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In the present study, a visco-plastic self-consistent model (VPSC) was used to predict the 

Al0.3CoCrFeNi texture after cold rolling. The alloy under examination was produced via 

vacuum arc remelting and casting (VAR casting). Then, it was remelted four times to have the 

best structure homogeneity. However, the produced ingot was then homogenized at 1050°C 

for 10 h to remove the residual stress and reduce the micro-macro-segregation. This was 

followed by 75% cold reduction which was employed in seven passes. In order to simulate the 

Al0.3CoCrFeNi texture via the VPSC model, affine schemes and hardening parameters were 

used in this model. Moreover, this model was performed by Fortran 77 programming 

languages, and grain fragmentation and co-rotational effect were used in this code. In this study, 

a simulation process was used for 300 and 1000 grains. After that, simulation results were 

compared with experimental textures that were measured by the X-ray diffraction method. The 

results showed that both experimental and simulated textures have an acceptable compatibility. 

However, there are differences between the measured and simulated results, which can be 

attributed to the number of grains of estimated and simulated cases. 
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1. Introduction 
 

High entropy alloys (HEAs) contain at least five 

principal elements at concentrations within the scope of 

5-35% atomic percent. Different aspects of these alloys 

have been extensively investigated in the last decade due 

to their unique mechanical properties, such as high 

strength, great ductility, high abrasion resistance, 

corrosion resistance, etc. [1-4]. In addition, HEAs have 
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strange properties such as high entropy, sluggish 

diffusion, severe lattice distortion, and cocktail effects. 

Some research in the field of HEAs show that FCC and 

BCC crystallographic structures are the major structures 

in HEAs [2]. 

Due to anisotropic elastic tensor and directional 

dependence of activation crystal deformation 

mechanism (dislocations, twins deformations, and 

martensite transformation), elastic-plastic deformation 
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behavior depends on load direction. So, crystals have 

anisotropic mechanical properties separately [5]. 

Therefore, crystal directions can express total 

anisotropic properties in a polycrystal material in the 

tensor’s behavior of each grain and boundary conditions 

which depend on its inner crystal directions. 

In case the distribution of grains is random, the 

materials will have texture. Hence, those materials 

which have texture are anisotropy, and their properties 

are different in each crystallographic direction. Hence, 

texture can have many effects on physical and 

mechanical properties [6]. There are several ways to 

measure textures, like XRD, TEM, and EBSD. XRD is 

used to measure macro-texture and other ways to 

measure micro-texture [7]. Besides, there are several 

ways like pole figure, inverse pole figure, and orientation 

distribution function (ODF) to show texture [8]. 
Polycrystal plasticities such as Taylor type [9] and 

the VPSC model [10] have been rigorously formulated 

and extensively used to understand and predict the 

texture of metals. The degree of complexity in crystal 

plasticity simulation depends on the number and type of 

deformation modes and crystal structures [11]. In this 

paper, we use Al0.3CoCrFeNi with FCC crystal structure. 

This alloy is classified as a low stacking fault energy 

alloy, because its stacking fault energy is 20-25 MJ/m2 

[12, 13]. So, its deformation mechanism is the 

combination of slip systems and twins deformation [14]. 

Rolling is a mechanical process that makes 

anisotropic properties in materials. because in this 

process, grains extend in the rolling direction. Following 

the rolling process, materials have a preferred direction 

and anisotropic properties. 

Mishin et al. [15] have focused on the effect of the 

cold rolling route on the deformation mechanism and 

texture evolution of thin beryllium foils by using the 

VPSC model. Despres et al. [11] have focused on  

the contribution of intergranular misorientation to the 

cold rolling textures of ferritic stainless steels using 

 the VPSC model. Lebesohn and Tome [16] have 

predicted rolling textures of anisotropic polycrystals 

such as brass with FCC structure, zircaloy with HCP 

structure, calcite with trigonal structure, and uranium 

with orthorhombic structure.  
In this paper, the experimental and numerical study 

of texture of Al0.3CoCrFeNi high entropy alloy was 

evalualted by XRD and crystal plasticity. Besides, the 

effect of the number of grains on the accuracy of textures 

was studied. 

 

2. Materials and Methods 

 
2.1. Material and cold rolling parameters 

 

Arc melting was used to prepare Al0.3CoCrFeNi 

HEA ingot. Its chemical composition was of  

3.254 wt.% Al, 25.435 wt.% Co, 22.825 wt.% Cr, 24.639 

wt.% Fe, and 23.037 wt.% Ni, determined by XRF. 

Melting was carried out in a vacuum arc melting (VAR) 

furnace to minimize the contamination. Remelting was 

performed four times to ensure a homogenous chemical 

composition. Moreover, the homogenizing treatment 

was conducted at 1050°C for 10 h in a muffle furnace 

purged with argon gas. The homogenization temperature 

was carefully selected to avoid the formation of the 

second phase in Al0.3CoCrFeNi HEA. This was based on 

the phase diagram developed by computational 

thermodynamics [17]. Cold rolling was then carried out 

on the homogenized alloy; the total 75% reduction was 

performed in seven passes, reaching the final thickness 

of 2 mm from 8 mm. 

After each pass of rolling, the amount of the strain 

along the normal (𝜀 ), rolling (𝜀 ), and transverse 

(𝜀 ) directions were measured to characterize the 

sample deformation [15]: 

 

𝜀 = ln
ℎ

ℎ
   (1) 

 

h0 and h1 are the sample thickness before and after 

rolling, respectively. 

 

𝜀 = ln
𝑙

𝑙
 (2) 

 

l0 and l1 are the sample length before and after rolling, 

respectively. 
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𝜀 = ln
𝑏

𝑏
 (3) 

 

b0 and b1 are the sample width before and after rolling, 

respectively. 

XRD was carried out on all samples via a Philips 

Xpert machine using Cu-kα radiation. The applied 

wavelength and diffraction angle were 1.542  Å and 2θ 

range of 30° to 100°, respectively. The XRD results are 

shown in Fig. 1. Then, the texture was measured by 

Philips PW1730 machine using Cu-kα radiation for 

(111), (220), (200) planes in 0° < α < 360°, 0° < β < 90° 

with the step of 5°. Then, the results were processed by 

Philip texture software. Finally, the pole figures were 

determined after rolling, as are shown in Fig. 2. 

 
2.2. Modeling texture evolution 

 

In the present work, the VPSC model [10] was used 

to study the deformation mechanisms. In this model, 

each individual grain is modeled as an elliptical 

viscoplastic inclusion interacting with a homogeneous 

effective medium. This approach allows calculating the 

evolution of the crystallographic texture at each loading 

step. 

The macroscopic response of a material predicted by 

a VPSC simulation depends on the linearization of the 

viscoplastic constitutive behaviors related to the 

individual grains [18]. There are different approaches for  

 

Fig. 1. XRD results after the casting and rolling process. 

linearization, like secant, tangent, affine, and so on. 

These approaches can be implemented in the VPSC code 

[10, 19, 20]. 

The results of the VPSC modeling are closely related 

to the accuracy of the loading conditions settings. The 

velocity gradient tensor (L) must be defined to simulate 

rolling. Usually, this tensor is first calculated by Eq. (1) 

to Eq. (4) and then imported into the VPSC code to 

predict the texture evolution. 

For the purpose of calculating the velocity gradient 

tensor, first, strains were calculated by Eq. (1) to Eq. (3). 

Afterward, the velocity of the gradient tensor was 

written using strain rate along the specified direction 

[15]: 
 

 
Fig. 2. Experimental pole figures for rolling sheet in the last 

pass of rolling. 
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𝐿 =

𝜀̇ 0 0
0 𝜀̇ 0
0 0 −𝜀̇

  (4) 

 

𝜀̇ , 𝜀̇ , and 𝜀̇  are strain rates in the RD, TD, and ND 

directions, respectively. Thus, this velocity gradient 

tensor was imported to the VPSC code to predict rolling 

texture. 

The initial texture of an Al0.3CoCrFeNi HEA after 

the homogeneous process was presented as a set of 1000 

orientations. Then, experimentally measured strains in 

RD, TD, and ND were used to calculate the velocity of 

gradient and import in the VPSC model. 

The value of the viscoplastic strain rate in grain was 

obtained using the following equation [21]: 

 

𝜀̇ = �̇� 𝑚
𝑚 𝜎

𝜏
 (5) 

 

where s, 𝜏 , 𝑚 , 𝜎 , �̇�  and n, are the slip or twining 

system, the threshold shear stress, the Schmid tensor for 

the grain, the Cauchy stress deviator, the normalization 

factor, and the strain rate sensitivity factor, respectively. 

The strain rate sensitivity parameter n=15.87 was 

chosen according to Ref. [22] to resolve the activity in 

each system without ambiguity. 

The threshold shear stress 𝜏  depends on the 

activities of deformation modes and was calculated by a 

modified Voce hardening equation [23]: 

 

𝜏 = 𝜏 + (𝜏 + 𝜃 × 𝛤) 1 − exp −𝛤
𝜃

𝜏
 (6) 

 

where s is the slip or twining system, Γ is the cumulative 

shear deformation in a grain, 𝜏  and (𝜏 +𝜏 ) are the 

initial and back extrapolated critical resolved shear stress 

(CRSS), 𝜃  and 𝜃  are the hardening parameters. 

Based on previous research [24], effective Schmid 

factors were calculated for slip and twin systems. So, 

based on the effective Schmid factor approach, if 𝜏  is 

equal to CRSS, the slip system is active. In FCC 

materials, there are 12 slip systems, so there are 12 𝜏  to 

be compared with CRSS. Hence, this approach was done 

for twin systems. 

The model can be validated by comparing the 

calculated and experimental rolling textures. As a rule, 

the parameters are determined by fitting multi-

directional stress-strain curves [25-27]. For 

Al0.3CoCrFeNi HEA’s rolled sheets, it is possible to 

perform tensile tests. Therefore, experimentally obtained 

textures were used to determine the model fitting 

parameters. After the VPSC simulation, the resultant set 

of orientations was used for ODF estimation in Fortran 

code. The complete pole figures were recalculated from 

ODF, allowing a quantitative comparison of the 

calculated textures with the experimental ones. 

Based on the previous research [16], different 

choices are possible for linearized behavior at the grain 

level in a way that eventually, the results of the self-

consistent scheme depend on this choice. In this study, 

the affine linearization scheme was implemented in the 

VPSC code because, among other linearization schemes, 

due to being more reliable and accurate. 

The CRSS values and hardening parameters for 

Al0.3CoCrFeNi at room temperature initially taken from 

[28] had to be modified for a better agreement between 

the calculated and experimental textures (see Table 1). 

 
Table 1. Simulation parameters used for this study 

Scheme  n 𝝉𝟎 𝝉𝟏 𝜽𝟎 𝜽𝟏 𝒉𝒔𝒔  

Affine 15.87 98.3 128 900 0 1 

 

In addition to the orientations of grains after cold 

rolling, the activities of the slip systems and twinning 

were obtained as a function of the accumulated strain in 

our VPSC simulations. 

 
3. Results and Discussion 

 
3.1. XRD results 

 

One of the characteristics of HEAs is the high 

entropy which causes the formation of solid solution 

either with FCC and BCC as well as the combination of 

the both. In such a case, a number of solute elements are 

present in the matrix during solidification [29-31]. 

According to the XRD results presented in Fig. 2, the 

crystal structure for Al0.3CoCrFeNi HEA after casting, 
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homogenizing, and rolling is FCC. Thus, homogenizing 

and the rolling process have not changed the casting 

crystal structure. Based on previous research [31], the 

homogenization temperature was carefully selected to 

avoid the formation of the second phase. Also, the effect 

of deformation percentage on the formation of second 

phases or precipitates is very insignificant. Therefore, no 

change in the crystal structure occurred during the 

rolling process, because there was no second phase or 

precipitates. 

According to Fig. 1, the rolling process results in 

inhomogeneity in the rolling sheet. That is because after 

rolling, the grains were elongated in the rolling direction; 

consequently, the distribution of grains is not random. 

 
3.2. VPSC simulation 

 

Before simulating the texture and before attaining the 

pole figures by VPSC model and crystal plasticity 

approach, the following steps were taken: I) extracting 

deformation history, II) importation velocity gradients 

for each step in Fortran code, and III) importation 

hardening parameters, slip and twin system and other 

parameters being explained in the previous part. 

It is expected that the reorientation of grain during 

deformation will be affected to some extent by the 

neighboring grains. Specifically, if neighboring grains 

exhibit different reorientation trends, they can be 

expected to drag each other. An empirically simple way 

of accounting for such effect inside VPSC is to assign a 

neighbor at random to every grain, to calculate the spin 

of each grain, to average the spin of the two randomly 

paired grains, and to assign this average spin to each of 

them. This is the co-rotational effect. As a result of this 

procedure, grains with the same initial orientation will 

reorient differently during deformation because each of 

them will interact with a different neighbor [16]. 

Under severe plastic deformation, grains adopt 

distorted shapes and extreme aspect ratios and tend to 

rotate with the flow field at a faster rate than equiaxed 

grains. However, there are physical and numerical limits 

to how distorted a grain can become. From a physical 

point of view, severely distorted grains are likely to split 

into sub-grains. This is the grain fragmentation effect [10]. 
In the present simulation, the initial texture was 

considered to have 1000 grains; where grain 

fragmentation and co-rotational grain were used as well. 

When polycrystals undergo plastic deformation, the 

deformation in each grain should be compatible with 

neighbor grains. This is so-called compatibility 

deformation. Therefore, the co-rotational process 

provides the compatible deformation condition in the 

VPSC model. Consequently, every two ellipsoid grains, 

which are paired, rotate in a way that satisfies the 

compatible deformation condition. Fig. 3 shows the pole 

figures after the last pass of rolling obtained 

experimental as well as by simulation. According to  

Fig. 3, the pole figures obtained by simulation and 

experimental exhibit good conformity in terms of their 

appearance. In both pole figures, most of the grains have 

a preferred direction and are elongated to the RD 

direction. Note that the vertical axis is RD direction and 

the horizontal axis is TD direction. Previous research 

[33] indicated that the differences between simulation 

and experimental pole figures are related to the VPSC 

model and the number of grains. In the VPSC model, 

only a part of intergranular interaction is investigated, 

whereas short-range and long-range interactions are not 

investigated. Thus, in the VPSC model, all of the 

interactions for grains are not investigated [33]. As 

already mentioned, the number of grains can affect the 

final texture. 

Referring to the pole figures presented in Fig. 3, each 

grain is shown by three points, indicating the rotation of 

crystals around the TD, ND, and RD axes. Thus, 

decreasing the number of grains causes the rotation of all 

grains to not appear in the simulated pole figures 

compared to the experimental pole figures. Therefore, 

the simulation process was performed for 300 and 1000 

grains and compared with experimental textures. Fig. 4 

compares the pole figures for the 300 and 1000 grains 

with experimental textures. 

Therefore, the number of grains is the main factor in 

crystal plasticity simulation, that is because the number 

of grains can affect the formation of components and 

their intensity in textures.
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Fig. 3. Pole figures for (a) simulation by VPSC model, and  

(b) experimental by XRD. 

 

 
Fig. 4. Pole figures for (a) 300 grains, (b) 1000 grains, and  

(c) experimental. 
 

4. Conclusion 
 

In the present paper, after the cold rolling of 

Al0.3CoCrFeNi HEA, the texture evolution was 

investigated by experiments and modeling. Using the 

VPSC model, the crystallographic texture of 

Al0.3CoCrFeNi was predicted. The main conclusions can 

be summarized as follow: 

1. The crystallographic structure was FCC for the 

casting and rolling process. Thus, the rolling process 

does not change the casting’s crystal structure. 

2. The texture that the VPCS model predicted is 

compatible with the experimental texture.  

3. The main reason for the difference in simulated 

texture in experimental texture is the number of 

grains. If the number of grains increases, the 

simulated texture is more reliable. 
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