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Abstract: To investigate the microstructure evolution and dynamic deformation behavior of a CoCrNi
medium entropy alloy under an ultrahigh explosive loading rate, CoCrNi-shaped charged liners
were fabricated and fired into steel targets. Targets with residual jet fragments were recovered for
detailed microstructural analysis using scanning electrical microscopy, X-ray diffraction, electron
backscattered diffraction, and transmission electron microscopy. The results indicate that the grain
size was reduced by more than 3 times and grains were found to be equiaxed in the residual jet, which
indicates that dynamic recrystallization (DRX) occurred during this extremely high strain rate and
large plastic deformation. Furthermore, the content of Cr element in CoCrNi at the grain boundaries
increased significantly after detonation deformation. The reduced grain sizes are believed to reduce
the bulk diffusion path of Cr from grain interior into grain boundaries with the support of sufficient
energy provided by the ultrahigh temperature. The enrichment of Cr at grain boundaries promotes
the formation of nanosized Cr-rich precipitates with body-centered cubic (BCC) structures, which
were found to be widely distributed along grain boundaries in the residual jet. These precipitates
were considered obstacles for grain boundary movement and promotion of crack initiation along
the grain boundaries, which might cause ductility loss of the CoCrNi-shaped charge jet and loss of
penetration capability.

Keywords: shaped charge liner; CoCrNi; ultrahigh strain rate; nanosized precipitation

1. Introduction

Shaped charge liners (SCLs) have been widely used in many fields such as the oil
industry, mining, and construction engineering [1-3]. Different from general deformation
cases, the deformation of an SCL in the shaped charge scheme is under an extreme condition,
where the strain rate reaches up to 10° s71, and the strain exceeds 5 [4]. In the process of
explosive detonation, the liberation of heat rapidly increases the temperature of an SCL,
and the high-pressure (over 20 GPa) detonation wave collapses the liner materials to form
a shaped charge jet. Thus, the shaped charge provides a desirable experimental scheme for
investigating the deformation behavior of materials under extreme conditions, combining
an ultrahigh strain rate, strain, pressure, and temperature.

The extreme plastic deformation experienced by an SCL in the shaped charge scheme
is generally considered to be superplastic deformation at high strain rates [5,6]. Chokshi
and Meyers et al. [7] demonstrated that the extraordinarily high strains experienced by
the shaped charge can be explained by high strain rate superplasticity, which is induced
by a drastic grain size reduction produced by dynamic recrystallization (DRX). DRX was
believed to accommodate the solid-state flow that exists in severe plastic deformation,
particularly involving high strain rates [8-10]. Murr et al. [11] observed equiaxed grains
and grain size reduction in recovered jet fragments compared to the initial SCL, and
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they suggested that DRX plays an important role in jet elongation and microstructure
evolution. Apart from the grain size reduction and the appearance of equiaxed grains,
grain boundary activities are also closely related to the DRX. Liaw et al. [12] demonstrated
that grain boundary sliding and DRX are responsible for the large elongation in superplastic
deformation. Above all, the microstructure evolution has a significant influence on the
deformation behavior of the shaped charge jet in addition to the penetration capability.

The existing research suggests that shaped charge liner materials should have a good
combination of high density, sound speed, and plasticity [13,14], and some new shaped
charge liner materials have been developed [15,16]. High-entropy alloys (HEAs) are a new
type of alloy composed of four or more elements in near equiatomic ratios with a high
mixing entropy. The addition of more elements in conventional alloys usually produces
brittle intermetallic compounds that deteriorate mechanical properties, such as the Heusler
alloys [17-19]. The high mixing entropy in HEAs can increase the compatibility between
the principal elements, which allows tailoring the distribution and property of intermetallic
compounds [20]. The topologically ordered lattice structure and random arrangement of
multi-element atoms bring many unique performances to HEAs [21-26], which makes it a
promising candidate for shaped charge liners. Different from the topological disorder in
amorphous alloys [27], the high-entropy alloys are controlled by chemical disorder. HEAs
are usually prepared by smelting the high-purity metal mixture in a vacuum with arc
heat. Over the past several years, mechanical and performance breakthroughs have been
made during HEA exploration, illustrating their potential to replace traditional materials
in many fields [28-33]. Previous research on HEAs focused on the deformation behavior
and microstructure evolution primarily based on quasi-static and dynamic testing, where
the strain rate was lower than 10° s~1. Qiao et al. [34] revealed the dynamic behavior of
CrMnFeCoNi HEA in impact tension using a split Hopkinson tensile bar with high-speed
photography. Jiang et al. [35] studied the shock response and obtained the Hugoniot equa-
tion of state of two HEAs for the first time, which provides new insight into the shock
compression behavior of HEAs. In addition to the Cantor HEA, HEAs with different
compositions also exhibit unique structural and performance characteristics. Senkov and
Liaw et al. [36] developed two refractory HEAs with near-equatomic concentrations, the
microhardness of which is greater than that of any individual constituent. Zhang et al. [37]
analyzed the penetration behaviors of WFeNiMo HEA which exhibits self-sharpening be-
havior. As a subset of common Co-Cr-Fe-Mn-Ni systems, the medium-entropy alloy (MEA)
CoCrNi exhibited superior mechanical properties in some aspects [36—40]. Equiatomic
MEA CoCrNi with an FCC single phase indicates a preferable combination of high ductility,
density (7.6 g-cm~?), and sound velocity, which makes it a promising candidate as shaped
charge liner. Cao et al. [40] revealed the atomic-scale mechanisms of incipient plasticity in
CoCrNi MEA. However, research on the ultrahigh strain rate deformation behavior and
microstructure evolution of CoCrNi has not been conducted.

To investigate the dynamic behavior and microstructure evolution of ternary CoCrNi
MEA under explosive loading conditions, CoCrNi liners were fabricated and fired into
steel targets. The microstructural changes in the SCL after detonation were investigated by
comparing the microstructures of the initial SCL and recovered residual jet. The microstruc-
tural changes in CoCrNi alloys under ultrahigh strain rate deformation were also analyzed
in this research.

2. Materials and Methods
2.1. Preparation of the CoCrNi SCL

The equiatomic CoCrNi MEA was prepared from raw materials with a purity of 99.9%
using a vacuum magnetic levitation melting device. The CoCrNi ingot was remelted in a
high-purity argon atmosphere four times and homogenized at 1250 °C for 50 min to ensure
good composition homogeneity. Afterward, the ingot was forged longitudinally into a rod
with a diameter of 65 mm. After testing, the density of the sample was 7.6 g/cm? and it had
good tensile strength and plasticity (of = 900 MPa and ¢¢ = 42%). A conical CoCrNi shaped
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charge liner with a width of 60 mm and cone angle of 60° was mechanically machined from
the rod.

2.2. Explosive Detonation

Composition B explosive (consisting of mixtures of 60% RDX and 40% TNT) was used
for the explosive detonation. The density, detonation pressure, and detonation velocity of
Com B are 1.74 g-cm 3, 25.9 GPa, and 7.9 km-s !, respectively. For penetration, a standard
high-strength carbon structural steel (C45E4 steel) with tensile strength greater than 600
MPa was prepared as the target. Figure 1a schematically demonstrates the longitudinal
section of the deformation process of the CoCrNi-shaped charge jet. Upon detonation,
a spherical detonation wave with high pressure propagated and collapsed the conical
CoCrNi SCL to flow in the form of a jet in excess of 7 km-s~!. The CoCrNi-shaped charge
jet formed along the axis of the cone and fired vertically into the steel target at a stand-off
of 200 mm to form a crater. After penetration, the surface of the crater was covered by a
CoCrNi residual jet, as displayed in Figure 1b. The steel targets were recovered and cut
along the longitudinal axis of the crater by electrical discharge machining after penetration.
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Figure 1. Schematic diagram of the CoCrNi shaped charge scheme (a) and the cross-section of half of
the recovered steel target cut along the penetration direction. The sample for later microstructure
characterization is marked by the dashed line in (b).
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2.3. Microstructure Characterization

The microstructural changes in CoCrNi shaped charges during jet formation and
penetration significantly reflect the extreme plastic deformation mechanism. Thus, we com-
pared the microstructures of the CoCrNi shaped charge liner before and after detonation
deformation, which were represented by the residual jet. The samples of the initial SCL and
residual jet were cut perpendicular to the penetration direction from the ternary CoCrNi
rod and the bottom of the crater by electrical discharge machining, respectively. Figure 1b
illustrates the cutting scheme of the residual jet. X-ray diffraction (XRD, Rigaku Dmax 2500,
Rigaku, Tokyo, Japan) using a Cu Ka target was used to identify the phase composition of
the initial CoCrNi SCL and the residual jet. Scanning electron microscopy (SEM), electron
backscattered diffraction (EBSD), and transmission electron microscopy (TEM) with an
energy dispersive spectrometer (EDS) were used to reveal microstructures in the CoCrNi
SCL and residual jet. The specimens used for TEM observation were obtained using a
focused ion beam (FIB) instrument (FEI Helios Nanolab 600i, FEI, Oregon, America). EBSD
observation was conducted using a field SEM equipped with an EDAX-TSL OIM EBSD
system (EDAX, OIM Analysis 6.0).

3. Results
3.1. Initial Microstructures of CoCrNi SCL

The structural characteristics of the initial CoCrNi SCL were determined using EBSD,
TEM, and XRD. As indicated in Figure 2a, the inverse pole figure (IPF) map indicates a
random orientation distribution of grains in the initial SCL. Grains in the initial SCL are
essentially columnar and equiaxed, and the average grain size is 16 um. The elemental
distributions of the initial SCL are illustrated by a representative high-angle annular dark-
field (HAADF) image with EDS analysis in Figure 2c. The results indicate that Co, Cr,
and Ni elements were distributed uniformly in the initial microstructures without element
segregation, nanoclusters, or second phase. The XRD patterns of samples from the initial
SCL and residual jet are presented in Figure 2d, which illustrates only regular FCC peaks.
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Figure 2. Microstructures and phase compositions of the initial CoCrNi liner. (a) EBSD image of
the initial CoCrNi liner, indicating an average grain size of 16 um. (b) Histogram of statistical grain
size. (c) HAADF image and element distributions of Co, Cr and Ni. (d) XRD results of CoCrNi liners
before and after penetration.
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3.2. Microstructures in the Residual Jet

The macroscopic SEM image (Figure 3a) displays structural details in the bottom
part of the jet crater, which is observed along the penetration direction. The surface of
the crater is coarse due to severe interaction between the jet and target. A magnified
image of the region, marked by the red frame in Figure 3a, is displayed in Figure 3b. The
boundary between the steel target and residual jet can be observed clearly, and is marked
by a white line. To further identify the boundary, the residual jet region is characterized
by EDS map analysis (Figure 3c). The results indicate that a residual jet region with a
width of approximately 30 pm sticks to the steel target crater. According to the XRD results
(Figure 2d), no obvious phase transformation occurred during the detonation deformation.

Figure 3. SEM image of the CoCrNi residual jet after penetration observed along the penetration
direction at the bottom of the jet crater. The residual jet region is marked by the red arrow in (b) and
(c). (a) SEM image of the bottom of the jet crater. (b) Magnified view of the region marked with a red
rectangle in (a). (¢) SEM-EDS mapping of (b).

Figure 4a displays the EBSD orientation map of the region marked with a red rectangle
in Figure 3b. The solid white line in Figure 4a is presented as the boundary between the
residual jet and steel target, which is marked as region a3. According to the microstructural
characteristics, the residual jet can be divided into two zones: the recrystallization zone
and deformation zone, which are separated by the white dashed line and labeled al and
a2 in Figure 4a, respectively. It is worth mentioning that the deformation here refers to
the deformation of the jet caused by the interaction between the jet and the target during
the penetration process. The deformation zone was created by the transverse interaction
of the CoCrNi-shaped charge jet with the sidewall of the steel target. Thus, the width of
the deformation zone reflects the intensity of the transverse interaction between the jet
and target and the transverse dissipation of the jet energy [16,41]. Figure 4bq,c; present
magnified images of marked regions a and b in Figure 4a, respectively. After penetration,
the residual jet was characterized by two kinds of grains, which are equiaxed recrystallized
grains in the recrystallization zone (al) and small deformed grains in the deformation
zone (a2), which exhibit significant twisting and stretching. According to the EBSD data,
the average grain size of the recrystallized grains is approximately 4.4 um, and the grain
size of the small grains ranges from 200 nm to 2 um. It is clearly demonstrated that the
CoCrNi SCL experienced a severe grain size reduction from 16 pm to less than 5 pm
during penetration. Kernel average misorientation (KAM) maps are good indicators of
the distribution of defects and local misorientations in alloys. The corresponding KAM
maps of regions b and c in Figure 4a are displayed in Figure 4b,,c,, respectively, and both
KAM maps were drawn with the first nearest neighbor. The color in the KAM maps ranges
from blue to red, corresponding to KAM values from 0° to 5°. The KAM map of region b is
indexed by deep blue, indicating a small KAM value close to 0 in the recrystallized grains.
Similarly, the KAM map of the residual jet in region c is also dominated by the blue color,
and only a small part near the boundary with the steel target is green. It can be concluded
that the dislocations and defects in the residual jet are seldomly and uniformly distributed,
which corresponds to the elimination of dislocations during the DRX process experienced
by the shaped charge jet.
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Figure 4. Microstructural analysis of the residual jet after penetration via EBSD: (a) IPF map of
microstructures marked in rectangle in Figure 3b; (b1,bz) IPF map and corresponding KAM map of
region b in (a); (¢1,¢2) IPF map and corresponding KAM map of region c in (a). The dashed line in (a)
represents the boundary between regions al and a2, and the white solid line indicates the steel target
(region a3) and residual jet (regions al and a2).
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3.3. Grain Boundary Precipitations

To further investigate the microstructural changes in the CoCrNi SCL during detona-
tion deformation, high-magnification backscattered electron (BSE) imaging of the recrystal-
lized grains of the residual jet (region b in Figure 4a) was used and the results are displayed
in Figure 5a. It can be observed that the grains are equiaxed and the grain size is smaller
than 1 pm. Furthermore, an SEM-EDS line scan was performed on the same sample along
the yellow line in Figure 5a. The scan path passed through a complete grain and two grain
boundaries. The element distributions of Cr, Co, and Ni along the scan path are displayed
in Figure 5b, where the dashed line was used to mark the location of the grain boundaries.
Different from the uniform distribution of Cr, Co, and Ni in the initial CoCrNi SCL, the
distribution of Cr at the grain boundaries increased significantly and the distribution of
Co and Ni apparently decreased in the residual jet. It is reasonable to speculate that the
inhomogeneous distribution of elements is closely related to the deformation mechanism
of the CoCrNi-shaped charge jet.
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Figure 5. High-magnification BSE-SEM images (a) and line scan analysis (b) of the recrystallization
region (Region b in Figure 4a). A line scan was conducted across two grain boundaries as displayed
in (a), the corresponding locations of which are labeled with dashed lines in (b).

To determine the reason for the inhomogeneous element distribution in the residual
jet, TEM analyses were performed on an FIB sample of the residual jet. Figure 6a displays
a bright-field TEM image of microstructures in the residual jet. No obvious dislocation
structures or twins were observed in the residual jet. Nanosized precipitations with different
contrasts can be observed along the grain boundaries, and the precipitation is marked
with white dashed lines in Figure 6a. It can be observed that the precipitation is widely
distributed along grain boundaries with widths of 20~60 nm. For further determination
of the constitution of the precipitation, we took EDS maps of the precipitation marked
with the red square in Figure 6a. The magnified view of the precipitation marked in
Figure 6a is displayed in Figure 6b, and the element distributions of Co, Ni, and Cr are
presented in Figure 6¢—e. The results indicate that the content of Cr in the precipitation is
dramatically higher than that of Co and Ni, which is consistent with the prior SEM-EDS
results displayed in Figure 5b. To specifically reveal the element constitution in the residual
jet near the precipitation, we conducted EDS analysis on the matrix region (II, III, and
IV) and precipitation region (I) in Figure 6b. The EDS results of these four regions are
presented in Figure 6g, which indicates that the content of Cr in the precipitation region
(I) reached 80%, while the average content of Cr in the matrix regions (I, III, and IV)
was only 24%, which is lower than the original content of 33% in the initial SCL. The
difference in the chemical distribution around the grain boundary indicates that atomic
migration took place at the grain boundary, and Cr transferred from the grain interior to
the grain boundary under the action of high temperature during penetration. The selected
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area electron diffraction (SAED) pattern taken from region I in Figure 6b is displayed in
Figure 6f. The SAED pattern exhibits a body-centered cubic (BCC) structure pattern, which
indicates that the precipitate is a nanosized phase with a BCC structure.
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Figure 6. Microstructural analysis of CoCrNi residual jet after penetration by TEM: (a) TEM images
of CoCrNi residual jet; (b) HAADF-TEM image of the precipitation (red rectangle region in (a));
(c—e) Corresponding element distributions of Co, Cr, and Ni in (b); (f) SAED pattern of precipitation
(region I in (b)); (g) Element content of Co, Cr, and Ni in region L, II, III, IV in (b). The white dashed
line in (a) marks the nanosized precipitations along grain boundaries.
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4. Discussion
4.1. Dynamic Recrystallization in CoCrNi Shaped Charge Detonation

Dynamic recrystallization has been generally observed in severe plastic deformation,
particularly at high strain rates (>10° s~!) such as the shaped charge regime [42-44]. Grain
size reduction induced by dynamic recrystallization in shaped charge liners is a common
phenomenon during shaped charge detonation. Murr et al. [43] examined the starting
liner-cone grain sizes and grain structures with recovered slugs and jet fragments from
a detonated tantalum-shaped charge and reported a great grain size reduction in the
tantalum-shaped charge by as much as a factor of 100. In this work, the grain size decreased
from 16 pm in the initial SCL to less than 5 um in the residual jet. The EBSD results
(Figures 2 and 4) indicate a transformation from coarse columnar grains in the initial SCL
to fine equiaxed grains in the residual jet. Considering the severe plastic deformation in
the detonation deformation, we can postulate that dynamic recrystallization took place
in the CoCrNi-shaped charge liner during shaped charge deformation. According to the
microstructure characteristics, the CoCrNi residual jet can be divided into the following
two regions: the recrystallization region (region al in Figure 4a) and the deformation region
(region a2 in Figure 4a). The EBSD results (Figure 4b;,c;) indicate that the KAM values in
the recrystallization region and deformation region are both close to 0, which indicates that
there are few dislocations in the whole residual jet. Thus, it can be concluded that the DRX
that occurred during shaped charge deformation consumed a large number of dislocations.
Furthermore, the elongated grains of the residual jet at the boundaries with the steel target
deform in the direction perpendicular to the boundaries. Therefore, the grain refinement
and irregular deformation in the deformation region were caused by the interaction between
the jet and steel target. In conclusion, dynamic recrystallization constitutes the most evident
mechanism characterizing CoCrNi-shaped charge deformation.

4.2. Cr-Rich Grain Boundary Precipitation

At the beginning of detonation, a high-pressure explosive wave collapsed the initial
SCL and forced it to act like a solid-state fluid [42]. The shaped charge jet experienced a high
strain rate and severe plastic deformation under the condition of high temperature before
penetration. The penetration ability of the shaped charge is largely related to the ductility
of the shaped charge, which makes it essential to determine the deformation mechanism
of the shaped charge jet. The large strain deformation experienced by the shaped charge
jet is believed to be accommodated by grain boundary sliding [7,45]. During the severe
plastic deformation in the shaped charge process, the refined grain structure caused by
dynamic recrystallization can easily rotate and slide past each other to accommodate the
large strains. From this perspective, the movement of grain boundaries has a great effect
on the penetration ability of shaped charges. The impact of nanosized precipitates at grain
boundaries on the movement of grain boundaries is of vital importance on the penetration
behavior of CoCrNi-shaped charges.

Generally, the CoCrNi MEA possesses an excellent phase stability with a stable single
FCC phase structure [46]. However, Li et al. [47] investigated the phase decomposition of a
nanocrystalline CoCrNi alloy and found that phase decomposition occurs faster in smaller
grains, which enables fast diffusion in addition to short circuit transport. In this research,
grain size reduction is an unambiguous phenomenon in shaped charge penetration. The
reduced grain sizes in the shaped charge jet reduced the bulk diffusion path of Cr, which
enabled fast diffusion of Cr away from the grain interior to the grain boundaries under the
condition of high temperature during shaped charge deformation [48,49]. Additionally,
the ultrahigh temperature provided sufficient energy for the diffusion of Cr atoms into
grain boundaries and reduced the time needed. The enrichment of Cr at grain boundaries
promotes phase decomposition in the shaped charge jet and the formation of the Cr-rich
bce phase [50]. It is worth mentioning that the fast diffusion of Cr to the grain boundaries
in the CoCrNi-shaped charge jet is also supported by the diffusivity of elements. According
to Tsai et al.’s research [51], Cr possesses a higher diffusion coefficient than Co and Ni in
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CoCrFeMnNi. In most cases, the precipitation of second phases at grain boundaries induces
the incompatibility of elastic and plastic deformation between the matrix and particles,
which causes high stress/strain concentrations and ductility reduction in metals and
alloys [52]. Ming et al. [53] reported that Cr, Ni, and Mn nanoclusters at grain boundaries
reduce grain boundary cohesion and promote crack initiation along grain boundaries,
which leads to ductility loss in the CrMnFeCoNi HEA upon deformation at intermediate
temperatures. As a consequence, the Cr-rich bce precipitates in the grain boundaries of
the CoCrNi-shaped charge jet are believed to act as an obstacle for grain boundary sliding
and promote crack initiation along grain boundaries, which causes a loss of ductility of the
CoCrNi-shaped charge jet in addition to the ability of penetration.

5. Conclusions

The microstructure evolution of the novel CoCrNi SCL under an ultrahigh strain
rate and strain detonation deformation was studied here for the first time. The grain
size reduction occured by a factor of more than 3 in the CoCrNi SCL during detonation
deformation. Different from the existing research on the pure metal or traditional alloy SCL,
the ternary CoCrNi MEA SCL is composed of three elements with equal atomic percentages.
The multiprinciple element constitutions of CoCrNi lead to distinctive microstructure
evolution in detonation deformation, which provides valuable references for understanding
the mechanism in the shaped charge scheme. The main findings are concluded as follows:

1. The CoCrNi SCL experienced a severe grain size reduction from 16 pum to less than 5
um during penetration. After penetration, the residual jet was composed of equiaxed
grains in the recrystallization zone and elongated grains within the deformation zone.
Dislocations were few and were distributed uniformly in residual jet.

2. An obvious dynamic recrystallization phenomenon was observed in residual jet,
which led to a severe grain size reduction. The refined grain structures are supposed
to accommodate the large strains in the severe plastic deformation of the shaped
charge jet.

3.  Compared to the initial SCL, the content of Cr at the grain boundaries in the residual
jet increased significantly, while the content of Co and Ni decreased. Furthermore,
the nanosized Cr-rich precipitates with BCC structures were observed to be widely
distributed along grain boundaries. The reduced grain size reduced the bulk diffusion
path of Cr from grain interior to the grain boundary. The Cr-rich precipitations were
considered obstacles for grain boundary movement and promotion of crack initiation
along the grain boundaries, which depleted the ductility of the CoCrNi-shaped charge
jet and its ability to penetrate.
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