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ABSTRACT

In recent years, several multicomponent alloys of near equiatomic composition (also known as
high-entropy alloys) with excellent mechanical properties have been developed. In this study, a
eutectic high entropy alloy, CoCrFeNiNbg 45, was chosen for a hot deformation study. The alloy
consists of a primary face-centered cubic (FCC) phase (CoCrFeNi rich) and a eutectic region
between the FCC and Laves phase (Co,Nb type). The combination of FCC and eutectic region
is expected to provide better strength and ductility. Hot compression tests were carried out at
different strain rates of 0.001, 0.1, 1, and 10 s~ with varying temperatures of 1,073, 1,173, 1,273,
and 1,323 K. The optimum processing window was identified by plotting processing maps, and
the instability region was verified using multiple parameters. Constitutive equation relating
stress, strain rate, and temperature is established. The optimum processing condition was cor-
related with the microstructural characterization, and instability was characterized with cracks
on the specimen. Finite element simulation was carried out, taking the flow curve as input and
correlating the strain field distribution with the microhardness variation. These studies are in-
tended to contribute to an integrated computational materials engineering approach to devel-
oping these alloys toward a product.
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Introduction

The design and development of materials with simultaneous improvement in strength and ductility is a challenge.
The material design domain has expanded from principal element-based approaches to multiprincipal element

1. is popularly referred to as high-entropy

approaches with the advent of a new alloy design strategy by Yeh et a
alloys (HEAs). It has been shown recently that HEAs exhibit remarkable properties, such as high strength, better
ductility, good corrosion, and oxidation resistance, etc.”™® The good combination of strength and ductility can be
achieved by developing composite microstructures that consisting of hard and soft phases. Although the hard phase
provides high strength, the soft phase will contribute to the ductility. Such a strategy has been used in the develop-
ment of dual phase steels, o+ B titanium alloys, etc.” It is reported in open literature that some HEAs show the

810 with unique phase equilibria. The eutectic HEAs (EHEAs) are a new class of

formation of multiple phases
multiphase HEAs'' and are technologically considered as important engineering materials because of good
castability, microstructure stability, and high mechanical properties. It is to be noted that the EHEAs show the
microstructure consisting of face-centered cubic (FCC) + body-centered cubic (BCC) phases,u’12 FCC + Laves
phases,”'* and BCC+ Sigma phases."” It is evident that EHEAs with FCC+ Laves phases, such as
FeCoNiCrTay,'® FeCoNiCrNb,,'* and FeCoNiCrZr,,'” exhibit microstructural change with variation of tantalum,
niobium, and zirconium concentration, respectively. The room temperature mechanical properties in EHEAs show
a good combination of strength and ductility, which is attributed to a selection of composition and alloying elements
in HEA systems'® by a combination of experiments and thermodynamic estimates. It is reported that the
FeCoNiCrNb, alloys that consist of FCC and eutectic mixture show promising properties with better strength
and ductility combinations and also exhibit good thermal stability while annealing below 1,173 K."® The precipi-
tation behavior of FeCoNiCrNby ,s5 alloy, annealed at 1,023K, also shows the formation of FCC basket weave-like
structure.' It is reported that the strength is enhanced because of the formation of precipitates in the proeutectic
phase. In this study, we explore the premise that EHEAs with proeutectic FCC phase with eutectic region in the
interdendritic spaces could be a promising candidate for high-temperature application.

Optimization of thermomechanical processing route is necessary for industrial application of newly designed
alloys. High-temperature processing of alloys using forging, rolling, extrusion, etc., are critical steps for futuristic
design of the components for structural applications. The processing behavior of the alloy can be predicted based on
the flow curves obtained during high-temperature compression tests.”*' The processing maps generated based on
the flow stress data can be used to identify the stable and unstable processing conditions. In this study, an EHEA that
has a hypoeutectic composition of FeCoNiCrNby 45 was chosen for high temperature deformation study.
Integration of computer simulations and experimental studies is necessary in reducing the time scale for develop-
ment of engineered products. The integrated computational materials engineering (ICME) provides the framework
for development of novel product by integrating different scales ranging from electronic or atomic level to the
product development at the macroscopic level. The synergistic effect of experimental and simulation methods
can happen at different length scales as required by the critical issues in the development of the alloy. In the present
investigation, the alloy design has been carried out by integrating the experimental technique with thermodynamic
simulation methods using Thermo-Calc software prediction. Thus, a reduced number of experimental trials were
needed. Secondly, integrating the finite element simulation method with different process conditions helps to test
the component feasibility at different geometrical conditions and to determine microstructure gradients that arise
out of thermal/strain rate gradients in an actual component being manufactured. In this study, we tried to generate a
process flow from alloy design to hot deformation for component development with the help of Thermo-Calc
prediction, designed experiments, and finite element simulations by establishing an optimum processing window.
The processing map is developed based on the flow stress data from hot deformation tests at combinations of various
temperatures and strain rates. Microstructural evolution during deformation at various processing conditions was
correlated with the processing map developed at a true strain of 0.65 and the strain field distribution within the
specimen was established based on the finite element method (FEM) simulation. Implementation the ICME ap-

proach was attempted, from alloy design to the development of the optimum process condition, for the current alloy.
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1064 RAHUL ET AL. ON HOT DEFORMATION BEHAVIOR OF EHEA

Experimental Details

FeCoNiCrNby 45 EHEA was prepared using vacuum arc melting followed by the suction casting technique. An
arc-melted button of around 20 g was prepared using elements of purity 99.9 % in a chamber backfilled with
argon. The button was flipped and remelted five times to homogenize the alloy. The suction cast cylindrical
rod—6 mm in diameter and 70 mm long—was cut to 9-mm-long rods in order to perform compression tests. A
high-temperature compression test was carried out using Gleeble 3800 in a Hydrawedge module in the facility
at Indian Institute of Technology Madras. The compression test was carried out at temperatures of 1,073, 1,173,
1,273, and 1,323 K, with strain rates of 0.001, 0.1, 1, and 10 s™'. A graphite foil with nickel paste was
used in between the specimen and anvil to get better conductivity as well as to reduce friction. The heating
rate of 5 K/s with a soaking time period of 5 minutes was used. The compression test was carried out in strain
rate control condition with a total true strain of 0.69, and microstructure after deformation was arrested by
quenching the specimen with water. The compressed and as-cast specimens were polished using emery papers
with different grades and were fine polished using alumina and colloidal silica for characterization. The suction
cast and compressed specimens were characterized using scanning electron microscopy (SEM; Quanta400) in
back scattered electron (BSE) mode to distinguish various phases in the microstructure using elemental con-
trast. The elemental mapping and compositional analysis were carried out using a Bruker energy dispersive
spectroscopy (EDS) attached with Quanta 400 SEM. The microhardness measurements were performed on the
selected specimens with load of 4.9033 N (500 gf) and dwell time of 10 seconds. The microhardness measure-
ment was taken by considering the strain field distribution from finite element simulation and the specimens
for hardness measurements are chosen from unstable (1,323 K at strain rate of 10 s™') and high-efficiency
region (1,323 K at strain rate of 0.1 s7h.

Results and Discussion

THERMODYNAMIC PREDICTION

Figure 1A shows the plot between the amount of phases versus temperature, which is obtained from the thermo-
dynamic simulation using Thermo-Calc prediction using the TCHEA2 database. The thermodynamic prediction
(fig. 1A) shows that the FeCoNiCrNby 45 alloy consists of FCC + Laves phase forming from the liquid, which
matches the previous reports for this HEA system.'* The phase fraction versus temperature plot shows around
70 % of FCC phase and the remaining Laves phase. The plot also confirms that formation of other equilibrium
phases below 1,070 K can be expected to form at longer duration of heat treatment. The temperature selected for
hot deformation was lying in the two-phase region (FCC + Laves) and was not expected to form any other phases
within the short span of the experiment. The nonequilibrium microstructure formation during the solidification
can be predicted by the Scheil calculation (fig. 18). From the Scheil calculation, the solidification pathway can be
established as Liquid — FCC + Liquid followed by eutectic reaction Liquid - FCC + Laves. The BSE-SEM image
of the suction cast specimen (fig. 1C) reveals the presence of primary FCC dendritic structure (i.e., FeCoNiCr-rich
phase) and interdendritic eutectic mixture (i.e., FCC + Laves phase mixture with interlamellar spacing of around
350 nm), which compares well with the earlier reports of hypoeutectic compositions of this system.'® Primary
dendritic phase was rich in iron, cobalt, nickel, and chromium, and the Laves phase is enriched with niobium. The
x-ray powder diffraction (XRD) results shown in figure 10 confirm that the specimen consists of FCC and Laves
phase, which matches the prediction by Thermo-Calc. The prediction from the Thermo-Calc was verified using
SEM and XRD characterization, which, in turn, reduced the number of experiments associated with the design of

alloy compared with the conventional alloy design method.

FLOW CURVES OF FeCoNiCrNbg 45 UNDER COMPRESSION
Figure 2 shows the true stress versus true plastic strain variation at different temperatures and at strain rates
of 0.001, 0.1, 1, and 10 s™". The flow stress decreased with the increase in temperature, and it increased with the
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RAHUL ET AL. ON HOT DEFORMATION BEHAVIOR OF EHEA 1065

FIG. 1 (A) Thermo-Calc prediction of fraction of phases with temperature, (8) Scheil solidification simulation using
Thermo-Calc, (C) BSE-SEM microstructure of suction cast specimen showing primary FCC dendritic phase (dark
phase) and eutectic region (inset), and (D) XRD pattern of as-cast specimen.
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increase in the strain rate. The flow stress increased with the increase in strain and reached a peak, which was
followed by a decrease with further increase in the strain. The increase in stress up to peak stress may be
attributed to the strain hardening. The flow stress behavior is similar to other EHEAs reported in literature.*”
The material softening is observed to occur after the peak stress at all testing conditions. The flow softening is
typically attributed to recrystallization, eutectic coarsening, eutectic breakage, or Laves phase breakage, etc.
Eutectic coarsening through increase in interlamellar spacing could reduce the strength according to the
Hall Petch relation (cy. =G + kA "Y?; where Gy is the yield strength of the material, 6, is the friction
stress, ky is the Hall Petch slope, and A, is the characteristic length). Eutectic coarsening will result in loss
of lamellar morphology, allowing easy movement of dislocations and thus softening. In some cases, after soft-
ening in the material, the flow curve shows a steady-state nature, which may be attributed mainly to
recrystallization.

CONSTITUTIVE MODELING OF FLOW CURVES

Developing an appropriate constitutive equation helps in correlating process parameters such as temperature,
strain rate, and flow stress for a given extent of strain. In this study, a strain of 0.65 corresponds to the steady state
condition and is used to generate the constitutive equation.
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1066 RAHUL ET AL. ON HOT DEFORMATION BEHAVIOR OF EHEA

FIG. 2 True stress versus true plastic strain curves at strain rate conditions of (4) 0.001s7, (8) 0.1s7, () 1.0 57, and

(D)10.0 57"
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CALCULATION OF MATERIALS CONSTANTS
The flow stress, temperature, and strain rate dependence can be expressed by a sine hyperbolic Arrhenius-type
23,24

equation proposed by Sellars and McTegart

The equation can be written as:

&= Alsin h(ac)]" exp L_z—(ﬂ %)
where the material constants A and a can be calculated from the test data obtained during hot compression
experiments, ¢ is the strain rate, o is the peak stress or steady state stress. The stress at 0.65 strain was taken
for calculation in this study. Temperature (T) is expressed in Kelvin, and # is the stress exponent. R is the universal
gas constant. The hot workability is governed by different deformation mechanisms that can be correlated with
the activation energy (Q) calculated in corresponding conditions; in this study, the Q-value calculation was lim-
ited to steady state condition of true strain 0.65.
The function [sinh(ac)]” in equation (1) can be expressed as follows:

[sinh(a6)]"=" for ac < 0.8 or =exp(fs) for ac > 12 )
where a, §, and n are constants, which are related to each other by the following equation:
a=p/n e

Figure 3A shows the plot between In (strain rate) versus true stress at different temperatures from 1,073 to
1,323 K, and the slope of the linear fit gives the constant . The average value of § calculated is 0.029. Figure 38
shows the plot between In (strain rate) versus In (true stress) at different testing temperature conditions, and the
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FIG. 3

(A) Plot between In (strain rate) and true stress, (B) In (strain rate) versus In (true stress), (C) In (sinh(ae)) versus (1/

), and (D) In (strain rate) versus In (sinh(aos)), where a is material constant, ¢ is true stress at strain condition of

0.65, and T is temperature in Kelvins.
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slope of the corresponding linear fit will give the value of n (stress exponent). The average value is determined to
be 5.544. The value of & can be calculated as 0.00523 from these constants. The constitutive equation in this study
was developed with the function [sinh (ac)]” instead of using power law or exponential equation.

CALCULATION OF ACTIVATION ENERGY

The hot deformation behavior can be correlated with the activation energy (Q) required for the plastic defor-
mation of studied EHEA. The activation energy can be calculated by the following modification in equation (1).

Taking the logarithm of both sides of equation (1), we get:

Iné =In A + nln[sinh(ac)] — Q

RT
After differentiating equation (4), we can write Q as follows:
Q=R olné 0 In[sinh(ao)]
" 7| dln[sinh(as)] f 1 a(1/T)

#)

} &)
&

Copyright by ASTM Int'l (all rights reserved); Fri Feb MJL2BRLESFAM nce and Characterization

Downloaded/printed by

Indian Inst of Tech Chennai (Indian Inst of Tech Chennai) pursuant to License Agreement. No further reproductions authorized.



1068 RAHUL ET AL. ON HOT DEFORMATION BEHAVIOR OF EHEA

The differential values of equation (5) can be calculated from the slope of figure 3C and 3D, and its average
value can be considered for Q-value calculation. The average activation energy of deformation was calculated to
be 351.629 kJ/mol at a strain of 0.65. The calculated activation energy for the presently studied EHEA was com-
parable to previously reported EHEAs.>

CALCULATION OF ZENER-HOLLOMAN PARAMETER

The value of constant A in equation (1) can be identified by the use of the Zener-Hollomon parameter (Z). The
Z-parameter correlates with the temperature, strain rate, and its effect on the flow stress of the material. The con-
stitutive equation given in equation (1) can be modified to accommodate the Z-parameter, which is given as follows:

Z =¢exp <R%> = Al[sinh(ao)]" ©)

Taking the logarithm of both sides of equation (8), we get:

InZ =1nA + nln[sinh(ao)] ©)

Figure 4 shows the plot between In Z versus In (sinh (a0)), where the intercept on the y-axis is InA and the
slope is n. The plot shows the linear increase in the In Z value with In (sinh (ao)), which confirms the applicability
and accuracy of the constitutive model. Therefore, the constitutive equation that describes the flow stress of the
multicomponent EHEA as a function of ¢ and T at strain (¢) of 0.65 can be written as follows:

8)

351,629
é=LM7memmm0%Bd“%q( )

RT

STRAIN RATE SENSITIVITY AND PROCESSING MAP
The strain rate sensitivity values (m) can be calculated by the following equation:

_ Olneo
"= \ome),, ©

The m values are calculated at a strain condition of 0.65 in the presently studied EHEA. The m values can be

used to identify the optimum processing window. In general, the regions with a negative m value can be con-
sidered as an unstable regime. In this study, m is positive throughout the domain. Therefore, the regions with

lower values of m (m < 0.1) can be considered low-efficiency regions. At higher values of m, the window will be
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considered as the optimum for processing the material.”> Based on the m value, the alloy shows the optimum
processing window (fig. 5A4) to be at a temperature above 1,200 K with a strain rate range of 0.01-1 ™", and a
temperature range of 1,100-1,200 K with a strain rate range of 0.001-0.01 s~", which was verified by establishing
the processing map.

Manufacturing processes, such as forging and rolling, involve bulk hot deformation processing of the
material. It is necessary to understand the flow behavior and the identification of the optimum processing window
for efficient and defect-free processing of the material. The processing map of the FeCoNiCrNby 45 is generated

FIG.5 (A) Shows the strain rate sensitivity map, (B) processing map, (C) m, (D) s, and (£) $ at 0.65 strain condition, where
the parameters m, s, and s depend on the temperature, stress, and strain rate.
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1070 RAHUL ET AL. ON HOT DEFORMATION BEHAVIOR OF EHEA

from the flow curve data in the present study and can be used as an efficient tool to identify proper working
conditions. The processing map is constructed based on the dynamic material modeling (DMM),* where the
material undergoes a dynamic and irreversible process. It is important to note that the superimposition of
instability map on power dissipation map produces the processing map. Figure 58 shows the processing
map for the studied EHEA at true strain of 0.65. The procedure for generating the efficiency map and instability
map are explained elsewhere.”*** The hatched region on the processing map shows the instability region, whereas
the color contours show the efficiency map with corresponding efficiency on the contour border. The processing
map shows that the optimum processing domains for the presently studied EHEA are greater than 1,250 K with a
strain rate between 0.1 and 1 s~' and a temperature between 1,175 and 1,200 K with strain rate between 0.001 to
0.01 s™". This optimized window was narrower than the processing window obtained from the larger m value
region. DMM also proposes other parameters, such us i1, s, and $, which are expained in the literature.”*"> The
gray-hatched region on the map (fig. 5C-E) of these parameters indicates the safe domain in which the current
alloy can be worked. The 71 and s contours show that the region 1,175-1,200 K with a strain rate between 0.001-
0.01 s™" can be considered as optimum for the alloy and also suggests that the § map can’t be used to predict for
the current alloy.

MICROSTRUCTURAL VARIATION AND CORRELATION WITH PROCESSING MAP
Figure 6 shows the BSE-SEM images of deformed specimens at selected stable and unstable conditions.
Figure 6A and 6B shows the microstructures at 1,323 K at strain rates of 0.001 s~ (in stable condition)

FIG. 6 BSE-SEM images of specimen (A) 1,323 K with strain rate of 0.001 s, (B) 1,323 K with strain rate of 0.1s7,
(©) 1,323 K with strain rate of 10 s™' (inset shows the crack propagating in the Laves phase), and (D) 1,173 K with
strain rate of 0.001 s,

(4) (B)

© (D)
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RAHUL ET AL. ON HOT DEFORMATION BEHAVIOR OF EHEA 1071

FIG. 7 SEM-EDS mapping of specimen (A) at 1,323 K with strain rate of 10 s~ and (B) 1,323 K with strain rate of 0.001s™".

o | 5 0

oo I o I

and 0.1 s~ (in high-efficiency domain), respectively, which reveal the homogeneous microstructure without any
cracks. The microstructure of a deformed specimen at strain rate of 0.001 s~ shows the coarsening of eutectic
lamellae (shown in inset). This is attributed to the high temperature and longer time period for deformation that
is due to lower strain rate. Where the dendritic structure changed to irregular morphology, it is attributed to the
eutectic coarsening and diffusion across the interfaces driving the morphologies toward equilibrium shapes. In
case of deformed specimen at 0.1 s™" strain rate condition, the eutectic started to coarsen but not completely and
also the dendritic structure retained its morphology. Figure 6C and 6D shows the microstructure at 1,323 K at a

strain rate of 10 s™!

and 1,173 K at a strain rate of 0.001 s, respectively. The microstructure of a deformed
specimen reveals cracks that confirm the instability of the processing condition. The cracks were noted to be
propagated through the brittle Laves phase, which is shown in figure 6C (inset).

The diffusion of elements plays a major role in coarsening of eutectic and globularization. The specimens at
higher temperature (1,323 K) are expected to have higher diffusion and are thus selected for the elemental dis-
tribution study at different phases. Figure 7 shows the EDS mapping of deformed specimens at 1,323 K at strain
rates of 10 s™! (fig. 7A) and 0.001 s™* (fig. 78). It is to be noted that the lower and higher strain rate are selected
because of the lower and higher time periods experienced at higher temperatures. It is observed that the primary
phase is enriched with iron, nickel, and chromium, and the Laves phase is enriched with niobium. Cobalt did not
exhibit a preference between the two phases. The elemental segregation pattern is same for both the strain rate
conditions. Figure 8 shows the elemental contribution in primary the dendritic phase (fig. 84) and Laves phase
(fig. 8B) in suction cast specimen and 1,323 K with different strain rate conditions. The elemental distribution in
as-cast condition clearly indicates that the iron and chromium are enriched in the primary dendritic phase and
niobium is enriched in the Laves phase. In the deformed specimen, the Laves phase composition clearly shows the
increase in niobium and is more prominent in lower strain rate condition because it is exposed at this processing
condition for a longer period of time. The depletion of niobium in the FCC phase at lower strain rate is more
compared with the higher strain rate at 1,323 K, which may be attributed to the diffusion of niobium across the
interface at small length scale at lower strain rates. Cobalt percentage is similar in both suction cast and 1,323 K
exposed with different strain rate conditions. In general, it is observed that the iron, nickel, and chromium are
depleted and that niobium is enriched in the Laves phase at 1,323 K deformed condition. Hence, it is confirmed

that the Laves phase is of the Co,Nb type as reported in previous studies.'*

FINITE ELEMENT SIMULATION AND CORRELATION WITH HARDNESS VARIATION
The finite element simulation was carried out to identify the strain field distribution within the specimen. The
simulation was carried out using Simufact forming software with cylindrical geometry with quadrilateral mesh.
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Figure 9 shows the strain field distribution at 1,323 K at stable

840 elements. The friction between the anvil and the specimen was
and unstable conditions in the processing maps. Figure 94 and 98 show the simulated strain field distribution

>
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height of the specimen after deformation is 4.5 mm.
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taken as intermediate value with an interface friction factor of 0.5. An isothermal condition was used and the
material mechanical properties were taken from the experimentally obtained flow curves. The other physical

FIG. 9 Strain field distribution at 1,323 K with strain rates of (4) 0.1s™ and (B) 10 s at a true strain of 0.69, where the

A mesh size of 0.025 mm was used with 42

properties are calculated by rule of mixture.
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at 1,323 K with strain rates of 0.1 and 10 s™, respectively. It is clear from the simulated strain field distribution
that the central region of the deformed specimen experienced higher strain, whereas the regions of the specimen
closer to the contact with the anvil exhibit lower strain. The contact area is characterized by the near-dead metal
zone, and its spread depends strongly on the strain rate used. The strain achieved in the central region of the
specimen is more in the case of a strain rate condition of 10. The dead metal zone area is also large in the case of a
strain rate condition of 10. It is obvious that increase of the strain further in 10 strain rate condition will ex-
perience shearing of specimen first as compared to 0.1 strain rate condition. The strain field distribution, which
was predicted by integrating experimental data with the finite element simulation method, helps to optimize the
geometrical design of the final product, which undergoes hot deformation. The microstructure of the specimen
varies based on these strain field distributions, which are reflected in the microhardness of the specimen. The
microhardness values are taken in the deformed specimen along the compression axis and perpendicular to the
compression axis (marked as a brown line in fig. 10). The microhardness obtained here is the composite effect of
primary phase and eutectic region as well as the coarsening of lamellar eutectic and strain field distribution inside
the specimen. The microhardness distribution shows high hardness at the center that decreases toward the bar-
reled area, which matches the high-strained center region and lower-strained barreled region. It is evident that the

FIG.10 Microhardness variation along the width and height of the specimen (marked as brown lines) at 1,323 K with strain
rates of 0.1 and 10 s7".
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hardness at a high strain rate condition is greater than that at a lower strain rate condition, which may be attrib-
uted to the lower coarsening rate of eutectic as well as the deformation mechanism. It is found that the hardness at
the maximum-strained center region at a strain rate of 10 s~! (~530 HV) is more when compared with the strain
rate of 0.1 s™' (~490 HV). It is important to note that the integration of the deformation processing maps and
FEM simulation leads to defect-free product development of HEAs that can be considered as potential candidates
for high-temperature structural applications.

Conclusion

An EHEA with primary FCC and eutectic region (FCC + Laves) was made. The bulk hot forming processing of
EHEA studies different strain rates and temperature conditions. The constitutive model developed for the cur-
rently studied EHEA at strain condition of 0.65 is shown in equation (8).

The optimum processing window based on the processing map for the presently studied EHEA is identified
as being above 1,250 K with strain rate 0.1-1 s™" as well as 1,175-1,200 K with strain rate 0.001-0.01 s™". The
elemental distribution shows the enrichment of niobium in the Laves phase at a high temperature, and the la-
mellar morphology coarsens during the high-temperature deformation. The experimental studies and computer
simulations have been integrated and validated. The integration of FEM simulation to identify the strain field
distribution and the processing map distribution can contribute to the ICME platform for the development of
products with complex geometry.
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