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Abstract

The deformation behaviour of as-cast Al0.4Co0.9Cr1.2Fe0.9Ni1.2(Si, Ti, C, B)0.375 com-
plex concentrated alloy (CCA) in the temperature range from 700 up to 900◦C during ten-
sile and compression tests was studied. The as-cast alloy was prepared by vacuum induc-
tion melting in a ceramic crucible followed by a tilt casting to a graphite mould. Highly
anisotropic microstructure of tensile and compression specimens taken from the as-cast ingot
consisted of 89 vol.% of columnar FCC(A1) (face-centred cubic crystal structure A1) den-
drites and 11 vol.% of the multiphase interdendritic region where ordered phases as Cr2B,
TiC, BCC(B2) (ordered body-centred cubic crystal structure B2) + BCC(A2) (disordered
body-centred cubic crystal structure A2), and lamellar eutectic composed of FCC(A1) + G –
(Ni,Co,Fe)16(Ti,Cr)6(Si,Al)7 (cubic face-centred crystal structure) phase were formed during
solidification. Columnar FCC(A1) dendrite grains were oriented at an angle ranging from 60◦

to 90◦ to the longitudinal axis of the test specimens.
The value of 0.2 % offset yield strength decreases with increasing applied temperature, at

700◦C tension and compression, it was measured to be about (429 ± 3) MPa and at 900◦C it
decreased to the value of about (90 ± 5) MPa. The alloy during tensile deformation at 700◦C
shows the strain hardening stage up to fracture. The tensile deformation true strain-true stress
curves at 800◦C and compression deformation true strain-true stress curves at temperatures
from 700 to 800◦C show the strain hardening stage at initial strains. After reaching the
peak values, the strain softening stage is typical for the alloy. The strain softening stage
results from partial dynamic recrystallisation of FCC(A1) dendrites and fracture of brittle
high elastic modulus phases in the interdendritic region. The compression and tensile curves
at the temperature of 900◦C show a short area of the strain hardening stage, followed by a
steady-state deformation at a constant flow stress. The finite element analysis (FEA) of the
3D distribution of local equivalent strains corresponds qualitatively to the observed structural
changes within the necked and barrelled specimens.

K e y w o r d s: complex concentrated alloys, microstructure, numerical modelling, mechanical
properties, fracture

1. Introduction

For more than a decade, scientists have devoted
their interest to a new class of materials called high-
entropy alloys (HEAs) and related concepts (multiple
principal element alloys – MPEAs and complex con-
centrated alloys – CCAs) [1–10]. HEAs composed of
five or more principal elements of equal or nearly equal
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composition form single-phase disordered solid solu-
tions, such as face-centred cubic (FCC), body-centred
cubic (BCC) or hexagonal close-packet (HCP), due
to the high entropy of mixing of the solution ele-
ments [1, 3]. Concept of CCAs focused on more com-
positional variations farther from the equal compo-
sition offers new opportunities in microstructure and
property design including formation of ordered phases
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[2, 8–14]. Among numerous studied HEA/CCA al-
loys, AlxCoCrFeNi alloys (x is a molar ratio) where
0.1 < x < 3, attracted a large interest since in de-
pendence of Al content and used processing routes,
different variations of microstructure and mechani-
cal properties can be achieved [15–30]. For x < 0.5,
these alloys contain a single FCC(A1) (face-centred
cubic crystal structure A1) phase; for 0.5 ≤ x < 0.9,
their microstructure consists of a mixture of FCC(A1)
and BCC(B2) (ordered body-centred cubic crystal
structure B2) phases, which changes to a mixture of
ordered BCC(B2) and disordered BCC(A2) (body-
-centred cubic crystal structure A2) phases for 0.9
≤ x ≤ 2 [17–21]. The CCA concept enables the for-
mation of ordered phases in HEA alloys byminor ad-
ditions of Ti, C, B, Mn, Cu, and Si [31–51]. These
small additions are often effective in forming L12, σ
or BCC(B2) precipitates in the FCC matrix with a
strong hardening effect [15, 19]. Moreover, depend-
ing on the amount and combination of different ad-
ditions, brittle ordered phases like TiC or Cr2B can
be formed in CCAs during casting [27, 35, 36, 47, 48],
which could be detrimental to the mechanical proper-
ties.
The effect of the cooling rate, grain size, al-

loying variations, thermo-mechanical processing, an-
nealing or strain rate at room and higher tempe-
ratures on compressive or tensile properties in the
Al(0.1−0.5)CoCrFeNi alloys were explored by many re-
searchers [16–18, 20, 25–44]. A lot of them deal with
properties of CCAs with FCC(A1) or (FCC(A1) +
BCC(A2) structure affected by the formation of or-
dered multiphase structures [11, 13, 31, 32, 34–41, 47,
48, 50].
Only limited attention was paid to the deforma-

tion behaviour of HEA/CCAs during both tensile and
compressive loading [51–53]. Deformation within the
tested specimens is connected with local plastic insta-
bilities – a necking in tension [54–56] and barrelling
in compression [31, 48, 57]. These local plastic insta-
bilities depend not only on intrinsic material proper-
ties but specimen geometry as well. Compression tests
are widely used to understand the deformation be-
haviour of various materials at elevated temperatures
[31, 48, 57]. The strain inhomogeneity in the compres-
sion specimen, which results in barrelling causing a
triaxial stress state during deformation, arises due to
intrinsic material properties and friction at the in-
terfaces between the compression specimen and the
platens [31].
The present article aims to study the deformation

behaviour of as-cast multiphase Al0.4Co0.9Cr1.2Fe0.9
Ni1.2(Si, Ti, C, B)0.375 alloy during tension and com-
pression tests. The finite element analysis (FEA) is ap-
plied for 3D numerical modelling of equivalent strains
within necked tension and barrelled compression spec-
imens at temperatures of 700◦C, 800◦C, and 900◦C.

2. Experimental materials and methods

2.1. Material preparation

The vacuum induction melting (VIM) was used
to prepare the studied alloy with a nominal compo-
sition of Al0.4Co0.9Cr1.2Fe0.9Ni1.2(Si, Ti, C, B)0.375.
The charge consisted of master Ni-19Al-8Cr-5Ti-3B
(in at.%) alloy and pieces of pure Al, Cr, Fe, and Co
(purity better than 99.95%). The VIM of the charge
was realised in a ceramic crucible composed of 68 %
SiO2 + 18% SiC + 14% Al2O3 with an inside diam-
eter of 80 mm and a height of 250mm. Due to the
thermo-chemical reactions between the melt and used
crucible/mould, the alloy was contaminated by addi-
tions of Si and C. The vacuum chamber of the induc-
tion furnace LINN-IT-KTV 20/1.5 was evacuated to
a vacuum pressure of 4.8 Pa, flushed with argon three
times, and finally partially filled with argon (purity of
99.9995%) to a vacuum pressure of 10 kPa to minimise
evaporation loss of Al during melting. The melt tem-
perature of 1600◦C and hold time of 10 min were used
to dissolve all alloying elements of the charge fully.
A pyrometer monitored the temperature of the melt.
The alloy was tilt-cast into a cold graphite mould. An
as-cast ingot with a diameter of 38mm and length
of 225mm was cut into cylindrical bars for mechani-
cal testing by wire electrical discharge machining. The
cylindrical bars had a diameter of 8.5 mm and a length
of 55 mm.

2.2. Microstructure evaluation

The microstructure of the alloy was studied by
scanning electron microscopy (SEM) in back-scattered
electron (BSE) mode using a JEOL 7600 F microscope
equipped with an energy-dispersive X-ray spectrome-
ter (EDS). The samples for microstructure observa-
tion were prepared by standard metallographic tech-
niques, including grinding on SiC papers and polishing
using diamond suspensions up to 0.3 µm particle size.
The average content of carbon in the as-cast alloy was
measured by LECO CS844 elemental analyser.

2.3. Mechanical testing

Cylindrical tensile specimens with threaded heads
were prepared by lathe machining. The gauge diame-
ter of the specimens was 5 mm, and the gauge length
was 25mm. In order to remove the stress concen-
trators, the surface of the gauge section of the ten-
sile samples was polished to a roughness better than
0.3 mm using diamond paste. The universal testing
machine Zwick/Roell Z100 was used for tensile test-
ing at temperatures 700, 800, and 900◦C at an initial
strain rate of 1 × 10−4 s−1. 5–6 specimens for each
tensile test regime were used. The test temperature of
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Fig. 1. Finite element mesh applied for the (a) cylindrical tensile and (b) compression specimens.

the specimens was reached in the resistance furnace
at a heating rate of 10◦Cmin−1 and maintained at
the test temperature for 30 min before the tensile test.
K-type thermocouple touching the gauge section of
the specimens monitored the temperature during the
test. The high-temperature extensometer MAYTEC
PMA-12/V7 with ceramic sensor arms was used to
measure the elongation on the surface of specimens.
Cylindrical compression specimens (3 specimens

for each test temperature) with a diameter of 6 mm
and a length of 9 mm were prepared by lathe machin-
ing and finalised by polishing to a roughness better
than 0.3 µm using a diamond paste. The compres-
sion specimens were deformed at an initial strain rate
of 1 × 10−4 s−1 to engineering strains of 0.4 using
a Gleeble 3800 thermomechanical tester at tempera-
tures 700, 800, and 900◦C.

2.4. Numerical modelling

The strain fields were determined by finite element
analysis (FEA) software Ansys Workbench. A geome-
try model of the tensile specimens was built as a 3D
cylindrical specimen with a gauge diameter of 5 mm.
The material model was built using the experimen-
tal data obtained from the tensile tests. The input
data required for the elastic-plastic model in FEA,
such as Young’s modulus, Poisson’s ratio, true stress,
true plastic strain, and strain hardening curve, were
determined experimentally by the tensile tests, and
for the softening part, Drucker-Prager softening lin-
ear model of the studied material was calculated. For
3D analysis, deformable tetrahedron elements with a
size of 0.5mm were used to mesh the cylindrical tensile
specimen (Fig. 1a). In total, the mesh was composed
of 26,991 tetrahedron elements, adding up to 47,850
nodes in total. Numerical calculations were realised
for tensile specimens tested to the fracture.
A geometry model of the compression specimens

was built as a 3D cylinder with a diameter of 6 mm
and a height of 9 mm. Two compressive plates were

modelled as 3D plates. Triaxial stress distribution was
assumed to occur due to friction between the platens
and specimen with a friction coefficient of 0.1 [57],
and 3D analysis was used instead of an axisymmetric
one. The material model was built using the exper-
imental data from the compression tests. The input
data required for the elastic-plastic model in FEA,
such as Young’s modulus, Poisson’s ratio, true stress,
true plastic strain, and strain hardening curve, were
determined experimentally by the compression tests,
and for the softening part, Drucker-Prager softening
linear model of the studied material was calculated.
For 3D analysis, deformable hexahedron elements with
a size of 0.2 and 0.5 mm were used to mesh the cylin-
drical specimen and platens, respectively, as shown
in Fig. 1b. In total, the mesh was composed of 65,464
hexahedral elements, adding up to 274,067 nodes. Nu-
merical calculations were carried out for specimens
tested up to true strain of 0.51.

3. Results and discussion

3.1. Initial microstructure of the test samples

Figure 2a shows the microstructure of the longi-
tudinal section of cylindrical bars cut from the as-
cast ingot of the alloy with a nominal composition
Al0.4Co0.9Cr1.2Fe0.9Ni1.2(Si, Ti, C, B)0.375 which were
used for the fabrication of tensile and compression
specimens. An arrow indicates the load direction dur-
ing mechanical tests. The microstructure consists of
columnar dendrites (D) and multiphase interdendritic
region (IR). FCC(A1) dendrites follow 〈001〉 crystal-
lographic orientation close to the heat flux direction
during the solidification of the alloy [47]. Taking the
〈001〉 crystallographic direction of the FCC(A1) den-
drites, adjacent grains are rotated to each other by a
small angle and inclined to the load axis under the
angle of 60◦–84◦. Only within a few grains is the crys-
tallographic direction of the dendrites oriented par-
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Ta b l e 1. Chemical composition of studied and comparative alloys and areas of FCC(A1) dendrites (at.%)

Alloy/Area Al Co Cr Fe Ni Si Ti C B Ref.

Studied alloy 8±0.3 18.3±0.3 24.3±0.3 18.1±0.1 23.7±0.3 4±0.1 2.1±0.1 0.5±0.1 1±0.1 –

FCC(A1) dendrites
7.3±0.5 19.6±0.1 24.4±0.1 19.8±0.5 24.3±0.6 3.6±0.6 1±0.2 – – –in the studied alloy

FCC(A1) dendrites
in Al0.5CoCr1.3 8.2±1.1 19.6±0.6 24.0±0.6 19.7±0.3 24.7±0.3 2.2±0.7 1.6±0.5 – – 47
FeNi1.3(Ti, Si, B, C)0.3
alloy

Al0.3CoCrFeNi alloy 6.98±0.2 23.25±0.1 23.89±0.1 23.25±0.1 22.6±0.4 – – – – 43

Fig. 2. The microstructure of cylindrical bars cut from the
as-cast ingot: (a) BSE micrograph showing grain bound-
aries with columnar dendrite (D) morphology and (b) BSE
micrograph showing the morphology of coexisting phases
formed in the vicinity of the dendrite/interdendritic region

(IR).

allel to the load axis in the test samples. FCC(A1)
dendrites are enriched in Co and Fe and depleted in
Al and Ni compared to the interdendritic area [48].

Table 1 shows the measured chemical composition of
the studied alloy and FCC(A1) dendrites. Figure 2b
shows the multiphase interdendritic region where sev-
eral coexisting phases/areas were formed. Plate-like
particles belong to the Cr2B phase. A two-phase mi-
crostructure consisting of the ordered BCC(B2) phase
with very fine cuboidal-shaped precipitates of disor-
dered BCC(A2) phase is formed in their close vicinity.
Lamellar eutectic areas composed of FCC(A1) and G
− (Ni,Co,Fe)16(Ti,Cr)6(Si,Al)7 phases are observed in
the interdendritic region [48]. Black irregularly shaped
particles belong to the TiC phase. The as-cast mi-
crostructure of the studied alloy is described in more
detail in our article [48].

3.2. Tensile and compression curves

Figures 3a–c show the experimental tensile and
compression engineering stress-strain curves for the
specimens tested at temperatures of 700, 800, and
900◦C, respectively. All samples were tested at an ini-
tial strain rate of 1 × 10−4 s−1. Tensile tests were
carried out until the fracture; compression tests were
carried out up to the engineering strain of 0.4. The
studied alloy shows plastic behaviour during all tested
regimes, which is strongly dependent on the applied
temperature. Tensile yield strength drops by 80%,
and elongation increases by 258% with increasing test
temperature from 700 to 900◦C.
Figure 3d shows the temperature dependence of

average 0.2 % offset tensile (YST) and compression
(YSC) yield strength. Both YST and YSC decrease
with the increasing test temperature. The same tem-
perature dependence of YS was found for many
HEA/CCA alloys with FCC(A1) structure [16, 47, 48,
51]. While 700 and 900◦C values of YST and YSC are
very close, a higher value of YSC of about 14 % com-
pared to YST was observed at 800◦C tests. The aver-
aged value of YS = (429 ± 3)MPa measured at 700◦C
decreased to the value of (90 ± 5)MPa with increasing
the temperature to 900◦C. The high-temperature ten-
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Fig. 3. Tensile and compression engineering stress-strain curves for the specimens tested at temperatures of (a) 700◦C,
(b) 800◦C, (c) 900◦C, and (d) temperature dependence of average 0.2 % offset tensile and compression yield strength.

sile behaviour of multiphase CCA of a very close com-
position was recently published by Lapin et al. [47].
Al0.5CoCr1.3FeNi1.3(Ti, Si, B, C)0.3 alloy prepared by
directional solidification (DS) and subsequently an-
nealed at 900◦C for 25 h was tested in tensile from
20 to 900◦C at an initial strain rate 1 × 10−4 s−1. The
alloy with columnar dendrites oriented in a direction
parallel or nearly parallel to the load axis composed
of FCC(A1) + BCC(B2) microstructure offers YST
315MPa and 185MPa at 800 and 900◦C, respectively.
Figures 4a–c show tensile and compression true

stress-true strain curves for the specimens tested at
temperatures of 700, 800, and 900◦C, respectively. The
tensile curve measured at 700◦C indicates only the
strain hardening stage up to the fracture. The tensile
deformation behaviour of the alloy changes with the
increase in the test temperature over 700◦C. During
800 and 900◦C tensile, the true stress first increases
to a peak value of 281 and 102MPa with increasing
true strain up to 0.034 and 0.028, respectively. Then,
the alloy undergoes softening followed by true stress
decrease up to a tensile fracture of the specimens.

Compressive true stress-true strain curves can be
divided into two stages, i.e., the work hardening stage
and the dynamic softening stage. Work hardening is
observed in the alloy within small strains. During 700,
800, and 900◦C compression, the true stress first in-
creases to a peak value of 645, 320, and 98MPa with
increasing true strain up to 0.094, 0.047, and 0.041,
respectively. Then, follow the softening stage. After
the peak value was reached at 900◦C tests, the depen-
dence of the true stress and true strain is of constant
flow.

3.3. Numerical simulation of tensile and
compression tests

The numerical modelling of the mechanical be-
haviour of the alloy during high-temperature tensile
and compression tests was carried out using measured
data. FEA numerical calculations of experimental ten-
sile and compression true stress-true strain curves are
included in Figs. 4a–c. The FEA results are in very
good agreement with the experimentally measured
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Fig. 4. Tensile and compression true stress-true strain
curves with numerical simulation for the specimens tested
at temperatures of (a) 700◦C, (b) 800◦C, and (c) 900◦C.

true stress-true strain curves. Drucker-Prager soften-
ing linear model corresponds very well with experi-
mental data.
Figures 5a–f show 3D numerical calculations of

equivalent plastic strain distribution of the tensile
and compression specimens tested at temperatures
of 700, 800, and 900◦C to the fracture up to the
true strain of 0.14, 0.19, and 0.25 for tensile tests
(Figs. 5a,c,e) and to the true strain of 0.5 for com-
pression tests (Figs. 5b,d,f). The FEA results of ten-
sile specimens tested at 700◦C indicate uniform defor-
mation without necking. The results of tensile speci-
mens tested at temperatures of 800 and 900◦C indicate
no uniform deformation with necking and achieving
local maximum strains up to 0.25 in the necked re-
gion. Within the compression specimens, the equiva-
lent plastic strain varies spatially and decreases grad-
ually from the highest value of 2.04, 1.75, and 0.84 in
the central region to 0.15, 0.13, and 0.2 in the vicin-
ity of the specimen contact surfaces with the plates
at temperatures of 700, 800, and 900◦C (Figs. 5b,d,f),
respectively. As we have already mentioned in the ten-
sile and compressive curves at a temperature of 900◦C,
a steady-state deformation at constant flow stress oc-
curs after reaching the peak value, which is also in-
dicated by the shape of the specimens during the nu-
merical simulation.

3.4. Post-deformation microstructure

3.4.1. Microstructure after tensile
deformation

Figures 6a–f show the microstructure of the necked
area after tensile tests at 700, 800, and 900◦C in
the close area of the fracture. As shown in Fig. 4,
test temperature significantly influences the deforma-
tion behaviour of the alloy during tensile tests. Fig-
ure 6b shows the microstructure after tensile tests
at 700◦C. Various cracks were observed preferentially
within Cr2B and TiC particles and on their interfaces
with other phases formed in the interdendritic region.
No cracks were observed within FCC(A1) dendrites.
The ductility of the alloy increases with increasing
temperature, as seen at tensile curves in Figs. 3, 4,
and relates to the plastic behaviour of dendrites elon-
gated in the direction of tensile load (Figs. 6a,c,e).
During tensile tests at 800◦C and higher temperatures,
precipitation of needle-like particles was observed
in FCC(A1) dendrites. Our previous work identified
these particles as ordered BCC(B2) phase [48]. More-
over, Fig. 6d shows the formation of elongated parti-
cles oriented nearly perpendicularly to the load axis
in the BCC(B2)/BCC(A2) region. The same particles
were found in the BCC(B2)/BCC(A2) region in as-
cast Al0.5CoCrFeNi alloy and identified to belong to
the FCC(A1) phase [32]. More intense precipitation of
ductile FCC(A1) particles in BCC(B2)/BCC(A2) re-
gion and inhomogeneous precipitation of BCC(B2) in
FCC(A1) dendrite matrix occur during tensile defor-
mation at 900◦C. Formation of needle-like BCC(B2)
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Fig. 5. FEA of equivalent plastic strains distribution in the tensile and compression specimens tested at 700, 800, and
900◦C temperatures.

precipitates due to high-temperature tensile loading
within FCC(A1) matrix with composition given in Ta-
ble 1 was observed recently by Lapin et al. [47] in DS
Al0.5CoCr1.3FeNi1.3(Ti, Si, B, C)0.3 alloy.
Nevertheless, regardless of the fracture pattern

or test temperature, the fracture path follows the
dendrite/inter-dendrite interface, as seen in
Figs. 6a,c,e. High elastic modulus Cr2B particles and
TiC can be effectively loaded to stresses correspond-
ing to their fracture strength during high-temperature
tensile testing. As shown in Figs. 6b,d,f, the cracks are
preferentially initiated in these high modulus phases.
The tensile failure occurred by the coalescence and

propagation of the cracks and cavities formed in brittle
phases and at interfaces of brittle ordered phases with
FCC(A1) matrix. Temperature and strain-induced
phase transformations at the temperature of 800◦C
and higher contribute to the strain-hardening of the
alloy; however, this contribution is not as large to com-
pensate for the softening processes of the columnar
dendrites.

3.4.2. Microstructure after compressive
deformation

Figures 7a–f show the microstructure of the spec-
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Fig. 6. BSE micrographs showing a longitudinal section of the tensile specimens in the close vicinity of the fracture surface:
(a) tested at 700◦C, (b) morphology of phases of IR after 700◦C tensile, (c) tested at 800◦C, (d) morphology of phases of

IR after 800◦C tensile, (e) tested at 900◦C, and (f) morphology of phases of IR after 900◦C tensile.

imens after compression tests at the strain rate of
1 × 10−4 s−1 and the temperature of 700, 800, and
900◦C, respectively. Figures 7a,c,e show the orienta-
tion of ductile dendrites and inter-dendrite region to
the load axis in the central region of deformed sam-
ples, where the highest deformation operated during
compression. No cracks or voids were observed in this
region. Figures 7b,d,f show dynamic precipitation of

brittle BCC(B2) precipitates in ductile FCC(A1) ma-
trix during the compression. As shown in Fig. 7f, tem-
perature and deformation governed phase transforma-
tion of FCC(A1) → FCC(A1) + BCC(B2) lead to in-
homogeneous distribution and coarsening of BCC(B2)
precipitates during 900◦C compression. Local strain
conditions in the central region of the specimens lead
to the bending and fragmentation of brittle elongated
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Fig. 7. BSE micrographs showing a longitudinal section of the compression specimen in the area with the highest deforma-
tion: (a) tested at 700◦C, (b) morphology of phases of IR after 700◦C compression, (c) tested at 800◦C, (d) morphology of
phases of IR after 800◦C compression, (e) tested at 900◦C, and (f) morphology of phases of IR after 900◦C compression.

CrB2 particles and to an intensive plastic deforma-
tion of the FCC(A1) + BCC(B2) matrix as well as
other ductile phases like eutectic FCC(A1) + G and
BCC(B2)/BCC(A2) region where intensive precipita-
tion and deformation of ductile FCC(A1) particles oc-
curred, as seen in Figs. 7b,d,f.
Figure 8 shows the microstructure of the barrelled

region after compression tests. Nevertheless, no frac-

ture was observed at the surface of the samples dur-
ing high-temperature compression at a true strain of
0.5; few cracks at the dendrite/interdendrite interfaces
were formed in the vicinity of the barrelled surfaces,
as seen in Figs. 8a,c,e. Figures 8b,d,f show the ef-
fect of applied temperature and local strain distribu-
tions on the morphology of intermetallic phases, phase
transformations FCC(A1) → FCC(A1) + BCC(B2)
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Fig. 8. The micrographs showing deformation microstructure of the compression specimen in the area of barrelled surface:
(a) tested at 700◦C, SE, (b) morphology of phases of IR after 700◦C test, BSE, (c) tested at 800◦C, SE, (d) morphology
of phases of IR after 800◦C test, BSE, (e) tested at 900◦C, SE, and (f) morphology of phases of IR after 900◦C test, BSE.

and BCC(B2)/BCC(A2) → BCC(B2)/BCC(A2) +
FCC(A1) as well as crack initiation near the barrelled
surface. A few cracks and bending of Cr2B particles
can be observed in the alloy. Cracking decreases, and
the bending of Cr2B particles increases with the in-
creasing temperature. In comparison with the central
region where dynamic precipitation of BCC(B2) in
the FCC(A1) matrix was observed at temperatures

of 700 and 800◦C, only limited BCC(B2) precipita-
tion was observed in the barrelled region. Thermal-
deformation conditions lead to dynamic precipitation
of BCC(B2) in FCC(A1) during 900◦C compression,
as seen in Fig. 8f.
Studied Al0.4Co0.9Cr1.2Fe0.9Ni1.2(Si, Ti, C, B)0.375

alloy is formed by 89 vol.% of columnar dendrites and
11 vol.% of ordered phases formed in the interdendritic
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region after casting [48]. The effect of the temperature
and strain on the behaviour of ordered phases of the
interdendritic region and the deformation behaviour of
the ductile columnar FCC(A1) dendritic matrix must
be considered during mechanical tests. The deforma-
tion behaviour of FCC(A1) dendrites of the studied al-
loy might be similar to that of Al0.3CoCrFeNi a high-
-entropy alloy composed entirely of FCC(A1) dendrite
structure. As shown in Table 1, the chemical compo-
sition of FCC(A1) dendrites of the studied alloy is
close to Al and comparable to Ni content as mea-
sured in Al0.3CoCrFeNi HEA [43]. At the beginning
of the deformation, work hardening is the main mech-
anism in the FCC(A1) phase due to the dramatic in-
crease in dislocation density, as observed by many au-
thors [15, 17, 42–44]. To understand the deformation
mechanism of Al0.3CoCrFeNi alloy, Tong et al. [44]
realised compression experiments at ambient tempe-
ratures over 750◦C and different strain rates, includ-
ing 5 × 10−4 s−1 with a maximum height reduction of
50 %. Analogous to our alloy, they observed dynamic
BCC(B2) precipitation in the FCC(A1) matrix during
compression. Moreover, they determined the threshold
stress (σth) representing the strength of dislocation-
precipitate interaction at temperatures of 750, 800,
and 900◦C to be 193.49, 116.07, and 32.02MPa, re-
spectively. This study shows that the barriers to the
dislocations overcoming the precipitates are affected
by temperature. Patnamsetty et al. [43] studied the
compressive behaviour of Al0.3CoCrFeNi high-entropy
alloy in temperatures of 750–1150◦C and strain rates
range 10−3–10 s−1. According to the results in [43], the
alloy undergoes dynamic recovery at temperatures un-
der 850◦C at the strain rate of 10−3 s−1. Even though
this strain rate is one order higher than the strain
rate used at the tests of our alloy, we suppose that
the same deformation mechanism but of a different
value operates at the temperature of 800◦C. The re-
sults of Patnamsetty et al. [22], where Al0.3CoCrFeNi
HEA behaviour during compression at temperatures
from 1030◦C up to 1150◦C and different strain rates,
including 10−5 s−1, was studied, imply the same con-
clusion. Dynamic recovery and dynamic recrystallisa-
tion of the FCC(A1) matrix are the main softening
mechanisms in Al0.3CoCrFeNi HEA alloy [42–44].
Numerical simulations in Fig. 5 indicate that the

equivalent plastic strain distribution in compression
specimens varies extremely with the temperature. As
seen in Fig. 4, the hardening and softening stages of
the flow curves obtained at a temperature of 900◦C
are followed by the steady-state stage. Compression
at a temperature of 900◦C leads to a 58.8% decrease
of equivalent plastic strain distribution in the central
region and its 46.6% increase in the barrelled region
compared with the 700◦C sample.
The fragmentation of brittle particles like Cr2B

qualitatively corresponds to the numerical calcula-

tions of high local strains. The high local strains at a
distance of 2 mm from the barrelled surface at the po-
sition corresponding to maximum diameter lead to the
fragmentation of Cr-rich particles only at the test tem-
peratures of 700 and 800◦C, as seen in Figs. 7a,c. The
number of fragmented particles decreases with increas-
ing test temperature, and only limited fragmentation
is observed at 900◦C (Fig. 7e). These results indicate
that the hot working process can be applied without
degradation of brittle reinforcing phases in the stud-
ied CCA when an optimal combination of processing
parameters is selected.

5. Conclusions

The deformation behaviour of as-cast Al0.4Co0.9
Cr1.2Fe0.9Ni1.2(Si, Ti, C, B)0.375 complex concen-
trated alloy (CCA) in the temperature range from 700
up to 900◦C during tensile and compression tests was
studied. The achieved results can be summarised as
follows:
– The initial microstructure of the studied alloy is

highly anisotropic and consists of columnar FCC(A1)
dendrites (89 vol.%) oriented at an angle ranging from
60◦ to 90◦ to the longitudinal axis of specimens and
multiphase interdendritic region (11 vol.%).
– The alloy during tensile deformation at 700◦C

shows the strain hardening stage up to fracture. The
tensile deformation true strain-true stress curves at
800◦C and compression deformation true strain-true
stress curves at temperatures from 700 to 800◦C show
the strain hardening stage at initial strains. After
reaching the peak values, the strain softening stage is
typical for the alloy. The compression curves at 900◦C
show a short strain hardening stage, followed by a
steady-state deformation at a constant flow stress.
– The increase in the test temperature from 700 to

900◦C is connected with a significant decrease in the
peak true stress from 755 to 102MPa in tensile and
from 645 to 98MPa in compression and a decrease in
a true strain to a peak value from 0.094 to 0.028 in
tensile and from 0.138 to 0.041 in compression.
– At high temperatures, ductile fracture mode re-

sults from the growth and coalescence of voids initi-
ated preferentially at the phase interfaces in the in-
terdendritic region and crack propagation along the
dendrite/interdendritic interfaces connected with in-
tensive plastic deformation of FCC(A1) dendrites.
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