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Abstract: By using split-Hopkinson pressure bar, scanning electron microscope and transmission electron microscope,
the influence of strain rate on mechanical behavior of the as-cast CoCrFeNiNby s high-entropy alloy (HEA) consisting
of hexagonal close-packed (HCP) pro-eutectic phase and eutectic structure (HCP laminate and face-centered cubic
(FCC) laminate) was investigated. As the strain rate increases from 1x107* to 6x103s7!, it is found that yield strength
does not increase evidently and that fracture strain drops drastically. Quasi-static deformation mechanism of HCP
laminate is the multiplication of tangled dislocation. However, the dynamic deformation mechanism of HCP laminate is
shearing. Shearing may lead to the formation of the micro-crack at low compression strain of 0.1. Since the number of
the micro-crack increases rapidly with the increase of dynamic compression strain, the avalanche fracture of HEA,
which is caused by the covalence of micro-crack evolved from the shearing of HCP laminate, occurred, contributing to

the dynamic compressive embrittlement.
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1 Introduction

Owing to high entropy, sluggish diffusion,
lattice distortion and cocktail effects, high entropy
alloys (HEAs) exhibit several unique mechanical
properties, such as ultra-high strength, super-
plasticity, remarkably high fracture toughness and
prominent wear resistance, and have attracted the
increasing attention of material scientists [1-5]. As
a kind of structural materials with tremendous
application potential, the combination of strength
and ductility for HEAs with face-centered cubic
(FCC), body-centered cubic (BCC) and hexagonal
close-packed (HCP) has been extensively
investigated [6]. A great number of studies
suggested that the strength and the plasticity of
HEAs are strongly affected by the crystal structures

and are mutually exclusive during quasi-static
deformation [7—10]. It is reported that HEAs with
cubic structure possess a low yield strength and
high plasticity, while the HEAs with HCP structure
have a high strength and low plasticity [8,11-15].
During the high-strain-rate deformation, the
constituent phase of HEAs tends to demonstrate
special deformation behavior that is hardly
activated in quasi-static straining, such as FCC to
HCP, FCC to BCC and reverse martensite to
austenite transformation [3,5]. As a result, the trade-
off between the strength and the plasticity of some
HEAs might disappear as the strain rate increases to
the magnitude of 10°s™". It is reported that although
the yield strength and the flow strength increase
with the strain rate, the high-strain-rate deformation
could not deteriorate the dynamic plasticity of
HEAs [16—18]. Surprisingly, the recent investigation
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of CHEN et al [19] showed that dynamic yield
strength and plasticity of TiZrHfTao7Wo3 HEA,
which was composed of HCP matrix and BCC
precipitation, were higher than quasi-static yield
strength and plasticity of the alloy. Owing to the
prominent compatibility between the dynamic
strength and dynamic plasticity, HEAs are potential
for fabricating the impact-resistant components,
such as advanced armors.

Recently, research has been devoted to the
effect of Nb content on microstructures and
mechanical properties of CoCrFeNiNb, HEA,
and a novel FCC/HCP dual-phase HEA with the
chemical composition of CoCrFeNiNbys has been
designed [20,21]. The as-cast CoCrFeNiNbys HEA
exhibits high yield strength and outstanding
ductility during the quasi-static deformation due
to the coupling of the high-strength HCP phase
and high-plasticity FCC phase [22—24]. However,
little is known about the dynamic mechanical
performance of CoCrFeNiNbys HEA. In this work,
the dynamic compressive tests are conducted on the
as-cast CoCrFeNiNbys HEA, in order to obtain the
explicit results on dynamic mechanical properties
and to explore the dynamic deformation mechanism.

2 Experimental

Particles of Co, Cr, Fe, Ni and Nb, with the
purity of 99.95%, were used as raw materials of
CoCrFeNiNbys HEA. The HEA ingot was melted in
the vacuum arc melting furnace for four times to
ensure the compositional homogeneity. The final
mass of the hemisphere HEA ingot was 200 g. The
compression specimen, with the dimension of
d3 mm x 3 mm, was machined from ingot for quasi-
static compression test and dynamic compression
test.

Quasi-static compression test was carried out
on Instron—5895 testing machine at the strain rate
of 1x10*s™!. In order to investigate the micro-
structural  evolution during the quasi-static
deformation, the strain-limited compression test
with the strain of 0.1 and the strain-limited
compression test with the strain of 0.2 were
conducted.

The dynamic compression test was performed
on split-Hopkinson pressure bar (SHPB) at the
strain rate of 6x10°s™!. Figure 1(a) shows the
experimental set-up of the SHPB. The diameter of
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Fig. 1 Schematic illustration of split-Hopkinson pressure
bar system (a), and typical loading waves in incident and
transmitted bars (b)

steel bar was 12.7 mm, and the Cu impulse shaper,
with the dimension of 3 mm % 3 mm % 0.3 mm, was
placed between the striker bar and the incident bar.
The strain (¢(f)) and the stress (o(¢)) of the specimen
were calculated by [25,26]

(t) = —ZL—C NG (1)
0

o()=E- e,(0) @
AO

where F is the elastic modulus of the incident steel
bars, A and A4y are the area of the specimen and the
area of the transmitted bar, respectively, er(¢) is the
transmitted strain pulse, er(?) is the reflected strain
pulse, C is the elastic wave velocity for the steel
bar, and Lo is the height of the compression
specimen. The enlarged photograph of Fig. 1(a)
demonstrates the optimized loading system of
SHPB. Tungsten carbide (WC) plate were placed at
the end of the incident bar and the transmitted bar
to protect the loading surface. The specimen was
placed between the WC plates. In order to
investigate the microstructure evolution during the
dynamic deformation, the strain-limited dynamic
compression test was performed with the strain of
0.1 and 0.2 by using the stopping ring with the
height of 2.7 and 2.4 mm. The strain limited
specimen and the ruptured specimen were cut in
half along the compression direction, mounted into
resin and finally prepared into the metallographic
specimens. Figure 1(b) shows the typical loading
waves in incident and transmitted bars.
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The constituent phase for the compression
specimen of CoCrFeNiNbys HEA was identified by
Bruker D8-Advance X-ray diffractometer (XRD).
Co K, source was used, and the scanning speed
was 3 (°)/min. The microstructure of the HEA was
investigated by using Zeiss-Stemi2000c optical
microscope (OM) and Zeiss Supra-55 scanning
electron microscope (SEM). Since the dimension of
HEA compression specimen was d3 mm x 3 mm, it
was hard to prepare the conventional d3 mm
double-jet TEM specimen from the HEA specimen
after the quasi-static compression test and the
dynamic compression test. Therefore, FEI Helios
600 focused ion beam (FIB) SEM was used to
machine the transmission election microscope
(TEM) foils from the pro-eutectic HCP phase
and the eutectic structure. FEI Themis Z probe-
corrected TEM was used to observe the micro-
structure of HEA in the bright field mode and the
high angle annular dark field (HAADF) mode.
Chemical compositions for the HCP phase and the
FCC phase of the HEA were measured by energy
dispersive spectrometer (EDS) equipped in the
TEM.

3 Results

3.1 Microstructures and mechanical properties
Figure 2 shows the XRD pattern of the as-cast
CoCrFeNiNbys HEA. The diffraction peaks are
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Fig. 2 XRD pattern of as-cast CoCrFeNiNbo s HEA

identified as HCP phase and FCC phase, which is in
agreement with the XRD patterns reported in
Ref. [16—18]. The XRD patterns indicate that the
HEA consists of FCC phase and HCP phases.
Figure 3(a) presents the optical microscope
image of CoCrFeNiNbyos HEA. The HEA is
composed of the snowflake-like pro-eutectic phase
with the bright contrast and the equiaxial eutectic
structure with the dark contrast. Figure 3(b) shows
the SEM image of the CoCrFeNiNbys HEA, in
which the pro-eutectic phase and equiaxial eutectic
structure could also be observed. Figure 3(c)
demonstrates the high magnification SEM image
of pro-eutectic phase, while the detailed micro-

HCP laminate

|

Fig. 3 Microstructures of as-cast CoCrFeNiNbys HEA: (a) Low-magnification optical microscope image; (b) Low-
magnification SEM image; (c) High-magnification SEM image of pro-eutectic HCP phase shown in Fig. 3(b); (d) High-
magnification SEM image of lamellar eutectic unit shown in Fig. 3(b)
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structure for the eutectic unit is shown in Fig. 3(d).
It is found that the thickness of the laminates is
approximately 300 nm.

Figure 4(a) shows the bright-field TEM images
of the as-cast CoCrFeNiNbys HEA, and the electron
diffraction patterns of the dark laminate and the
bright laminate are shown in Figs. 4(b) and 4(c),
respectively. These diffraction patterns suggest that
FCC Ilaminate exhibits the bright contrast. In
contrast, the HCP phase of the HEA, which exists
as both pro-eutectic phase and laminate, exhibits
the dark contrast in the bright-field TEM image. It
can also be seen from Fig. 4(a) that the FCC phase
only processes a few dislocations and that the HCP
phase is almost dislocation-free. These findings
indicate that the dislocation density of the as-cast
HEA is considerably low.

Figure 5(a) shows the HAADF-TEM image of
the as-cast HEA, and Figs. 5(b—f) display the
corresponding EDS mappings of Co, Cr, Fe, Ni and
Nb. It should be noted that the EDS mappings are
recorded in the same position of Fig. 5(a). Table 1
gives the chemical compositions of the FCC phase
and HCP phase. The FCC phase is enriched with Cr,
Fe and Ni, while the HCP phase is enriched with Co
and Nb.

Figure 6 shows the compressive stress—strain
curves of the HEA. It is obvious that the
mechanical properties of the alloy changes
dramatically as the strain rate increases from 1x107*
to 6x10°s™!. First, the yield strength of the alloy

FCC

phase

increases from 1726 to 2015 MPa. Then, the
dynamic fracture strain is only 20.9%, which is

only half of the quasi-static fracture strain of the
HEA.

3.2 Deformation of CoCrFeNiNbos HEA in

quasi-static compression

Figure 7(a) exhibits the low-magnification
SEM image of the HEA specimen with the
compression strain of 0.1. The compression
direction is vertical. Compared with the initial
microstructure of HEA (Fig. 3(b)), the morphology
of the pro-eutectic HCP phase remains unchanged.
However, it is observed that the aspect ratio of
several eutectic structures increases. Figure 7(b)
shows the high-magnification SEM image for the
elongated eutectic structure. The HCP laminate and
the FCC laminate are bent simultaneously in the
boundary region of the eutectic structure. In the
center of the eutectic structure, the normal direction
of the HCP laminate and the FCC laminate tends to
rotate towards the elongation direction. These
findings indicate that in the initial quasi-static
compression stage the plastic deformation of HEA
concentrates in the center of the eutectic structures.

Figure 7(c) exhibits the SEM image of the
HEA specimen with the compression strain of 0.2.
With the increasing in the compressive strain, it is
found that the aspect ratio for most of the eutectic
structures increases evidently and that the grain
boundary of the eutectic structure has been distorted.

Fig. 4 TEM images of as-cast CoCrFeNiNbos HEA: (a) Bright-field TEM image; (b) Selected area electron diffraction
pattern of FCC phase; (c) Selected area electron diffraction pattern of HCP phase
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Fig. 5 Alloying element distributions in HCP phase and FCC phase of as-cast CoCrFeNiNbos HEA: (a) HAADF-TEM
image; (b—f) EDS mappings for Co, Cr, Fe, Ni and Nb, respectively

Table 1 Chemical compositions for FCC phase and HCP
phase of CoCrFeNiNbg s HEA (at.%)

Phase Co Cr Fe Ni Nb
FCC 20.5 27.7 25.1 23.7 3.0
HCP 239 16.8 20.0 19.1 20.2
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Fig. 6 Compressive stress—strain curves of as-cast
CoCrFeNiNbgs HEA (The strain rate of quasi-static
compression test is 1x107*s™!, while the strain rate of
dynamic compression test is 6x10° s!)

However, the morphology of pro-eutectic HCP
phase almost remains unchanged. These results
suggest that the pro-eutectic phase of the HEA
could act as the hard particle during the quasi-
static deformation. Figure 7(d) shows the high-
magnification SEM image recorded in the center of
the dramatically-deformed eutectic unit. The normal
direction of the HCP laminate and the normal
direction of the FCC laminate also tend to rotate
toward the same direction, which is the same as
Fig. 7(b). Therefore, the eutectic structure of the
HEA is capable of deforming severely during the
quasi-static compression.

Figure 7(e) displays the SEM image recorded
in the ruptured HEA specimen. Although the
distortion of the eutectic structure becomes more
dramatic, the pro-eutectic HCP phase, which is the
hard particle of the CoCrFeNiNbos HEA, is still
snowflake-like. Figure 7(f) shows the SEM image
recorded in the region beneath the fracture surface
of HEA. The shearing of the HCP laminate right
beneath the fracture surface could be observed, and
the original long HCP laminate has been sheared
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Fig. 7 Microstructural evolution of CoCrFeNiNbo s HEA during quasi-static compression (The compressive strain rate is

1x10*s™!, and the loading direction is vertical): (a) Low-magnification SEM image of HEA at compression strain

of 0.1; (b) High-magnification SEM image of deformed eutectic unit with compression strain of 0.1; (c) Low-

magnification SEM image of HEA at compression strain of 0.2; (d) High-magnification SEM image of deformed

eutectic unit with compression strain of 0.2; (e¢) Low-magnification SEM image of ruptured HEA; (f) High-

magnification SEM image recorded beneath compression fracture surface

into short sections. In the meantime, some micro-
voids could be found on the interface between the
HCP laminate and the FCC laminate. This suggests
that the delamination of the HCP/FCC interface
should be the damage mechanism of the HEA in
quasi-static deformation, and that shearing fracture
is the failure mechanism.

Figure 8 displays the TEM images of the
ruptured specimen. It should be noted that the
compression strain of the specimen is higher than
0.4. Figure 8(a) shows the TEM image of pro-
eutectic HCP phase. As mentioned above, the
quasi-static deformation of the HEA specimen
could not bring in the obvious change in the
morphology of the pro-eutectic HCP phase.
Compared with the TEM image for pro-eutectic
phase of the as-cast HEA (Fig. 4), a few micro-

bands are observed within the pro-eutectic phase of
the ruptured specimen. The micro-band is
composed of numerous geometrically-necessary
dislocations (GNDs) [27—29]. Furthermore, the
dislocations could not be observed in the region
outside the GNDs. The unaltered morphology and
the low dislocation density of the pro-eutectic phase
suggest that the plastic deformation of the hard
pro-cutectic HCP phase is considerably limited
during the quasi-static compression. Figure 8(b)
shows the TEM image of the eutectic structure. The
FCC laminate processes the bright contrast, while
the HCP laminate exhibits the dark contrast.
Compared with the TEM image for the eutectic
structure of the as-cast HEA (Fig.4), it can
be found that the dislocation density of the
FCC laminate and the HCP laminate considerably
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Fig. 8 TEM imgaes of ruptured CoCrFeNiNbgs HEA (The compressive strain rate is 1x10™*s™): (a) Pro-eutectic HCP
phase; (b) Eutectic structure; (c) High-magnification TEM image of FCC phase in rectangular region of Fig. 8(b);

(d) High-magnification TEM image of HCP laminate in rectangular region of Fig. 8(b)

increases. Figure 8(c) shows the high-magnification
TEM image recorded in the rectangle region of
Fig. 8(b). The deformed FCC phase has the
structure of dislocation cells. Figure 8(d) shows the
high-magnification TEM image recorded in the
rectangle region of Fig. 8(b). The deformed HCP
laminate has a tangled dislocation structure.

3.3 Microstructural evolution of CoCrFeNiNby.s

HEA during dynamic compression

Figure 9(a) shows the low-magnification SEM
image of the HEA specimen with the dynamic
compression strain of 0.1. The morphology of the
pro-eutectic HCP phase remains unaltered, and the
aspect ratio of partial eutectic structures increases
considerably. In addition, the plastic deformation of
the eutectic structure also concentrates in the center
of the eutectic structure. Figure 9(b) shows the

high-magnification SEM image of the deformed
eutectic structure. Most of the HCP laminates and
the FCC laminates are kinked. Furthermore, it is
surprising that a small amount of micro-cracks,
which are marked by the circles, could be observed
within the HCP laminate. This indicates that the
dynamic deformation of the HEA could bring
in the damage of the HCP laminate at the low
compression strain of 0.1. Figure 9(c) shows the
SEM image of the deformed HEA specimen with
the compression strain of 0.2. The morphology
of pro-eutectic HCP phase remains unaltered.
However, most of the eutectic structures start to
deform as the compression strain increases to 0.2.
Fig. 9(d) displays the SEM image recorded in the
center of the elongated eutectic structure. Compared
with Fig. 9(b), the numbers of the micro-crack
within the HCP laminate increase evidently.
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Fig. 9 Microstructural evolution of CoCrFeNiNby s HEA during dynamic compression (The loading direction is vertical,

and the compression strain rate is 6x10° s!): (a) Low-magnification SEM image at compression strain of 0.1; (b) High-

magnification SEM image of eutectic structure at compression strain of 0.1; (c) Low-magnification SEM image of HEA

at compression strain of 0.2; (d) High-magnification SEM image of eutectic structure at compression strain of 0.2;
(e) SEM image of pro-eutectic HCP phase of ruptured HEA; (f) SEM image of eutectic structure of ruptured HEA

Figure 9(e) illustrates the SEM image for
pro-eutectic HCP phase of the ruptured HEA
compression specimen. Although the morphology
of pro-eutectic phase is still snowflake-like, the
micro-crack within the pro-eutectic phase and the
micro-crack in the boundary of pro-eutectic could
be observed. The insertion of Fig. 9(e) shows the
enlargement of the white rectangle region. The
sharp steps, which are indexed by yellow allows,
are present on the edge of the damaged pro-eutectic
HCP phase. Figure 9(f) shows SEM image for the
deformed eutectic structure. There are a large
number of micro-cracks in each HCP laminate.
Compared with the quasi-static compressive
deformation, the dynamic compressive damage
mechanism of HEA changes dramatically. It should
be pointed out that the HEA specimen is shattered
into pieces after the dynamic compression.

Figure 10(a) displays the TEM image of the
pro-eutectic phase of the ruptured HEA. The
micro-band composed of GDNs can be found, and
the region outside the micro-band is still
dislocation-free. This indicates that the deformation
mechanism of the pro-eutectic phase is not affected
by the strain rate. However, the micro-crack could
be found within the micro-band of pro-eutectic
phase, as shown in Fig. 10(b). Figure 10(c) shows
the TEM image of the eutectic structure for the
ruptured HEA. Except for the dislocation cells, the
micro-band also appears in the deformed FCC
laminate marked by the white squares. As
mentioned in Fig. 8(d), the deformed HCP laminate
of HEA is full of tangled dislocations after the
quasi-static compression. However, compared with
the quasi-static deformation behavior for HCP
laminate, the dislocation structure of HCP laminate
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Fig. 10 TEM images for ruptured CoCrFeNiNby s HEA (The compressive strain rate is 6x103s™!): (a) Pro-eutectic HCP
phase; (b) Micro-band of pro-eutectic HCP phase; (¢) Eutectic structure; (d) Shearing deformation of HCP laminate

changes dramatically after dynamic compression.
The deformation characteristic in HCP laminate is
mainly shearing, and the shearing regions are
marked by the yellow rectangles. Interestingly,
nano-scaled cracks marked by the while circle
could also been observed on the shearing plane. It is
possible that the formation of the through-thickness
micro-crack within the HCP laminate (Fig. 9(f))
might be caused by the propagation of the
nano-scaled crack along the shearing plane.
Figure 10(d) shows the TEM image of the deformed
HCP laminate. As marked by the yellow circles,
sharp edges could be found on the interface
between the HCP laminate and the FCC laminate.
The traces of the slipping plane for the neighboring
FCC laminate are marked by the yellow arrows,
suggesting that the FCC laminate might slip
simultaneously to accommodate the shearing of the
HCP laminate during the dynamic compression.

4 Discussion

4.1 Deformation mechanism

compression

The HCP laminate of the CoCrFeNiNbys HEA
is the Fe;Nb-type Laves phase and exhibits C14
crystal structure (Pearson symbol: AP12) [23].
Basal slip system including (0001)1120) and
(0001)1 100) , prismatic slip system {1 100}¢1120)
and pyramidal slip system {l011}{1012) are the
main slip systems of C14-type Laves phase [30,31].
It is reported that the critical resolved shear stress
(CRSS) values of the basal slip system and the
non-basal slip system are comparable, and the slip
system that has the greatest resolved shear stress is
most likely to be activated [30]. Commonly, the
slip mechanism of Cl14 type Laves phase was
investigated by the compression of single-crystal
micropillar [30—34]. For the small-sized Laves

of dynamic



Zi-hao MA, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1144—1155 1153

micropillar with the fixed orientation to the applied
load, only one slip system could be activated
in compression, which leads to the shearing
deformation and the fracture [30—34]. The shearing
deformation of the HCP laminate, which is induced
by the dynamic compression, is the same as the
shearing of C14 type Laves micro-pillar. Therefore,
it is possible that each HCP laminate, which is in
the eutectic structure of the CoCrFeNiNbys HEA,
might process only one slip system mentioned
above during the high-strain-rate deformation,
leading to the shearing deformation of the HCP
laminate. Consequently, the shearing deformation
of HCP laminate is due to the slip that is dominated
by the single slip system during the dynamic
compression.

For the pro-eutectic phase, the deformation
characteristics are the micro-band and the crack
within the micro-band, and shearing deformation
also occurs. It is understandable that the shearing
might lead to stress concentration in the boundary
of pro-eutectic phase, which promotes the
micro-crack initiation and propagation of the crack.

4.2 Dynamic compressive embrittlement

The HCP/FCC dual-phase CoCrFeNiNby s
HEA exhibits embrittlement during the high-
strain-rate compression. It is interesting that the
compressive embrittlement of the HEA is not
caused by the forming of the adiabatic shearing
band at the low compression strain. However,
microstructural analysis suggests that the dynamic
compression embrittlement of the HEA is mainly
caused by the embrittlement of the HCP laminate
inside the eutectic structure. The quasi-static
deformation of the HCP laminate is dominated by
tangled dislocations, and the multiplication of
dislocations does not lead to the damage of the HCP
laminate. However, the dynamic deformation of
the HCP laminate is dominated by the shearing
deformation, and the micro-crack might start to
form on the shearing plane as the compression
strain reaches 0.1. In addition, the number of the
micro-cracks increases continuously with the
increase in dynamic compression strain. In the
ruptured HEA, the density of the micro-cracks in
each HCP laminate is so high that the distance
between the cracks is less than 500 nm. Therefore,
the high density of the cracks within the HCP
laminate could lead to the avalanche failure of HEA

at the low compression strain. It should be
noted that the cracks of the pro-eutectic phase
might also contribute to the dynamic compressive
embrittlement of CoCrFeNiNbys HEA.

The compression embrittlement of the as-cast
CoCrFeNiNbys HEA should be the disadvantage
to the application of impact-resistant structures,
because the micro-crack tends to form in the HCP
laminate even though the structures are subjected to
the low energy impact. In order to improve the
damage resistance of the as-cast CoCrFeNiNby s
HEA, it is suggested that the morphologies of the
HCP laminate and the pro-eutectic HCP phase
should be tailored [35-37]. First, thermal-
mechanical processing should be conducted on the
as-cast CoCrFeNiNbos HEA below the dynamic
recrystallization temperature to break down the
HCP laminate and the pro-eutectic HCP phase and
to trigger the dynamic recrystallization of the FCC
laminate. Second, the recrystallization annealing
should be performed on the thermo-mechanically
processed HEA. The recrystallization annealing
might lead to the spheroidization of HCP phase,
which is similar with morphology transformation of
HCP laminate for titanium alloys [38,39].

5 Conclusions

(1) The CoCrFeNiNbos HEA consists of
pro-eutectoid HCP phase and eutectic structure
including FCC laminate and HCP laminate, and Co
and Nb are enriched in the HCP phase.

(2) Compared with the pro-eutectoid HCP
phase, the eutectic structure is the softer region of
the HEA during the quasi-static compression and
the dynamic compression.

(3) The shearing deformation of the HCP
laminate could be activated during high-strain-rate
deformation, contributing to dynamic compressive
embrittlement of the HEA.

(4) The fracture of CoCrFeNiNbos HEA
during the dynamic compression is mainly due to
the covalence of the high-density micro-cracks
within the brittle HCP laminate.
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