9.90⋅10− 4 1.61⋅10− 3

Table 7 
Statistical parameters of Vickers hardness measurements for both samples.

Statistical 
Parameters

Hardness (HV0.1)

M1 M2

Mean 451 456
Median 447 452
Standard deviation 33 45
Minimum 368 392
Maximum 524 593
Quartile 25 428 421
Quartile 50 447 452
Quartile 75 474 481
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Due to carbon free diffusion, chromium separates from the matrix and 
the Cr23C6 phase is formed, being enabled to form protective chromium 
oxides (Cr2O3) which prevent corrosion on the material surface.

From a practical perspective, M2 may be suitable for applications 
where high hardness and wear resistance are critical, but in controlled 
atmospheres. In extremely aggressive environments, such as biomedi
cine, energy storage or shipbuilding [54], the best option for corrosion 
resistance and long-term durability is M1.

Future work employing both materials should focus on B4C doping 
optimization in order to balance mechanical and electrochemical 
properties. Also, post-sintering heat treatments are another aspect to 
consider. Finally, other carbides can be considered and studied to sub
stitute B4C, such as SiC or TiC, to try to improve AlCoCrFeNi HEA me
chanical properties without compromising its corrosion behavior.
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