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Abstract

A single FCC phase 40Fe—-25Ni—15Cr—10Co-10V high-entropy alloy was designed, fabricated, and evaluated for potential
cryogenic applications. The alloy forms a single FCC phase and exhibits higher yield strength, tensile strength, and elongation
at cryogenic temperature (77 K) than at room temperature (298 K). The superior tensile properties at cryogenic temperature
are discussed based on the formation of deformation twins during the tensile test at cryogenic temperature. In addition, a
constitutive model reflecting the cryogenic deformation mechanism (i.e., twinning-induced plasticity) was implemented
into the finite element method to analyze this behavior. Experimental results and the finite element analysis suggest that the
increase in plastic deformation capacity at cryogenic temperature contributes to the formation of deformation twins.

Keywords High-entropy alloy - Deformation twinning - Cryogenic deformation - Plastic deformation behavior - Finite

element analysis

1 Introduction

There is a growing demand for energy resources with the
rapid advancement in technology. There are numerous types
of energy resources which are yet to be discovered in the
Arctic ocean [1]. The exploration of these energy resources
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from the Arctic ocean is a challenging task due to harsh
conditions of the Arctic ocean. In addition, the storage and
transportation of natural gas have to be carried out at a cryo-
genic temperature due to its low energy density. The ship-
ping distance of natural gas can be shortened by thousands
of kilometers when operating the Arctic route compared to
existing routes [2]. This will lead to a reduction in fuel con-
sumption and exhaust gas, resulting in lower operating costs
and eco-friendly effect. Thus, the development of advanced
material with superior properties under extreme conditions
are of great importance for ice breakers (specially con-
structed shipping vessels), offshore plants, liquid nitrogen
carriers and pipelines, and for a sustained presence in the
polar regions.

In general, the face-centered cubic (FCC) crystal struc-
ture materials, such as AISI 300 series stainless steel, alu-
minum alloy, and nickel steel, are most widely used as cryo-
genic materials for ships and offshore structures [3] due to
their enhanced mechanical properties at low temperatures
[3, 4]. This is also the case with recently studied high-
entropy alloys (HEAs) which possess excellent mechani-
cal properties at cryogenic temperature. Gludovatz et al. [5]
have demonstrated an increase in yield strength, ultimate
tensile strength, and fracture strain with excellent fracture
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toughness at cryogenic temperature. In addition, HEAs are
known to have high strength, strength retention at higher
temperatures, better thermal stability, and good corrosion
resistance [5—13]. Recently, Kang et al. [14] successfully
demonstrated the manufacturing of several kilograms of
HEA, indicating the possibility of commercialization in the
future.

In this study, an HEA suitable for cryogenic environments
was designed and its suitability as a material for cryogenic
environments was evaluated through mechanical tests and
microstructural analyses. In alloy design for cryogenic envi-
ronments, it is important to study the mechanical properties
of the alloys and the shape design considering the micro-
structural changes during plastic deformation. For this pur-
pose, this study included the theoretical description of the
deformation behavior of the HEA at room temperature and
cryogenic temperature using constitutive equations for finite
element analyses.

2 Materials and Methods
2.1 Experimental Methods

Phase equilibrium thermodynamic modeling was employed
to design a 40Fe-25Ni—-15Cr-10Co-10V HEA with a single
FCC phase over a wide range of temperature. The thermo-
dynamic database TCFE2000 and its upgraded version [15,
16] were used for phase diagram calculations [17, 18]. The
designed alloy was fabricated using vacuum induction melting
of pure elements (purity 99% or more). The ingot was homog-
enized in an argon atmosphere at 1100 °C for 6 h, followed
by water quenching. The initial thickness of the homogenized
slab was 8 mm, and it was cold rolled to a final thickness of
~1.5 mm (~80% thickness reduction). The rolled plate was
annealed at 900 °C for 10 min in an argon atmosphere, fol-
lowed by water quenching. The secondary processing of as-
cast alloy is schematically illustrated in Fig. 1.

Fig. 1 Schematic of second-
ary processing of as cast
40Fe-25Ni-15Cr-10Co-10V

Homogenization

1100 °C, 6 h (~8mm)

high entropy alloy

Temperature

Rectangular dog-bone shaped tensile specimens were made
with the loading direction parallel to the rolling direction.
The tensile tests were carried out using an electromechanical
testing machine (Instron 1361, USA) at room and cryogenic
temperatures and at a constant strain rate of 107 s™!. Vickers
hardness measurements were conducted at a regular spatial
interval from the middle to the edge of the gage (HM-220,
MITUTOYO, Japan).

The X-ray diffraction (XRD) analysis was performed to
identify the crystal structure of the designed alloy. The sur-
face perpendicular to the normal direction of the specimen
was mechanically polished with silicon carbide papers of 400,
600, 800, and 1200 grit, followed by diamond suspensions of
3, 1, and 0.5 pm. Final polishing was done with a mixture of
50% ethanol and 50% colloidal silica to obtain a mirror-like
surface. The polished specimens were checked for twin forma-
tion using electron backscatter diffraction (EBSD) analysis.
The EBSD data was analyzed using the commercial software
(TSL OIM Analysis 7).

The finite element method (FEM) associated with a consti-
tutive model (based on a model reflecting twinning-induced
plasticity) was utilized to simulate the plastic deformation
behavior of the alloy. In order to use FEM, a user subroutine
UMAT in the commercial program ABAQUS was constructed
and implemented.

2.2 Constitutive Model

The constitutive equations used in the present work to model
the deformation behavior of the alloy are as follows [19].
The evolution of dislocation density (p) due to shear strain
(7,) associated with the dislocation glide is described in the
Kocks—Mecking—Estrin equation [20, 21]:

d
4 _ 1 k\//_)—fp

= — 4+ =
dy, DbL b M
Annealing
900 °C, 10min
Quenching
Quenching
Cold Rolling

(75%, ~1.5mm)
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where b is the magnitude of the Burgers vector, k is coeffi-
cient relating to a thermal storage, and f denotes the dynamic
recovery coefficient. The first term on the right-hand side is
related to the accumulation of dislocations at the obstacles
with spacing L (for example, grain boundary and/or twin
boundary). The second term refers to the dislocation storage
at the obstacles related to the dislocation (e.g., dislocation
cell walls). The last term is related to the dynamic recovery
by dislocation annihilation.

The spacing of obstacles is given by [22, 23]
111

— =4

L d 1 @

where d is the average grain size and ¢ is the mean twin
spacing. According to Bouaziz et al. [22, 23], quantity ¢ has
the following relationship with average twin thickness e and
twin volume fraction F:

t=2e- 1-F

3

The evolution of twin volume fraction F above the twin-
ning onset strain &, can be expressed as follows [19]:

6_§EO> @

where F|, is the initial twin volume fraction at =g, F is
the saturated value of the twin volume fraction, and £ is the
parameter that governs the rate of evolution.

The plastic shear strain increment consists of contribu-
tions from dislocation glide and twinning [22, 23], and it can
be expressed as follows:

dy=0-F)-dy,+vy,-dF (5)
where y, is the twinning shear strain which is equal to 1/ \/E
[22, 23]. The first term on the right-hand side is related to the
dislocation glide, and the second term represents twinning.

The relationship between flow stress (o) and dislocation

density (p) is calculated using the following Taylor equa-
tion [24]:

oc=o0y+ aMGb\/; (6)

where o, is the friction stress needed to activate the disloca-
tion glide, a is a numerical constant, M is the Taylor factor
accounting for texture, and G is the shear modulus.

F:F0+(F00—FO)><erf<

3 Results and Discussion
3.1 Alloy Design and Fabrication
In order to design a suitable alloy for the present work, three

factors were considered: cost competitiveness, corrosion
resistance, and stability of the FCC single phase. To increase

the price competitiveness, the alloy is designed with high Fe
content and low Co content. To stabilize the austenitic phase
and enhance the low-temperature toughness, Ni was added to
the alloy [25-27]. To have a better corrosion resistance, the
Cr content with more than 15% was considered for the alloy
design. Based on the binary phase diagrams, V with other
elements exists as a single-FCC phase over a wide range of
temperature [25]. In addition, its atomic size is larger than
most other elements which can enhance the solid solution
strengthening effect [25]. Based on the above-mentioned
points, an alloy system based on Fe-Ni—-Cr—-Co-V was
selected for thermodynamic calculations. Finally, an alloy
that would possess a single FCC phase over a wide range of
temperature was selected by calculation of thermodynamic
states.

Consequently, the alloy with the composition of
40Fe-25Ni-15Cr—10Co-10V was designed for the present
work, and the phase diagram of this alloy is shown in Fig. 2.
It can be seen that the designed alloy has a single FCC phase
over a wide temperature range (726—-1346 °C). The heat
treatment temperatures for homogenization (1100 °C) and
annealing (900 °C) were chosen in this temperature range
to get a single FCC phase. Figure 3 shows the XRD pattern
of the sample in the annealed condition. It can be seen that
a single FCC phase was formed, which agrees well with the
calculated phase diagram.

3.2 Deformation Behavior and Mechanical
Properties

The plastic deformation behavior of the alloy at room
and cryogenic temperatures are shown in Fig. 4, and the
mechanical properties are summarized in Table 1. The
yield strength, ultimate tensile strength, and the fracture

1.0 T

0.8 / i
c
;g 0.6 FCC single phase |
8 (726~1346 °C)
('8
[}]
o 0.4 |
=
——LIQuID
0.2 ——FCC_A1 | |
——BCC_A2
——SIGMA
0.0 . , , AT
400 600 800 1000 1200 1400 1600

Temperature (°C)

Fig.2 Mole fractions of equilibrium phases in 40Fe-25Ni—15Cr—
10Co-10V alloy in the temperature range 400—1600 °C
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Fig.3 XRD pattern of the alloy in annealed condition
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Fig.4 Stress—strain curves of 40Fe-25Ni—15Cr-10Co-10V alloy at
room and cryogenic temperature

Table1 Summary of mechanical properties of 40Fe-25Ni-15Cr—
10Co-10 V alloy at room and cryogenic temperatures

YS (MPa) UTS (MPa) Fracture
strain
(%)
RT (298 K) 393.20 735.61 44.08
CT (77 K) 612.64 1073.97 59.90

strain at cryogenic temperature increased by 55.8%, 46.0%,
and 35.9%, respectively, as compared to the room tempera-
ture mechanical properties. This clearly implies that the
mechanical properties of the alloy were enhanced signifi-
cantly at cryogenic temperature.

@ Springer

3.3 Microstructure Analysis and Fractography

Figure 5 shows the EBSD inverse pole figure (IPF) map of
the initial (un-deformed) and deformed (at room temperature
and cryogenic temperature) specimens. The initial micro-
structure consists of equiaxed grains with profuse annealing
twins (Fig. 5a). The estimated average grain size is approxi-
mately 8.8 um (excluding twin boundaries). After room tem-
perature deformation (Fig. 5b), the microstructure along the
direction of deformation consists of elongated grains. In the
cryogenic deformed sample, the microstructure consists of
deformation twinning with X3 twin boundaries (60° <111>)
and elongated grains (Fig. 5c, d). This implies that the dis-
location glide acts as a primary deformation mechanism at
room temperature, whereas deformation twinning act as an
additional deformation mechanism at cryogenic temperature.
The presence of twin boundaries can interfere with the dislo-
cation movement and it may lead to an increased hardening
capacity at cryogenic temperature [28]. Thus, the forma-
tion of deformation twins can be attributed to the excellent
mechanical properties achieved at cryogenic temperature.

Figure 6 shows the SEM fractography of the deformed (at
room temperature and cryogenic temperature) specimens.
The microstructure with a high density of dimple structures
can be observed on the tensile-fractured surfaces of both the
specimens. The dimple structure indicates the micro-void
coalescence which is a clear evidence of ductile fracture.
The dimples on the cryogenic-fractured surface have finer
feature compared with that on the fractured surface at room
temperature. It is due to the further refining of microstruc-
ture at cryogenic temperature with the twin-activated defor-
mation, which can be confirmed by comparison of Fig. 5b,
c. Therefore, it is confirmed that the ductile fracture has
occurred during the tensile deformation at both room tem-
perature and cryogenic temperature, and that the cryogenic-
deformed specimen has finer microstructure due to the
formation of twin boundaries. The analysis of the fracture
morphology is in good agreement with the corresponding
stress—strain curves (Fig. 4).

3.4 Constitutive Model and Finite Element Analysis

The plastic deformation behavior of the HEA can be
described using the aforementioned set of equations. Some
parameters in the model equations were fixed: a=0.33,
M=3.06, G=81.2 GPa, b=0.254 nm, d=28.8 pm,
e=0.01 pm [29], and F;=0. The remaining constants were
obtained from the experimental results and via a genetic
algorithm for parameter identification. The constants
obtained in this way are: 6,=324 MPa, F_ =0, k=0.02,
and f=2 (for room temperature); and o,=546 MPa,
F=0.013, £,=0.075, € = 0.3, k=0.024, and f=1.94 (for
cryogenic temperature). By comparing the constant ()
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Y
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Fig.6 SEM fractography of
specimens deformed a at room
temperature and b at cryogenic
temperature

at each temperature, it can be speculated that twinning is  the dislocations. Therefore, the accumulation of disloca-
difficult to occur at room temperature. The k value reflects  tions by the dislocation structure occurs more effectively
the efficiency of the dislocation structure that accumulates at cryogenic temperature than at room temperature. In
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addition, it can be seen that dynamic recovery was more
active at room temperature than at cryogenic temperature
by comparing the dynamic recovery coefficient, f. Based
on the reported values of k (0.011) and f (3) for 304L
steel and high Mn steel [22], it is clear that the disloca-
tion storage mechanism is more efficient in the alloy of
the present study. The dynamic recovery rate is slower
in HEA, presumably due to the lattice distortion effect in
HEAs [30, 31].

Figure 7a shows the deformation behaviors of HEA
described using the above constants and the experimental
stress—strain curves at room temperature and cryogenic
temperature. The figure shows that the stress—strain curve
obtained through the simulation (solid line) agrees well
with the experimental stress—strain curve (symbol). The
strain-hardening rate with respect to plastic strain is shown
in Fig. 7b. It is clearly seen that the strain-hardening rate
curves at room temperature and cryogenic temperature are
different. The strain-hardening rate at room temperature
decreases continuously till fracture, whereas the strain hard-
ening rate at cryogenic temperature decreases continuously
till true plastic strain of 0.075 and remain constant till true
plastic strain of 0.12 and then starts decreasing with further
deformation.

In general, when a plastic deformation is initiated in the
metallic materials, the dislocation movement is hindered by
a sharp increase in the dislocation density. This phenomenon
is known as work hardening, and the work hardening rate
will decrease due to the rearrangement of dislocations with
further plastic deformation. However, when the deforma-
tion twins are generated by plastic deformation, the twin
boundaries interfere with the dislocation glide and cause
increased work hardening capacity. This leads to constant
or improved work hardening rate [32, 33]. On further strain-
ing, the hardening rate steadily decreases due to less active
deformation twinning.

T T T
1800 - -
1600 - i
= 1400 -
o
= 1200 - -
#1000 - ]
o
& 800+ -
2 600 -
= B 298 K (Exp.)
F 400 @ 77K (Exp.)|
200 =298 K (Cal.) | ]
= 77 K (Cal.)
0 T T T T
0.0 0.1 0.2 0.3 0.4
True Plastic Strain

(a)

In the case of HEA analyzed in this study, the deforma-
tion twining starts to occur at~0.075 true plastic strain
(twinning onset) during the cryogenic tensile test. The onset
of twinning led to enhanced strain hardening capacity as
compared to the room temperature stain hardening capac-
ity. This is clearly reproduced in the simulations (red solid
line in Fig. 7b). The volume fraction of twins in Fig. 5S¢ was
measured and compared with that predicted by Eq. (4). The
experimental value is 0.0114 which matches with the theo-
retical value of 0.0105. The experimental results confirm
that the model used in the present study is suitable for the
description of microstructural changes due to plastic defor-
mation and also for the change in deformation behaviors at
room and cryogenic temperatures.

The tensile simulation results are shown in Fig. 8. The
effective stress, plastic strain, and dislocation density are
concentrated in the central region of the gage and have
higher values at cryogenic temperature than at room tem-
perature. The simulation indicates the twinning does not
occur at room temperature, whereas it does occur at cryo-
genic temperature with the twin volume fraction being high
at the central region of the gage.

In order to compare the stress distribution obtained from
the simulation with those of the experimental results, the
effective stress values were plotted along the tensile direc-
tion from the center of the gage for the sample deformed at
room temperature (Fig. 9a). The Vickers hardness values
measured along the gage of the room temperature deformed
sample were multiplied by 3.3 and compared with the simu-
lated values of effective stress. The correlation of tensile
strength with hardness is also reported by Pavlina et al.
[34]. Figure 9b shows the part where data has obtained and
effective stress distribution. It is confirmed that the stress
distribution of the specimen obtained through the simula-
tion (black solid line) is in good agreement with the values
obtained through the experiment (red symbol). We believe

5000 T T T
----- 298 K (Exp.)| 1
4500 L. 77K (Exp.)| ]
[} 298 K (Cal.) | ]
4000 -
& Twinning onset 77K (Cal)
o i
£
c 4
()]
°
S -
©
T
£ 7
(1]
5 i
7]
500 T T T
0.0 0.1 0.2 0.3 0.4
True Plastic Strain
(b)

Fig. 7 a Stress—strain curves and b strain-hardening-rate curves obtained by experiments and simulations at room and cryogenic temperatures
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Dislocation
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Fig.8 Results of the finite element analyses: Effective stress, equivalent plastic strain, dislocation density, and twin volume fraction for room

and cryogenic temperature
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+5.222e+02
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Fig.9 a Line profile of effective stress and b distribution of effective stress (simulation result)

that the reason for the low hardness of the specimen in the
central region is due to cracks or voids in the middle of the
specimen. From these results, it can be confirmed that the
plastic deformation behavior of the HEA at each temperature
analyzed using the finite element method are in good agree-
ment with the experimental results, and the validity of the
simulation is assessed.

4 Conclusions

(b)

In the present study, an HEA for cryogenic applications
was designed using thermodynamic calculations and the
alloy was fabricated using casting and rolling methods.
The alloy showed enhanced mechanical properties at
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cryogenic temperature than at room temperature, veri-
fying its suitability as a material for cryogenic environ-
ments. The deformation behavior of HEA was analyzed
theoretically. The finite element analysis was carried out
to understand the deformation mechanisms and the rela-
tionship between the microstructural characteristics and
deformation behavior. The results of the simulation were
verified by comparing them with the experimental results.
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