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Abstract
The study investigates that a high-entropy alloy based on AlCoCrFeNi is mechanically alloyed (MA) for 40 h with 1 wt% 
 Y2O3 dispersed and then consolidated through vacuum hot pressing (VHP). In VHP, three temperatures are used for con-
solidation: 800 °C, 900 °C, and 1000 °C. Microanalysis of the powder aggregate formed by MA revealed the presence of 
mostly face-centered cubic (FCC) and body-centered cubic (BCC) phases, along with a metastable  AlFe4O12Y3 garnet phase. 
The enthalpy of mixing Y and Al induced the development of the garnet phase. In addition, after the consolidation of the 
powder sample at different temperatures, microstructural investigations indicated that the FCC and BCC phases generated 
during MA were stable owing to sluggish diffusion. By contrast, the garnet phase generated during the MA dissociated into 
an intermetallic phase based on Yttrium. The slower heating rates associated with VHP (in comparison to the rapid heating 
rates associated with spark plasma sintering) may be responsible for the dissociation of the garnet phase. The sample sintered 
at 1000 °C exhibited a bimodal grain distribution, with grain sizes ranging from 100 to 800 nm, as determined by transmis-
sion electron microscopy. In addition, this sample had the highest measured hardness of 1353 ± 20 Hv.

Keywords High entropy alloy · Mechanical alloying · Vacuum hot pressing · Bimodal grain size · Garnet phase · 
Intermetallic phase

1 Introduction

High-entropy alloys (HEAs) are a unique class of metallic 
materials that differ from traditional alloys by containing at 
least five principal elements, leading to significantly higher 
mixing and configurational entropy in both their solid and 
liquid states [1–4]. High strength, good ductility, and great 
wear as well as corrosion resistance are just a few of the 
remarkable mechanical characteristics that HEAs have to 
offer [5–10]. Moreover, due to the significant mixing entropy 
effect, HEAs typically exhibit only one solid solution phase 
with either a face-centered cubic (FCC) or body-centered 
cubic (BCC) crystal structure, providing several additional 
advantages. Owing to these considerations, a considerable 
number of studies have focused on the development of newer 
compositions and establishing manufacturing processes to 
prepare effective HEAs. Even so, the inability of most sin-
gle-phase HEAs to strike an equilibrium between strength 
and formability restricts their usefulness [11]. Strength and 
ductility in single-phase HEAs have proven to be challeng-
ing to achieve simultaneously [12]. HEAs with a single-
phase FCC structure are ductile, but they are not adequately 

 * K. Raja Rao 
 krajarao218@gmail.com

 * Byungmin Ahn 
 byungmin@ajou.ac.kr

1 Department of Mechanical Engineering, Lendi Institute 
of Engineering and Technology, Vizianagaram, 
Andhra Pradesh 535003, India

2 Department of Materials Science and Engineering, Ajou 
University, Suwon 16499, Republic of Korea

3 Mechanical Engineering Department, College 
of Engineering, King Saud University, 11421 Riyadh, 
Saudi Arabia

4 Department of Metallurgical and Materials Engineering, 
National Institute of Technology Raipur, Raipur, 
Chhattisgarh 492010, India

5 Department of Energy Systems Research, Ajou University, 
Suwon 16499, Republic of Korea

http://orcid.org/0000-0002-0866-6398
http://crossmark.crossref.org/dialog/?doi=10.1007/s12540-023-01530-7&domain=pdf


727Metals and Materials International (2024) 30:726–734 

1 3

strong. On the contrary, single-phase BCC-structured HEAs 
potentially offer superior strength at the expense of brittle-
ness [13]. In terms of mechanical properties, it is widely 
recognized that single-phase high entropy alloys (HEAs) 
with a body-centered cubic (BCC) structure exhibit low 
ductility, whereas single-phase HEAs with a face-centered 
cubic (FCC) structure may demonstrate high ductility but 
low strength. HEAs with a BCC crystal structure as a single 
phase have good yield strength at room temperature, but 
their yield strength decreases significantly as the temperature 
rises. [7]. In order to achieve an optimal equilibrium between 
strength and ductility, dual phase high entropy alloys may 
serve as a viable solution. However, it is worth noting that 
while these alloys exhibit favorable mechanical properties at 
room temperatures, their mechanical properties substantially 
decrease at elevated temperatures. In order to address this 
issue at higher temperatures, certain modifications can be 
implemented.

The exceptional creep strength and radiation resistance 
make nano-structured oxide-dispersion-strengthened (ODS) 
alloys one of the most promising options for high-temper-
ature applications, including improved fission and fusion 
reactors [14]. To sustain the yield strength at the elevated 
temperatures encountered in modern fission and fusion reac-
tors, ODS alloys must be microstructurally stable. There-
fore, Yttria  (Y2O3) is added as a dispersoid in ODS alloys 
because of its excellent thermal stability [15–17]. Similarly, 
the addition of oxide dispersoids in the HEA system fur-
ther enhances its microstructural and mechanical properties 
owing to the pinning action of the dispersoid particles [18].

Gwalani et al. [19] concluded that The  Al0.3CoCrFeMnNi 
HEA exhibited an increase in compressive yield strength 
due to the formation of complex oxide particles upon the 
addition of  Y2O3. The compressive yield strength of the 
HEA was initially measured at 0.98 GPa without  Y2O3, 
but the addition of 3 vol%  Y2O3 led to an increase to 1.76 
GPa. Chen et. al. [20] discovered the effects of dispersed 
nano-  Y2O3 (0.5 wt% and 2 wt%) oxide particles on the 
 Co35Ni30Fe20Mn10Cr5 HEAs subjected to mechanical alloy-
ing (MA) and, subsequently, compression under a pressure 
of 210 kg/cm2; finally, the HEAs were sintered at 1150 °C 
for 60 min. The study results revealed that a surge in milling 
time contributed to the increase in the size and number of 
oxide particles. In addition, as the  Y2O3 content increased, 
a relative preponderance of nano-oxide particles that spread 
uniformly throughout the matrix developed. Utilizing MA 
and spark plasma sintering (SPS) (at 1150 °C), Hadraba 
et al. [21] developed A CoCrFeNiMn-based oxide-disper-
sion-strengthened (ODS) high-entropy alloy (HEA) was 
synthesized, and At room temperature, it was discovered 
that this ODS HEA's ultimate strength of tensile and yield 
strength improved by 30%. At 800 °C, the yield strength 
increased up to 70% relative to that of  CoCrFeNiMn HEA. 

These findings highlight the improvement in the mechanical 
characteristics of HEAs at high temperatures owing to oxide 
dispersion strengthening.

In the present study, the AlCoCrFeNi base HEA system 
is used, and oxide nanoparticles are uniformly dispersed 
in the matrix to enhance the overall mechanical properties 
of the HEA. To better understand the effects of processing 
temperature on the formation of nanoscale oxides, phase 
formation, and mechanical properties (specifically, hardness) 
of the AlCoCrFeNi HEA with 1 wt%  Y2O3 addition is stud-
ied. The alloyed powders are compacted using the vacuum 
hot pressing (VHP) technique at sintering temperatures of 
800–1000 °C.

2  Materials and Methods

Elemental powders of Al, Cr, Co, Fe, and Ni as well as that 
of  Y2O3 (Yttria) with purity exceeding 99.4%, were acquired 
from Sigma Aldrich (India) and used as raw materials in the 
next synthesis stage. The powders of the individual elements 
were subjected to MA for 40 h. All elements were mixed in 
equal proportions (20 at%), and 1 wt% of  Y2O3 was added 
during milling in a high-energy ball mill. A tungsten car-
bide bowl with a capacity of 250 ml and 10-mm balls were 
used for the purpose. In addition, as a process control agent 
(PCA) to minimize cold welding during milling, toluene was 
used. Milling was accomplished with a 10:1 ball-to-powder 
ratio (BPR), with the vials turning at a constant speed of 
250 rpm. To assure alloying during milling, a minimal pow-
der sample was collected for structural characterization after 
each time interval. The Yttria-dispersed AlCoCrFeNi alloys 
were consolidated in a VHP furnace (VB Ceramic Consult-
ants, India). Each MA powder sample was held at the peak 
temperature for 30 min. The sintering temperatures were 
set to 800 °C, 900 °C, and 1000 °C, while the heating rate 
was set to 30 °C/min. Further, the sintering pressure was 
35 MPa during the sintering process, and the background 
vacuum pressure was 1 ×  10–3 Pa. Upon removal from the 
vacuum furnace after cooling, the diameter and thickness 
of the resulting cylindrical sample were 20 mm and 5 mm, 
respectively.

An X-ray diffractometer (XRD, PANalytical) equipped 
with a Cu-Kα radiation source (λ = 0.1540598 nm) and a 
scanning electron microscope (SEM, Zeiss EVO-18, Ger-
many) equipped with an energy-dispersive spectrometer 
(EDS) were used for phase analyses of the milled powders 
and hot-pressed samples. Furthermore, the microstructures 
of the sintered samples at the sub-micron scale were exam-
ined using transmission electron microscopy (TEM, FEI 
Technai). The hardness of the sintered samples was investi-
gated using a hardness tester (SHIMADZU) under a load of 
9.807 N for 10 s. Particle size was determined using Image J 
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(Open-source software for image processing, National Insti-
tutes of Health). A schematic illustration of the synthesis 
process is presented in Fig. 1.

3  Results and Discussions

3.1  Milled Powder

The X-ray diffraction results obtained for several samples 
with various milling intervals are depicted in Fig. 2. Upon 
10 min of milling, the XRD spectrum exhibited visible 
reflections for all elements without any indication of alloy-
ing. With an increase in ball milling time to 10 h, the inten-
sity and width of the XRD peaks reduced significantly. The 
decrease in peak intensity indicated the diffusion of elements 
during the milling process, which results in the development 
of solid solutions. [22].

The peak reflection of elemental Al dissipated more rap-
idly because the elements with lower melting temperatures 
diffused more quickly given that they required lower activa-
tion energy for interdiffusion [23]. After 10 h of ball mill-
ing, specific peaks related to Al, Co, and  Y2O3 disappeared, 
which suggested the likely formation of a solid solution. 
Following the completion of ball milling, which lasted for 
40 h, the FCC and BCC phases were dominant in the matrix. 
In addition to these two phases, another unnamed garnet 
phase with a cubic crystal structure was observed. Moreover, 
 AlFe4O12Y3 was developing at the end of 40 h of milling. 
The corresponding JCPDS file for this phase is 98–009-
3627, with I a—3 d as the space group.

The enthalpy of mixing between the elements Y and 
Al, whose value is − 38.00 kJ/mol, may have led to the 

Fig. 1  Schematic representation of the synthesis of AlCoCrFeNi + 1 wt%  Y2O3 dispersed high-entropy alloy

Fig. 2  XRD spectra of nano-Y2O3-dispersed AlCoCrFeNi-based 
HEA at different milling times

Table 1  EDS quantification 
of points (at%) for the HP 
AlCoCrFeNi ODS-HEA 
sintered at 1000 °C

EDS regions Elemental composition (at%)

Al Co Cr Fe Ni Y O

A 52.47 3.87 26.23 6.16 7.32 1.79 2.16
B 21.87 23.57 20.01 10.12 18.34 0.05 6.04
C 13.68 1.23 54.01 11.49 1.98 0.05 17.56
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formation of this garnet phase. Among Yttrium and all the 
other elements in the system, this negative enthalpy mag-
nitude is the most significant in this system [24]. A similar 
complex-phase development was observed in a previous 
study [25]. The unit cell lattice parameters of the garnet 
phase were determined to be a = 12.2620 ± 0.008 Å. The 
interplanar distances for the (111), (200), and (220) planes 
of the FCC phase were measured as 2.03, 1.76, and 1.24, 
respectively. The interplanar distances for the (110), (200), 
and (211) planes of the BCC phase were measured as 
2.05 Å, 1.44 Å, and 1.18 Å, respectively. The calculated lat-
tice parameters of the FCC and BCC unit cells were found 
to be 3.5060 ± 0.03 and 2.8780 ± 0.04 Å, respectively, which 
are consistent with previously reported values for the AlCo-
CrFeNi HEA. [7]. Table 1 summarizes the results calcu-
lated using the Scherrer (Eq. 1) and Williamson–Hall equa-
tions (Eq. 2) for the most intense peak in the spectrum [26]. 
Moreover, we used Eq. 3 to determine dislocation density 
as a function of milling time [27].

where the dislocation density ( � ), Burgers vector (b), the 
crystallite size (D), lattice strain ( ∈ ), and full width at half 
maxima (β) have been presented in which the Bragg peaks 
(in radian), Bragg angle (in θ) while the wavelength presents 
as (λ) for the analyzed peak of the X-ray.

The results depicted in Fig. 3 demonstrate that the average 
crystallite size experiences a sharp decline from 276.9 nm to 
a minimum of 95.4 nm when the ball milling time increases 

(1)D = 0.94�∕� cos �

(2)� cos � =
0.94�

D
+ 4 ∈ sin �

(3)� = 2
√

3
(∈)

D × b

from 10 min (0 h) to 10 h. With further milling, the crystal-
lite size decreases gradually, reaching a steady-state value 
of 17.2 nm at 40 h of milling. Prolonged milling leads to an 
increase in both the lattice strain and dislocation density, 
which exhibit significant fluctuations throughout the process. 
The lattice strain ranges from 0.099 to 0.653%, while the 
dislocation density ranges from 4.91 ×  1015 to 527.60 ×  1015/
m2. The presence of hard elements  (Y2O3 particles) in the 
alloy system induces brittleness and eases the breaking of 
alloy particles. In addition, it causes the dislocation den-
sity to increase to a much higher extent as the milling time 
increases. Thus, these stages are reached because of the mill-
ing process [28]. During ball milling, the addition of 1 wt% 
 Y2O3 does not substantially affect the primary phases that 
are developed [29]. SEM micrographs show the morphology 
and distribution of the as-milled alloy powder aggregates. 
After 10 min of milling, the particle morphology is asym-
metrical, and the particle size is hefty, as shown in the SEM 
micrographs in Fig. 4a–d. Figure 4a′–d′ show histograms of 
the particle size distributions corresponding to these SEM 
micrographs. In addition, When  Y2O3 particles with high 
entropy alloy powder are milled, their morphology changes 
to a plate-like morphology. As deformation increases, work 
hardening and brittleness occur, and these plate-like parti-
cles break into smaller particles. Thus, the decrease in par-
ticle size resulting from work hardening can be attributed to 
the inclusion of hard and brittle  Y2O3 particles. Therefore, 
the reduction in particle size observed during the milling 
process is attributed to the work-hardening effect, result-
ing in a decrease in particle size after 10 h of milling. This 
trend is evident in the XRD patterns, where an increase in 
lattice strain leads to a decrease in crystallite size. The trend 
in particle size observed in Fig. 4a′–d is consistent with the 
XRD study, where increasing the milling duration in the MA 
process from 10 min to 40 h resulted in a decrease in particle 
size from 16.75 to 2.38 µm, respectively. After milling for 
a total of 40 h, the estimated particle size was 2.38 μm. The 
EDS spectrum shown in Fig. 4e depicts the elemental com-
position of the powders that were ball-milled for 40 h. The 
homogeneity of the elements appeared to be visible from 
this result because the atomic percentages of all the key ele-
ments were close to 19%. All the elements are present in 
the system, as indicated by the EDS mapping. In addition, 
the EDS maps obtained before and after milling of the HEA 
powder are presented in Fig. 5a and b, respectively. Accord-
ing to these EDS maps, the homogeneous distribution of 
the elements is contemporary in the HEAs, which led to 
the production of solid solutions after the completion of the 
MA process.

Fig. 3  Estimated values of crystallite size (D), lattice strain (%), and 
dislocation density (ρ) of different alloy systems subjected to different 
milling times
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3.2  Vacuum Hot‑Pressed Samples

Figure 6 presents the X-ray diffraction patterns of the HEAs 
obtained after VHP at different sintering temperatures. Fol-
lowing the completion of the alloying process, the XRD pat-
tern of the AlCoCrFeNi-based ODS-HEA powder revealed 

the development of an FCC and BCC phase matrix, in addi-
tion to the existence of a small garnet phase  (AlFe4O12Y3), 
as described in the preceding section.

The garnet phase formed during MA dissociated dur-
ing sintering into a Yttrium-based intermetallic structure 
 (Al8Cr4Y, JCPD # 98–005-7664) and chromium oxide 

Fig. 4  SEM images of 
nano-Y2O3-dispersed AlCoCr-
FeNi-based HEAs at different 
milling times with the corre-
sponding particle size distribu-
tion histograms: (a, a′), (b, 
b′), (c, c′), and (d, d′) 10 min, 
10 h, 20 h, 30 h, and 40 h 
respectively. (e) Distribution of 
elements in EDS spectra
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 (CrO3). Because it accounted for only 1% of the overall 
weight of the HEA system, the tiny Yttrium-based inter-
metallic phase exhibited an extremely low intensity. In the 
study of nano-Y2O3-dispersed ferritic steel through MA with 
hot isostatic pressing, comparable observations of the Yttria-
based intermetallic phases were recorded [29]. Additionally, 
a stable phase (that is Cr-rich) exists at 1000 °C. A compari-
son between the noticeable XRD peaks of the VHP samples 
and the MA powder peaks of the equivalent compositions 
revealed an average decrease in peak width (FWHM), as 
illustrated in Fig. 2. During the sintering procedure, lattice 
strain was relieved, which reduced the FWHM. The lattice 
strain was released during sintering, which in turn, reduced 
the FWHM. The FCC phase mainly contained Al, Ni, and 
Co, while the BCC phase mainly contained elemental Al, Cr, 
and Fe. However, notably, for the sample sintered at 800 °C, 
the peaks based on Yttria are nominal. From the peak loca-
tions of the intermetallic Yttria-based phase, there is only 
a marginal difference in this phase at higher temperatures. 
Zeybek et al. [30] demonstrated how the mechanical char-
acteristics of AISI 410 L steel are influenced by the particle 
size of Yttria (900 nm and 50 nm) and how the formations 
of  Y2Si2O7 and other inclusions proceed in the normal and 
heat-treated states. The experimental results indicate that 
larger, more complex oxide particles  (Y2Si2O7) dissolved/

dissociated before the smaller ones under heat treatment. 
The sizes of both the complex oxide and pure Yttria par-
ticles changed significantly and simultaneously. Alongside 
the FCC and BCC phases, another intermetallic phase called 
“AlCo2Cr” was formed at the 2-θ Bragg angles of 26.789° 
and 52.987°, and its peak intensity increased as the sintering 
temperature increased. The reason underlying the increase 
in the  AlCo2Cr phase in the XRD spectrum at higher sinter-
ing temperatures can be attributed to higher temperatures 
during sintering, MA of powders to ensure that their condi-
tions shift from metastable to stable. The phenomenon could 
be brought on by the substantial surplus energy associated 
with elevated dislocation densities and the abundance of 
nano-crystalline barriers in the MA powders, both of which 
considerably reduced the activation energy needed for phase 
transition [31]. In addition, Cr–Fe/Cr–Co/Cr–Fe–Co inter-
metallic compounds were responsible for the observed sigma 
phases rich in Cr (1000 °C) [21].

Figure 7a–c shows the SEM micrographs of the ODS-
HEA samples at several sintering temperatures and Fig. 7d–f 
shows the corresponding high-resolution versions of the 
images in Fig. 7a–c. Figure 7a shows the SEM micrograph 
of the ODS-HEA sintered at 800  °C. The micrograph 
shows two different regions containing bright grey grains 
and dark grain boundaries, separately. In Fig. 7a, the bright 
grey region is consistent with the FCC phase, which is rich 
in Ni, Fe, and Co, whereas the dark grain boundaries are 
rich in Cr and Fe, and they correspond to the BCC crys-
tal structure. Moreover, SEM images complement XRD 
findings that show the FCC to be the dominant phase in all 
the sintered samples. Phase fractions evaluated from SEM 
images are 800 °C—FCC/BCC (73%:27%), 900 °C—FCC/
BCC (66%:34%), and 1000 °C—FCC/BCC (61%:39%). Fig-
ure 7d shows high-magnification versions of the images in 
Fig. 7a. Point A represents an area that is rich in Al, Cr, and 
Y, and it is built through the progression of sintering due 
to the dissolution of the garnet phase. The EDS analysis 
data corresponding to points A, B, and C are presented in 
Table 1. In addition, Fig. 7b and c present results that are 
comparable to those revealed in Fig. 7a, although the grey 
regions in Fig. 7b and c exhibit more limited differences in 
terms of colour contrast. We believe that the FCC and BCC 
phases include elements with atomic numbers that are too 
close to each other [23]. Additionally, in Fig. 7f, point C 

Fig. 5  EDS elemental mapping 
of HEAs a before and b after 
milling

Fig. 6  XRD spectra of nano-Y2O3-dispersed AlCoCrFeNi-based 
HEAs at different temperatures
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denotes chromium oxide, which is clearly visible. This oxide 
might have formed owing to the higher sintering tempera-
ture and the longer holding time at this temperature. The 
elemental maps of each of the elements in the Yttria-mixed 
alloys are shown in Fig. 8. At 900 °C and 1000 °C, we dis-
covered Cr dispersion in the HP sample. The Yttrium-based 
phase, however, was distributed consistently throughout the 
entire microstructure of the HP samples sintered at three 
distinct temperatures, which indicated the stability of this 
phase. The Yttrium-based phase appears at low levels in the 
compositions, and as a consequence, the mapping photos 
show that the chemical element "Y" appears in extremely 
small amounts. The quantity of Yttria  (Y2O3) utilized in the 
samples was 1 wt% of the entire amount of HEA.

The results of a TEM examination of the AlCoCrFeNi 
ODS-HEA sintered at 1000 °C are depicted in Fig. 9. Fig-
ure 9a shows a bright-field TEM image, and according to 
this image, the grains have a bimodal distribution. As shown 
by the histogram in Fig. 9c, the grain size can range between 
100 and 800 nm. This bimodal grain formation could have 
occurred as a result of the combination of the solid solu-
tion and the intermetallic phase at 1000 °C, as seen in the 

XRD analysis findings. It was found that the AlCoCrFeNi 
ODS-HEA sintered at 1000 °C had an average grain size 
of 194 ± 23 nm. The interplanar spacing of the distributed 
nanoparticles (intermetallic phase) is shown in the HRTEM 
lattice fringe image, and the measured d-spacing value is 
0.242 nm. From the XRD analysis, it was determined that 
the complex yttrium-based garnet phase had a d-spacing 
value of 0.224 nm. This d-spacing value is almost equal to 
the measured value. This confirmed the development of the 
Yttrium-based intermetallic phase.

3.3  Mechanical Characteristics of VHP Samples

The estimated room-temperature hardness values of the VHP 
ODS-HEA alloys sintered at 800 °C, 900 °C, and 1000 °C 
are depicted in Fig. 10.

The experimental investigation indicated that the hard-
ness values of the AlCoCrFeNi ODS-HEAs formed by 
VHP and sintered at 800 °C, 900 °C, and 1000 °C were 
858 ± 15 HV, 944 ± 10 HV, and 1353 ± 20 HV, respectively. 
An earlier study on AlCoCrFeNi HEA synthesized through 
MA and SPS yielded a hardness value of 815 HV (8 GPa) 

Fig. 7  Lower-magnification 
SEM images of ODS-HEA 
prepared using HP at a 800 °C, 
b 900 °C, and c 1000 °C; d, 
e, and f are the corresponding 
higher-magnification images

Fig. 8  Elemental distribution of AlCoCrFeNi ODS-HEA prepared using HP at several temperatures: a 800 °C, b 900 °C, and c 1000 °C
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for the base AlCoCrFeNi HEA (Sintered at 1000 °C) [32]. 
A hardness test was used to determine the hardness of the 
ODS-HEA sample sintered at 1000 °C, and the resulting 
hardness value was approximately 52% higher than that 
of the base AlCoCrFeNi HEA. The variation of hardness 

with sintering temperature was linear. Furthermore, the 
findings of the XRD and SEM examinations supported the 
hypothesis that the chromium oxide and phases existing in 
the alloy sintered at 1000 °C were responsible for the rise 
in hardness value from 944 to 1353 HV.

4  Conclusions

A HEA based on AlCoCrFeNi with dispersed  Y2O3 (1 
wt%) was synthesized from elemental powders by a 
combination of ball milling and VHP. In addition to the 
formation of a hard insoluble garnet phase,  AlFe4O12Y3 
with a cubic crystal structure and lattice parameters of 
a = 12.2620 ± 0.008 Å was formed. These alloys exhibited 
a dual phase after 40 h of milling. The lattice values of 
the FCC and BCC phases were 3.5060 Å and 2.8780 Å, 
respectively. Ball milling for 10 min to 40 h caused a vari-
ation in the lattice strain from 0.099 to 0.653%. After 40 h 
of ball milling, the dislocation density was significantly 
higher than before owing to the incorporation of nanoscale 
 Y2O3 particles.

Fig. 9  a TEM bright-field 
image of AlCoCrFeNi ODS-
HEA. b HRTEM image of 
AlCoCrFeNi ODS-HEA 
sintered at 1000 °C. c Histo-
gram of grain size distribution 
corresponding to a 

Fig. 10  Sintering temperature and Vickers hardness of ODS-HEAs
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After the consolidation of the MA powder by VHP, the 
FCC and BCC phases were retained, but the garnet phase 
transformed into a Yttrium-based intermetallic structure 
of  Al8Cr4Y and chromium oxide  (CrO3). The TEM results 
revealed that the sample sintered at 1000 °C exhibited a 
bimodal grain distribution with an average grain size of 
194 ± 23 nm. The temperature at which the ODS-HEAs 
were processed during VHP critically influenced the 
mechanical characteristics of the resulting materials. 
When the VHP temperature was increased from 800 to 
1000 °C, the hardness values increased. In this study, the 
maximum attained hardness value was 1353 HV at the 
sintering temperature of 1000 °C.
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