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ABSTRACT: Microwave heating and sintering techniques are applied to various production lines and ma-
terial systems to improved their microstructure and mechanical properties in comparison to conventional 
means of  production. These techniques also consume less power and energy compared to conventional heat-
ing methods. In this study, the production of  high entropy alloys (HEA) by arc melting was carried out with 
specimens made from compacted and sintered elemental powders; the sintering process of  alloy powders prior 
to remelting prevents certain problems such as porosity and uneven mixing that may occur during casting. 
We investigated the effects of  conventional and microwave sintering processes prior to remelting and casting 
on structure and properties of  FeNiCoCrCuBx HEA. Our results show that microwave sintering changes the 
size and shape of  phases and microstructure of  the alloy by affecting the liquid-phase separation mechanism. 
Three-point bending strength and ductility of alloys produced by microwave sintering were superior to con-
ventional sintering.
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RESUMEN: La evolución de las fases en las aleaciones de alta entropía FeNiCoCrCuBx producidas mediante 
sinterización por microondas y fusión por arco en vacío. Las técnicas de sinterización y calentamiento por mi-
croondas se aplican en varias líneas de producción y materiales para mejorar su microestructura y propiedades 
mecánicas en comparación con los medios de producción convencionales. Estas técnicas también consumen 
menos potencia y energía en comparación con los métodos de calentamiento convencionales. En este estudio se 
realizó la producción de aleaciones de alta entropía (HEA) por fusión de arco con probetas elaboradas a partir 
de polvos elementales compactados y sinterizados; el proceso de sinterización de los polvos de aleación antes de 
refundirlos evita ciertos problemas, como la porosidad y la mezcla desigual que pueden ocurrir durante la fundi-
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ción. Investigamos los efectos de los procesos de sinterización convencionales y por microondas antes de refundir y colar sobre 
la estructura y las propiedades de un HEA: FeNiCoCrCuBx. Nuestros resultados muestran que la sinterización por microondas 
cambia el tamaño y la forma de las fases y la microestructura de la aleación al afectar el mecanismo de separación de la fase 
líquida. La resistencia a la flexión en tres puntos y la ductilidad de las aleaciones producidas por sinterización por microondas 
fueron superiores a las de la sinterización convencional.

PALABRAS CLAVE: Aleaciones de alta entropía; Fusión por arco; Microestructura; Separación de fases líquidas; Sinterización 
por microondas
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1. INTRODUCTION

Contrary to conventional alloy models, high en-
tropy alloys (HEA) are obtained by mixing five or 
more elements in identical or similar proportions 
and contain simple solid solution phases in the mi-
crostructure due to the high mixing entropy effect. 
Studies until now show that HEAs mostly contain 
one or more stable solid solution phases and separa-
tion can occur in solid solution phases depending on 
the heat treatment (Pérez et al., 2019). In the synthe-
sis of HEA, many different production methods are 
employed such as mechanical alloying (solid state), 
induction melting (liquid state), magnetron sputter-
ing (thin film) and selective laser melting (additive 
manufacturing), however, vacuum arc melting is a 
common preferred method (Alshataif  et al., 2020). 
Vacuum arc melting is based on the melting of alloy-
ing elements in the form of powder, flakes or pre-al-
loyed pieces in an inert gas environment (mostly 
Argon), on a water-cooled copper crucible, with the 
help of an arc created by non-melting tungsten elec-
trode (Gao et al., 2016). Since the remelting process 
takes place in a controlled atmosphere, the compo-
sition of the alloy being remelted is less affected by 
the evaporation of some elements during remelting. 
Thus, metals with high melting points can be remelt-
ed easily in a homogeneous manner and the chemi-
cal activity of elements such as oxygen and nitrogen 
in the alloy structure is greatly diminished by the Ar-
gon controlled chemical process. This results in an 
improvement of the microstructural and mechanical 
properties of the alloy (Zhang et al., 2019; Teren-
tyev  et al., 2020). However, during the arc remelting 
process of powdered alloy, the arc force between the 
tungsten electrode and the powder material gener-
ates evaporated dust particles which tend to scatter, 
making the remelting process difficult to control due 
the loss of metal powders and ionization. Compact-
ing and sintering metallic powders prior to vacuum 
arc melting enables to scale down material loss dur-
ing remelting and provide more controlled condi-
tions in HEAs (Wu et al., 2021). 

The most common method used for sintering 
powder compacts is conventional sintering (Torral-
ba and Campos, 2014). This involves heating the sur-
face of the powder compact first and then indirectly 

the rest of the compact by conduction, convection, 
and radiation. Therefore, heating and cooling of the 
compacts depend on the heating and cooling rate 
of furnace, which usually takes a long time. How-
ever, in the microwave sintering technique, which is 
a relatively new approach in sintering, the powder 
compacts are heated directly by volumetric heating 
at the atomic level, and the sintering process can be 
completed in a shorter time, which is due to the uni-
form temperature distribution achieved throughout 
the material. Because of volumetric heating in the 
microwave, energy consumption for heating is also 
reduced (Zhou et al., 2018). 

CoCrFeMnNi, AlCrCoCuFeNi and similar high 
entropy alloy systems, which were first studied by 
Cantor et al. (2005), are still being studied exten-
sively (Kao et al., 2009). This is because “transition 
elements” that make up the alloy system in question 
have high solubility limits within each other due to 
similarities in their atomic sizes, melting points and 
electronegativity, thus facilitating the formation of 
either single or multiple solid solutions in the micro-
structure (Fu et al., 2016). Another reason is the low 
cost of some elements (Fe, Cu etc.) and their ease of 
availability (Dąbrowa et al., 2017; Fu et al., 2017). 
Alloy systems consisting of these elements exhibit a 
dendritic casting structure when they are produced 
by arc remelting, and with regard to Cu element in 
the alloy system, copper-rich phases precipitate in 
the region between dendrites (Kaufman et al., 2018). 
The tendency of copper to form a second solid solu-
tion phase in the structure during solidification is 
due to its high positive mixture enthalpy (ΔHmix) 
compared to other alloying elements, which causes 
this type of separation. The precipitation of these 
phases in the microstructure with liquid-phase sep-
aration has a significant effect on the deformation 
and strengthening mechanisms of the alloy, and fur-
ther studies need to be carried out to address this 
(Guo et al., 2017; Xian et al., 2018). 

In the current study, the sintering process was 
applied to the samples before casting in order to 
both reduce material loss during remelting and bal-
ance the increase in copper-rich phase size the in 
microstructure. Then the structural and mechani-
cal effects of conventional and microwave sintering 
on liquid phase separation during solidification of 
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FeNiCoCrCuBx high entropy alloys were investi-
gated. The powders forming FeNiCoCrCuBx HEAs 
were die-compacted and divided into two groups. 
The main reason why boron is preferred as a minor 
element in the alloy is that the synergistic effects of 
boron on solid solution strengthening mechanism 
and phase transformation (Liu et al., 2016; Algan 
Şimşek et al., 2021). One group underwent conven-
tional sintering while the other group underwent 
microwave sintering, followed by arc melting. The 
specimens were characterized using optical micros-
copy (Leica DM 4000M), scanning electron micros-
copy (SEM-Jeol JEM 6060 LV), energy dispersive 
spectroscopy (EDS), X-ray diffraction (XRD-Bruk-
er D8 Advance), differential scanning calorimetry 
(DSC-Netzsch/STA 449 F3, Jüpiter), micro hard-
ness (Shimadzu HMV-2) and three-point bending 
(Instron 3369 Universal testing machine) tests.

2. MATERIALS AND METHODS

Powder mixtures were prepared with two differ-
ent chemical compositions, i.e. FeNiCoCrCuB3 (Al-
loy A) and FeNiCoCrCuB5 (Alloy B) from Fe, Ni, 
Co, Cr, Cu and B powders with 99.9% purity and 
an average size of 300 mesh (approximately 44 µm). 
The powders were tumble mixed for 30 min in order 
to ensure homogeneous distribution of the powders. 
After mixing, the specimens were compacted unidi-
rectionally in a rectangular die of 10×10×55 mm3 
under a pressure of approximately 530 MPa. Con-
ventional or microwave sintering was applied to the 
compacted HEA prior to arc melting. Conventional 
sintering process was carried out in a tube furnace 
with a temperature capacity of 1100 °C under Ar 
gas atmosphere. Microwave sintering was carried 
out in an open air atmosphere of a microwave oven 
with a temperature capacity of 1600 °C, microwave 
frequency of 2450 MHz (± 25 MHz) and a bal-
anced power support of AC 220 V ± 10 V at 50 Hz.  
High-stability, long-lifetime continuous industrial 
microwave generator is used to ensure a continuous 
and stable running of the system and it has an IR 
sensor for accurate temperature measurement. The 

high-precision IR pyrometer is to measure the tem-
perature directly in the samples. Chemical composi-
tions and sintering parameters of HEAs are given in 
Table 1.  Finally, samples sintered by both methods 
were remelted three times in an arc remelting fur-
nace in order to ensure chemical homogeneity of the 
alloy resulting in the production of HEA samples.

Optical microscopy and SEM studies of HEAs 
were carried out after etching with the aqua reqia 
solution. Energy dispersive spectroscopy (EDS), 
electron probe micro-analysis (EPMA) and X-ray 
diffraction (XRD) analyses were carried out to 
determine the distribution of elements in the mi-
crostructure and the crystal structure of the phas-
es present in the microstructure, respectively. The 
scanning speed and span of XRD device using Cu 
Kα (λ = 1.5418 Å) cathode was adjusted to 10°/min 
and between 40° and 80° for 2θ. In order to deter-
mine the temperature of phase transitions in HEA, 
differential scanning calorimetry was performed 
between 25 °C and 1400 °C at a heating rate of 10 
°C·min-1. Micro hardness tests of HEAs was car-
ried out with 10 s loading duration and 9.8 N load 
(HV 2) and ten measurements were taken from each 
specimens. Three point bending tests were carried 
out with the help of a universal test machine with 
a maximum load capacity of 50 kN at a crosshead 
speed of 1 mm·min-1 and a support span width of 
25.4 mm. HEA alloys were sliced to dimensions of 
3×6×30 mm3 in a wire Electro Discharge Machin-
ing device for the three point bending test. Five tests 
were carried out for each specimen group.

3. RESULTS

Sintering and furnace cooling processes of HEA 
alloys were completed in 415 min (heating speed ≈ 
6 °C·min-1) with conventional sintering and in 275 
min (heating speed ≈ 10 °C·min-1) with microwave 
sintering. The cooling rate of the microwave oven is 
fast (20 °C·min-1) at first, but slower (d ≈3 °C·min-1) 
after 600 °C and average cooling rate of convention-
al oven is 1.4 °C·min-1. In contrast to conventional 
sintering, in microwave sintering the heating of an 

Table 1. Chemical Compositions (at.-%) and preparation techniques of HEAs

Alloy Fe Ni Co Cr Cu B Preparation
Sintered temperature 

(°C)

Sintering time 

(min)

A1
19.4 19.4 19.4 19.4 19.4 3.0

Conventionally sintered, 

arc melted

980

60

A2
Microwave sintered, arc 

melted
15

B1
19.0 19.0 19.0 19.0 19.0 5.0

Conventionally sintered, 

arc melted
60

B2
Microwave sintered, arc 

melted
15
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object begins from the center of the sample towards 
outside. Therefore, uniform heating as well as high 
density can be achieved in a much shorter time with 
lower energy consumption compared to convention-
al sintering (Anklekar et al., 2005). However, the 
interaction of microwave with materials varies ac-
cording to their microwave absorption ability. For 
example, ceramic-based materials can easily convert 
microwave energy to heat energy as they can absorb 
microwaves, while metallic materials cannot absorb 
microwaves and reflect them from the surface due 
to their opaque nature. For this reason, microwave 
heating of metallic materials may not be as effective 
as ceramic materials (Singh et al., 2015; Mishra and 
Sharma, 2016a). In the current study, the time to rise 
to sintering temperature in microwave sintering was 
relatively longer due to the above-mentioned “met-
al-microwave” interaction, but compared to conven-
tional sintering, the entire processing time was al-
most half  of the duration of conventional sintering.

Density values of conventional and microwave 
sintered HEAs are given in Fig. 1. The sintered den-
sity values were calculated by the ratio of sample 
weight to actual volume. The densities of Alloy A 
and Alloy B sintered using microwave were high-
er than conventionally sintered HEAs. The main 
reason for the density difference between these al-
loys, which have the same composition, is that the 
active diffusion mechanisms in the two sintering 
techniques are different from each other. Surface 
diffusion is more dominant in conventional sinter-
ing, while grain boundary and bulk diffusions are 
more dominant in microwave sintering. The num-
ber of active diffusion mechanisms in microwave 
sintering is higher than that in conventional sinter-
ing and the diffusion conditions are more uniform 
due to a well-balanced heat distribution within the 
specimen. Therefore, the activation energy required 
for intergranular neck formation during microwave 
sintering is also lower. Hence, microwave sintering 
is an advantageous technique in obtaining different 

microstructures while increasing the density of parts 
produced by powder metallurgy (Mishra and Shar-
ma, 2016b).

Figure 2 shows the optical microstructure images 
of HEAs that were produced by arc melting at 5X 
magnifications after conventional and microwave 
sintering. Corroborating data from similar studies in 
the literature, microstructural images show that all 
HEA microstructures exhibit a dendritic structure 
and 3 phases in the dendritic (D) and inter-dendritic 
(ID) regions occur in the alloys (Zhang et al., 2018; 
Ferrari et al., 2019; Aguilar-Hurtado et al., 2020). 
Here, P1 constitutes the dendritic phase, P2 the in-
ter-dendritic phase, while P3 constitutes the orange 
colored phase located in the ID region. As reported 
in previous studies, the liquid alloy is divided into 
two different phases under critical temperatures due 
to the high positive ΔHmix values of Cu with other 
elements (Co, Cr, Fe) in Cu-based alloy systems (Wu 
et al., 2021). In this type of alloys, whose phase di-
agrams exhibit “monotectic transformation” (L1 → 
L2 + α) and a metastable “liquid miscibility gap”, 
the matrix phase containing Fe-Ni-Co-Cr is separat-
ed first from the liquid. Then, in order to reduce the 
high interfacial energy between the matrix phase, 
a small amount of Cu-rich phase grows with help 
of a peritectic (L2 + α → β) reaction by nucleation. 
At the end of solidification, it takes the form of a 
precipitate embedded in another phase (Curiotto 
et al., 2007; Liu et al., 2016). Figure 2 shows that 
in conventional and microwave sintered HEAs, the 
P3 phase and the other phases in the microstructure 
have different morphologies, distributions and ori-

Figure 1. Comparison of  sintered density of  HEAs.

Figure 2. Optical microstructures of  conventional and 
microwave sintered HEAs at 50X magnifications. P1 is the 

dendritic phase, P2 is the inter-dendritic phase, and P3 is the 
Cu-rich phase (orange colored).
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entations. In conventionally sintered HEAs, the den-
drite grain structure is irregular, the dendrite grain 
orientations are different from each other and the 
size of the P3 phase and ID regions are increasingly 
coagulated. In microwave-sintered HEAs, however, 
dendrite sizes were nearly equal and orientations 
were regular, and the P3 phase was homogeneous-
ly spread in the ID regions. It is thought that this 
co-orientation behavior in the microstructure in A2 
and B2 alloys is caused by the rapid volumetric heat-
ing in microwave sintering. Because microwave radi-
ation interacts with each of the powder particles in 
the compacted material at the same time, it creates 
better mass transport than conventional sintering. 
The field formed by microwave increases ionic con-
ductivity, and the sintering process can be improved 
with the high frequency electric field supporting the 
movement of the cavities on the surface of the pow-
der particles, resulting in well-balanced and feature-
less microstructures (Oghbaei and Mirzaee, 2010; 
Zuo et al., 2013). 

Additionally, Mishra and Sharma reported 
that powder metal particles with sizes greater than 
100 µm cannot be heated uniformly in microwave 
heating systems with 2.45 GHz microwave radia-
tion. This is because the depth of the shell, which 
is the dominant parameter during heating in coarse 

metal parts, is responsible for heat generation and 
absorption of microwave energy, and the rest of the 
object is heated by conduction (as in conventional 
heating) from the shell to the inner core (Mishra 
and Sharma, 2016b). In the current study, the use 
of metal powder with an average particle size of 300 
mesh (approximately 44 µm) was conducive to the 
formation of relatively homogeneous microstruc-
tures with both A2 and B2 alloys.

The chemical compositions of the phases deter-
mined in Fig. 2 are given with standard deviations 
values in the EDS-EPMA results in Table 2, and the 
elemental distribution map of Alloy B is given in 
Fig. 3. We observed that the chemical composition 
of the P1 phase, which represents the composition 
of the dendritic region in all HEAs, was rich in Fe-
Ni-Co-Cr elements, while the composition of the P2 
phase formed in the ID region was richer in Cr and 
Co (Shivam et al.,  2018). In addition, the orange 
colored second phase (P3) located in ID was rich in 
Cu element. As it was mentioned above, the P3 phase 
was formed in the ID region as a result of the liq-
uid-phase separation process that occurred during 
solidification. As it is seen in Fig. 2, the size of Cu-
rich phase increased with the increase in the ratio of 
boron in the alloy in conventionally sintered A1 and 
B1 HEAs. For example, the average Cu-rich phase 

Table 2. Chemical composition (at.-%) of phases in HEAs determined by EDS and EPMA

Sample Phase
Fe

(at.-%)
Ni

(at.-%)
Co

(at.-%)
Cr

(at.-%)
Cu

(at.-%)
B

(at.-%)

A1
P1 21.5 ± 4.24 23.3 ± 2.1 22.9 ± 2.83 20.9 ± 2.12 11.1±2.12 0.1 ± 0.01
P2 19.1 ± 3.54 23.8 ± 2.8 22.6 ± 2.12 26.6 ± 2.12 7.2 ± 2.8 0.6 ± 0.11 
P3 3.5 ± 0.7 5.7 ± 2.12 4.1 ± 0 7.7 ± 0.71 78.5±1.41 0.4 ± 0.04 

A2
P1 21.2 ± 1.4 21.3 ± 2.12 23.3 ± 0 20.4 ± 0 13.6 ± 2.1 0.08±0.02
P2 20.0 ± 0.71 19.8 ± 1.4 20.1 ± 2.1 30.4 ± 2.1 6.6 ± 0.71 2.8 ± 0.14
P3 2.6 ± 1.4 5.5 ± 0.71 1.6 ± 1.41 1.7 ± 0 87.5 ± 3.5 1.1 ± 0.07

B1
P1 24.4 ± 0.71 21.5 ± 0 22.7 ± 0.71 19.2 ± 0 11.6 ± 0 0.5 ± 0.13
P2 18.5 ± 0 18.6 ± 0 23.5 ± 0.71 26.1 ± 4.24 11.1±4.95 2.1 ± 0.28
P3 1.5 ± 0.7 5.1 ± 0.7 1.5 ± 1.41 2.4 ± 0.7 88.1±2.83 1.3 ± 0.21

B2
P1 22.2 ± 0.71 18.7 ± 1.41 22.8 ± 0 17.8 ± 2.12 18.0±1.41 0.36±0.07
P2 20.1 ± 1.4 17.5 ± 0.71 20.1 ± 3.54 33.0 ± 0 6.0 ± 5.66 3.2 ± 0.07
P3 2.0 ± 0.71 4.5 ± 2.12 2.1 ± 0 1.5 ± 0 88.5±3.54 2.0 ± 0.14

Figure 3. SEM and elemental mappings images of  B1 and B2 alloys.
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size was measured as 15 µm in alloy A1 and 59.5 µm 
in alloy B1. In nearly all samples, the amount of B 
in P3, in which Cu and Ni elements were dominant, 
was lower than the amount of B in the P2 phase 
where the Cr-Co elements were dominant (Table 2). 
In other words, the phase that dissolved the most B 
in the microstructure was the P2 phase located in the 
ID region. Accordingly, the increase in B in the alloy 
strongly triggered the separation of the element Cu, 
which could not be dissolved in other elements and 
phases from the liquid during solidification, thus 
causing the volume fraction of P3 phase to increase. 
However, contrary to this effect observed in conven-
tional sintered HEAs, the average P3 phase size did 
not change in microwave-sintered HEAs even when 
the ratio of B was increased (Fig. 2) and in addition 
average size of P1 increases. Microwave sintering of 
HEA prior to arc melting significantly changed the 
composition distribution in the microstructure and 
the morphology of the phases that while the Cu-rich 
phase is a spherical in B1 alloy, it is spread between 
the dendrite grain boundaries in B2 as seen from Fig. 
3. Similarly, in a study examining the effect of con-
ventional and microwave sintering in stainless steels 
(Ertugrul et al.,  2015), it was reported that the grain 
structure in the microstructure of the conventional 
sintered samples was irregular, while the microwave 
sintered had a completely recrystallized, featureless 
and evenly distributed grain structure, which was 
due to the difference in sintering mechanisms. This 
suggests that mass flow in conventional sintering 
was carried out by surface transport mechanism, 
while in microwave sintering, the volume transport 
mechanism dominated. In addition, in microwave 
sintering, the heating is from the center to the out-
side; the high heating speeds accelerated the diffu-
sion kinetics and reduced the activation energy, fa-

cilitating the nucleation of new grains and providing 
a more uniform grain formation (Ertuğrul, 2014).

Figure 4 shows a comparison of the XRD diffrac-
tion patterns in conventional and microwave sintered 
HEAs. All HEA’s produced diffraction peaks at 43°, 
50° and 74°. The P1 phase (111) was seen to be ori-
ented in the planes of the P2 phase (200) and the 
P3 phase (022). Our calculations suggest that each 
of the P1, P2 and P3 phases in the microstructure 
was solid solution phase in the FCC structure, while 
the lattice parameters varied between 3.57 nm and 
3.60 nm. Moreover, low-intensity peaks were ob-
served in alloys A1, A2, B1 and B2 (indicated by the 
black arrow and circled) in Figure 4. These low-in-
tensity peaks (2Ɵ ≈ 51° and 45°) are compatible with 
the JCPDS-01-077-7712 and JCPDS-01-072-1073 
card numbers, respectively (in Fig. 5) and represent 
the presence of iron chromium boride and copper 
nickel compounds in the structure. On the other 
hand, in Fig. 4, it was also observed that the dif-
ferences in sintering techniques did not cause a sig-
nificant change in the lattice parameter. Many pa-
rameters are used to the possibility to obtain a solid 
solution phase in the microstructures of HEAs, such 
as electronegativity difference (χ), enthalpy of mix-
ing (ΔHmix), atomic size difference (δ), and valence 
electron concentration (VEC), among which the 
VEC parameter is most commonly used (Guo and 
Liu, 2011; Chen et al., 2018). This parameter pro-
vides a rough prediction of the possible phases. A 
VEC value (calculated according to Vegard equa-
tion) of lower than 6.87 indicates the formation of 
a BCC phase in microstructure; when 6.87 ≤ VEC 
<8, the formation of FCC + BCC phases is (Chen et 
al., 2018). In the current study, the calculated VEC 
value for all HEA’s was 7.83, although BCC phase 
formation was not observed. According to XRD 
analyses there was three FCC phases occurred in the 
microstructure. Figure 4 suggests that a difference 
was detected at the 2θ peak positions and the planes 
of the diffraction patterns in the conventional ver-
sus the microwave sintered samples while a decrease 
in peak intensities was observed in A2 and B2 alloys. 

Figure 4. XRD patterns of  HEAs. Low-intensity peaks 
observed in alloys A1, B1 and B2, indicated by black arrows, 

correspond to the K-a2  radiation peaks. Figure 5. JCPDS analysis result of  A2 alloy.
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Such decreases observed in XRD patterns are often 
related to crystallite sizes. The fact that microwave 
sintering creates a more homogeneous and equi-
sized dendrite grain structure in HEA’s is believed to 
cause a decrease in peak intensity by changing the 
fraction and/or size of crystal structures. 

The current JCPDS (Joint Committee on Powder 
Diffraction Standards) card analysis for A2 alloy 
is shown in Fig. 5. We predicted that the chemical 
compositions of the solid solution phases in the mi-
crostructure could only be Cu19Ni, Fe9Ni11 and 
Fe1.1Cr0.9B0.9. However, we observed the absence 
of a one-to-one match in the values of peak intensi-
ties (relative intensity of peaks). This indicates that 
the JCPDS analysis was not sufficient in determin-
ing the new and complex structure of HEAs in the 
current study.

Figure 6 shows the DSC analyses of Alloy A 
and Alloy B generated by conventional and micro-
wave sintering. These analyses were performed in 
three steps to determine the thermal stability and 
phase development. Examination of the first heat-
ing curves show the presence of a transformation at 
around 1120 °C. This temperature has been report-
ed to the represent melting point of  Cu-rich phas-
es in the ID region precipitate (Tariq et al., 2013; 
Jones et al., 2015). The phase transformation curves 
of HEAs show the presence of three endothermic 
peaks in conventionally sintered A1 and B1 alloys 
and two endothermic peaks in microwave-sintered 
A2 and B2 alloys. This suggests that the dendrite 
phase solidification was completed in one step in 

A2 and B2 alloys at around 1350 °C and 1365 °C, 
while in A1 and B1 alloys the transformations took 
place in two stages. The small peaks in alloys A1 and 
B1 indicate that the alloys underwent a weak phase 
transformation (Shivam et al.,  2018). This thermal 
shift was seen to disappear in A2 and B2 alloys with 
the use of microwave sintering. Yet, another differ-
ence between the curves is that the aforementioned 
transformation temperatures were shifted to higher 
temperatures in A2 and B2 alloys sintered with mi-
crowave. When all these effects are taken into con-
sideration, it can be said that microwave sintering 
plays an important part in the solidification of phas-
es, and the volumetric heating effect causes phase 
transformations to occur at higher temperatures, 
which are more stable and occur in a single step. 
Cooling curves are similar to the first heating pro-
cess, three different transformations were observed 
in A1 and B1 alloys and the peak intensities of the 
second transformation increased significantly in A2 
and B2 alloys because of volumetric heating at the 
atomic level. Finally, the second heating curve shows 
that the structure in alloy A1 became more stable 
due to reheating and exhibited two transformations. 
The purpose of the second heating was to eliminate 
the already unstable phase transformations and to 
observe the transformation more clearly; it may also 
trigger the appearance of phases that tend to grow.

The hardness and bending strength of HEAs is 
given in Fig. 7. According to Fig. 7a, increasing the 
B content increases the hardness of the alloy be-
cause of solid solution hardening effect. The solid 

Figure 6. DSC curves of  HEAs: first heating, cooling and second heating
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solution hardening effect formed by solid solution 
of B and this situation makes the dislocation move-
ments difficult (Savaşkan and Hekimoǧlu, 2014; 
Hekimoğlu et al., 2019). On the other hand, the mi-
crowave sintered A2 and B2 alloys have lower hard-
ness values than the conventionally sintered A1 and 
B1 alloys. Figure 2 clearly shows that the morpholo-
gy and distribution of the Cu-rich P3 phase changed 
with microwave sintering. The phase volume-ratios 
of the “P2+P3” (inter dendritic) phase was calculat-
ed from the optical images in Fig. 2 and the results 
show that B1 has the highest ratio which is 54.4%, 
B2 has 26.3%, A1 has 23.7 and A2 has the lowest 
ratio which is 14.7%. On the other hand, the best re-
sults obtained in three-point bending tests repeated 
five times for each group are given in Fig. 7.b. As it 
can be seen from the Fig. 7b, the three-point bend-
ing strength and bending elongation of convention-
ally sintered HEAs decreased with the increasing the 
B content. The EDS-EPMA data given in Table 2 
suggests that this may be caused by metal-borides 
detected in the JCPDS card due to an increased sol-
ubility of B in the ID regions. The increase in the 
B amount in the alloy triggered the precipitation of 
the P3 phase by causing the solute enrichment as a 
result of the structural super cooling. The low sol-
ubility of B element in Cu compared to the B-Cu 
binary phase diagrams, which is more soluble in 
the ID region, caused the P3 phase to increase in 
size, which was rejected from the liquid during so-
lidification (Chandravanshi et al., 2010; Hou et al., 
2019). Although this effect in the P3 phase led to 

an increase in the hardness values of the conven-
tionally sintered B1 alloy, it reduced its three-point 
bending strength. In addition, as it can be seen from 
the phase-volume ratios mentioned above, micro-
wave sintering significantly affected the distribution 
of phases in the microstructure. This compositional 
and morphological change occurring in the D and 
ID phases caused significant differences in the me-
chanical properties of HEAs.

Average bending strength and strain values of 
HEAs were given in Table 3. According to results 
the strain values of Alloy A were slightly improved 
by providing faster and homogeneous heating with 
microwave sintering (Singh et al., 2015). On the oth-
er hand, the strength of microwave sintered B2 alloy 
was increased considerably that of the conventional 
sintered B1 alloy, and a significant improvement in 
ductility was achieved. According to these results, 
microwave sintering improve strength and ductility 
by eliminating brittleness caused by the increase in 
Boron content in the microstructure is thought.

4. CONCLUSIONS

The findings of the current study on the effects 
of conventional and microwave sintering on solid-
ification, microstructure and mechanical properties 
of FeNiCoCrCuBx high entropy alloys produced by 
arc melting can be summarized as follows:
− The liquid-phase separation process that occurred 

during solidification of FeNiCoCrCuBx HEAs, 
which exhibit a dendritic microstructure, was mod-
ified by the effect of microwave sintering. While 
the microwave sintering did not affect the type and 
number of phases formed in the microstructure, it 
especially had significant effects on the size, mor-
phology and distribution of the P3 phase.

− Transport mechanisms between the powder 
grains during sintering was comparatively differ-
ent for different sintering techniques. Therefores 
this situation changed the casting solidification 
dynamics of HEAs.

− Unlike conventionally sintered A1 and B1 al-
loys, microwave sintering yielded a more regular 
microstructure, homogeneous distribution of 
phases and dendrite grains.

Table 3. Average bending strength and bending strain values of 
HEAs with standard deviation

Alloy
Bending strength

(MPa)
Bending strain

(mm·mm-1)

A1 1820 ± 11.06 0.08 ± 0.005

A2 1789 ± 9.52 0.09 ± 0.009

B1 1332 ± 8.04 0.06 ± 0.002
B2 2832 ± 7.87 0.10 ± 0.004

Figure 7. Mechanical properties of  HEAs: the hardness (a) 
and three-point bending stress-bending strain curves (b) of 

HEAs.
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− Although the hardness values of microwave-sin-
tered HEAs was lower than conventional sin-
tered HEAs, their strength and ductility proper-
ties improved significantly. The strength of B2, 
which was microwave treated, was twice that of 
B1 (2830 MPa). 

− The microwave sintering in the production of 
HEAs by arc melting significantly affected the 
solidification processes and rearranged the mi-
crostructure. While this change in the microstruc-
ture slightly decreased the hardness of HEAs, it 
caused an increase in the three-point bending 
strength. Sintering with microwave before cast-
ing can enable the production of materials, which 
would show a more homogenous microstructure 
at a lower cost by saving time and energy.
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