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1  Introduction

Controlling microstructure and texture during alloy pro-
cessing is of paramount importance as it directly affects the 
properties and applications [1–4]. Texture can be regarded 
as an essential parameter for a complete microstructural 
characterization of a polycrystalline material as it provides 
information about anisotropic physical and technological 
properties and thermo-mechanical history like phase transi-
tion, plastic deformation, recrystallization, etc. The optimum 
processing conditions and operative micro-mechanisms dur-
ing the deformation should be known as a material for large-
scale production [5, 6]. Texture and microstructure evolution 
for conventional materials are well documented. However, 
for complex concentrated alloys (CCA), this data is limited.

Neutron diffraction is a standard and efficient bulk texture 
measurement technique for polycrystalline materials [7, 8]. 
Neutrons interact weakly with the matter and hence have 
high penetration depth; 102–103 times more than laboratory 
X-rays [9]. The sample size for neutron diffraction can be
up to cm3 for bulk texture and it provides data with high
quality and much higher accuracy than X-rays measurement.
Moreover, neutron scattering length and scattering angle
2ϴ are independent of each other, unlike X-ray diffraction
technique.

Wu et al. [10] reported that evolution of lattice strains 
and texture in single phase FCC FeCoNiCrMn complex con-
centrated alloy (CCA) during tensile test, obtained using 
neutron diffraction, was similar to that in conventional FCC 
metals and alloys, and operation of mixed dislocations was 
found to be the operative deformation mechanism in the 
alloy. Wang et al. [11] studied deformation behaviour of 
FeCoCrNi CCA at room temperature and cryogenic tem-
perature, using neutron diffraction and observed that with 
decrease in temperature, the stacking fault energy declined. 
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This led to increase in twin formation, which increased the 
strength and ductility of the alloy at 77 K. Cai et al. [12] 
investigated deformation mechanisms in hot extruded and 
annealed single phase FCC FeCoCrNiMo0.23 CCA, using 
combination of neutron diffraction and electron micros-
copy. It was observed that Mo addition contributed to solute 
solution strengthening and thereby increased the strength 
of the alloy. The as-extruded CCA had low stacking fault 
energy (~ 19 mJ/m2) and had microstructure with twins 
and microbands, which led to high strength and ductility. 
Whereas, the annealed sample had high strength due to pres-
ence of Mo-rich intermetallic particles, formed because of 
decomposition of the alloy. Fu et al. [13] investigated the 
deformation mechanisms during tensile deformation of 
Fe50Mn30Co10Cr10 transformation induced plasticity (TRIP) 
CCA, using in situ neutron diffraction. Multiple stages were 
observed during the deformation. Elastic deformation was 
the first stage, followed by FCC to HCP transformation at 
the yield point (~ 200 MPa) and then stage two was TRIP in 
addition to dislocation slip. In stage three, twins started to 
nucleate in HCP phase (at 400 MPa load). At last, stage four 
included combination of compression twins, multiple twin 
systems in addition to slip and TRIP.

The authors have studied the processing map of CoCuF-
eMnNi CCA and their processing–microstructure–mechan-
ical property co-relationship [14–17], but the texture 

evolution has not been discussed. The alloy has face-
centered cubic (FCC) grains with FCC copper-rich nano-
clusters inside the grains as well as at the grain boundaries. 
In the present investigation, four representative samples at 
extreme temperature and strain rates were selected to study 
the texture evolution, using electron backscatter diffraction 
(EBSD), neutron diffraction and viscoplastic self-consistent 
(VPSC) simulations, to understand the fundamental micro-
structural development of the alloy during hot compression. 
The extreme temperature and strain rate values are based 
on the processing map of the CoCuFeMnNi CCA, studied 
earlier by the authors [8].

2 � Materials and Methods

2.1 � Experimental Details

Equiatomic CoCuFeMnNi alloy was prepared using induc-
tion melting. Small cylindrical samples (15 mm height, 
10 mm diameter) were subjected to isothermal hot com-
pression test upto 50% reduction in Gleeble 3800 thermo-
mechanical simulator, after homogenization treatment at 
1273 K for 24 h (Fig. 1a). The details are provided else-
where [8]. The deformation was performed in two-phase 
region as obtained from CALPHAD [10]. Four samples at 

Fig. 1   a Compression schematic in Gleeble thermo-mechanical simulator, b True stress–strain curves, c Grain boundary map of the hot 
deformed CoCuFeMnNi complex concentrated alloy at extreme temperature and strain rate (corresponding encircled curve shown in (b))



extreme temperature (1073 K, 1273 K) and strain rate (1 s−1, 
0.001 s−1) range have been used in the present investigation, 
with the nomenclature as given in Table 1.

Microstructural investigation was carried out using field 
emission–scanning electron microscope (FE-SEM) equipped 
with electron backscatter diffraction (EBSD) detector. The 
samples were prepared metallographically [8], by polishing 
with emery paper and alumina cloth followed by colloidal 
silica polishing. EBSD scans were acquired with a step size 
of 0.2 μm. The data was analyzed using TSL-OIM software.

Bulk texture measurement was carried out using the 
neutron diffractometer STRESS-SPEC (FRM-II, Garching, 
Germany). An incident monochromatic neutron beam with 
a wavelength of 0.142 nm and Ge monochromator crystal 
was used for the analysis. The measurement was done in 
transmission mode with a slit size of 2 cm diameter and the 
diffracted neutrons were detected by an area detector. Vana-
dium was used as a standard material. Staubli RX160 robot 
was used for texture measurement as well as for changing 
the sample. STeCa (stress and texture calculator) software 
was used to convert the raw data to pole figures by fitting 
the Braggs peak by Gaussian function. Complete orientation 
distribution function was determined from the pole figures 
using Resmat software. The texture of the deformed samples 
was depicted using inverse pole figures along the compres-
sion axis. Due to the deformation history, a rotational texture 
symmetry was obtained, and one inverse pole figure in com-
pression direction represented the quantitative texture best.

2.2 � Simulation Details

Viscoplastic self-consistent (VPSC) simulations [18–20] 
were utilized to simulate the texture of the hot compressed 
samples. The strain rate within the grain is given by the fol-
lowing equation.

where �0 = normalizing strain rate, s = slip system, ms = sym-
metric Schmid tensor associated with slip system (s), n = rate 
sensitivity inverse, �s = threshold value of stress, �kl and �ij 
are deviatoric stress and strain rate. The evolution of critical 
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resolved shear stress (CRSS) for slip or twinning with 
respect to strain is controlled by the Voce law as follows:

where Г = total accumulated shear strain on all the activated 
slip systems. The four parameters �0 , �1 , θ0 and �1 represents 
initial CRSS, back-extrapolated CRSS, initial hardening rate 
and the asymptotic hardening rate, respectively. The values 
of Voce hardening parameters used in the simulation are 
given in Table 2. The following velocity gradient (L, s−1) 
has been employed for the VPSC simulation.

500 grains with random texture were generated and 
compression was carried out using n-effective model, with 
octahedral slip and partial slip mode. The simulations were 
carried out for two values of inverse strain rate sensitivity 
(2 and 20), and temperature of 1273 K was considered. The 
texture obtained from VPSC was plotted using Resmat soft-
ware in the form of inverse pole figures (IPF).

3 � Results and Discussion

Figure 1b shows the true stress–strain curves of the four 
samples at extreme temperature (1073 and 1273 K) and 
strain rate range (1 and 0.001 s−1). The flow stress decreases 
with increase in temperature but increases with increase in 
strain rate. The flow softening in the stress–strain curves is 
due to restoration mechanisms like dynamic recovery (DRV) 
and dynamic recrystallization (DRX). Dynamic recrystal-
lization leads to flow softening whereas, dynamic recovery 
leads to steady state behaviour in the stress–strain curves.
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Table 1   Nomenclature for 
the hot compressed samples 
of CoCuFeMnNi alloy and 
their grain boundary character 
distribution (GBCD) from 
EBSD

Nomenclature Temperature (K) Strain rate (s−1) Grain boundary character distribution

VLAGB fraction LAGB fraction HAGB fraction

A 1073 1 0.587 0.308 0.105
B 1073 0.001 0.741 0.174 0.085
C 1273 1 0.500 0.326 0.174
D 1273 0.001 0.923 0.032 0.045

Table 2   Voce hardening parameters used for the VPSC simulations

Slip system �
0

�
1

�
0

�
1

Octahedral slip {111} < 1 1 0 >  1 0.6 0.3 0.1

Partial slip {111} < 11 2 >  0.95 0.6 0.3 0.1



Earlier investigation on CoCuFeMnNi CCA shows phase 
separation between Cu-rich and Cu-lean phases, with Cu-
rich phase at the grain boundaries. Figure 1c shows the 
grain boundary maps of the four samples. The blue, red and 
black colour lines indicate very low angle grain boundaries 
(VLAGBs) (2°–5°), low angle grain boundaries (LAGBs) 
(5°–15°) and high angle grain boundaries (HAGBs) 
(15°–65°), respectively. The grain boundary maps show sig-
nificant differences in the microstructure of the four samples. 
All the images show more HAGBs at the grain boundaries 
which consist of Cu-rich phase, whereas grains are Cu-
lean phase. Sample A (1073 K, 1 s−1) shows the highest 
peak stress in the stress–strain curve. Sample B (1073 K, 
0.001 s−1) has the second highest peak stress and highest 
fraction of LAGBs and HAGBs (Table 1), indicating defor-
mation and recrystallization, respectively. However, sample 
D (1273 K, 0.001 s−1) has the highest fraction of VLAGBs, 
indicating dynamic recovery. It shows recrystallization and 
grain growth for both the phases and hence has lowest peak 
stress in the stress–strain curve.

Bulk texture measurement of the four samples was car-
ried out using neutron diffraction technique. It was difficult 
to differentiate between the peaks of Cu-rich and Cu-lean 
phase with FCC structure in the neutron diffraction, and 
therefore, the alloy was treated as a single phase. Figure 2a 
shows the neutron diffraction profile, where the two orange 
arcs indicate (111) and (200) peaks of the FCC alloy. These 
two peaks were used to determine the inverse pole figures for 
the hot compressed samples as shown in Fig. 2b. Three sam-
ples (A, B, C) show < 110 > type of texture, which is gener-
ally observed for compression of FCC materials. Whereas, 

for sample D (1273 K, 0.001 s−1), < 001 > type of texture 
is observed. < 001 > is the recrystallization texture for com-
pression of FCC materials and it is evident from the micro-
structure that all the parent grains are replaced by recrystal-
lized new grains and hence < 001 > texture is observed.

Line profile analysis (LPA) was carried out from neutron 
diffraction data, to investigate the microstructural parameters 
of the hot compressed samples. Microstructural parameters 
include average crystallite size, micro-strain within the crys-
tallites and average dislocation density of the two phases 
present in the alloy (Table 3). The following equations have 
been utilized for calculation of the three parameters [21, 22].

where B = peak broadening ( B =

√
B2
sample

− B2
instrument

 ), 
�B = Bragg angle, λ = wavelength (0.012 nm in this case), 
K = constant, D = crystallite size, ε = micro-strain, b = Burg-
ers vector and ρ = dislocation density. Sample A shows high-
est dislocation density and lowest crystallite size, leading to 
highest peak stress in the true stress–strain curve. Whereas, 
sample D exhibits the lowest dislocation density and the 
highest crystallite size, due to presence of recrystallized 
grains with grain growth, also evident from the microstruc-
ture. The volume fraction of < 110 > fiber texture compo-
nent, calculated from the neutron diffraction data, is highest 
in all the four cases.
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Fig. 2   a Neutron diffraction 2D images, b Inverse pole figures of hot compressed CoCuFeMnNi complex concentrated alloy



The combined effect of strain rate ( 𝜀̇ ) and temperature 
(T) can be studied by a parameter called Zener-Hollomon
parameter [23], which can be described by the following
equation.

where Q = activation energy for deformation (394 kJ/mol 
in the present case [8]) and R = universal gas constant. Li 
et al. [24] described the relation of Z with microstructural 
and mechanical properties like yield strength (YS), peak 
stress, ultimate tensile strength (UTS), grain size, dislocation 

(6)Z = 𝜀̇ exp

(
Q

RT

)

density, etc. Z is directly proportional to strength, defect den-
sity and microstrain and inversely proportional to grain size. 
In the present case, Z increases in the order D < B < C < A. It 
can be clearly observed that sample A has highest Z, highest 
peak stress, lowest crystallite size and highest dislocation 
density. However, sample D has lowest Z, lowest peak stress, 
highest crystallite size and lowest dislocation density.

VPSC simulations were carried out for an in-depth under-
standing of deformation micro-mechanisms. Since twins 
are not observed in the microstructure, only octahedral 
({111} < 1 1 0 >) and partial ({111} < 11 2 >) slip modes 
have been considered during simulation. The simulated IPF 
shows < 110 > type of texture for both the cases (Fig. 3a, c) 

Table 3   Line profile analysis 
from neutron diffraction data

Sample 
nomencl-
ature

Sample conditions Crystallite 
size (nm)

Micro-strain (%) Dislocation 
density (m−2)

Volume fraction of 
fibre texture compo-
nents

100 101 111

A 1073 K, 1 s−1 100 0.872 11.9 × 1013 17.99 18.99 8.11
B 1073 K, 0.001 s−1 110 0.855 10.6 × 1013 9.10 30.70 8.82
C 1273 K, 1 s−1 110 0.856 10.6 × 1013 10.25 25.74 11.23
D 1273 K, 0.001 s−1 130 0.678 7.1 × 1013 6.62 34.22 8.12

Fig. 3   VPSC Simulation: Inverse pole figure a ISRS = 20, c ISRS = 2, average active slip systems and activity of slip mode (mode 1) and partial 
mode (mode 2) for b ISRS = 20, d ISRS = 2



which is characteristic of compression of FCC materials. It 
can be observed that texture is strong at high inverse strain 
rate sensitivity (ISRS) (= 20) and weak at ISRS (= 2), indicat-
ing that texture can be modified using the ISRS parameter. 
The activity plot for octahedral and partial slip indicates that 
partial slip is more dominant than octahedral slip at all values 
of true strain. It also indicates that the average active slip sys-
tem increases as a function of strain and number of average 
active slip systems are more when ISRS is low (= 2). Since 
VPSC cannot account for DRX, therefore DRX texture was 
not modelled.

4 � Conclusions

In the present work, texture evolution of the hot compressed 
samples of CoCuFeMnNi CCA has been studied using neu-
tron diffraction with crystal plasticity simulations. The major 
conclusion from this study is as follows.

(1) Microstructural investigation using EBSD revealed
highest fraction of LAGBs and HAGBs for sample
compressed at 1073 K and 0.001 s−1 (sample B), indi-
cating deformation and dynamic recrystallization,
respectively and highest fraction of VLAGBs for sam-
ple compressed at 1273 K and 0.001 s−1 (sample D),
indicating dynamic recovery.

(2) Line profile analysis indicated lowest dislocation den-
sity and highest crystallite size for sample compressed
at 1273 K and 0.001 s−1 (sample D), due to completely
recrystallized grains of both the phases and hence, low-
est peak stress value among the four samples. Sample
compressed at 1073 K and 1 s−1 (sample A) exhibited
highest dislocation density and lowest crystallite size,
leading to highest peak stress. The value of Zener–Hol-
lomon parameter increased in the order D < B < C < A.

(3) Macro-texture obtained using neutron diffraction and
VPSC simulations was < 110 > type, which was the
characteristic FCC compression texture, except for
sample compressed at 1273 K and 0.001 s−1 (sample
D) where < 001 > FCC recrystallization texture was 
observed. VPSC revealed dominance of partial slip over
octahedral slip even at high-temperature deformation.
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