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A B S T R A C T

Introduction. All plastically deformed alloys are characterized by crystal defects that increase the internal 
energy of the system. These defects also result in residual stresses that have a complex effect on the material 
properties. Macrostresses are often the most critical and can lead to warpage, reduced corrosion resistance, and 
changes in material strength characteristics. The purpose of this work is to assess the residual stresses of the 
primitive cubic phase of high entropy alloys Al0.6CoCrFeNi and AlCoCrFeNi. Research methods. The crystal 
structure of  the alloys is studied using the method of X-ray diffraction analysis. Experiments on X-ray diffraction 
analysis were carried out at the Siberian Center for Synchrotron and Terahertz Radiation on a VEPP-4 (Novosibirsk, 
INF SB RAS, 5-A line «X-ray microscopy and tomography»). Studies using synchrotron radiation were carried 
out in the transmission mode. The evaluation of the residual macrostresses of the crystalline phases of the alloys 
was based on the analysis of the change in the shape of the diffraction rings with a change in the azimuth angle 
(χ). Materials. The objects of research are ingots of high-entropy alloys Al0.6CoCrFeNi and AlCoCrFeNi. The 
ingots were obtained from pure metals by argon arc melting with cooling on a copper plate. To conduct further 
studies, cylindrical samples are cut from the ingots, which were subjected to plastic deformation according to the 
uniaxial compression scheme. Results and discussion. The obtained results indicate that the Al0.6CoCrFeNi alloy is 
characterized by higher macrostresses than the AlCoCrFeNi alloy. The residual deformation of the B2 phase lattice 
of AlCoCrFeNi alloy along the direction [100] is 2.5% at an external load of 2,500 MPa. The distortion value of 
the lattice of this phase for the alloy Al0.6CoCrFeNi is equal to 5.5% under similar external conditions. In addition, 
the plastic deformation of the Al0.6CoCrFeNi HEA did not lead to its destruction. This allows concluding that the 
increased ductility of this alloy is associated not only with the presence of a phase with a FCC lattice, but also with 
an increased compliance of the phase with a primitive lattice.
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Introduction

High entropy alloys (HEAs) are a new and one of the most promising classes of materials [1–6]. Due 
to its structure, HEA have high mechanical and physical properties, which make it promising materials for 
various fi elds.
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High expectations of the HEAs applicability are due to its high phase stability [7, 8]. It is known that 
HEA is characterized by the formation of phases with cubic crystal lattices [9, 10]. It was believed that the 
arrangement of atoms in the HEA structure is completely random, which should have determined its high 
mechanical and physical properties. However, recent studies have shown that HEAs contain additional 
phases, which are characterized by a regular, but not random, arrangement of atoms in the structure [11, 12, 
13, 14]. These phases often appear in the HEA structure during prolonged thermal exposure [15, 16]. For 
example, it is known that in some alloys of the AlxCoCrFeNi system the B2 and L12 phases with primitive 
cubic lattice can be formed [17, 18, 19]. The AlxCoCrFeNi system is the most promising among all high-
entropy alloys due to the possibility of the phase composition fl exible control by changing the aluminum 
content.

The study of strain-stress and thermal-stress states within workpieces obtained from high-entropy 
alloys is very important from the point of view of the application of these alloys. It is well known that the 
energy of plastic deformation is accumulated in the structure of metal alloys as the residual stresses. There 
are three types of internal stresses: macrostresses; microstresses and static lattice distortions [20]. These 
stresses have a signifi cant effect on the properties of the material. The using of HEAs as structural and 
functional materials requires scientists and engineers to understand the evolution of internal stresses within 
the crystalline phases of alloys. However, now in the literature there are no studies of residual stresses and 
residual lattice distortions of high-entropy alloys.

The purpose of this work was to evaluate the residual lattice distortions of the phases of the AlxCoCrFeNi 
alloys after cold plastic deformation. The plastic deformation of Al0.6CoCrFeNi and AlCoCrFeNi alloys 
was carried out by using the axial compression scheme. The calculation of residual lattice distortions was 
based on synchrotron X-ray diffraction data. The results of this work allow drawing conclusions about the 
mechanical properties of the phases of high-entropy alloys.

Methods and Materials

In this work, the objects of research were ingots of Al0.6CoCrFeNi and AlCoCrFeNi high-entropy alloys. 
The ingots were obtained from pure metals by using argon-arc melting and cooling on a copper substrate. 
The shape of the ingots was close to cylindrical. The height of the obtained ingots was about 10 mm. The 
diameter was about 20 mm. For the most uniform distribution of chemical elements, remelting was carried 
out at least 10 times. Weight loss during smelting did not exceed 0.2 %. The elemental composition of the 
ingots was evaluated by X-ray microanalysis using a scanning electron microscope Carl Zeiss EVO50 XVP 
and Oxford Instruments X-Act detector. The fi nal value of the elemental composition was determined by 
averaging from at least twenty different regions of the ingot. The deviation of the composition from the 
nominal did not exceed 0.6 %.

For further studies, cylindrical samples with a height of 8 mm and a diameter of 5 mm were cut from the 
ingots. The resulting cylinders were deformed according to the uniaxial compression scheme on a Instron 
3369 machine. At a maximum applied stress of ~2,500 MPa, the deformation of the AlCoCrFeNi was 30 % 
and the deformation of the Al0.6CoCrFeNi was 53 %. Based on these values, the following compression 
degrees were chosen: 25; 34; 45; 50 and 53 % for the Al0.6CoCrFeNi and 12; 18 and 30 % for AlCoCrFeNi.

Metallographic studies of the samples were carried out by the optical microscopy using a Carl Zeiss 
Axio Observer microscope. Before metallographic studies, the samples were subjected to etching with a 
solution consisting of a copper (II) sulfate, hydrochloric acid, and water (5 ml each).

The crystal structure of the alloys was studied using the X-ray diffraction analysis. XRD experiments 
were carried out in a transmission mode at the beamline 5-A (X-ray microscopy and tomography) at 
VEPP-4 synchrotron source (Budker’s Institute of Nuclear Physics, Novosibirsk, Russia). The X-ray 
wavelength was 0.022 nm. A mar345s image plate 2D detector with pixel size 100 × 100 mkm2 and 
scan area diameter 345 mm was used to record the diffraction patterns. During the experiments, two-
dimensional diffraction patterns were obtained. These two-dimensional diffraction patterns were 
azimuthally integrated [21]. 
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Results and discussion

The changing of aluminum content in AlxCoCrFeNi alloys system makes it possible to control the phase 
composition of materials. Well known, that difference of the phase composition has a signifi cant effect on 
the mechanical properties of the alloys. Figure 1 shows the compression curves of the studied alloys. The 
Al0.6CoCrFeNi alloy has a higher ductility compared to the AlCoCrFeNi alloy. At the maximum applied 
stress of ~2,500 MPa, the deformation of the AlCoCrFeNi alloy was 30 %, and the deformation of the 
Al0.6CoCrFeNi alloy was 53 %.

According to the optical metallography results, the structure of the alloys also underwent signifi cant 
changes after plastic deformation (Figure 2). In both cases, a change in the shape of the grains is observed. 
Furthermore, the plastic deformation of the Al0.6CoCrFeNi alloy with a compression ratio of 53 % (Fig-
ure 2d) does not lead to appearance of cracks. However, in the case of the AlCoCrFeNi alloy (Figure 2, c), 
fracture traces appear even after compression by 12 %.

Well known that residual stresses are balanced in different volumes of the deformed body and affect 
to the position and shape of the diffraction peaks. Macrostresses are balanced in the macro-volumes of the 
material and lead to a change of the positions of the diffraction maxima and the shape of the diffraction 
rings. Microstresses are balanced within several crystallites or blocks and lead to a change in the shape 
(width) of the diffraction peaks. Static stresses are balanced within groups of atoms and lead to an increase 
of diffuse scattering and, accordingly, an increase of the background intensity. In terms of the mechanical 
properties of the designed product, macrostresses are the most important since it can lead to warpage. 

a

b
Fig. 1. Compression curves of AlCoCrFeNi (a) и Al0.6CoCrFeNi (b) 

alloys
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                                          a                                                                                            b

                                          c                                                                                            d
Fig. 2. Results of metallographic studies: AlCoCrFeNi alloy before deformation (a), deformed by 12% (c); 

Al0.6CoCrFeNi alloy before deformation (b) after 53% compression (d)

Estimation of residual macrostresses of crystalline phases of alloys AlCoCrFeNi and Al0.6CoCrFeNi was 
based on the analysis of changes in the shape of diffraction rings with a change in the azimuth angle (). In 
other words, the lattice parameter was estimated for each angle . However, in this case, the positions of 
the diffraction maxima should be clearly distinguishable. Figure 3 shows an example of one-dimensional 
diffraction patterns obtained in this work.

According to [11, 12], the composition of the AlCoCrFeNi alloy includes two phases characterized by 
cubic crystal system: disordered phase (space group 3 )Im m  and ordered phase (space group 3Pm m , or B2 
type in Strukturbericht terms). Since the lattice parameters of these phases are identical, the diffraction 
maxima have the same angular positions. Therefore, the analysis of lattice distortions of the AlCoCrFeNi 
alloy is possible only for phase peaks with a primitive lattice. In this work, the calculation was carried out 
using three diffraction maxima of 3Pm m  phase: (100); (111) and (210). The overlap of the diffraction 
peaks of 3Im m  and 3Pm m  phases is also typical for the diffraction pattern of the Al0.6CoCrFeNi alloy. At 
the same time, this alloy also includes a phase with the space group 3Fm m . Therefore, the analysis of the 
lattice distortions of the primitive cubic phase was carried out only by the diffraction maximum (100) for 
Al0.6CoCrFeNi alloy.

The analysis of residual macrostresses was carried out according to the obtained 2D diffraction patterns. 
The diffraction pattern was represented as a scanning in the coordinates “2θ — χ” (Figure 4).

This type of diffraction pattern makes it possible to estimate the lattice distortions by the position of 
the diffraction maxima along the angle χ. For this, the approximation of the diffraction band by a periodic 
function is optimal.
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a

b
Fig. 3. Diffraction patterns of AlCoCrFeNi (a) and Al0.6CoCrFeNi (b) alloys 

subjected to uniaxial compression by 18 and 25 % respectively

Fig. 4. Scanning of a two-dimensional diffraction pattern of the 
AlCoCrFeNi alloy after uniaxial compression by 18 %
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Figure 5 shows examples of scans for three diffraction maxima of the B2 phase. It follows that the 
presence of a crystallographic texture leads to the presence of texture maxima for the diffraction peaks 
(100) and (111). This fact makes it impossible to approximate the diffraction band by a function. Therefore, 
the analysis of residual stresses was carried out by analyzing the deviation of the average value of the 
intensity of the diffraction maximum from its zero-position (at the absence of internal stresses).

                                a                                                             b                                                             c
Fig. 5. Diffraction maxima (100) (a), (111) (b) and (210) (c) in the coordinates « – 2θ» of B2 phase 

after uniaxial compression of alloy AlCoCrFeNi by 18 %

Figure 6, a shows the dependence of the residual lattice distortions on the applied stresses. The largest in-
crease in stresses occurs along the [100] direction. This is due to the anisotropy of the crystal lattice of the B2 
phase. At an applied stress of ~2,500 MPa, the residual distortion of the lattice along this direction was 2.25 %. 
In addition, the sample before deformation (i.e., in the cast state) is also characterized by the presence of lattice 
distortions, which is associated with the presence of thermal stresses during cooling of the ingot.

An analysis of the Al0.6CoCrFeNi alloy showed that the B2 phase of this sample is characterized by 
a more signifi cant lattice distortion. According to the obtained results (Figure 6, b), the lattice distortion 
under an applied stress ~2,500 MPa was 5.5 %. This fact is in good agreement with the results of optical 
metallography (Figure 2). Since no cracks or other traces of destruction were found in the structure of the 
Al0.6CoCrFeNi alloy (Figure 2, c), it can be concluded that the structure did not relax due to its destruction. 
At the same time, the presence of cracks in the structure of the AlCoCrFeNi alloy (Figure 2, d) indicates to 
its partial relaxation. This is indicated by the values of crystal lattice distortions (Figure 6, b). 

The analysis of the deformation of the crystal lattice also makes it possible to estimate the values of 
the elastic modulus of alloys. However, since the energy of plastic deformation is stored in the structure 
as both macro- and microstresses, the analysis of the change of the positions of diffraction peaks makes 
it possible to estimate only the upper limit of possible values of the elastic modulus. However, even such 
estimate makes it possible to qualitatively compare the properties of the phases of the alloys. According 
to the obtained results, the maximum value of the elastic modulus of B2 phase of the AlCoCrFeNi alloy 
along the [100] direction is 111 GPa. At the same time, the maximum value of elastic modulus for the 
B2 phase of Al0.6CoCrFeNi alloy along the same direction is equal to 46 GPa. Thus, the lattice of the B2 
phase in the AlCoCrFeNi alloy is signifi cantly less compliant than the lattice of the same phase in the 
Al0.6CoCrFeNi alloy.
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a

b
Fig. 6. Dependence of the deformation of the B2 lattice of AlCoCrFeNi (a) 

and Al0.6CoCrFeNi (b) alloys in the directions [hkl] depending on the applied 
stresses during deformation

Conclusions

1. Plastic deformation of Al0.6CoCrFeNi and AlCoCrFeNi alloys leads to signifi cant changes in its 
structure. The change in grain shape is presented in both materials structure. However, traces of partial 
fracture are observed only in the case of the AlCoCrFeNi alloy. This fact indicates a higher plasticity of 
the Al0.6CoCrFeNi alloy.

2. Plastic deformation of both alloys leads to signifi cant changes in the shape and positions of the 
diffraction maxima of the alloys. However, due to the overlap of diffraction maxima, macrostress 
estimation is possible only for a primitive cubic phase.

3. According to the analysis of the change of diffraction maxima positions, the residual lattice 
distortions of the B2 phase along the [100] direction in AlCoCrFeNi alloy is 2.5 % at an external load of 
2,500 MPa. At the same time, the value of the lattice distortion of the same phase for the Al0.6CoCrFeNi 
alloy is 5.5 %. This fact indicates the presence of high residual stresses in the structure of the B2 phase 
of the Al0.6CoCrFeNi alloy.

4. The obtained results indicate that the high plasticity of the Al0.6CoCrFeNi alloy is associated 
not only with the presence of the fcc phase, but also with the high compliance of the primitive cubic 
lattice.
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