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a b s t r a c t

Thermomechanical treatments modify the cast microstructure of a dual phase hypoeutectic high entropy 
alloy. The as-cast microstructure consists of an FCC matrix and a BCC eutectic phase forming a semi-con-
tinuous network. The as-cast material is subjected to various thermomechanical treatments: I) hot com-
pression; II) hot compression with strain rate jumps; III) multi-stage hot compression with intermediate 
stages of isothermal soaking; IV) hot compression followed by annealing. The material recovers rapidly after 
the strain rate jump and no dependence of the yield stress on the previous deformation step is observed. 
Much of the stress relaxation occurs within seconds during the hold for the multi-stage tests. A steady-state 
stress is reached for the first holding cycle, while progressively slower softening is observed for later 
holding cycles. The eutectic BCC phase fragments during hot deformation, while discontinuous dynamic 
recrystallisation associated with the formation of Σ3 occurs in the FCC phase. Precipitates are formed at 
high temperatures and pin the high-angle grain boundary motion. The rotation of the eutectic BCC phase 
and the precipitates during plastic deformation also promotes local lattice rotation of the FCC phase. As a 
result, a fine and intricate substructure is formed in the interdendritic spaces. Complete recrystallisation is 
not achieved during either hot deformation or annealing, suggesting that practical grain refinement of the 
investigated alloy would only be achieved at larger strains or a combination of larger deformations and 
intermediate annealing treatments.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

1. Introduction

Multi-principal element alloys, also known as medium entropy 
alloys (MEAs) or high entropy alloys (HEAs), are part of a class of 
materials that has been developed in recent years [1–4]. HEAs are 
metallic alloys with four or more main elements, each with con-
centrations between 5 and 35 at% [5,6]. The classification of the 
HEAs is based on their chemical composition [7] or their strength-
ening mechanisms [2]. The face-centred cubic (FCC) based HEAs 
exhibit a high strength/ductility combination [8], impact toughness 
[9], high-temperature corrosion and oxidation resistance, and wear 
resistance [10–13]. The FCC phase in the HEAs is typically a low 
stacking fault energy phase [14–16]. However, the SFE of the FCC 
phase increases with temperature [17], which reduces the stability 
of stacking faults [18]. Al additions can further improve the 

combined effects of high configurational entropy, severe lattice 
distortion and the "cocktail" effect [5], typical of FCC-based HEAs 
[19–21]. Al has a strong, cohesive bond with the other elements 
present in typical FCC-based HEAs, providing additional solid-solu-
tion strengthening [22]. Al also provokes the formation of a hard 
body-centred cubic (BCC) phase (ordered (B2) + disordered (A2)) for 
Al atomic fraction higher than 0.45 [23]. The L12 ordered phase can 
also be formed [24], as well as the L21 phase if Ti is added [25]. 
Annealing can form a stable duplex structure is formed from the 
metastable ordered B2, and disordered A2 phases [26]. In the as-cast 
state, finely dispersed BCC particles are distributed in an FCC matrix 
at low Al additions. At high Al contents, allotriomorphic and in-
tragranular FCC particles can be formed in a BCC matrix [26]. The 
FCC-based HEAs with Al exhibit similar behaviour to Ni-base su-
peralloys containing FCC and BCC phases. The strengthening of the 
BCC phase due to thermally activated cross-slip of dislocations from 
the octahedral {111} to the cube {100} within the BCC phase [27]
leads to an abnormal increase in strength with increase in tem-
perature [28]. The high ductility and formability of the FCC phase 
can be combined with the high strength of the BCC phase in the 
duplex structure obtained in the Al-containing FCC-based HEAs [29].
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Among the dual-phase HEA, the eutectic HEA have excellent 
castability since the mushy zone (lack of solidification range) and 
micro-segregation, can be avoided. Since the eutectic reaction is an 
isothermal transformation, there is no solidification temperature 
range, minimising both the segregation and shrinkage cavity [30]. 
The eutectic HEA are formed by a soft FCC phase and a hard BCC 
phase, providing acceptable combination of strength and ductility 
and excellent work hardening capacity [31,32]. Lu et al. [30] devel-
oped the first eutectic HEA with the composition of AlCoCrFeNi2.1. It 
consists of a lamellar micro-structure including B2 ordered phases 
and had outstanding mechanical stability up to 700 °C. Asoushe et al. 
[33] also investigated the thermal phase-stability of the same che-
mical composition and found that the volume fractions of FCC and 
BCC phases did not notably change up to 500 °C. The hot deforma-
tion and subsequent aging modify the as-cast microstructure of Al-
CoCrFeNi2.1. Long-term aging treatment forms B2 precipitates, 
leading to outstanding tensile properties [34]. Strain induced pre-
cipitation of the B2 phase was also reported by Zhang et al. [35]
during hot tensile deformation of AlCoCrFeNi2.1 HEA. Charkhchian 
et al. [36] showed that needle shape B2 ordered phases are formed 
within the primary FCC region at high temperatures in a relatively 
short time.

The hot deformation behaviour of dual-phase FCC-based HEAs 
has been reported [26,29,37–44]. Discontinuous dynamic re-
crystallisation (DDRX) occurs at interfacial boundaries in the FCC 
phase by a mechanism involving Σ3 boundary formation and mul-
tiple twinning chain propagation [26,39]. In contrast, continuous 
dynamic recrystallisation (CDRX) occurs in the BCC phase [26]. The 
increase in anti-phase boundary energy between FCC/BCC phases is 
responsible for the increase in high-temperature strength in dual- 
phase FCC-based HEAs with Al. A rate-controlling hot deformation 
mechanism has been reported to be the solute drag effect of Al [45]. 
Although the recrystallisation mechanisms in dual-phase HEA are 
described, the interplay between the dynamic and static mechan-
isms in forming the microstructure during the thermomechanical 
processes needs to be further investigated.

This work aims to describe the role of the thermomechanical 
processing route on the microstructure modification and its corre-
lation with the flow stress evolution for a dual-phase hypo-eutectic 
FCC-based HEA. The main objective is to provide a strategy for the 
microstructure design of similar HEAs by elucidating the strength-
ening and restoration mechanisms.

2. Experimental procedures

A high entropy alloy of 15Al, 14Co, 17.7Cr, 17.7Fe, 35.4Ni, 0.2Ti (at 
%) was cast using an induction-melting furnace. First, pure elemental 
metals were added to the melt, preheated to 1550 °C, under a pro-
tective atmosphere of Ar. The melt was then manually stirred and 
poured into a silica-based mould internally coated with aluminium 
oxide, preheated to 900 °C, and left cooled in air.

Cylindrical samples with 10 mm diameter and 15 mm length 
were cut along the solidification direction from the cast ingot. A 
Gleeble® 3800-GTC simulator was used for thermomechanical 
treatments. For temperature control, K-type thermocouples were 
welded to the specimens. A heating rate of 5 °C/s was used. Four 
types of thermomechanical treatments in the uniaxial compression 
direction were carried out: 

a) Deformation at 1100 °C up to 0.85 strain for the strain rates of 
0.001 s−1 and 1 s−1. Two soak times of the 0.5 min and 3 min 
before deformation were used for 1 s−1, while a soak of 3 min was 
used for 0.001 s−1.

b) Strain rate jump tests at 1100 °C up to 0.85 strain from 0.001 s−1 

to 1 s−1 and from 1 s−1 to 0.001 s−1 after reaching the strain of 
0.425. Soaking before deformation: 3 min at 1100 °C.

c) Multi-stage deformation tests up to 0.85 strain at 1100 °C and 
1 s−1: each stage of deformation was equal to 0.05 strain, and the 
samples were held for 1 min or 5 min between the inter-stages of 
isothermal soaking. Soaking before deformation: 3 min at 
1100 °C.

d) Deformation at 1000 °C and 0.1 s−1 up to 0.85 strain followed by 
annealing at 1150 °C for 30 min and 180 min in a furnace. Soak 
before deformation: 3 min at 1000 °C.

A sandwich of graphite and Mo foils was used between the 
specimen and the anvils to minimise the temperature gradient and 
friction during the tests. All specimens were water quenched im-
mediately after testing to preserve the microstructure for further 
analysis. The specimens were sectioned along the compression di-
rection and metallographically prepared by grinding to 2000 grit and 
polishing with colloidal silica suspension (OP-S).

Scanning electron microscopy (SEM), electron backscatter dif-
fraction (EBSD) and energy dispersive X-ray spectroscopy (EDX) 
were used to examine the polished samples. An EDAX Apex system 
with a Hikari Plus EBSD camera was used for the EBSD measure-
ments. EBSD maps were measured for the as-cast and deformed 
samples. OIM DataAnalysis 8.6 was used to analyse the EBSD data. 
Firstly, the confidence index of the grains was standardised to a 
minimum grain size of 5 pixels. Then the points with a confidence 
index below 0.2 were cleaned by correlation with the neighbours. A 
misorientation angle of 15° was considered as the transition angle 
between low and high angle grain boundaries. The average grain 
misorientation was obtained using the first nearest neighbour. The 
Σ3 boundaries were calculated using a tolerance of 15·(" ")0.5. Grain 
orientation spread was calculated considering a grain surrounded by 
high angle grain boundaries (misorientation angle greater than 15°).

3. Results

3.1. As-cast microstructure

The as-cast microstructure of the investigated alloy is composed 
of two phases, as shown in Fig. 1. The overall microstructure cor-
responds to a hypo-eutectic alloy. The Al and Ni rich phase is indexed 
in the EBSD measurements according to a general BCC structure, 
hereon named “Eutectic BCC phase”, as shown in green in the EBSD 
phase map in Fig. 1f. The matrix enriched in Co, Fe and Cr is indexed 
in the EBSD measurements according to an FCC crystal structure, 
hereon named “FCC phase”, as shown in red in Fig. 1f. The elemental 
partition is explained is a characteristic of the eutectic behaviour of 
the alloy system [36,46,47]. The FCC has large grains, as shown in 
Fig. 1g, while the eutectic BCC phase is arranged into colony-like 
eutectic structures of smaller size, Fig. 1h. The black arrows in 
Fig. 1(a-e) indicate Al-rich oxide inclusions within the FCC matrix.

3.2. Hot deformation at constant strain rate and strain rate jump

The flow curves at constant strain rates and after strain rate 
jumps are shown in Fig. 2. Fig. 2(a and b) show the flow curves after 
deformation at 1000 °C and 1100 °C, respectively. Fig. 2a shows the 
plastic region of the flow curves for three different samples tested at 
1000 °C and 0.1 s−1. Although the overall evolution of the flow stress 
is comparable, the absolute values of the flow stresses differ by up to 
30 %. The strain at the peak stress also varies. The large as-cast FCC 
grains shown in Fig. 1 explain the dependence of the yield stress on 
the sample. The critical resolved shear stress and the work hard-
ening are related to the crystallographic orientation via the Schmid 
factor. Therefore, as shown in Fig. 2a, the applied strain rate can 
produce different stress values when only a few grains are present in 
each sample.
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Rapid work hardening followed by peak stress and flow softening 
occurs for all temperatures and constant strain rates. Fig. 2b shows 
the flow curves after the strain rate jump: 

• from 0.001 s−1 to 1 s−1: the work hardening that occurred during 
the first deformation increases the yield stress for the second 
deformation at 1 s−1.

Fig. 1. As-cast microstructure of the investigated high entropy alloy: a-e) EDX maps of a) Al; b) Co; c) Ni; d) Fe; e) Cr; and results of the EBSD measurements: f) phase map; g) 
inverse pole figure (IPF); h) IPF of the eutectic BCC-phase. The black arrow in (a-e) indicates oxide inclusions.

Fig. 2. Flow curves for the hot compression tests performed at a) the plastic region for three repetitions (Samples I to III) at 1000 °C and 0.1 s−1; b) 1100 °C and: A) at the constant 
strain rate of 1 s−1 for a soak time prior to deformation of 3 min; B) at the constant strain rate of 1 s−1 for a soak time prior to deformation of 0.5 min as well as for strain rate jump; 
C) at the constant strain rate of 0.001 s−1 for a soak time prior to deformation of 3 min; D) at strain rate jump from 0.001 s−1 to 1 s−1 for a soak time prior to deformation of 3 min; 
E) at strain rate jump from 1 s−1 to 0.001 s−1 for a soak time prior to deformation of 3 min.
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• from 1 s−1 to 0.001 s−1: the stresses reached during the first step 
of deformation at 1 s−1 are rapidly relaxed during the second step 
at 0.001 s−1. The stresses start at a value like the yield stress of the 
flow curve of the test at the constant strain rate of 0.001 s−1.

These tests show that it is only when jumping from low to high 
strain rates that the microstructural features produced during de-
formation are dependent on the deformation parameters. Time 
(strain) is required to recover the microstructure in the early stages 
of the second step when jumping from high to low strain rates.

The flow curves shown in Fig. 2b were obtained for hot com-
pression tests carried out after soaking for 3 min before deformation. 
The dashed black line at 1 s−1 was obtained when the pre-strain soak 
was 0.5 min and showed rapid work hardening followed by less flow 
softening and lower stress values compared to the test at 1 s−1 after 
3 min soak.

Fig. 3 shows the microstructure of the alloy after 3 min at 1100 °C. 
An Al rich phase precipitates within the FCC matrix, as shown in 

Fig. 3(a,f,g), indicating that the as-cast microstructure was not at 
thermodynamic equilibrium prior to hot deformation. The formation 
of micro-scale precipitates in the inter-dendritic region is also in 
agreement with the findings of Charkhchian et al. [36]. As suggested 
in literature, the micro-scale precipitates likely have a BCC crystal 
structure, which was used for their EBSD indexation. The micro- 
scale precipitates are hereon named “Secondary phase”. Although 
sluggish diffusion was reported for HEAs [48], it is mainly associated 
with Mn presence [49]. There is no Mn in the current alloy. Thus, all 
associated phenomena with diffusion are expected to be like the 
conventional alloy systems, explaining the relatively fast precipita-
tion kinetics for the investigated alloy.

Fig. 4 shows the effect of strain rate and soaking time prior to 
deformation on the FCC microstructure (deformation at 1100 °C up 
to 0.85 of strain). Some new HAGBs are formed in the FCC phase, as 
well as many LAGBs. Plastic deformation bends the crystal structure 
of the grains, creating a misorientation gradient. At the strain rate of 
0.001 s−1, there is more time for recrystallisation (Fig. 4(c,f)) 

Fig. 3. Microstructure of the alloy immediately before deformation at 1100 °C after 3 min holding: a-e) energy dispersive X-ray spectroscopy (EDX) maps of a) Al; b) Co; c) Ni; d) 
Fe; e) Cr; and f,g) backscattered electron (BSE) micrographs.

R.H. Buzolin, M. Masswohl, F.M.B. Ferraz et al. Journal of Alloys and Compounds 956 (2023) 170310

4



Fig. 4. Electron backscattered diffraction (EBSD) maps of the FCC-phase for the samples deformed at 1100 °C and: a,d) 1 s−1 after soaking before deformation for the 0.5 min; b,e) 
1 s−1 after soaking before deformation for 3 min; c,f) 0.001 s−1 after soaking before deformation for 3 min; g,i) strain rate jump from 1 s−1 to 0.001 s−1 after soaking before 
deformation for 3 min; h,j) strain rate jump from 0.001 s−1 to 1 s−1 after soaking before deformation for 3 min. The: a-c,g,h) are the inverse pole figure maps; and d-f,I,j) the 
boundary maps. The white lines in the IPF maps indicate all the HAGBs.
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compared to 1 s−1 in Fig. 4(b,e). Longer soak time produced a finer 
substructure, as seen in Fig. 4(b,e), compared to the deformation 
after the 0.5 min soak time shown in Fig. 4(a,d).

The substructure of the sample deformed at the strain rate jump 
from 1 s−1 to 0.001 s−1 (Fig. 4(g,i)) is similar to that of the hot com-
pression at the constant strain rate of 0.001 s−1 (Fig. 4(c,f)). The 
difference is that a higher density of HAGBs is observed at the 
constant strain rate of 0.001 s−1 in Fig. 4(c,f). It indicates that the 
microstructure produced at the strain rate jump from 1 s−1 to 
0.001 s−1 correspond to an early stage of recrystallisation compared 
to the one produced at the constant strain rate of 0.001 s−1. A similar 
result can be seen by comparing the deformation at a constant strain 
rate at 1 s−1 (Fig. 4(b,e)) and after the strain rate jump from 0.001 s−1 

to 1 s−1 (Fig. 4(h,j)). Thus, the alloy under investigation appears to 
have little dependence on the thermomechanical history. The de-
formation state at the last step determines the final microstructure. 
In the case of the strain rate jump, the microstructure formed in the 
first step is modified according to the strain rate of the second step. 
As the jump occurs at the strain of 0.425, a higher total strain would 
be required to achieve a similar microstructure to that formed at a 
constant strain rate, as shown in Fig. 4(b,c,e,f).

Fig. 5 shows high-resolution EBSD measurement maps for re-
gions within the FCC matrix for the hot compression at 1100 °C. The 
black areas correspond to the regions indexed as the BCC phase 
formed within the FCC matrix, as shown in Fig. 3. Comparing the 
microstructures shown in Fig. 5, the following can be interpreted: 

• Misorientation spread within the FCC substructure is present in 
most grains and is more pronounced at 1 s−1. The progressive 
misorientation change can be seen in the rotational axis given by 
the grain reference orientation deviation (GROD) axis maps in 
Fig. 5(c,f,i,l,o).

• High KAM values in Fig. 5(b,e,h,k,n) correspond to boundaries 
where a sharp change in the GROD axis is visible in Fig. 5(c,f,i,l,o).

• The precipitates formed during soaking are typically located 
along FCC grain boundaries or regions with sharp changes in 
rotation axis of the FCC phase. The precipitates formed after 
soaking before deformation globularise and coarsen at low strain 
rates (Fig. 5(g-i)). The precipitates formed after soaking are larger 
after deformation at the strain rate jump from 0.001 s−1 to 1 s−1 

than those formed at the constant strain rate of 1 s−1. In general, 
the longer deformation time, the larger the fraction of the sec-
ondary phase.

• The substructure formed for the strain rate jump from 1 s−1 to 
0.001 s−1 is comparable to the one formed at the constant strain 
rate of 0.001 s−1. Moreover, the substructure after the constant 
strain rate of 1 s−1 is finer than the rate jump from 0.001 s−1 to 
1 s−1 and lower from 1 s−1 to 0.001 s−1 compared to its final strain 
rates.

• The density of LAGBs and HAGBs in the FCC phase is higher in the 
case of 3 min soaking (Fig. 5(d-f)) than in the 0.5 min one 
(Fig. 5(a-c)). Some regions are only surrounded by HAGBs with Σ3 
boundaries in the interior, while others are surrounded by both 
HAGBs and/or LAGBs. Overall, a negligible amount of Σ3 bound-
aries is formed by DDRX compared to LAGBs and HAGBs.

Thus, the secondary phase formed within the FCC matrix is lar-
gely responsible for the higher work hardening after 3 min soaking 
when comparing the hot compression tests after 0.5 min

The flow softening observed in Fig. 2 results from I) the inter-
action between the restoration mechanisms in each phase and II) the 

change in load partitioning between them. The plastic deformation 
also modifies the microstructure of the eutectic BCC phase, as shown 
in Fig. 6. Fig. 6(d,e,j) shows that the eutectic BCC phase stored the 
plastic deformation by bending its crystal structure and forming 
regions with high KAM values for the constant strain rate of 1 s−1 and 
the strain rate jump from 0.001 s−1 to 1 s−1. Fig. 6(a,b,h) shows that 
there is no pronounced change in the orientation between the 
neighbouring particles for the constant strain rate of 1 s−1 and the 
strain rate jump from 0.001 s−1 to 1 s−1. In addition, there is no 
visible difference between the deformation at 1 s−1 after 0.5 min 
soaking (Fig. 6(a,d)) and 3 min soaking (Fig. 6(b,e)).

The restoration mechanisms have time to modify the micro-
structure at 0.001 s−1, although the stored energy is smaller, as the 
time to achieve the same strain is a thousand times longer at 
0.001 s−1 than at 1 s−1. Fig. 6 f shows some regions with high KAM 
values after hot compression at 1100 °C and 0.001 s−1 and a more 
globularised eutectic BCC phase compared to the same features 
formed after deformation at 1 s−1, Fig. 6(d,e). The microstructure 
formed after the strain rate jump from 1 s−1 to 0.001 s−1 (Fig. 6(g,i)) is 
similar to that formed after the constant strain rate at 0.001 s−1 

(Fig. 6(c,f)). Like the results for the FCC phase, the eutectic BCC phase 
shows a microstructure that accommodates the plastic deformation 
according to the actual parameters (strain rate and temperature) of 
the deformation, regardless of the thermomechanical history.

3.3. Multi-stage deformation

A typical industrial thermomechanical process can involve mul-
tiple deformation steps and soaking between the deformation steps, 
provoking complex interactions between the dynamic and static 
restoration mechanisms. To elucidate the role of these mechanisms, 
multi-stage deformation tests were performed at 1100 °C for a strain 
rate of 1 s−1. Fig. 7(a and c) show the true stress-strain curves for the 
tests performed with a soaking step of the 1 min and 5 min, re-
spectively, between the deformation steps. Fig. 7(b,d) shows the 
stress evolution as a function of the time for the same tests. The 
following results can be interpreted from Fig. 7: 

• The stresses achieved during deformation decrease with in-
creasing strain.

• The minimum stress reached during soaking between the de-
formation steps decreases with increasing strain.

• The softening described above was more pronounced for the 
5 min soak time than for the 1 min soak.

Assuming that the total strain during an isothermal test is the 
sum of elastic and plastic strains, Eq. (1) and Hook’s law can calcu-
late the plastic strain according to Eq. (2). Furthermore, assuming 
that in the derivative of Hook’s law, the plastic strain rate as a 
function of the stress evolution can be expressed by Eq. (3).

= +p e (1) 

=
E

p (2) 

=
E

p (3) 

Using an estimated Young modulus of 160 GPa for the high en-
tropy alloy [50], the calculated plastic strain rate over the stress is 
shown in Fig. 8(a and c) for the 1 min and 5 min interstage, re-
spectively. At high stresses, the plastic strain rate is up to one order 
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Fig. 5. Electron backscattered diffraction (EBSD) maps of the FCC-phase for the samples deformed at 1100 °C and: a-c) 1 s−1 after 0.5 min soaking before the deformation; d-f) 1 s−1 

after 3 min soaking before the deformation; g-i) 0.001 s−1 after 3 min soaking before the deformation; j-l) strain rate jump from 1 s−1 to 0.001 s−1 after 3 min soaking before the 
deformation; m-o) strain rate jump from 0.001 s−1 to 1 s−1 after 3 min soaking before the deformation; showing the: a,d,g,j,m) boundary maps; b,e,h,k,n) KAM maps; c,f,i,l,o) grain 
reference orientation deviation (GROD) axis. The black and white lines in the GROD and KAM maps indicate all the high-angle grain boundaries.
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Fig. 6. Electron backscattered diffraction (EBSD) maps of the eutectic BCC phase for the samples deformed at 1100 °C and: a,d) 1 s−1 after soaking before deformation for the 
0.5 min; b,e) 1 s−1 after soaking before deformation for 3 min; c,f) 0.001 s−1 after soaking before deformation for 3 min; g,i) strain rate jump from 1 s−1 to 0.001 s−1 after soaking 
before deformation for 3 min; h,j) strain rate jump from 0.001 s−1 to 1 s−1 after soaking before deformation for 3 min; showing the: a-c,g,h) inverse pole figure maps; d-f,i,j) kernel 
average misorientation (KAM) maps. The white lines in the inverse pole figure and KAM maps indicate all the high-angle grain boundaries.
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Fig. 7. a,c) flow stress for the tested alloy with the inter-stage period of the 1 min and 5 min, respectively; b,d) true stress evolution for the tested alloy with the inter-stage period 
of 1 min and 5 min, respectively.

Fig. 8. Stress relaxation results: a,c) plastic strain rate evolution for the test with the inter-stage period of 1 min and 5 min, respectively; b,d) stress evolution for the inter-stage 
period of 1 min and 5 min, respectively.
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of magnitude greater in the early stages of deformation than in the 
latter stages. This tendency applies only to the short soak time. The 
opposite is true for the 5 min soak time between deformations. The 
calculated plastic strain rate decreases sharply for the first de-
formation steps as the stresses relax (left part of the diagram). In 
contrast, for the same values of plastic strain rate, lower values of 
stresses are reached after the last deformation steps.

Fig. 8(b,d) shows the stress relaxation versus time. The stress of 
∼30 MPa is reached after ∼45 s of relaxation after the first de-
formation step. Increasing the deformation steps: I) lower stresses 
are reached during soaking; II) longer times are required to reach 
steady state. The stress-relaxation rate increases with the number of 
deformation steps. This rate increase is smaller from one deforma-
tion step to the next one.

Overall, Fig. 7 and Fig. 8 show that the material becomes softer as 
the deformation step increases and the steady state stress relaxation 
is reached at longer times. This behaviour is closely related to the 
microstructural evolution during the multi-stage deformation test. 

The FCC microstructures after the tests are shown in Fig. 9. A high 
density of HAGBs, particularly Σ3 boundaries, were formed by re-
crystallisation compared to the material deformed at the same strain 
rate without inter-stage soaking. The density of LAGBs is lower than 
in the tests performed at constant strain rates or with strain rate 
jumps shown in Fig. 4, especially compared to the test performed at 
1 s−1 (Fig. 4(b,e)).

Fig. 9 shows that the LAGBs network is slightly denser for the 
inter-stage holding of the 1 min compared to the 5 min Fig. 10 shows 
high-resolution EBSD measurement maps of the FCC phase for the 
central regions of the prior FCC grains confirming the previous 
statement concerning boundaries, local misorientation (KAM) and 
grain rotation (GROD). Defined regions with slight differences in 
rotation axis are shown in Fig. 10f for 5 min inter-stage holding as 
indicated by the yellow arrows. In contrast, finer regions with a 
progressive change in rotation axis associated with misorientation 
spread are shown in Fig. 10c for 1 min inter-stage holding, as in-
dicated by the blue dashed ellipses. Thus, 1 min of inter-stage 

Fig. 9. Electron backscattered diffraction (EBSD) maps of the FCC phase deformed at 1100 °C and 1 s−1 for the inter-stage period of a,c) the 1 min; b,d) 5 min, showing: a,b) inverse 
pole figure maps; c,d) boundary maps. The white lines in the inverse pole figure maps indicate the high-angle grain boundaries.
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holding is insufficient to significantly annihilate dislocations and 
reduce the misorientation spread in the central regions of the prior 
FCC grains, achieved at 5 min

Fig. 11 shows the microstructure of the eutectic BCC phase after 
multi-stage hot compression. Compared to the IPF and KAM maps 
obtained for a constant strain rate of 1 s−1 shown in Fig. 6(b,e), Fig. 11
shows a more recrystallised and partially globularised eutectic BCC 
phase, especially for the multi-stage holding test of 5 min, 
Fig. 11(b,d). Longer multi-stage holding times enhance the restora-
tion by recovery and recrystallisation of the FCC matrix, as well as 
the recrystallisation and globularisation of the eutectic BCC phase.

3.4. Microstructure evolution during annealing

Although new HAGBs and new grains are formed in the FCC 
matrix for the constant strain rate, strain rate jump and multi-stage 
tests, none successfully refine the FCC as-cast grain structure up to 
the tested strain. Fig. 12 shows the EBSD maps after hot compression 
at 1000 °C and 0.1 s−1 (Fig. 12(a,d,g)) followed by annealing at 1150 °C 
for 30 min (Fig. 12(b,e,h)) and 180 min (Fig. 12(c,f,i)). Fig. 12a,d shows 
a fine substructure formed within the FCC phase without new re-
crystallised grains. This substructure carries high stored energy in 
KAM, as shown in Fig. 12g. Some static recrystallised grains, more 
prominent along the interfaces with the deformed eutectic BCC 
phase, can be observed after 30 min of annealing. The substructure 
of the FCC matrix is largely preserved as shown in Fig. 12(e,h). The 

long annealing time of 180 min results in a partially recrystallised 
microstructure. The static recovery also annihilates and rearranges 
dislocations, slightly reducing the KAM values (Fig. 12i) and the 
stored energy within the FCC phase.

4. Discussion

4.1. Dynamic restoration mechanisms

This section discusses the metallurgical changes that occur 
during the hot deformation of both phases. Fig. 13 shows the EBSD 
maps of the BCC and FCC EBSD indexed phases after deformation at 
1100 °C and 0.001 s−1 and 1 s−1. The density of LAGBs formed in both 
BCC and FCC phases after deformation at 1 s−1 (Fig. 13(e and g, re-
spectively)) is larger than that after deformation at 0.001 s−1 

(Fig. 13(a,c)). The density of HAGB in the FCC phase is larger at 
0.001 s−1 (Fig. 13c) than 1 s−1 (Fig. 13g). The GROD axis maps in 
Fig. 13(b,f) show that each region surrounded by LAGBs and HAGBs 
in the eutectic BCC phase has a different rotation axis to the 
neighbouring regions. Misorientation spread is also present within 
the eutectic BCC phase at 1 s−1. Thus, the plastic deformation forms 
boundaries and misorientation within the eutectic BCC phase. Pro-
gressive lattice rotation and extensive dynamic recovery increase 
boundary misorientation, forming new HAGBs by CDRX. The CDRX is 
accompanied by a progressive fragmentation of the semi-continuous 
eutectic BCC network, modifying the stress and strain distributions 

Fig. 10. Results of the Electron backscattered diffraction (EBSD) measurements of the FCC phase deformed at 1100 °C and 1 s−1 with an inter-stage period of a,c,e) The 1 min; b,d,f) 
5 min, showing the: a,b) boundary maps; c,d) KAM maps; e,f) GRO) maps. The black lines in the GROD maps indicate all the high-angle grain boundaries. Blue dashed arrows in c) 
indicate regions with misorientation spread. Yellow arrows in f) indicate defined regions with small differences in the rotation axis.
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within the material. The overall flow behaviour observed for the 
investigated alloy is a result of the following: 

• Progressive fragmentation of the eutectic BCC network

• Progressive rearrangement of the dislocations within the FCC 
matrix that were formed in the early stages of the deformation. 
The eutectic BCC phase and the secondary phase can act as a 
dislocation source. They contribute to the high dislocation den-
sity in the early stages.

• The eutectic BCC particles contribute to the lattice rotation, 
which can promote a faster dislocations rearrangement, allowing 
a faster the substructure formation.

• Discontinuous dynamic recrystallisation (DDRX), i.e., nucleation 
and growth of the new grains, in the FCC phase was limited to the 
regions close to the eutectic BCC interface where local lattice 
rotation in the FCC phase is promoted.

• The DDRX grains of the FCC phase continue to deform.

4.2. Static restoration mechanisms

Static recrystallisation is slow. Fig. 12 shows that after 180 min 
recrystallisation is still incomplete. Fig. 14(a,b) shows the FCC 

microstructure of the alloy deformed at 1100 °C and 0.001 s−1, and 
Fig. 14(e,f) shows the FCC microstructure of the alloy deformation at 
1100 °C and 0.1 s−1 followed by annealing at 1150 °C for 180 min. 
DDRX occurs by forming Σ3 boundaries. The nucleation and growth 
of new grains is hindered in the regions in which the secondary 
phase is present. The high GOS values in Fig. 14(c,g) are explained by 
the low KAM values in the eutectic BCC phase (Fig. 14(d,h)) but the 
presence of LAGBs instead of just HAGBs. It indicates that full re-
crystallisation was not achieved due to I) insufficient time/de-
formation for CDRX in the case of deformation only, Fig. 14(c,d); II) 
insufficient stored energy in the case of static recrystallisation, 
Fig. 14(g,h).

Fig. 15 shows a detailed view of a region where a nucleus is 
forming and growing, creating Σ3 boundaries that consume the high 
KAM regions. As shown in Fig. 15a, the intersection of Σ3 with other 
Σ3 boundaries can form a Σ9 boundary.

4.3. Role of the eutectic BCC phase and secondary phase on the 
deformation behaviour

The investigated high entropy alloy consists of a percolated 
matrix of FCC phase with eutectic BCC phase indexed in the EBSD 

Fig. 11. Results of electron backscattered diffraction measurements of the eutectic BCC phase deformed at 1100 °C and 1 s−1 with an inter-stage period of a,b) the 1 min; c,d) 5 min, 
showing the: a,c) inverse pole figure maps; c,d) kernel average misorientation maps. The white lines in the IPF and KAM maps indicate all the high-angle grain boundaries.
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measurements and secondary phases formed during soaking and/or 
deformation, also indexed as BCC phase in the EBSD measurements. 
Fig. 16 shows the characteristic morphologies of the secondary phase 
after the tests carried out in this work. The secondary phase that 
precipitated within the FCC matrix during soaking prior to de-
formation are finer after soaking for 0.5 min (Fig. 16a) than after 
soaking for 3 min (Fig. 16b). The coarsening of the secondary phase 
(Fig. 16b compared to Fig. 16c) is promoted by increasing the de-
formation time (decreasing the strain rate). Increasing the de-
formation time (decreasing the strain rate) promotes secondary 

phase coarsening. The secondary phase formed for the strain rate 
jump tests at 1100 °C (Fig. 16 (d,e)) are comparable to each other and 
are slightly smaller than those formed at 0.001 s−1 (Fig. 16c). The 
secondary phase coarsens during the multi-stage tests at 1100 °C 
(Fig. 16 (f,g)). Annealing at 1150 °C for 30 min and 180 min after 
deformation also coarsened the secondary phase (Fig. 16I and 
Fig. 16j, respectively).

The secondary phase that precipitate is rich in Al and Ni, like the 
deformed eutectic BCC phase, as shown in Fig. 17 for the hot com-
pression at 1100 °C and 0.001 s−1. These fine particles of the 

Fig. 12. Results of the electron backscattered diffraction measurements of the FCC phase deformed at 1000 °C and 0.1 s−1 and annealed at 1150 °C for: a,c,e) 0 min (as-deformed); 
b,d,f) 30 min; c,f,i) 180 min, showing the: a-c) inverse pole figure maps, d-f) boundary maps, g-i) kernel average misorientation maps. The white lines in the IPF and KAM maps 
indicate the high-angle grain boundaries.
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secondary phase promote local lattice rotation and pin the grain 
boundaries of the FCC matrix. During plastic deformation, the eu-
tectic BCC phase and secondary phase can act as a source for dis-
location multiplication. Since they pin the HAGB movement by Zener 
pinning, they consequently retard dynamic, post-dynamic and static 
recrystallisation.

The eutectic BCC phase reinforces the FCC matrix. Therefore, its 
size and geometric configuration determine the load transfer be-
tween the eutectic BCC phase and the FCC matrix. The reinforcement 
by load transfer is maximum in an interconnected network of the 
eutectic BCC phase. As the material deforms, the eutectic BCC net-
work bends due to plastic deformation, producing dislocations 

Fig. 13. Electron backscattered diffraction (EBSD) maps of the BCC phase for the samples deformed at 1100 °C and: a-d) 0.001 s−1; e-h) 1 s−1; showing the: a,e,c,g) boundary maps; 
b,d,f,h) grain reference orientation deviation (GROD) axis maps; for the a,b,e,f) BCC phase; c,d,g,h) FCC phase.

Fig. 14. EBSD results of the alloy deformed at a-d) 1100 °C and 0.001 s−1; e-h) 1000 °C and 0.1 s−1 followed by annealing at 1150 °C for 180 min; showing the a,c,e,g) grain 
orientation spread (GOS) maps; b,d,f,h) KAM maps; for the a,b,e,f) FCC phase; c,d,g,h) BCC phase. The white lines indicate the HAGBs. The red lines in the KAM maps indicate the 
Σ3 boundaries. The white box in e,f) are shown in detail in Fig. 15.
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Fig. 15. EBSD results of the area indicated by the white box in Fig. 14(e,f) for the alloy deformed at 1000 °C and 0.1 s−1 followed by annealing at 1150 °C for 180 min; showing the a) 
inverse pole figure map; b) KAM map. The white lines indicate the HAGBs. The black lines in a) and the red ones in b) indicate the Σ3 boundaries. The green lines in a) indicate the 
Σ9 boundaries.

Fig. 16. Scanning electron micrographs (BSE mode) of the samples deformed at a-c) constant strain rate at 1100 °C; d,e) with strain rate jump at 1100 °C; f,g) with multi-stage 
deformation at 1100 °C; h-j) 1000 °C and 0.1 s−1 followed by annealing.
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within the eutectic BCC structure and a pronounced work hardening, 
as observed in the flow curves. The second stage of work hardening 
is associated with the intense multiplication of dislocations within 
the FCC phase due to interactions with the secondary phase, as ob-
served in Fig. 2 for the tests carried at 1100 °C after 3 min

5. Summary and conclusions

A dual-phase cast high entropy alloy was produced by induction- 
melting. The alloy has a hypo-eutectic microstructure. A semi-con-
tinuous eutectic network of platelet-shape phases indexed for the 
EBSD measurements according to the BCC structure is embedded in 
a matrix of a phase indexed for the EBSD measurements according to 
the FCC structure. The eutectic BCC phase is enriched in Al and Ni. 
Secondary phase is formed during soaking if temperature and time is 
sufficiently long. They are also indexed for the EBSD measurements 
according to the BCC structure. Different thermomechanical treat-
ments were carried out to determine the mechanisms of micro-
structural modification. The results allow the following conclusions 
to be drawn: 

• Hot compression forms a fine and intricate substructure within 
the FCC matrix. However, the recrystallisation is limited and at-
tributed to the pinning caused by the secondary phase that 
precipitate at high temperatures.

• Both dynamic and static recrystallisation occurs via nucleation 
and growth of new grains, forming Σ3 boundaries. In addition, 
the secondary phase that precipitate at high temperatures appear 

to rotate, accelerating the dynamic recovery by promoting lattice 
rotation within the FCC matrix, forming LAGBs and new HAGBs.

• Hot compression forms boundaries within the eutectic BCC 
phase, progressively increasing misorientation via CDRX. It is 
followed by a fragmentation of the semi-continuous network of 
the eutectic BCC phase, forming globular-like BCC particles.

• Flow softening occurs during hot compression due to a) a com-
plex interaction of the dislocation rearrangement within the FCC 
phase and b) the fragmentation of the eutectic BCC phase.

• The strain rate jump tests show that the alloy accommodates the 
plastic deformation through microstructural changes, mainly 
considering the last deformation step.

• The multi-stage tests show that after the first step of deforma-
tion, the stress relaxes rapidly, and the relaxation continues for 
longer relaxation times at higher strains. The progressive frag-
mentation of the eutectic BCC phase and the progressive re-
arrangement of dislocations within the FCC substructure explain 
the lower stress values reached after relaxation for higher strains.

• Higher strains and/or longer annealing times are required to ef-
fectively refine the FCC microstructure.
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