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The suitability of determining the strain rate sensitivity (SRS) of the CoCrFeMnNi high-entropy alloy (HEA)
by small punch (SP) testing has been assessed at displacement rates ranging from 0.2 to 2 mm-min ™. The
stress was found to increase as the displacement rate was raised from 0.2 to 2 mm-min~!, whereas the
plastic strain distributions were similar in all cases. However, for a higher displacement rate of
10 mm-min~!, the sample was found to exhibit a drop in strength and ductility attributed to casting defects.
The strain-rate sensitivity exponent (m) was found to be 0.1387 whilst the Finite Element Analysis (FEA)
simulations predicted a slightly smaller value of 0.1313. This latter value is closer to m = 0.091 obtained from
nanoindentation strain rate jump tests since the results are insensitive to the presence of small casting
defects. The relationship between the experimental and the empirically derived predicted properties from
the SP tests revealed a high level of agreement for maximum stress properties. The properties predicted at
2 mm-min~! (R? = 0.96) offered a stronger fit than at 0.5 mm:min! (R? = 0.92).

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
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1. Introduction

High-entropy alloys (HEAs) are a relatively new category of me-
tallic materials that have attracted significant attention over recent
years due to the favourable combination of high strength, hardness,
corrosion and wear resistance properties that they offer [1-3]. These
properties are attributed to the high-entropy, lattice distortion,
sluggish diffusion and cocktail effects of the alloys [4]. HEAs are
comprised of at least 5 elements with concentrations for each ele-
ment between 5 and 35 at% [4] and the first references in the lit-
erature originated in 2004 when Yeh et al. worked on the concept of
HEAs [5] and Cantor et al. worked on multicomponent alloys [6].
Equiatomic CoCrFeMnNi HEAs (otherwise referred to as the Cantor
alloys) exhibit many promising properties such as exceptional me-
chanical behaviour, particularly at lower temperatures [7]. Yet de-
spite the attractive blend of properties that HEAs offer, one of the
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main limitations of HEAs is their relatively high cost, associated to
the expensive materials employed, and the fabrication methods. For
this reason, for industrial applications it is of interest to use smaller
specimen sizes compared to the geometries commonly employed for
mechanical characterization. Moreover, it also provides a more
sustainable solution and allows more experimentation when com-
piling potential compositions. A cost-effective method for testing
materials is to use the small punch (SP) test since it offers economic
benefits due to the small specimen size, and the potential for more
localized assessment of mechanical properties [8]. The use of SP
testing has risen in recent decades, where the technique has been
employed to mechanically characterise several advanced material
systems, such as Ti-6Al-4 V [9,10], and enables additive structures to
be tested in three dimensions by extracting material in each of the
three principal orientations [8,11]. SP is particularly relevant for
testing novel alloys which cannot be produced in large quantities
due to prohibitive cost [12]. Among all the mechanical properties
that can be obtained from SP testing, including tensile, fracture,
creep and fatigue, strain rate sensitivity (SRS) is important since it
provides information about the tendency of the tested material to
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creep (i.e.,, no creep when the SRS is zero) and regarding their dy-
namic mechanical behaviour. These are important properties of
multiple engineering components in the aeronautic and energy
sectors such as in tubing and piping for power plant boilers, rocket
and warhead casings and aircraft landing gears.

Traditionally, the SRS of materials, including HEAs, have been
studied under compressive and tensile loads. For example, Park et al.
[13] performed quasi-static compression tests on CoCrFeMnNi HEA
(Cantor alloy) at strain rates from 10™ s™! (0.024 mm-min ') to 1072
s7! (2.4 mm-min~!) and obtained a strain-rate sensitivity exponent
(m) of 0.028, while for dynamic compression tests at strain rates of ~
3000, ~3500, and ~4700 s™!, much higher values were obtained,
although a number was not given [13]. In fact, the CoCrFeMnNi alloy
is the HEA that exhibits highest strain hardening rate compared to
other HEAs in dynamic conditions [14], a behaviour similar to that of
FCC solid solutions at the conditions of temperature and strain rate
studied to date [15]. This behaviour is attributed to the fact that for
the quasi-static deformations, rate-controlled dislocation motion is
governed by the thermally activated process. However, as the strain
rate increases, less time is available to overcome the barrier. This
means a lower effectiveness is required to overcome the barrier and
therefore the flow stress increases [16]. For this reason, the SRS has
an influence on the activation volume of materials (i.e., volume of a
material involved in overcoming the energy barrier or rate of de-
crease of activation enthalpy in regards to the flow stress at a given
temperature) [17].

The SRS can be obtained by performing strain rate jump tests
(i.e., changing the strain rate during the test). Previously,
Shabanisamghabady et al. [ 16] performed a series of strain rate jump
tests on the HEA material CoCrFeMnNi, that exhibited an average
grain size of 13 pm. The tests on this material resulted in a strain-
rate sensitivity exponent of m ~ 0.026 [ 18]. This value is higher than
that of conventional face centred cubic (FCC) metals such as Cu (m ~
0.006 for 10 nm and m ~ 0.01 for 10* nm grain size) and Ni (m ~
0.004 for 10 nm and m < 0.01 for 10* nm grain size) [19] and similar
to that of SP tested stainless steel 316 (i.e., m = 0.018, over a dis-
placement rate range of 0.0125-1.25 mm-min~!) [20]. A decrease in
grain size would result in a decrease of the activation volume [21]
and the plastic deformation would be governed by a grain boundary
-mediated process when the alloy is nanocrystalline [22].

However, to date, there is currently no literature in the public
domain that has documented the SRS of the CoCrFeMnNi HEA under
small punch testing conditions, despite the previously commented
interest in testing smaller specimen sizes.

For the first time, this work presents a study on the feasibility of
assessing the SRS of CoCrFeMnNi HEA by using small punch testing.
Traditional compression/tension tests to assess the SRS has been
mostly performed using chemically homogeneous CoCrFeMnNi HEA
after annealing. In this work, however, the CoCrFeMnNi HEA has
been fabricated in a single procedure upon casting without sub-
sequent annealing to promote the formation of heterogeneities. This
will be of industrial interest as this would lead to a reduction in the
number of fabrication steps and will also decrease costs during
manufacture. Moreover, the formation of heterogeneities in HEAs
has previously been reported to be a useful strategy to promote
strength and ductility [23,24].

2. Experimental section
2.1. Materials and microscopy

Alloy ingots with a nominal composition of CoCrFeMnNi (Cantor
alloy) were prepared from elements with purity higher than 99.9 at
%. The master alloys were remelted (heated to a red heat) multiple
times in a Ti-gettered high purity argon atmosphere to attain che-
mical homogeneity using suction casting arc melting. Cylindrical
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samples of 8 mm diameter were obtained from the master alloy by
copper mold casting in an inert gas atmosphere and a cooling system
set at 20 °C. The structure of the as-cast samples was studied by
SmartLab Rigaku XRD diffractometer with monochromated Cu Ka
radiation (25-90 deg 20 range). The microstructure was analysed
with a scanning electron microscope (SEM) (Mira FEM-SEM Tescan)
equipped with energy-dispersive X-ray (EDX) analysis. TEM images
were obtained with a JEOL ARM200CF Atomic Resolution Analytical
Electron Microscope.

2.2. Mechanical testing

The small punch disc specimens were obtained by sectioning the
8 mm cylinders of the alloy into slices of approximately 800 pm in
thickness. Using a custom designed specimen holder, the discs were
progressively ground and polished on both faces with finer silicon
carbide abrasive papers until the required specimen thickness of
500 um = 5 pm with a 1200 grit finish was achieved. These pro-
cedures are in direct accordance with the recommendations defined
in the EN and ASTM standards for SP testing [25,26]. Small Punch
(SP) tensile tests were performed using a bespoke jig, as previously
reported in [27]. The jig assembly locates into a 5 kN electric screw
test machine and comprises of an upper and lower die set to clamp
the SP disc, with a 4 mm diameter receiving hole. The lower die
holds a 0.2 mm chamfer above the 4 mm diameter receiving hole,
with an initial die entrance of 8 mm diameter to avoid obstruction
with the punch geometry. Load is imparted onto the top surface of
the disc via a 2.5 mm diameter hemispherical tungsten carbide
punch indenter, from which displacement is measured from the test
frame cross-head and residual deflection is recorded from the center
of the underneath surface of the specimen by a linear variable dis-
placement transducer (LVDT). All tests were performed in ac-
cordance with the EN and ASTM standards for SP testing [25,26],
under a variety of crosshead displacement rates, ranging from 0.2 to
10 mm-:min'. Each experiment was performed at ambient room
temperature in a controlled laboratory environment (21 °C).

Nanoindentation testing was performed at the middle radius of
an 8 mm diameter CoCrFeMnNi HEA sample using a G200 na-
noindentation system (KLA) equipped with a diamond Berkovich tip
(Synton-MDP). The indentation modulus and hardness as well as the
strain rate sensitivity of the sample was investigated by strain rate
jump tests (SRJ), where the applied strain rate was varied every
500 nm with an indentation depth between 0.05 s™!, 0.005 s™! and
0.001 s™!. The hardness and modulus were measured at an in-
dentation depth interval from 2000 to 2200 nm to minimise the
indentation size effect. The SRS was measured using the SR] from
0.05 5! to 0.001 s! at an indentation depth of 1500 nm, which is
consistent to the procedures employed in previous publica-
tions [28,29].

3. Results and discussion
3.1. Microstructural characterization of as-cast alloy

The microstructure of the 8 mm diameter suction casted
CoCrFeMnNi HEA material was studied by X-ray diffraction (XRD),
Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). The cooling rate, T, achieved upon casting can be
estimated from the relationship [30]:

(K 10, 1
T(—|= 5 (—

(s) Rz(cmz) N
where R (4 mm) is the sample radius therefore T is ~250 K/s. Fig. 1a
shows the SEM image corresponding to the middle radius of the

sample, the grain size distribution (Fig. 1b) and the corresponding
XRD pattern (Fig. 1c). The grain size distribution of has been
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Fig. 1. a) SEM image, b) grain size distribution and c¢) XRD pattern of the as-cast
CoCrFeMnNi HEA suction casted 8 mm diameter cross-section rod.

calculated using the mean linear intercept method [31] and gives an
average grain size of 13.2 um. The XRD scans, presented in Fig. 1c,
show that HEA CoCrFeMnNi consists of a single FCC structure with
XRD peaks at 43.54°, 50.69°, 90.43° and 95.74°, for which the b-
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spacings (in A) of the different (hkl) planes are d(111)=2.077, d(200)
=1.799, d(311) = 1.085 and d(222) = 1.039 and the lattice constant of
CrMnFeCoNi HEA is 3.598 A, slightly larger than 3.596 A reported by
Li et al. [32] when using Spark Plasma Sintering (SPS) as the fabri-
cation method. The reason for this could be that in suction casting
arc-melting, the high cooling rate achieved upon casting promotes a
solid solution. However, in SPS annealing takes place and therefore
the ability to retain elements in solid solution is lower.

To provide a thorough characterisation of the samples, the
composition of the grains have been analysed. The backscattered
SEM image and the corresponding compositional X-ray mappings for
Mn, Cr, Fe, Co and Ni along with a table listing the chemical com-
position from Energy-dispersive X-ray (EDX) analysis are shown in
Fig. 2. The backscattered SEM image appears featureless with some
evenly distributed dark spots. However, the mappings in Fig. 2 show
the presence of heterogeneities, a Mn-enriched domain containing
Ni and a Cr-Co-Fe- enriched domain with Ni as well. The difference
in mechanical properties of these elements will determine the var-
iations in mechanical behaviour of the heterogeneities, as will be
discussed later. Nevertheless, the resultant average chemical com-
position of each element is approximately 20 at%, as listed in Fig. 2.
Similar heterogeneities were observed by MacDonald et al. [33]
upon casting CoCuFeMnNi HEA. These heterogeneities consisted of
dendritic regions rich in Fe and Co and interdendritic regions en-
riched in Cu and Mn, while the distribution of Ni was constant
throughout both regions. For this microstructure, they detected two
sets of FCC XRD peaks, a major FCC pattern along a minor FCC pat-
tern shifted to lower angles. However, in the current work with
CrMnFeCoNi HEA, the XRD peaks (as given in Fig. 1b) associated to
the Mn-enriched and the Co-Cr-Fe-enriched domains completely
overlap (i.e., no shifting) thus suggesting both have similar lattice
parameters.

3.2. Mechanical properties

In order to understand if the microstructural features detailed in
Fig. 2 exhibit consistent mechanical properties, hardness and mod-
ulus property maps for the as-cast CoCrFeMnNi HEA have been
obtained, as given in Fig. 3a and b, respectively. A representative
section from the central radius of the samples of size 70 x 70 pm?
were tested with the NanoBlitz 3D method. The testing was per-
formed using a grid of 19 x 19 indentations producing a total of 361
indentations, enabling the property maps given in Fig. 3a and b.
From the respective colour scales it can be deduced that the average
hardness and elastic modulus (E) are approximately 2.75 GPa and
210 GPa, respectively.

The matrix (i.e., the continuous domain) of clear red tonality
(Fig. 3) corresponds to the Cr-Co-Fe domain (Fig. 2). However, some
darker and lighter domains are also observed. The darker red do-
mains, of approximately 5 um size, have a hardness of ~3 GPa and a
Young’s modulus higher than 220 GPa, which could be attributed to
the presence of oxides. The light yellow domains may correspond to
those areas rich in Mn since it is a soft element with the lowest
Young's modulus (E = 198 GPa). In addition, a larger round area with
gradient colours from yellow (outside) to dark blue [in the centre) is
observed [see bottom of Fig. 3), which could be attributed to the
presence of casting defects [i.e., voids). From the representative SEM
image of Fig. 2 (volume fraction of dark spots) and Fig. 3 (volume
fraction of casting defects), the volume fraction of casting defects
have been estimated to be from 0.8 to 1.6 vol%.

3.3. Strain rate sensitivity [SRS)

From the small punch tests, the strain-rate sensitivity [SRS) was
calculated to investigate the dependency on the mechanical
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Fig. 2. Backscattered SEM image for CoCrFeMnNi, with corresponding compositional X-ray mappings for Mn, Cr, Fe, Co and Ni and Energy-dispersive X-ray (EDX) results.

performance of the CoCrFeMnNi [Cantor) HEAs. The SRS can be de-
scribed as [34]:
o = Kem (1)
where the flow stress, 6, is a function of the material constant, K, the
strain-rate, and é.

strain-rate sensitivity factor, m. This relationship presumes a
linear relationship between the flow stress and the logarithm of
strain-rate. From the previous equation, the strain rate sensitivity
can be derived as [35]:

_dino

" dine (1)

where ¢ and ¢ represent the flow stress and the strain rate, respec-
tively.

In SP testing, it is generally recognised that four distinct theo-
retical zones of deformation are observed in a typical force-deflec-
tion curve (Fig. 4a) [10]: Zone I corresponds to the elastic region for
which the head of the punch has initiated the indentation. Zone II is
associated to the progressive extension of plastic bending thus
leading to membrane behaviour (i.e., stretching of the membrane
around the punch tip) in Zone IIl. By the end of Zone III, for which
the slope of the curve starts to decrease, the membrane stretches to
such an extent that the material deforms through necking and
cracking, leading to subsequent rupture [Zone IV). From the curve,
the effective yield force, F, can be obtained by measuring the point
at which the tangents of Zone [ and Zone II cross (Fig. 4b).
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The theoretical curve can be useful when analysing the experi-
mental force-deflection curves (Fig. 5) for the small punch tested
CoCrFeMnNi HEA samples under a range of displacement rates (0.2,
0.5, 2 and 10 mm-min™!). The maximum force (Fyux) increases with
an increasing displacement rate, from approximately 1300N at
0.2mm-min”!, to 1630N at 0.5mm-min™!, and to 1700N at
2mm-min”!, which is attributed to work-hardening behaviour.
However, at 10 mm-min"", Fy4x drops to 1200 N which is thought to
be associated to the material embrittling to such a degree that it
becomes highly sensitive to the presence of casting defects (see void
defects captured in Figs. 2 and 3) caused by work-hardening at such
high strain rates that can lead to premature failure. The presence of
casting voids may also explain the irregular evolution of the force
drop during necking (Zone IV) before Fyax is reached since they
promote instability in the materials (i.e., the cross-section reduces
faster than the material strain hardening). To minimise the effect of
the voids on the results, nanoindentation tests at different strain
rates were performed, as will be discussed later in Section 3.5. Given
that very small volumes of material are involved in the na-
noindentation experiments, this helps to minimise the influence of
casting defects on the results. For comparison purposes, the for-
ce-deflection behaviour of the CoCrFeMnNi HEA (repeated 4 times
as shown in dotted lines to assess repeatability) has been compared
to that of commercially available aluminium, copper, Ti-6Al-4 V and
stainless steel, under a similar set of testing conditions
(0.5 mm-min”!, room temperature). As shown in Fig. 5b, the CoCr-
FeMnNi HEA exhibits a good combination of strength and ductility,
close to that of stainless steel. It also exhibits similar ductility but
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Fig. 3. (a) Hardness and [b) modulus property maps for the as-cast CoCrFeMnNi HEA.
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higher strength than that of copper and aluminium whilst offering a
higher combination of strength and ductility than the titanium alloy,
Ti-6A1-4 V.

As discussed, a strain rate increase results in an increase of
strength and therefore of the hardness through the following re-
lationship [36]:

ours | Hv = 345 (IV)

where Hv is the Vickers hardness and oy7s is the ultimate tensile
strength. These equations were proposed for polycrystalline mate-
rials with coarse microstructures and are valid for ideal plastic de-
formation. Given that in SP testing the stress state is highly biaxial
[37], the susceptibility to voids linking (i.e., to failure) tends to in-
crease with biaxial or triaxial stress-states [38]. Therefore in SP the
mechanical performance is envisaged to be more sensitive to the
presence of defects such as voids originated upon suction casting,
than in compression tests. However, in a standard compression test,
there are an infinite number of planes available in which failure can
take place, upon which the sample will fail along the weakest one
available. Furthermore, this would likely be exacerbated by the
presence of a defect. Therefore, the SP test could be less sensitive to
small cracks, despite the small sample size, but as is the case in
compression testing, the proximity of a given defect in the sample
also plays a key role. For this reason, it can be concluded that, in the
SP test, F. and Fyax are a function of the displacement rate and
therefore it reflects the effect of the strain rate on the mechanical
behaviour. However, for brittle materials or materials that embrittle
upon work hardening, the results are less reliable. The fact that
beyond certain strain rates the strength increase is not as clear, this

is consistent with the observations from other authors when SP
testing other materials such as commercially pure titanium [37]. For
this reason, in order to support the experimental findings, simula-
tions of the SP test results under the different strain rates has been
carried out.

3.4. Finite element simulation

3.4.1. Finite element model

Finite element analysis (FEA) simulations using different strain
rates were conducted to investigate and visualise the deformation
and structural behaviour of the specimen under SP loading. The
commercial software ANSYS Mechanical 2021R1 was utilised for the
FEA simulations. Fig. 6 shows the numerical model employed in this
study. A 2D axisymmetric model was used in this analysis with the
specimen being a flexible body whereas the punch indenter, upper
die and lower die are all set as rigid bodies for the purpose of
computational efficiency.

3.4.2. Loads and boundary conditions

In the simulation, the punch is capable of movement in the
vertical direction (Y-direction in Fig. 6), and a constant displacement
rate is applied on the punch. In order to validate the FEA model and
also investigate the SRS of the structure, the same displacement
rates used for the experiments were simulated in the model, namely
0.2, 0.5 and 2mm-min~'. In each simulation, the specimen was
firmly placed between the upper and lower die and the dies were
constrained in all directions, whereas frictional coefficients are
specified at the contacts between the punch and the specimen, and
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Fig. 6. An axisymmetric numerical model of the small punch test.

between the punch and the dies. The same frictional coefficient of
0.2 is used for all the contacts in this study.

3.4.3. Mesh

An 8-node quadrilateral element type meshing in ANSYS was
used to generate the nodes for the specimen, which is treated as a
flexible body. A uniform element size of 0.01 mm was used for the
entire specimen body, which results in 17 elements in the thickness
direction. The generated mesh consisted of 30,490 elements, and the
mesh is considered to be sufficient to achieve the required accuracy
for the present simulations after conducting the mesh sensitivity
analysis. The generated mesh is displayed in Fig. 6.

3.4.4. Numerical setting

In the simulations, large deformation behaviour is activated to
account for geometric nonlinearities. The FEA simulation of non-
linear problems are performed using the Newton-Raphson solution
method, available in the ANSYS mechanical software. An auto time
stepping iteration was selected to ensure the time step was small
enough in each iteration and to achieve the solution convergence
depending on the amount of load increment.

3.4.5. Material properties

A nonlinear material was created in the Engineering Data module
in ANSYS. The linear elastic properties of the material were defined
using an isotropic elasticity model. A multi linear isotropic hard-
ening model was also integrated to model the plastic characteristics
and nonlinearity of the material subject to loading beyond the elastic
limit. To understand the changes in the mechanical properties at the
different strain rates, the Johnson-Cook constitutive model [37] was
applied to the finite element model. The work hardening behaviour
is obtained by fitting Eq. (IV) [39].

In the true stress-true strain curves:

o = oy + ke" V)

where oy is the yield strength, n is the strain hardening exponent and
k is the strength coefficient (strength when strain (e¢)=1). At the
reference strain rate, the Johnson-Cook equation can be simpli-
fied to:

o=A+ Be" (VD)

where A, B and n correspond to the parameters o), k and n respec-
tively. In order to obtain the parameters A, B and n, it is necessary to
derive o, and e. However, in SP testing, experimentally these values
are difficult to derive, although values of yield force (F.) and de-
flection (d) can be determined, from which ¢, and F. are correlated
through an empirical linear relationship as follows [40,41]:
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where t is the initial thickness of the disc sample and a; and a, are
test constants. In this case, a5 is zero, in order for the linear fitting
curve to start from the origin. The value of a; can be different de-
pending on the material. However, it was previously found that a;
=0.346 can provide a good estimation of ¢, for most metallic alloys
[41] and it is adopted in this study. The value of F, is obtained from
the vertical projection of the crossing point of the two tangents on
the test curve, as previously detailed (see Fig. 4b).

In order to obtain the parameters A, B and n, simulations were
performed to replicate the experimental curves from the SP tests
obtained at the strain rates of 0.2, 0.5 and 2 mm-min~!. A good
agreement between the simulations and experimental results was
obtained (see Fig. 7 and Table 1), with a standard error of the esti-
mated R? values ranging from 0.92 to 0.96. These results show that
the first three regions of the simulation curves at the different strain
rates fit well with the experimental curves and therefore enables
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Table 1
Parameters A, B, n and error R? values extracted after fitting the Johnson-Cook equation.
Strain rate [mm-min'] A parameter [MPa] B parameter [MPa] n parameter omax Experimental [MPa] omax Predicted [MPa] R?
0.2 90 611 0.40 601.45 615 0.93
0.5 238 610 0.50 815.70 820 0.92
2 80 770 0.34 846.69 850 0.96
0.2 mm/min, Displacement=1 mm a
Equivalent (von-Mises) Stress Equivalent Plastic Strain
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Fig. 8. Von Mises stress and equivalent plastic strain of the specimen for displacement rates of [a) 0.2 mm-min”’, (b) 0.5 mm-min~' and (c) 2 mm-min”" after 1 mm deflection.

accurate parameters to be derived. However, for the plastic region
beyond the maximum force, there is a period of plastic instability for
which the fitting is not as accurate, which is consistent with pre-
vious reports [42]. This necking instability is associated with void
coalescence, a phenomena expected from the presence of voids in
the as-cast sample (Figs. 2 and 3). Therefore, this enables an accurate
value of the strain rate sensitivity without the influence of casting
defects to be determined. As commented previously, another
method to prevent the presence of casting defects affecting the re-
liability of the results is from nanoindentation experiments (Section
3.5). One of the benefits of performing an FEA simulation is that the
stress distribution due to internal and external forces can be both
qualitatively and quantitatively analysed. At the same time, the
corresponding stress and strain relationship can also be identified.
Fig. 8 shows the simulated von Mises and equivalent plastic strain
distribution of the CoCrFeMnNi HEA material under SP loading

under different displacement rates, after the simulations have
reached a fixed deflection of 1 mm. When the load is exerted onto
the indenter under SP loading, internal forces are distributed
throughout the structure of the specimen, and consequently, the
specimen is deformed as it is compressed by the punch. The shape of
the deformation of the specimen is dominated by the punch head
diameter. As the specimen is pressed downwards by the head of the
indenter, a reaction force occurs at the supports with the dies.
Therefore, it is observed that the stress is concentrated in the contact
regions where the specimen is in contact with the punch head and
the dies. There is local yielding with a maximum stress zone on the
lower surface of the specimen as the punch pushes through the
specimen, and the area in close proximity to the supports, where
both regions undergo the plastic bending stage. The stress dis-
tribution in the specimen at a faster displacement rate is generally
greater than that of a slower displacement rate. When the
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Fig. 9. Plot Ln max. stress-Ln strain rate for the a) experimental and b) predicted stresses.

displacement rate increases from 0.2 to 0.5 mm-min”’, the equiva-
lent von Mises stress in the specimen increases from a maximum of
approximately 3.96 x 108 Pa (as indicated by the green colour on the
lower surface of the specimen) to more than 5.5 x 108 Pa (as given by
the red colour on the lower surface of the specimen). However, when
a strain rate of 2mm-min~" is reached, no significant differences in
the equivalent von Mises stress is observed, which is consistent with
the force-deflection curves (Fig. 8). The stress is then distributed
into a wider area in the radial direction and also through the spe-
cimen thickness. At the same time, the plastic strain also starts to
build up at these contact regions. The equivalent plastic strain is
basically the same, as could be expected considering that the ana-
lysis has been performed to the same fixed deflection of 1 mm. This
deflection falls within the region of membrane stretching but the
stretching is not significant as can be deduced from the fact that
there is practically no reduction of thickness of the specimen due to
thinning. The shape of the deformation of the specimen and the
development of plastic zones are in good agreement with other
published findings [42].

In order to calculate the SRS, two separate plots are derived; the
Ln of the strain rate versus the Ln of the maximum experimental
stress (Fig. 9a) and the Ln of the strain rate against the maximum
theoretical predicted stress (Fig. 9b). The plots have been obtained
from the values listed in Table 1. From the experimental results, a
SRS value of m =0.1387 is obtained, while for the predicted corre-
lation, a slightly smaller value is derived, m = 0.1313. These values are
similar to those of nanocrystalline titanium (m = 0.163) [43] al-
though the crystalline structure of Ti is hexagonally closed packed
(HCP) while for the Cantor alloy, it is FCC. Therefore, it is important
to take into consideration that m depends both on the grain size of

Hardness /GPa
4
J
|
b B

0.05s" 10.005s" | 0.05s" ' 0.001s" 0.05s" &-.
0 1 1 1 1

1
0 500 1000 1500 2000 2500
Indentation depth /nm

1500 1600

the material and the applied strain rate and therefore will be the
topic of our future investigations.

For high purity Cu, an FCC metal, when the material is tested in
tension, Carreker and Hibbard [44| observed that m ranges from
0.004 to 0.0072 for a grain size range of 12-90um, while for a
smaller grain size of 40 um, m ~0.006, as reported by Follansbee
et al. [45]. However, for very slow strain rates, FCC metals such as Ni,
Au and Cu exhibit m values even greater than ~0.5. According to Wei
et al. [46] the high m values observed in such materials can be at-
tributed to the fact that at very slow strain rates, deformation would
be controlled by diffusional mechanisms such as grain boundary
sliding (m = 0.5).

However, as previously commented, the experimental and pre-
dicted SRS values are different since in SP testing, the samples are
subjected to a biaxial stress state and therefore the samples are
subjected to high strain conditions. As such, the mechanical per-
formance is more sensitive to the presence of defects such as those
observed in Figs. 2 and 3. To further investigate this, nanoindenta-
tion tests were performed to provide a more localized technique of
obtaining mechanical properties from very small volumes of mate-
rials to limit the influence of internal flows present in the material.

3.5. Nanoindentation strain rate jump testing

A series of nanoindentation tests were performed to generate
hardness and indentation modulus properties (Fig. 10). Tests were
performed at a constant strain rate of 0.05s™! at an indentation
depth interval from 2000 to 2200 nm. Fig. 10 shows that hardness
decreases with increasing indentation depth, which is caused by the
indentation size effect (ISE). According to Nix and Gao, this phe-
nomenon is attributed to the variation in the density of the

24
250 b T T T T T ]

100 4

22
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Fig. 10. Hardness and modulus vs. indentation depth of the Cantor alloy from nanoindentation SR] testing. Only three representative curves are shown to improve the readability

of the figure.
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Fig. 11. shows the TEM image for CoCrFeMnNi HEA is the as-cast condition. Inset:
magnified TEM image showing ultrafine grains.

generated geometrically necessary dislocations (GNDs) underneath
the indenter [47]. For the indentation depth interval of
2000-2200 nm, the hardness and modulus have already reached a
depth independent plateau. Therefore, the mechanical properties
have been averaged over this depth interval in order to minimise the
influence of the ISE. From this indentation depth interval, a hardness
of 2.17 £ 0.06 GPa and a Young’s modulus of 184 + 8 GPa are ob-
tained.

According to Gludovatz et al. [48], for the chemically homo-
geneous CrMnFeCoNi HEA, the hardness is 1.422 GPa (145 HV) and
the Young’s modulus 202 GPa, which are therefore slightly different
from those reported here. The higher hardness (i.e., 2.17 + 0.06 GPa)
is attributed to the high lattice resistance to dislocation movement
since they have to navigate through the heterogeneities [23] whilst
the relatively low Young’s modulus (i.e., 184 + 8 GPa) could be as-
sociated to the presence of a Mn-enriched domain which exhibits a
reduced stiffness. The presence of heterogeneities was also reported
to enhance the mechanical performance of other compositions such
as Fe40Mn,oCrooNizg HEA under quasi-static and dynamic conditions
[49] or in CrFeNi medium-entropy alloy, achieving a good strength-
ductility tradeoff [50].

The SRS exponent m = ‘3(('1‘[‘:)) was determined using the SR] tests

at an indentation depth of 1500 nm, from 0.05s™' to 0.001s™, si-
milar to that previously reported [51]. From the SR] tests, an m value
of 0.0091 is obtained. This value is comparable to the results ob-
tained from Maier-Kiener et al. [28] on coarse-grained Cantor who
also used nanoindentation ST] testing (m = 0.008). This value is
smaller than the values obtained from the SP tests, which were
0.1313 (predicted) and 0.1387 (experimental) (as shown in Fig. 10)
but closer to the predicted result, since the small volume of material
tested in nanoindentation results in values closer to the theoretical
ones for which no casting defects would be present. A useful para-
meter in nanomechanical testing is the activation volume, V*, since
it represents the number of atoms involved in the deformation [52]
and therefore provides information about the mechanism re-
sponsible for the plastic deformation behaviour (thermally-activated
processes during plastic flow). The corresponding activation volume
(V*) can be calculated from nanoindentation SR] tests, according to
the relationship [53]:

_ 3V3kT

Vie== 0 (VI
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where k is the Boltzman constant, T the test temperature and H the
hardness. Generally, activation volumes are expressed in units of b3,
where b is the Burgers vector [54]. Typically, ~1000 b® occurs when
dislocations cut through the forest of dislocations and 1-100b> for
dislocation based plasticity (nucleation and/or cross-slip) [55,56].
For the Cantor alloy, an activation volume of 62b> is obtained and
therefore dislocation-dislocation interactions are deemed re-
sponsible for the plastic deformation. This value is similar to that
observed in BCC metals (8-100b%) and HCP metals (5-100b3), yet
smaller than that seen for CG FCC metals (10°~10% b%) [57]. The
relatively low value of V*suggests that dislocations glide over the
obstacles with high friction stress. The value for V*is much smaller
than in conventional FCC metals, which can be attributed to the
presence of heterogeneities in the HEA that make the dislocation
movement intermittent ("nanoscale segment detrapping") [23,58].
The pronounced change in hardness after a strain rate change and
thus the high values of the SRS for the FCC CoCrFeMnNi HEA could
be attributed to the significant solid solution hardening contribution,
which needs to be thermally overcome [28].

3.6. Transmission electron microscopy

To better understand the evolution of the microstructure of the
CoCrFeMnNi HEA during SP deformation, TEM analysis was per-
formed on the material both in the as-cast condition (Fig. 11) and
after SP testing under a displacement rate of 2 mm-min~! (Fig. 12).
The analysis was performed at this displacement rate since it is the
one for which the most work-hardening was observed and therefore,
the most significant microstructural differences would be antici-
pated. In the as-cast condition, some nanograins were detected.
Therefore the microstructure consists of bimodal grains, showing
micrometer-sized grains (Fig. 1a and b) and ultrafine (20-70 nm)
grains (Fig. 11). These grains would correspond to the FCC crystalline
phase as deduced from XRD (Fig. 1c).

As shown in Fig. 5a, among all the displacement rates used
during SP testing, the highest Fyax value was achieved when testing
at 2 mm-min”! due to the work-hardening process. Upon inspection
of the fractured test specimen, TEM samples were extracted from the
zone of maximum stress, located on the lower surface of the spe-
cimen opposite to where the punch contacts the specimen (see red
colour in Fig. 8), where the stress reaches approximately 5.5 x 108 Pa.
The size of the grains are smaller than 50 nm and therefore grain
refinement has taken place. The considerable amount of plastic de-
formation observed when SP testing under a displacement rate of
2mm-min”!, and the resultant grain refinement that takes place
even at room temperature, is consistent with observations of grain
refinement in high pressure torsion of CoCrFeMnNi HEA materials at
room temperature [59]. The grain refinement is attributed to the
multiple twin-twin interactions (Fig. 12a), which can result in severe
lattice distortion and the formation of multiple dislocations at these
interaction areas. It has previously been reported that significant
plastic deformation can result in grain refinement by combined
dislocation activities and deformation twinning [60]. Grain refine-
ment has been widely observed in FCC materials with low stacking
fault energies (SFE) [60], including CoCrFeMnNi HEA [61 ], but has yet
to be reported in CoCrFeMnNi HEA material subjected to SP testing
at room temperature, at the relatively slow rate of displacement of
2 mm-min .

For ultrafine grained Cu with nano-twins, a high value of the
work-hardening exponent n is detected (~ 0.66) [62] due to the
strong interaction between dislocations and nanotwins. On the other
hand, in the case of ultrafine grained FCC Cu with nano-twins, the
value of n is 0.66 and the twin thickness is 4 nm [62]. The reason for
the high n value is the presence of nano-twins, the dislocation-nano-
twin interaction and the large intragranular dislocation storage at
twin boundary interfaces. In the current study, slightly smaller n
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Fig. 12. TEM images for CoCrFeMnNi HEA punch tested at 2 mm-min™! until failure showing a) and c) twins, d) twins and twin boundaries and c) shear bands.

values have been obtained (Table 1), from 0.34 to 0.5, thus indicating
the increased ductility of the material by delaying the onset of neck
formation. Twinning deformation was also observed in other HEAs
at various deformation conditions [39], which is the main reason for
the observed large work hardenability. The low activation volume of
dislocations in HEAs is attributed to the high density of intrinsic
obstacles, which can also lead to increased dislocation storage due to
the higher dislocation-dislocation intersection which therefore re-
sult in large work hardenability. The extensive work hardening in
FCC HEAs is mainly due to deformation twinning and the subsequent
interaction of dislocations with the deformation twins. Zaddach
et al. [63] observed that the SFE decreased with the increase in the
number of elements in the equi-atomic entropy alloys and the SFE
values for the quinary HEAs are in the twinning induced plasticity
regime.

From the TEM images of the SP tested sample (Fig. 12a), twins of
approximately 0.3 pm thickness and 50 nm length, which cross each
other and propagate at 45°, can be observed. The abundant presence
of these short twins indicate that they arrest before they can pro-
pagate, thus indicating the large interactions with twins and grain
boundaries (Fig. 12c) that tend to arrest them. These twins are si-
milar to those reported by other authors for CoCrFeMnNi HEA [64]
when subjected to tensile loading at - 196 °C, where work-hardening
is expected to be most significant. This suggests that SP testing,
where the material is subjected to a biaxial stress state, promotes
twinning and therefore plastic deformation, more than that typically

10

observed under tensile deformation. Deformation twinning is also
promoted by a low SFE, low temperature and high strain rate [65].
Generally, in low-SFE materials, such as CoCrFeMnNi HEA
(~20-25 m] m2) [63], dislocation cross-slip and climb is impeded, as
dissociation into partial dislocations with a wide spacing is more
energetically favourable and therefore they are more likely to de-
form by twinning.

Multiple shear bands are observed rather than a single shear
band, therefore localised shear is prevented. This can also contribute
towards the excellent strain-hardening and low thermal softening
taking place. No adiabatic shear localisation is observed, therefore
the strain rate deformation is not significant enough to result in a
temperature rise in the narrow region of a single shear band [66].
The twinning-induced continuous strain-hardening observed sup-
presses shear localisation in competition with the thermal softening
effect. A critical shear strain for shear localisation was proposed by
Staker [67], according to the relationship:

_ pGpn

= or
ToT

(1X)

where p=7.9kg/m? is the density, C, is the specific heat capacity
~450]/(kgK) for Cantor alloy [51] and parameter n is the strain
hardening power index. The term pCyn is the hardening component
while %is the competing thermal softening parameter. The value of
pCon for CrMnFeCoNi HEA is approximately 630 kPa/K, which
equates to around 70% of that of Cu [58], which is consistent with the
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excellent work hardening capability even under SP loading (Fig. 5),
and the high resistance to shear localisation.

4. Conclusions

The research presented in this paper has examined the suitability
of determining the strain rate sensitivity (SRS) of the high-entropy
alloy (HEA) alloy CoCrFeMnNi by small punch (SP) testing. From this
work, the following conclusions can be drawn:

e A CoCrFeMnNi HEA produced directly upon suction casting
(cooling rate ~250K/s) without subsequent homogenisation re-
sults in a bimodal microstructure of micrometer-sized and ul-
trafine (20-70nm) grains containing heterogeneities. These
include Co-Cr-Fe-enriched and Mn-enriched domains with Ni
constant throughout both regions. The relative high ductility and
strength, despite the presence of casting defects, could be at-
tributed to the presence of these heterogeneities and to the bi-
modal microstructure.

SP testing has been proven to be an efficient method of calcu-
lating the SRS of CoCrFeMnNi HEA for displacement rates ranging
from 0.2 to 2mm-min”! at room temperature despite the pre-
sence of casting defects induced upon suction casting. This could
be of industrial interest for low-cost assessment of the SRS of
expensive materials by using a small specimen size.

The maximum displacement rate for SP testing is limited by the
presence of casting defects induced during the suction casting
process. However, suitable results were obtained for displace-
ment rates ranging from 0.2 to 2 mm-min~".

Finite element analysis (FEA) simulations indicate that the von
Mises stresses and the plastic strains are initially concentrated in
the regions directly opposite to where the specimen is in contact
with the punch head and at the clamped regions between the
disc and die set. The stress was found to increase as the dis-
placement rate was raised from 0.2 to 2 mm-min”', whereas the
plastic strain distributions are similar in all cases.

e The SRS obtained from SP experiments was found to be m
=0.1387 while the FEA simulations predicted a slightly smaller
value, of m =0.1313. This latter value is closer to that obtained if
the material was completely free from casting defects, as in-
dicated by nanoindentation jump tests, which was capable of
characterising the mechanical behaviour whilst being insensitive
to the presence of small casting defects.

For the CoCrFeMnNi HEA alloy, an activation volume of 62b* was
obtained, providing guidance that dislocation-dislocation inter-
actions are primarily responsible for the nature of plastic de-
formation.

The relationship between the experimental and the empirically
derived predicted properties from the SP tests revealed a high
level of agreement for maximum stress properties. The proper-
ties predicted at 2 mm:min~' (R? = 0.96) offered a stronger fit
than at 0.5 mm-min~! (R? = 0.92).
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