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Аннотация. При выборе составов высокоэнтропийных сплавов одним из учитываемых параметров является термическая стабильность. 

В  работе рассматриваются структурные преобразования деформированного высокоэнтропийного сплава Al0,3CoCrFeNi, происхо-
дящие в процессе его отжига. Материал получен методом аргонодуговой плавки смеси чистых одноэлементных компонентов. С целью 
гомогенизации структуры полученный слиток подвергался термомеханической обработке по схеме, сочетающей холодную прокатку 
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Abstract. When choosing compositions of high-entropy alloys, one of the parameters taken into account is thermal stability. The paper considers the struc-

tural transformations of the deformed Al0.3CoCrFeNi high-entropy alloy occurring during its annealing. The material was obtained by argon-arc 
melting with a mixture of pure single-element components. In order to homogenize the structure, the resulting ingot was subjected to thermomecha
nical processing according to a scheme combining cold rolling with a compression ratio of 50 % and low-temperature annealing (400 °C for 100 h). 
In the future, the homogenized billet was rolled in a cold state with a compression ratio of 80 %. The structure of the materials was studied directly 
during heating (in-situ mode) using the method of synchrotron X-ray diffraction. The heating rate of the samples was 20 °C/min, the maximum 
heating temperature was 1000 °C. The parameters of the alloy dislocation structure (density of screw dislocations, spatial distribution of dislocations) 
during heating were determined using the modified Williamson–Hall and Warren–Averbach methods. According to the data obtained, the temperature 
of beginning of formation of a high-entropy phase with a primitive cubic lattice is 560 °C. In the process of heating the material up to this tempera-
ture, an increase in density of screw dislocations and formation of a disordered dislocation structure are observed. The nature of change in dislocation 
density correlates well with the increase in the alloy microhardness. At an initial value of 406 ± 13 HV0.1 (for the deformed material), the microhard-
ness during heat treatment increases up to 587 ± 10 HV0.1 . 
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 Introduction

Thermal stability is a crucial parameter often consi
dered when selecting compositions for high-entropy 
alloys (HEAs) [1 – 4]. For HEAs within multicomponent 
systems, the  formation  of  both ordered and disordered 
crystalline phases is typical. Disordered phases are charac
terized by a random distribution of atoms within the unit 
cell, typically exhibiting a face-centered cubic (FCC) or 
body-centered cubic (BCC) lattice, occupying the largest 
fraction of  the alloy volume [5]. However, during melt-
ing and subsequent heat treatment of HEAs, the  forma-
tion  of  ordered phases with a primitive cubic lattice is 
possible [6]. Undoubtedly, the formation of such phases 
leads to changes in the properties of the alloys. 

Among the numerous known compositions of HEAs, 
the  AlxCoCrFeNi system is often highlighted  [7 – 11]. 
The  peculiarity of  alloys within this system lies in 
the ability to control the phase composition of the alloy 
by varying the aluminum content. For instance, at x = 0.3, 
the  alloys’ structure consists solely of  the  BCC phase. 
Within the  range of  x values from 0.3 to  0.6, a second 
phase with an FCC lattice forms alongside the  BCC 
phase in the alloy’s structure. Increasing the parameter x 
to  values of  0.6 – 2.0 is accompanied by the  forma-
tion of a single-phase FCC structure. 

Experimental studies and thermodynamic calcula-
tions confirm the  correspondence of  the  structural and 
phase state to the indicated composition ranges of high-
entropy alloys  [12]. However, it is known that the  for-
mation of additional phases in alloys of the AlxCoCrFeNi 
system can be significantly influenced by pre-thermo-
mechanical processing. For instance, plastic deforma-
tion of alloys with x equal to 0.3, 0.6, and 0.9 at 930 °C 
is accompanied by the  precipitation  of  AlNi particles 
along grain boundaries  [13]. Additionally, research 
indicates that the  formation  of  an intermetallic phase 

in AlxCoCrFeNi alloys can occur during dry fric-
tion  at  900 °C. Deformation  and annealing processes 
result in the formation of ordered high-entropy phases. For 
example, plastic deformation of the Al0.3CoCrFeNi alloy 
with a compression degree of 20 % followed by anneal-
ing at 550 °C leads to  the  formation of a phase with an 
L12 structure (characterized by a primitive cubic lattice). 
Increasing the annealing temperature to 700 °C is accom-
panied by the formation of the AlNi intermetallic and B2 
phases, both possessing a primitive cubic lattice. Further-
more, the B2 phase is observed after annealing of samp
les deformed by the  high-pressure torsion  method  [16]. 
Cold rolling of the Al0.3CoCrFeNi alloy with a compres-
sion  degree of  50 % followed by annealing at 800 °C 
leads to the formation of the B2 phase [17]. The signifi-
cant influence of annealing temperature on the mechani-
cal properties of deformed HEA blanks is also noted [17]. 

From the  analysis of  available publications, seve
ral conclusions can be drawn. Firstly, alloys of  the 
AlxCoCrFeNi system are characterized by the  forma-
tion  of  not only high-entropy disordered phases but 
also multi-component phases with ordered structures. 
Secondly, the  phase composition  of  these materials is 
largely determined by the  scheme and modes of  ther-
momechanical processing. The  combination  of  plastic 
deformation  and high-temperature annealing promotes 
the formation of ordered high-entropy phases. By varying 
the parameters of  temperature-force exposure, it is pos-
sible to  change the  temperature at which the  ordered 
phases begin to precipitate. Finally, a number of studies 
indicate the possibility of changing the mechanical pro
perties of high-entropy alloys depending on  the anneal-
ing temperature.

The questions regarding the thermal stability of HEAs, 
the formation of ordered phases in them, and changes in 
their mechanical properties depending on  temperature 
effects are important not only for controlling the structure 

со степенью обжатия 50 % и низкотемпературный отжиг (400 °C в течение 100 ч). В дальнейшем гомогенизированная заготовка прока-
тывалась в холодном состоянии со степенью обжатия 80 %. Структуру материалов исследовали непосредственно в процессе нагрева 
(в режиме in-situ) с использованием метода дифракции синхротронного рентгеновского излучения. Скорость нагрева образцов составляла 
20 °C/мин, максимальная температура нагрева – 1000 °C. Параметры дислокационной структуры сплава (плотность винтовых дисло-
каций, пространственное распределение дислокаций) в процессе нагрева определяли с использованием модифицированных методов 
Вильямсона–Холла и Уоррена–Авербаха. Согласно полученным данным, температура начала формирования высокоэнтропийной фазы, 
обладающей примитивной кубической решеткой, составляет 560 °C. В процессе нагрева материала вплоть до температуры начала форми-
рования этой фазы наблюдаются увеличение плотности винтовых дислокаций и формирование разупорядоченной дислокационной 
структуры. Характер изменения плотности дислокаций хорошо коррелирует с ростом микротвердости сплава. При начальном значении 
в 406 ± 13 HV0,1 (для деформированного материала) микротвердость в процессе термической обработки повышается до 587 ± 10 HV0,1. 

Ключевые слова: высокоэнтропийные сплавы, сплав Al0,3CoCrFeNi, пластическая деформация, термическая обработка, дислокационная 
структура, просвечивающая электронная микроскопия, дифракция синхротронного рентгеновского излучения
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and properties of the final product but also for understand-
ing the  conditions under which this product can func-
tion. While acknowledging the significance of this issue, 
it should be noted that there is a lack of experimental data 
revealing the peculiarities of the formation of new phases 
in the  analyzed HEAs under deformation  and thermal 
conditions. In this work, the method of synchrotron X-ray 
diffraction  in situ was employed to analyze the changes 
in the  structure of  the  deformed Al0.3CoCrFeNi alloy 
during heating. This method, combined with profile 
analysis of  recorded diffraction  patterns, allowed for 
the  calculation  of  lattice parameter changes, identifica-
tion of the temperature at which the formation of ordered 
high-entropy phase begins, and estimation  of  the  den-
sity of  dislocations during material heating. Additio
nally, the  structure of  the  materials was investigated 
using transmission electron microscopy, and the hardness 
of the samples was evaluated using the Vickers method. 

 Materials and methods

A high-entropy alloy ingot Al0.3CoCrFeNi was pro-
duced by argon  arc melting of  pure elemental com-
ponents. The  melting process took place in a Bühler 
ArcMelter AM furnace at an argon pressure of 2·10–2 bar 
(2·103 Pa). To  ensure a homogeneous chemical compo-
sition, the  material underwent ten cycles of  remelting. 
Additional thermomechanical treatment of the alloy was 
also conducted for the same purpose. The resulting ingot 
underwent cold rolling with a reduction degree of 50 % 
and was held at 400 °C for 100 h. This thermal treatment 
regime was employed to prevent the formation of ordered 
phases in the alloy structure [18]. 

The  prepared billet was utilized for investigations 
aimed at studying the  influence of  heating temperature 
on  the structural and phase transformations of  the alloy 
deformed by cold rolling. The  total reduction  degree 
of  the billet, amounting to 80 %, was achieved through 
multiple passes. Each pass involved a 2 % reduction  in 
thickness relative to the initial billet thickness. Samples 
cut from the cold-deformed sheet were placed in a Bähr 
DIL 805 A/D dilatometer furnace and heated at a rate 
of  20 °C/min, with the  maximum heating temperature 
reached 1000 °C.

The  analysis of  the  material structure during heat-
ing was conducted using the  in-situ synchrotron  X-ray 
diffraction  method. The  investigations were carried out 
at  the P07 (“High Energy Materials Science”) beamline 
of the DESY: PETRA III source in Hamburg. The wave-
length of  the  X-ray radiation  used was 0.014235 nm, 
corresponding to  a photon  energy of  87.1 keV. A 2D 
scintillation detector PerkinElmer XRD 1621 with a reso
lution of 2048×2048 pixels and an area of 409.6 mm2 was 
employed to record the diffraction patterns, with the dis-
tance from the  sample to  the  detector being 1.05 m. 

The  diffraction  patterns were recorded in transverse 
direction and were converted into one-dimensional form 
by azimuthal integration using the pyFAI library [19]. 

To perform profile analysis, the one-dimensional dif-
fraction  patterns were described by the  following func-
tion:

	        	 (1)

The  first sum in Eq. (1) determines the  contribu-
tion  of  ten diffraction  maxima to  the  intensity, while 
the second represents the 7th order polynomial describing 
the background of the diffraction pattern. In turn, the pro-
file of  each of  the  diffraction  maxima was described 
by a pseudo-Voight function as follows: 

	       Ii (2θ) = I0 [η L(2θ) + (1 – η) G(2θ)],	 (2)

where I0  is the  maximum intensity of  diffraction  maxi-
mum; η is the contribution of the Lorentz function; L(2θ) 
and G(2θ)  are Lorentz and Gaussian functions, respec-
tively, defined as:

	     	 (3)

	       	 (4)

where 2θ0  is the  angular position  corresponding to  the 
maximum intensity of the peak; β is the full width at half 
maximum of  the  diffraction  peak; A is the  asymmetry 
parameter of the diffraction peak (–1 ≤ A ≤ 1).

The  parameters of  the  dislocation  structure (density 
of screw dislocations, spatial arrangement of dislocations) 
corresponding to  a specific stage of  alloy heating were 
determined using modified Williamson–Hall and War-
ren–Averbach methods. A detailed description  of  these 
methods is presented in [20 – 23]. 

In addition  to  experiments analyzing the  structure 
using synchrotron X-ray radiation, a series of samples was 
prepared to evaluate the microhardness of cold-deformed 
HEA after heating to 100 – 900 °C (in intervals of 50 °C), 
including 875 and 900 °C. The materials were analyzed 
using the Vickers method on a semi-automatic hardness 
tester WolpertGroup 402MVD. The  load on  the  four-
sided diamond indenter was 0.98 N, with a  dwell time 
under load of  10 s. The  fine structure of  samples ther-
mally treated at 550, 650, and 900 °C was examined using 
a  transmission  electron  microscope JEOL JEM-2100 
at an accelerating voltage of 200 kV.
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 Results and discussion

In previous publications, various data on  the  char-
acteristics of  phase transformations occurring during 
the heating of Al0.3CoCrFeNi alloy have been presented. 
It has been noted that one of  the  factors determining 
the  temperature at which ordered phases start to  pre-
cipitate is the  degree of  pre-deformation  of  the  mate-
rial. For example, in  [17], it was demonstrated that 
the  temperature at which the B2 phase starts to  form in 
Al0.3CoCrFeNi alloy, cold-rolled to  50 %, falls within 
the  range of  600 – 800 °C. However, the  exact value 
of  this temperature could not be determined accu-
rately in the  ex-situ experiment. An undeniable advan-
tage of  the  in-situ approach implemented in this study 
is the  ability to  precisely determine the  temperatures 
of phase and structural transformations occurring during 
the heating of the alloy. Fig. 1 displays a diffraction pat-
tern corresponding to  the  heating process of  the  cold-
rolled Al0.3CoCrFeNi alloy. Throughout the  entire tem-
perature range, diffraction  peaks of  the  FCC phase are 
observed. However, starting from around 600 °C, peaks 
of a phase with a primitive cubic lattice emerge. To more 
accurately determine the  temperature at which it starts 
to form, an analysis of the intensity change of the (310) 
diffraction peak was conducted (Fig. 2).

The data presented indicate a non-monotonic change 
in the  intensity of  the  peak (310) of  the  phase with 
a primitive cubic lattice (Fig. 2, a). A characteristic fea-
ture of this parameter is its gradual increase with temper-
ature followed by a decrease. The analyzed phase begins 
to form at 560 °C (Fig. 2, b).

Figure 3 illustrates the results of changes in the mate-
rial lattice parameter and linear expansion of the sample. 

Upon heating to approximately 750 °C, the rate of change 
of  both parameters becomes close to  linear. A weakly 
pronounced change in the relationship between the mag-
nitude ΔL and the  heating temperature is observed in 
the  temperature range of  450 – 600 °C (Fig. 3, b). This 
observed effect may be explained by the  restructuring 
of  the  dislocation  structure of  the  alloy. Upon  heating 
the  alloy to  above 850 °C, the  lattice parameter growth 
rate increases from 0.07·10–4 to 0.125 Å/°C. In the tem-
perature range of  750 – 900 °C, the  rate of  growth 
of the parameter ΔL gradually decreases, and in the tem-
perature interval of  900 – 1000 °C, a sample compres-
sion effect is manifested.

Fig. 4 displays the results of profile analysis of exper-
imentally recorded diffraction  patterns. Using modi-
fied Williamson–Hall and Warren–Averbach methods, 
the  values of  screw dislocation  density (ρscrew ) and 
Wilkens parameter (M) were calculated. The parameter M 
characterizes the  spatial configuration  features of dislo-
cations. A decrease in M indicates the formation of dislo-
cation walls in the alloy, while an increase in M is a sign 
of  the  formation  of  a disordered dislocation  structure. 
According to the obtained data, up to the onset of ordered 
phase precipitation  (560 °C), there is a simultaneous 
increase in dislocation density and disordering of the dis-
location structure. 

The change in dislocation density correlates well with 
the  increase in microhardness of  the  analyzed samp
les. In the  initial state (before heating), the  microhard-
ness of  the  cold-deformed sample is 406 ± 13 HV0.1 . 
The maximum microhardness value at 587 ± 10 HV0.1 is 
recorded in samples thermally treated at 550 – 600 °C. 
According to the results of profile analysis, at these tem-
peratures, the values of dislocation density are also at their 

Fig. 1. X-ray diffraction pattern of heating of the cold rolled Al0.3CoCrFeNi alloy

Рис. 1. Дифракционная карта процесса нагрева холоднокатанного сплава Al0,3CoCrFeNi
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Fig. 2. Change in intensity of diffraction maxima of the disordered and ordered phases in Al0.3CoCrFeNi high-entropy alloy (a)  
and change in intensity derivative according to temperature of diffraction maximum (310) of the phase with a primitive cubic lattice (b) 

Рис. 2. Изменение интенсивности дифракционных максимумов разупорядоченной и упорядоченной  
фаз высокоэнтропийоного сплава Al0,3CoCrFeNi (а) и изменение производной интенсивности по температуре  

дифракционного максимума (310) фазы с примитивной кубической решеткой (b)

Fig. 3. Change in the lattice parameter a ( ) and thermal expansion of the plastically deformed sample ΔL ( ) of Al0.3CoCrFeNi alloy  
during heating (a) and change in derivatives da/dT ( ) and d∆L/dT ( ) (b) 

Рис. 3. Изменение параметра решетки a ( ) и термическое расширение пластически деформированного образца ΔL ( )  
из сплава Al0,3CoCrFeNi в процессе его нагрева (а) и изменение производных da/dT ( ) и d∆L/dT ( ) (b)

maximum level. As the temperature is further increased, 
the dislocation density and microhardness level decrease 
to 395 ± 16 HV0.1 .

The  authors of  [23] have previously discussed 
the  changes in structure and properties of  the 
Al0.3CoCrFeNi alloy depending on  the  heat treatment 
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temperature. In  [24], it was noted that plastic deforma-
tion  followed by annealing of  the  high-entropy alloy 
Al0.3CoCrFeNi leads to  the  the  formation of  an ordered 
phase with a primitive cubic lattice on subgrain bounda
ries or in areas of  high local defect density. However, 
the  issue regarding the  increase in dislocation  density 
during the heating process of high-entropy alloys has not 
been discussed in publications before and requires further 
research. 

Analysis of Fig. 4 allows us to conclude that exceed-
ing the  temperature values corresponding to  the  onset 
of  ordered phase precipitation  is accompanied 
by a decrease in both dislocation density and the Wilkens 
parameter. This fact indicates the  activation  of  pro-
cesses associated with polygonization  and recrystalli-
zation of  the alloy structure. The results of  the research 
conducted using transmission  electron  microscopy 
(Fig. 5) also indicate the  development of  recrystalliza-
tion processes. Analysis of  the presented images shows 
an increased degree of structural defects in the material in 
the cold-deformed state (Fig. 5, a), as well as after heat-
ing to 550 and 650 °C (Fig. 5, b, c).

Despite the  fact that, according to  synchrotron  radi-
ation  diffraction  data, the  formation  of  the  phase with 
a  primitive cubic lattice begins at 560 °C, even after 
heating to  a temperature of  650 °C, no particles of  this 
phase were detected using transmission electron micros-
copy (Fig. 5, c). This can be explained by the  fact that 
at the  initial stage of  particle formation, the  analyzed 
phase particles are small in size and are separated from 
the original matrix in such a way that they are not vis-
ible using diffraction contrast. However, in samples ther-
mally treated at 900 °C, particles of the ordered phase are 
clearly visible (Fig. 5, d). 

Thus, the  results of  the  research conducted 
using transmission  electron  microscopy correspond 
to the experimental data obtained during X-ray structural 
analysis. The analysis carried out in this work indicates 
that the  intensive decrease in dislocation  density and 
the Wilkens parameter (when heating the alloy to 750 °C) 
(Fig. 4) is due to  the  onset of  recrystallization  pro-
cesses. The  observed decrease in linear expansion  rate 
(ΔL) at heating temperatures above 750 °C is likely also 
related to the development of recrystallization processes 
and the  accompanying annihilation  of  crystal structure 
defects. It can be expected that with further increase 
in temperature, the  linear expansion  rate of  the  sample 
will reach a  plateau, and then the  material will begin 
to  expand, but at a different rate. A similar effect was 
observed in a study  [25] that examined the  structure 
of friction-welded samples. The experimentally observed 
deviation  of  the  ΔL – T dependence from linearity 
by the authors of this work was associated with recrystal-
lization processes and changes in residual stresses. Simi-
lar phenomena were also observed in [26; 27].

 Conclusions

Using synchrotron  X-ray radiation  diffraction, 
it was determined that the  temperature at which 
the  formation  of  a  high-entropy phase with a 
primitive cubic lattice begins in a cold-rolled sample 
of Al0.3CoCrFeNi alloy is 560 °C.

Heating the deformed alloy to 560 °C is accompanied 
by an increase in the  density of  screw dislocations 
(ρscrew) and an increase in the  degree of  disorder in 
the  dislocation  structure, expressed by the  growth 
of the Wilkens parameter M. 

Fig. 4. Change in density of screw dislocations ( ), the Wilkens parameter ( ) and microhardness ( )  
during heating of deformed Al0.3CoCrFeNi alloy 

Рис. 4. Изменение плотности винтовых дислокаций ( ), параметра Вилкенса ( ) и микротвердости ( )  
при нагреве деформированного сплава Al0,3CoCrFeNi
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The  change in dislocation  density correlates 
with the  nature of  the  change in microhardness 
of  the  Al0.3CoCrFeNi alloy. Heating the  cold-worked 
material from room temperature to 600 °C, accompanied 
by an increase in dislocation density, leads to an increase 
in microhardness from 406 ± 13 to  587 ± 10 HV0.1 . 
The  decrease in dislocation  density that occurs during 
further annealing at higher temperatures leads to a decrease 
in the microhardness of the alloy to 395 ± 16 HV0.1 .

Dilatometric analysis of  the  Al0.3CoCrFeNi alloy 
indicates a non-linear relationship between the  lattice 
parameter a and the  elongation  of  the  sample ΔL with 
the  heating temperature. In the  temperature range 
from 25 to 850 °C, the rate of lattice parameter growth is 
0.07·10–4 Å/°C and increases to 0.125 Å/°C when heated 
above 850 °C. An increase in temperature from  750 
to 900 °C is accompanied by a gradual decrease in the rate 
of  linear expansion  of  the  sample. In the  temperature 
range of  900 – 1000 °C, compression  is observed. This 
observed effect may be associated with a decrease in 
the number of defects in the crystal lattice, accompanying 
the development of recrystallization processes.
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