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Abstract

This work presents a comprehensive analysis of the effects of strain and strain rate on the adiabatic heating and the mechanical
behavior of a CoCrFeMnNi high-entropy alloy (HEA). In this investigation, compression tests were carried out at quasi-static
and dynamic strain rates. The temperature of the specimens was measured using high speed infrared thermography. The high
strain rate tests were conducted with a Split Hopkinson Pressure Bar, and the tests at lower strain rates were performed using
a universal testing machine. The material exhibited a positive strain rate sensitivity, as true stress—strain plots were shifted
upwards with the increase in strain rate. With exception of the isothermal tests, temperature rise and the Taylor—Quinney
coefficient (f) were noticeably similar for the investigated strain rates. This study shows that the common assumption that
can be considered 0.9 and constant is possibly not very accurate for the CoCrFeMnNi alloy. The f is influenced by at least
strain and strain rate.

Keywords Adiabatic heating - Taylor—Quinney coefficient - CoCrFeMnNi - High-entropy alloy - Dynamic testing - High
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Introduction

High-entropy alloys (HEAs) are a new class of multi-compo-
nent metallic alloys, which comprise four or more elements
in equiatomic or near equiatomic composition with high
configurational entropy. The so-called Cantor alloy or CoCr-
FeMnNi alloy was first introduced in 2004 [1], and it is cur-
rently the most investigated HEA. The CoCrFeMnNi high-
entropy alloy has a face-centered cubic crystal structure,
which has a large number of slip systems [2] and a unique
combination of mechanical strength, malleability, and frac-
ture toughness [3]. Therefore, these alloys are expected to
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be widely used in engineering and military applications. Li
et al. [4] have shown that the Al, ;CoCrFeMn high-entropy
alloy has remarkable mechanical properties at high strain
rates, and that it is a promising alloy for armor applications.
Future design and structural applications of HEAs require a
better understanding of the thermomechanical response of
the alloys during high strain rate deformation.

Temperature and strain rate play important roles on the
mechanical behavior of the CoCrFeMnNi high-entropy alloy
and of materials in general [2, 3, 5]. Otto et al. [2] studied the
effect of temperature on the tensile properties of a CoCrF-
eMnNi high-entropy alloy and reported that this alloy exhibits
a strong increase in ductility and mechanical strength with
decreasing temperature. These authors associated the remark-
able properties of the CoCrFeMnNi alloy at cryogenic temper-
atures to the occurrence of deformation-induced twinning and
dynamic Hall-Petch effect. Park et al. [6] studied the influence
of strain rate on the mechanical properties of the CoCrFeMnNi
alloy and reported a substantial yield strength dependence on
strain rate, as well as different strain hardening behaviors for
different strain rates. Furthermore, they also observed the for-
mation of mechanically induced twins and occurrence of adi-
abatic shear bands on the samples deformed at dynamic strain
rates. On the other hand, Li et al. [7] studied the formation of
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adiabatic shear bands in the same alloy and concluded that the
excellent strain hardenability and low thermal softening pro-
vide this alloy a great resistance to shear localization. Kumar
et al. [8] investigated the dynamic compressive deformation
behavior of an Al ,CrFeCoNi high-entropy alloy and found
out the onset of twinning depends on strain rate. The authors
also reported that its mechanical behavior was similar to those
of materials with low stacking fault energy. Moon et al. [9] and
Hong et al. [10] have studied the thermally activated deforma-
tion of a CoCrFeMnNi high entropy alloy at room and cryo-
genic temperatures, and have concluded that the rate control-
ling mechanism in this alloy is the overcoming of nanoscale
obstacles such as short range orders (SROs) and clusters.
However, the exact microstructural evolution and especially
the high rate thermomechanical behavior of the alloy is still
largely unknown.

The Taylor—Quinney coefficient () can be an interesting
parameter to look into, as it describes the fraction of the total
plastic work, which is converted to heat during deformation.
The Taylor—Quinney coefficient is a measure of how efficiently
plastic work is converted into heat during plastic deforma-
tion [11, 12]. The research of Farren, Taylor and Quinney [13,
14] on the heat increase during deformation and remaining
latent energy after cold working has been the foundation for
the research on the conversion of plastic work to heat during
deformation. In their initial investigations on copper samples,
the authors established that the fraction of plastic work con-
verted to heat during plastic deformation was of approximately
0.9. Although it has already been established that # depends
on strain, strain rate, and loading mode [12], the assumption
of a constant f value of 0.9 for different metallic materials is
still common in the recent literature [6, 15-19].

Equations 1 and 2 show the definitions of the f in terms
of total energy (f;,) and energy dissipation rate (f,;;). Both
equations can be derived from the first law of thermodynam-
ics assuming adiabatic conditions, i.e., that no heat conduc-
tion occurs. In the Equations Cp, de, T, and p, stand for heat
capacity, incremental plastic work, temperature, and the den-
sity of the material. The superposed dotted W, and T indicate
their respective time derivatives.

pCpAT
int = (1)
[dw,
and
P pCpT
i = 2
diff W, )

The integral beta () expresses how much plastic strain
energy is converted into heat, and it can be used to evaluate
the general temperature increase of a given material with

plastic deformation. The differential beta (f4;;) describes
the conversion rate of mechanical energy into heat. Unless
other heat sources than the plastic deformation are involved
then B, is always lower than 1 [12].

p describes how much of the plastic work is stored in the
microstructure and how much is converted to heat. If the
p equals one, then the microstructure must be stable as no
energy is stored as permanent defects in the structure (vacan-
cies, dislocations, twins, etc.), whereas a lower values of the
p would indicate a faster evolving structure, in which more
energy is stored in the microstructure. For example, Rittel
et al. investigated the effect of the dynamic loading mode on
Pin of Ti alloys, Al alloys, and steels. The authors reported
that f,, varied with strain and loading mode, ranging from
0.2 up to 0.9. The Al alloys showed a somewhat low S,
ranging from 0.2 to 0.4 [12]. Zaera et al. [20] conducted
numerical investigations of the f# in a metastable stainless
steel. In their model, the adiabatic conditions are assumed, it
is considered that  evolves with deformation, and the plastic
work done on the different phases was computed separately.
They reported that §,,, and f,;+ can be greater than one if
there are exothermic phase transformations producing extra
heat. However, in such case the f that is obtained from the
temperature measurements no longer has the classic defini-
tion based on dislocation theory, but instead the S indicates
the net heat generated by the material as it is deformed at
high rate. In addition, the authors argued that f may be dif-
ferent at different locations of the deforming specimen.
Smith et al. [21] investigated the f,,, of a Ti-6Al-4 V alloy
under tensile deformation and reported a modest increase of
Pin: at low strains, and an approximately constant f;;, from
0.5 to 0.7 until failure. Although the CoCrFeMnNi high-
entropy alloy has been exhaustively studied during the last
decades, the effect of adiabatic heating and strain rate on
the thermomechanical response of the CoCrFeMnNi high-
entropy alloy still needs further investigation. The occur-
rence of softening during high strain rate loading due to
adiabatic heating in HEAs has already been suggested in
the literature [22], however, not much effort has been done
into evaluating and quantifying it. Albeit the high strain rate
compression of the CoCrFeMnNi high-entropy alloy has
already been investigated [19], the novelty in this work is
the use of the recently developed high speed infrared cam-
eras allowing the assessment of the adiabatic heating and
the Taylor—Quinney coefficient of the CoCrFeMnNi high-
entropy alloy. This work presents a comprehensive analy-
sis of the effects of strain and strain rate on the adiabatic
heating, the Taylor—Quinney coefficient, and the mechanical
behavior of a CoCrFeMnNi high-entropy alloy.
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Materials and Methods

The CoCrFeMnNi high-entropy alloy was cast into a
square cross section ingot (140 x40 x40 mm) by drop
casting in argon atmosphere. The as-cast bar was homog-
enized in vacuum at 1200 °C for 12 h, and hot rolled at
1000 °C into a 400 X 60 X 9 mm plate. Both sides of the
plate were carefully ground to approximately 7 mm thick-
ness, and cylindrical samples with a diameter of 8 mm
were EDM machined from the plate. Three compression
tests were carried out at quasi-static (3 X 107*, 1072, and
1 s7") and dynamic (750 and 2800 s~!) strain rates. The
microscopy samples were cut parallel to the compression
axis and sectioned samples were mechanically polished
for microscopy and EBSD analyses. The temperature of
the specimens was measured during the test using a high
performance Telops FAST-IR 2K high speed infrared
camera with a 50 mm lens. Imaging rate of 90 kHz was
used for the high strain rate tests, which gives the tem-
perature measurements only every 11 ps. Higher sampling
frequencies would be preferable and would be required for
detailed determination of the f, especially at low strains.
Also for small changes in the f as a function of plastic
strain, much higher imaging frequencies would be needed
at the strain rates of 750 and 2800 s~'. However, this cam-
era is currently the best available on the market. Hope-
fully, faster infrared technology will allow higher temporal
resolution of the measurements in the future. The high
strain rate tests were carried out with a compression Split
Hopkinson Pressure Bar (SHPB) device, and the tests at
lower strain rates were performed using an Instron 8800
universal testing machine. The experimental setup used in

this investigation for both dynamic and quasi-static tests
are shown in Fig. 1.

The SHPB device comprise two high strength steel bars
with 1200 mm length and 22 mm diameter, as well as striker
bars with lengths of 200, 300, or 400 mm. The incident,
transmitted, and reflected stress pulses were measured with
5 mm strain gages attached to the bars. The signals were
amplified by a Kyowa CDV 700A series signal conditioner,
and recorded with a 12-bit MSample Yokogawa digital oscil-
loscope. A numerical dispersion correction adopted from the
work of Gorham & Wu [23] was used to correct the effect
of longitudinal wave dispersion on the measured strain data.
The stress, strain, and strain rate were then calculated from
the dispersion corrected pulses.

The image acquisition trigger signals were recorded
with the same oscilloscope within the same timeframe as
the strain pulses from the stress bars. This allowed tempo-
ral matching of the calculated stress—strain curves and the
temperature data obtained from the infrared camera. A cali-
bration from radiometric temperatures to true surface tem-
peratures was obtained by comparing the infrared image data
and temperature data measured with thermocouples. The
calibration data was obtained by slowly heating up the sam-
ple in similar conditions and setup as the one in which the
tests were performed. Three calibration measurements were
carried out using the same experimental setup as for the
Hopkinson Bar experiments. These measurements were used
to create an average calibration and the associated standard
error of the mean. Figure 2 shows an example of a calibra-
tion curve for the Cantor alloy with an integration time of
5 ps from room temperature up to 257 °C. The standard error
of the mean increased with temperature and its maximum
observed value was of 1.6 °C at the surface temperature of
256 °C.

Fig. 1 Experimental setup comprising the high performance IR camera and a compression Split Hopkinson Pressure Bar device for dynamic

tests, and b Instron servohydraulic testing machine for quasi-static tests
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Integration Time: 5 us

Surface Temperature (°C)

0 —
0 50 100 150 200 250

Radiometric Temperature (°C)

Fig.2 Average radiometric temperature of three measurements as a
function of surface temperature with an integration time of 5 ps. The
standard error of the mean is represented as the dashed lines neigh-
boring the solid line, which represents the average of the three meas-
urements

The strain hardening exponent (n) and strength coef-
ficient (K) of the Hollomon equation (Eq. 3) were deter-
mined from the stress strain plots. Furthermore, the strain
hardening rate and the instantaneous strain hardening
exponent (n;) were determined as function of strain. Both
the differential (B;) and the integral (B;,) Taylor—Quin-
ney coefficient, were calculated for the dynamic tests
as a function of plastic strain. For the quasi-static tests
at the strain rate of 1 s~!, only an approximation of the
Taylor—Quinney factor was obtained ignoring the minor
conduction of heat that may occur during the tests at this
condition. The possible heat conduction during the tests
at the strain rate of 1 s™! was very low as no temperature
gradients were observed in the full field temperature meas-
urements. Any gradient would be an indication of heat
conducting from the specimen to the anvils. No g values
below strain rate of 1 s~! are reported in this paper as the
measurements would require a meticulous analysis of the
heat transfer involved. For the calculations of the f, a C,
of 430 J/kg K and a p of 7.958 g/cm® were used [6].

c=Kx¢" (3

Scanning electron microscope (SEM) images of the as
rolled and deformed samples were obtained with a JEOL
JSM IT500 equipped with an energy-dispersive X-ray spec-
troscopy (EDS) detector. Electron backscatter diffraction
(EBSD) band contrast images and inverse polar figure maps
were obtained using a Zeiss ULTRAplus SEM equipped
with Oxford Instruments Symmetry CMOS EBSD detector
operated at an accelerating voltage of 20 kV and a step size
of 0.7 pm. The initial austenitic structure of the material
was confirmed with a PANalytical Empyrean Multipurpose

Table1 Chemical composition of the CoCrFeMnNi high-entropy
alloy obtained by EDS (at.%)

Cr Mn Fe Co Ni

19.5+0.1 20.4+0.2 19.8+0.3 20.2+0.2 20.2+0.2

Diffractometer with a Bragg—Brentano geometry and using
Cu Ka radiation.

Grain size distribution, grain boundary character distribu-
tion, and twin density were analyzed from the EBSD meas-
urements. A scanning area of approximately 370250 um
and a step size of 0.7 um was analyzed. The rolling direction
of the analyzed area in the hot rolled sample is towards the
X-axis, while the normal direction is towards the Y-axis. A
critical misorientation angle of 15° was selected for the grain
size determination and the grains with < 10 pixels were
removed to reduce the noise. Additionally, grain boundary
regions were excluded from the grain size determination.

Recrystallization fraction maps were used to evaluate
the internal average misorientation angle and the defor-
mation levels within each grain. The grain was defined as
a deformed grain if the average grain angle exceeded the
defined minimum angle of 2°. The grain was classified as
a substructured grain if the grain was composed of sub-
grains whose internal misorientations were < 2°, but the
misorientation between the subgrains was higher than 2°.
The remaining grains were then considered recrystallized
grains. From this classification, the recrystallized grains are
the least deformed, the substructured grains have an inter-
mediate amount of deformation, and the deformed grains
are the most deformed. Furthermore, to further evaluate
the texture of the material, pole figures were drawn with a
X1-axis parallel to the rolling direction and Y1 is parallel to
the normal direction.

Table 1 shows the chemical composition of the investi-
gated alloy. The standard error of the mean were obtained
from averaging three EDS measurements. Figure 3 shows
the inverse pole figure (IPF), grain boundary (GB), recrys-
tallization fraction maps, and the XRD pattern of the hot
rolled cantor alloy. The high misorientation angle (8> 15°)
and low misorientation angle (2° <0< 15°) are highlighted
in black and green lines respectively. The average grain
size of the hot rolled material is approximately 9.15 pm
(including twin boundaries). The annealing twins [X3 twin
boundaries (highlighted in red)] that were formed during
hot rolling are around 6.6% as shown in Fig. 3b. In Fig. 3¢
the recrystallized fraction is 3.70%, substructured is 86.5%,
and the deformed fraction 9.8%. This fraction of recrystal-
lized grains shows dynamic recrystallization behavior in
few grains during hot rolling at 1000 °C. The XRD analysis
confirmed that the samples possessed a single phase and a
FCC crystalline structure.

@ Springer



324 Journal of Dynamic Behavior of Materials (2019) 5:320-330
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Fig.3 a Inverse pole figure b grain boundary map c recrystallization fraction map, and d X-ray diffraction pattern of the hot rolled CoCrFeNiMn
HEA. The X axis represents the rolling direction and the Y axis represents the normal direction

{100}

{110} _

&)

Multiples of Uniform Density

Fig.4 {100}, {101}, and {111} Pole Figures of the hot rolled CoCrFeNiMn alloy

Figure 4 shows the {100}, {101}, and {111} pole fig- uniform density (MUD) value around 3, the same is vis-
ures for the contoured intensities of the hot rolled CoCr-  ible in the Fig. 3a, in which all the individual grains are
FeNiMn. The contour density of from all the pole figures ~ randomly oriented in all three orientations.
is distributed randomly with a maximum multiples of
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Results and Discussion
Microstructural Evolution

Figure 5a—c show IPF color maps of samples compressed
to true strains of 0.55, 0.55, and 0.50 at the strain rates of
3x107*, 1 and 2800 s~!. The grain size analysis, recrystal-
lization fraction analysis and twins are given in Table 2.
The Y1 is the compression axis. The microstructural
evolution shows that the grains were slightly elongated
towards the perpendicular direction to the compression

3 Il Deformed
i 1 Sub-structured
Recl stallized .

[ Sub-structured
Rec! tized

axis (X1 axis) at the strain rate 3x 10™* s, Additionally,
there are smaller grains formed along the grain bound-
aries after compression at strain rates 1 and 2800 s~'.
Decrease in the grain size occurred with a decrease in the
twin boundary fraction, as shown in Table 2. At the strain
rate of 2800 s~!, the fraction of the recrystallized grains
increased, possibly due to the occurrence of dynamic
recrystallization (DRX). DRX could have been caused by
the strong shear localization. Additionally, it is seen that
the X3 twin boundaries percentage is increased. This is
further confirmed by the fact that the boundary misorien-
tation frequency at 60° was higher, which corresponds to

Bl Deformed i
[ Sub-structured |2
Recrystallized &

Fig.5 a—c IPF color maps; d—f GB maps, and g-i recrystallization fraction maps of the samples deformed to 0.55 strain at a strain rate of
3x107* 57! (a, d, g), to 0.55 strain at a strain rate of 1 s~! (b, e, h), and to 0.5 strain at a strain rate of 2800 s~ (c, f, i) (Color figure online)

Table 2 Grain size analysis,

- . Strain rate (s™') Total strain ~ Grain size (pm) Recrystallization fraction (%) Twin X3%
recrystallization fraction,
and twin percentage analyses Recrystallized Substructured Deformed
obtained from EBSD
NA (hot rolled) As-received 9.1+39.0 3.7 86.5 9.8 6.6
3x107* 0.55 6.0+22.9 2.3 27.3 70.4 0.8
1 0.55 6.5+21.9 2.1 11.9 86.0 0.7
2800 0.5 5.4+18.0 4.5 9.7 85.9 2.3
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the 60° <1 1 1> twinning relationship. Thus, the increase
in these £3 twin boundaries fraction boundaries could be
due to DRX.

Figure 6 shows the {100}, {101}, and {111} pole figures
of the samples deformed at strain rates of 3 X 1074, 1 and
2800 s~!. In the pole figures for all deformed samples, the
contour density of {101} pole figure is the most intensive.
Thus at all strain rates, the compression direction (Y1) is
parallel to most of the grains which have {101} orientation.
The same is seen in Fig. 5a—c where most of the grains have

{100}

{110

{101} orientation. Additionally, the maximum MUD values
increased from 4.55 to 5.36, with increase in the strain rates.
This means that the intensity of fiber texture {101} is strain
rate dependent, i.e. the intensity increases with strain rate.

Thermomechanical Analysis
Figure 7a shows the true stress—true plastic strain curves,

Fig. 7b the temperature rise, Fig. 7c the strain hardening
rate, and the Fig. 7d the instantaneous strain hardening

{111}

Multiples of Uniform Density  Multiples of Uniform Density

Multiples of Uniform Density

Fig.6 {100}, {101}, and {111} pole figures of the samples deformed to a 0.55 strain at a strain rate of 3 X 10™* 571, b 0.55 strain at a strain rate

of 157!, and ¢ 0.5 strain at a strain rate of 2800 s~}

@ Springer



Journal of Dynamic Behavior of Materials (2019) 5:320-330

True Stress (MPa

—-—-2800s"

0 — 71T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Plastic Strain

© - g
: 3x_120_1s
: ——-10 s
-2 L i
m —— 7508
: —-—-2800 s
(@]
£
C
[}
©
—
T -
\\\\\\\ '
£ ~=~t:::':\——-‘1o"'s 3;(10451
g . -:.:::.:\f::___::-:-- =
) 2800s'™ T e
0 oo 04 05 o

T
0.0 0.1 0.2 0.3 0.4 0.5 0.6
Plastic Strain

327
100
b

1 (b) 1s?
O 80
<
@ 1F--- 3x10*s”
2 oo dF- -102%s" 1 -
ICHE N 158" 2800s" .
2 1—750s" i
5 407 |-—-—-2800s’ e

e

© 9d 7508 2
= ”4:5’ 0%s"

i ’/;r ———————— \_ 3x104 S1

0+ T—T_T T J B S I S E T

0.0 0.1 0.2 0.3 0.4 0.5 0.6
Plastic Strain

_ 0.4 @ —
--7 >

8 0.3 e 3x10*s”
x PR
W] .’// i el \‘
)} S S \
£ . N
CIC) 4 1 Voo T 1s¢"
S -2 3x10* s\ s
§ - — -10%s" !

----- -1 \
= 1s' | 2800
s ——750's
4 —-—-2800s”

o
o

T T 1 r* 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Plastic Strain
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ening exponent as a function of true strain at different strain rates

exponent as a function of plastic strain at different strain
rates. The material has a positive strain rate sensitivity,
as mechanical strength increases with strain rate. Table 3
shows the yield strength and the strain hardening exponent
n and the constant K of the Hollomon Equation at different
strain rates. The presented values are average of two or three
tests, and are shown with their standard error of the mean.
Yield strength was determined by backward extrapolation
of the flow curve. At the strain rate of 3x 10~ s™! the yield
strength of the material was 475 +3 MPa and at strain rate
of 2800 s~! the yield strength increased to 605 +3 MPa. This
great increase in yield strength from quasi-static to dynamic

testing conditions is typically explained by the activation of
the phonon drag effect on dislocation motion during high
strain rate deformation [24]. At the strain rate of 3x 10™*s~!
the flow stress of the material was 915 MPa at a true strain of
0.32, whereas the corresponding flow stress was 1153 MPa
at the strain rate of 2800 s!. The higher increase in flow
stress from yielding to a strain of 0.32 at the strain rate of
2800 s~! indicate stronger strain hardening at higher strain
rate, even though the thermal softening is taking place at
the higher strain rate. A nearly constant strain hardening
exponent of approximately 0.18 was observed for all stud-
ied strain rates, while an increase in the Hollomon strength

Table 3 Yield strength, the 31074 s! 1072571 1s™! 750 57! 28005~
Hollomon strain hardening
exponent, and strength Yield strength ~ 475+3 490+ 1 52042 610+ 19 605+3
coefficient at strain rates of (MPa)
-4 —1 1
3x107 s up 102800 s n 0.181+0.003 0.194+0.001 0.183+0.005 - 0.190+0.005
K (MPa) 1125+6 11900 1195+11 - 1385+9
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coefficient K was observed with the increase in strain rate.
The K increased from roughly 1170 MPa, for all quasi-static
strain rates, to 1365 MPa at the strain rate of 2800 s~!. At the
strain rate of 750 s~! the total strain was too low to obtain
reliable parameters of the Hollomon Equation.

The temperature rise increased with strain rate, and
the measured temperature rise for the strain rates of 1 s7L
750 s~!, and 2800 s~! was notably similar. The total tem-
perature rise for the samples tested at the strain rates of
3x107* s and 1072 s~! were of approximately 1.5+0.2
and 5.5+0.1 °C. Although the tests performed at 750 s~
only had a total plastic strain of 0.09, a temperature rise of
10+0.5 °C was observed.

For all studied strain rates, the strain hardening rate was
very high in the beginning of the test, but then quickly
decreased at strains above 0.05. The hardening rate slowly
decreased further towards higher strains. The flow strength
at 1 s7! is initially higher than the one observed for strain
rates of 1072 and 3x 10~* s~!. However, the strain hardening
rate of the material is higher at the lower strain rates, and
the strength of the material at the strain rate of 1072 s7! is
actually higher than the strength at the strain rate of 1 s~! at
strains higher than 0.4. This is most likely caused by adiaba-
tic heating and thermal softening of the material. The strain
hardening rate at quasi static conditions matches fairly well
with that found in the literature [2, 6, 25]. However, Park
et al. [6] reported that at the Cantor alloy tested at a strain
rate of 4700 s~! had a higher strain hardening rate than at a
strain rate of 107 s~!. They explained the increase in hard-
ening rate by increased mechanical twinning at 4700 s~!.
It is known that higher strain rates favor the formation of
nanotwins in FCC HEAs [26] and that twinning is a major
deformation mechanism of the CoCrFeMnNi HEA at cryo-
genic temperatures [2]. However, only a modest increase
in strain hardening rate at low strains (¢ =0.01-0.1) was
observed for the samples tested at 750 and 2800 s~!. The
propensity for mechanical twinning depends on grain size,
which could explain the differences in the strain harden-
ing behavior at dynamic strain rates observed in the current
investigation in comparison with the one reported by Park
et al. [6].

At lower plastic strains, the instantaneous strain harden-
ing exponent, n;, was somewhat similar for all investigated
strain rates and increased to approximately 0.2. Thereafter
the n; increased with strain throughout the tests conducted
at the strain rates of 3x 107 and 1072 s™!. In the tests at
strain rates of 1 and 2800 s, n; rose to a maximum and then
decreased until the end of the test.

At low strain rates, the overall shape of the stress—strain
plot or the strain hardening rate of the material does not
change much when strain rate is increased. That is not very
typical behavior for an FCC metal, where the thermal com-
ponent of the flow stress is strongly governed by dislocation

@ Springer

intersections, and the amount of the thermal activation, i.e.,
rate sensitivity, increases with plastic strain as the overall
dislocation density increases. The strain rate sensitivity of
the CoCrFeMnNi alloy seems quite insensitive to plastic
strain at least for strains below 0.25 and strain rates below
2800 s~!. This indicates that the thermally activated mecha-
nisms of dislocation motion are not strong functions of
strain. The Peierls stress, for instance, is such a thermally
activated mechanism that does not depend on the amount of
plastic strain, but depend more on the elastic constants and
size and shape of the unit cell [24]. For a high-entropy alloy,
the lattice friction (Peierls stress) can be much higher than
for a low alloy FCC metal due to its large lattice distortions,
strong solid solution strengthening, and higher interaction
energy between dislocations and solute atoms [27, 28]. Hong
et al. [10] and Moon et al. [9] have investigated the rate con-
trolling mechanism of the CoCrFeMnNi alloy and reported
that its activation volume for deformation is closer to that
observed in BCC metals. The authors concluded that the
high friction stress for dislocation motion to be the rate con-
trolling mechanism in this alloy. Both studies argued that the
presence of nanoscale obstacles such as clusters and SROs
lead to a high friction stress for dislocation motion. Further-
more, dislocation movement in such a highly distorted lattice
does not occur through the usual kink-pair mechanism but
via wavy dislocation gliding, which involve a large activa-
tion volume and could be the reason for the low rate sensi-
tivity of strain hardening observed in the current work [28].

Both the strain hardening rate and the instantaneous strain
hardening exponent reflect the rate at which the structure
of the material is changing, while the current value of the
strength reflects the current microstructure. In this work,
the strain hardening rate first decreases as the strain rate
is increased. The lowest strain hardening rate occurs at the
strain rate of 1 s™! at high plastic strains (> 0.30). At higher
strain rates the strain hardening rate again increases, and
the highest hardening rates are observed at strain rates of
2800 s~!. The permanent hardening due to increase of dis-
location density, twins, and other microstructural changes
is simultaneously accompanied by thermal softening of the
material at higher strain rates and plastic strains. A sample
deformed at a strain rate of 1 s~ would already have a tem-
perature rise of 40+ 1 °C at a plastic strain of 0.3, and the
one deformed at 2800 s~ would have had its temperature
increased by 42+ 1 °C. Such modest increase in tempera-
ture cannot have caused strong thermal softening and is not
significant in terms of the decrease of the absolute strength
of the material. The increase in strain rate and the adiabatic
heating seem therefore to have a stronger effect in the perma-
nent strengthening of the material. Nevertheless, the strain
hardening rate continuously decreases with plastic strain,
and the decrease is faster at higher plastic strains at all inves-
tigated strain rates. This can be due to many reasons related
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to the microplastic deformation mechanisms, e.g., changes
in the cross-slip behavior of dislocations at higher flow
stresses, strain induced twinning, etc. that will change with
strain rate. Typically this is because towards higher plastic
strains, the microstructure of the material simply saturates
and the dislocation and defect structures evolve less. The
evolution is clearly a function of strain rate. However, with-
out extensive Transmission Electron Microscopy these con-
clusions cannot be confirmed for the studied Cantor alloy.
Figure 8 shows the S, and f;; as a function of strain at
different strain rates. These values are shown as averages
with standard error of mean obtained from two or three tests.
For all studied strain rates, the values of the f vary between
approximately 0.4 and 0.6. However, at the strain rate of
2800 57!, the S abruptly decreased at a plastic strain value
of roughly 0.25. Also it seems that the S or f;,, may have a
different behavior in the lower plastic strain region (¢ < 0.05)
and at medium or higher plastic strains. However, due to
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Fig.8 a 5, and b S as a function of true strain for the CoCrFeMnNi
high-entropy alloy. The results are shown with their standard error of
mean

the low temporal resolution of the infrared imaging this
observation cannot be conclusively confirmed, and more
investigations are required. The calculated § values differ
considerably from the ones reported for other FCC alloys
on the literature. Rittel et al. [12] reported a constant value
of f;,,. of 0.3 for an Al 2024 alloy deformed at approximately
2750 s7!, and a S, that decreased from 0.6 to 0.4 for aus-
tenitic 304L steel over a plastic strain of 0.3. Zaera et al.
[20] numerically investigated f;,, and S on a 304 stainless
steel under compression at a strain rate of 900 s~! and found
out values of approximately 0.9 for both coefficients over a
strain range of 0.4. Therefore, considering this numerical
investigation, it appears that the # behavior of a material
has no clear relationship with the material crystallographic
structure.

This distinct behavior at low plastic strains observed in
the f, strain hardening rate, and n; suggests that the strain
hardening behavior comprises at least two different stages.
This has also been indicated in the recent literature [6]. It
is known that the investigated alloy tends to form a more
recovered and soft cellular dislocation substructure at high
plastic strain values [2]. Both the f and the strain hardening
rate describe the speed or rate at which the microstructure
of the material changes, whereas the current value of the
strength corresponds to the current state of the microstruc-
ture. Therefore, it is intuitive that the strain hardening rate
and the f change similarly with plastic strain.

Summary and Conclusions

An equiatomic CoCrFeMnNi high-entropy alloy was pro-
duced by drop casting in argon atmosphere, homogenized,
hot rolled, and characterized in compression at quasi-static
and dynamic strain rates. The temperature increase of the
samples during testing was measured with a high-perfor-
mance IR camera. By combining the applied load and ther-
mal data, the Taylor—Quinney coefficient was calculated
and associated with the observed mechanical behavior. The
main conclusions of this study can be summarized as the
following:

(1) Anincrease in the mechanical strength was observed
with increasing strain rate. The samples deformed
at 1 s~! had lower strength than those deformed at
1072 s7! at plastic strain higher than 0.4.

(i) Both the adiabatic heating and the § are influenced by
strain rate. The adiabatic heating at low strain rates
is very small, but quickly increases when strain rate
is increase. However, temperature rise and f were
noticeably similar among the samples deformed at
1,750 and 2800 s~

@ Springer



330

Journal of Dynamic Behavior of Materials (2019) 5:320-330

(iii) The micro texture analysis due to compression shows

that most of the grains are oriented towards {101}
planes that are parallel to compression direction,
and the intensity of fiber texture {101} is strain rate
dependent, i.e. intensity increased with increase in
strain rate.
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