
Citation: Zhang, L.; Zhang, W.;

Chen, L.; Li, F.; Zhao, H.; Wang, X.;

Zhou, G. Microstructure and Texture

Evolution of a Dynamic Compressed

Medium-Entropy CoCr0.4NiSi0.3

Alloy. Crystals 2023, 13, 1390.

https://doi.org/10.3390/

cryst13091390

Academic Editor: Vladimir Zverev

Received: 24 August 2023

Revised: 12 September 2023

Accepted: 14 September 2023

Published: 18 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

crystals

Article

Microstructure and Texture Evolution of a Dynamic
Compressed Medium-Entropy CoCr0.4NiSi0.3 Alloy
Li Zhang 1,2,* , Weiqiang Zhang 2,*, Lijia Chen 1, Feng Li 1, Hui Zhao 2, Xin Wang 1 and Ge Zhou 1

1 School of Materials Science and Engineering, Shenyang University of Technology, Shenyang 110870, China;
chenlijia@sut.edu.cn (L.C.); lifeng611107@sina.com (F.L.); wangxin315@sut.edu.cn (X.W.); zhouge@sut.edu.cn (G.Z.)

2 School of Materials Science and Engineering, Shenyang Ligong University, Shenyang 110159, China;
zhaohui_1968@sina.com

* Correspondence: zhangli@sylu.edu.cn (L.Z.); zhangwq@sylu.edu.cn (W.Z.)

Abstract: Focal research has been conducted on medium-entropy alloys (MEAs) that exhibit a
balanced combination of strength and plasticity. In this study, the microstructure, dynamic mechanical
properties, and texture evolution of an as-cast medium-entropy CoCr0.4NiSi0.3 alloy were investigated
through dynamic compression tests at strain rates ranging from 2100 to 5100 s−1 using the Split
Hopkinson Pressure Bar in order to elucidate the underlying dynamic deformation mechanism.
The results revealed a significant strain rate effect with dynamic compressive yield strengths of
811 MPa at 2100 s−1, 849 MPa at 3000 s−1, 919 MPa at 3900 s−1, and 942 MPa at 5100 s−1. Grains
were dynamically refined from 19.73 to 3.35 µm with increasing strain rates. The correlation between
adiabatic temperature rise induced by dynamic compression and dynamic recrystallization was
examined, revealing that the latter is not associated with adiabatic heating but rather with phase
transition triggered by the dynamic stress during compression. The proportion of Σ3n (1 ≤ n ≤ 3)
grain boundaries in deformation specimens increases with increasing strain rates during dynamic
compression. The formation of specific three-node structures enhances both strength and plasticity
by impeding crack propagation and resisting higher mechanical stress. In the as-cast state, significant
anisotropy was observed in the MEA. As strain rates increased, it transited into a stable {111}<112> F
texture. The exceptional dynamic properties of strength and plasticity observed in the as-cast state of
the MEA can be attributed to a deformation mechanism involving a transition from dislocation slip
to the formation of intricate arrangements, accompanied by interactions encompassing deformation
nanotwins, stacking faults, Lomer–Cottrell locks, stair-rods, and displacive phase transformations at
elevated strain rates.

Keywords: alloys; textures; dislocations; phase transformations

1. Introduction

High-entropy alloys (HEAs) were proposed and synthesized as a novel design philos-
ophy for alloys in 2004 [1,2]. It is anticipated that this approach will enhance the overall
performance of metallic materials with respect to elastic properties [3], high temperature
strength [4–6], low temperature plasticity [7–9], fatigue resistance [10], wear resistance [11],
corrosion resistance [12], wide temperature range [13], and radiation resistance [14]. HEAs
are initially synthesized with five or more principal components with concentrations vary-
ing from 5 to 35 at.% [15,16] and configurational entropy no less than 1.5 R (the gas constant).
The research and development of HEAs have gone through three stages, including single-
phase HEAs with equiatomic ratios (the first generation of HEAs), non-equiatomic and
dual- or multi-phase HEAs [17] (the second generation of HEAs), and high entropy ceram-
ics or films. In the field of structural materials, medium-entropy alloys (MEAs) have been
proposed and studied for their superior comprehensive properties. These alloys are synthe-
sized by mixing 2 to 4 principal constituents [18–20], resulting in a configurational entropy
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range of 1 to 1.5 R [1,21]. Significant breakthroughs have been made in analyzing stacking
fault energy (SFE) [22,23], strength and ductility [8,19], and deformation mechanisms [7,18]
under different conditions.

Mechanical properties of metals and alloys are crucial in practical applications, espe-
cially under high hydrostatic pressure, ballistic penetration, or high-speed impact scenarios.
In such complex and highly localized service environments, it is imperative to balance
strength and plasticity by delaying or avoiding the occurrence of adiabatic shear bands
(ASBs). The quasi-static mechanical properties of the FeCoNiCrMn HEA [7,22,24–27]
and CoCrNi MEA [7,8,23], both face-centered cubic (FCC) alloys, have been investigated
through experiments and computational methods. It is hypothesized that the plastic defor-
mation mechanism of metals and alloys may be influenced by stacking fault energy (SFE),
which is proved to be comparatively lower in CoCrNi MEA than in FeCoNiCrMn [8].

By regulating the Si content in CrCoNiSix alloys, an MEA with excellent quasi-static
mechanical properties is fabricated due to the finer twinning structures obtained at ambient
temperature. The improvement of work hardening is mainly attributed to the decreasing
SFE and increasing lattice distortion resulting from Si addition [19]. The evolution of texture
relevant to heterogeneity during deformation has been investigated in FCC-HEAs and FCC-
MEAs at both ambient and cryogenic temperatures. The primary deformation mechanisms
observed during the tensile test of a CrCoNi MEA at room temperature involve dislocation
slip and deformation twinning, occurring at low strains and large strains, respectively [18].
The highly deformed FCC-CrCoNi MEA contained nano-twin/hexagonal close-packed
(HCP) lamellae with a four-layered HCP structure observed around a deformation twin [28].
The deformation mechanism in the tensile test of an FCC-CrCoFeMnNi HEA at cryogenic
temperature is twinning-mediated dislocation, which induces a strong {111}<112> texture
component and also a texture component of twinning-induced {115}<552> [29]. In the FCC
CrCoNi alloy, dual-phase transformations can occur from mechanically-induced FCC to
HCP and then back to the FCC phase with nanotwins [30], resulting in specific dual-phase
microstructure and their mixtures that exhibit outstanding mechanical properties.

Some particularly noteworthy studies on the dynamic mechanical properties of MEAs
and HEAs have been conducted in recent years [15,20,31]. The shear deformation resistance
of a FeCoCrNiMn HEA was investigated using the Split Hopkinson Pressure Bar (SHPB)
test, which revealed ASBs forming at shear strain values up to 7 [32]. An FCC-CoCrNi MEA,
prepared through pre-rolling and annealing treatment, exhibited exceptional dynamic
properties in terms of homogeneous dynamic shear strain and shear strength testing at both
room and cryogenic temperatures [33]. The exceptional dynamic properties observed in the
cryogenic environment of the CoCrNi alloy can be primarily attributed to the higher density
occurrence of multiple twins, phase transitions, stacking faults (SFs), and Lomer-Cottrell
locks (L-C locks). Additionally, dynamic grain refinement at both cryogenic and room
temperatures was taken into consideration.

In this study, the microstructure, dynamic properties, and texture evolution of a
CoCr0.4NiSi0.3 (at.%) MEA were investigated under impact loading conditions. The under-
lying mechanisms of dynamic deformation at the microscale are discussed. The MEAs are
anticipated to consistently undergo dynamic compression-induced deformation and exhibit
promising potential for application as structural materials in the defense field, particularly
owing to their exceptional energy-absorption capabilities.

2. Experiment

A 5 kg ingot of CoCr0.4NiSi0.3 alloy was fabricated via vacuum levitation melting
using bulk raw materials of Co, Cr, Si, and Ni (purity ≥ 99.9 wt%) in a high-purity Ar
atmosphere. The ingot was melted four times at powers of 100, 120, 140, and 120 kW in turn
at a temperature of 1700 °C to ensure chemical homogeneity. The ingot was subsequently
cast into a 16 mm thick slab in an Ar atmosphere and cooled to ambient temperature within
30 min using a furnace.
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The dynamic compression tests were conducted on cylinder specimens with a diameter
of Φ 3 × 3 mm using an SHPB tester at ambient temperature (26 °C). Nitrogen gas pressure
was adjusted as the power source for dynamic loading, achieving strain rates ranging from
2100 to 5100 s−1. The SHPB test equipment is equipped with LK2400N high-speed data
acquisition and analysis software, which has ultra-high frequency response and sampling
frequency. The electrical signals recorded by the strain gauges are processed to obtain the
relationship between stress and strain.

The microstructure analysis of the CoCr0.4NiSi0.3 alloy involved utilization of various
techniques including differential scanning calorimeter (DSC), x-ray diffractometer (XRD) with
Cu Kα radiation, scanning electron microscope (SEM), and transmission electron microscope
(TEM). The DSC test was conducted in an Ar atmosphere at a heating rate of 10 °C min−1.
The XRD characterization experiment was conducted at 40 kV with a scanning rate of 4◦ min−1,
while electron backscatter diffraction (EBSD) analysis was performed at 20 kV using step sizes
of 1~1.2 µm. Prior to EBSD analysis, the specimens were subjected to an 8 h grind polishing
process to remove any deformed layers. Image quality (IQ), inverse pole figures (IPFs), grain
boundaries, and orientation distribution function (ODF) maps were extracted from the EBSD
data for analysis. TEM characterizations was conducted on specimens that were as-cast or
subjected to a strain rate of 3900 s−1 using FEI Talos F200X G2 equipment. The TEM specimens
were prepared by ion milling with Gatan 691.

3. Results and Discussion
3.1. Microstructures

The crystallographic structures of the CoCr0.4NiSi0.3 alloy before and after dynamic
compression deformation were characterized using XRD, as illustrated in Figure 1a. Addi-
tionally, DSC was employed to further elucidate the crystallographic structure of the as-cast
state MEA, as illustrated in Figure 1b. Figure 1a reveals an FCC major phase with a minor
volume of HCP precipitates. The DSC test was performed over a range of room temperature
to 1250 °C. The DSC curve exhibits a non-smooth pattern within the temperature range of
1000 to 1250 °C, wherein peak temperatures are determined through analysis of the first
derivative of the DSC curve (DDSC). The DDSC pattern exhibits endothermic peaks at
1003 and 1063 °C, as well as exothermic peaks at 1154 and 1224 °C. In conjunction with the
minor phases observed in XRD analysis, it can be inferred that the MEA exhibits a limited
presence of HCP phases within a melting temperature range of 1143 to 1243 °C.
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Figure 1. (a) XRD pattern of the CoCr0.4NiSi0.3 alloy before and after dynamic compression. (b) DSC
curves of the CoCr0.4NiSi0.3 alloy in as-cast state.
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Figure 2 presents the SEM image analysis and corresponding chemical compositions
(at.%) of the alloy pre- and post-dynamic compression. Specifically, Figure 2a showcases
polygonal equiaxed grain morphologies prior to dynamic compression, while Figure 2b
reveals micropores at triple grain boundary junctions of elongated grains under a strain
rate of 3900 s−1 after impact. The energy dispersive spectroscopy presented in Figure 2c
reveals a comparison of chemical compositions between intergranular and transgranular
regions, indicating a uniform distribution of all elements within the grains prior to impact.
However, Figure 2d demonstrates the presence of eutectic morphology second-phase
precipitates composed of Si and Ni at grain boundaries after dynamic compression. The
mixing enthalpy between Si and Ni is –40 kJ/mol, which is the most negative among all
principal elements in the alloy, indicating the second phases readily formed by Ni and Si.
Since dynamic compression leads to both localized temperature rise due to adiabatic shear
and high stress gradient within the specimens, it promotes atomic diffusion of Si along the
grain boundaries, creating kinetically suitable conditions for precipitate formation.
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Figure 2. Microstructure of the CoCr0.4NiSi0.3 alloy (a) as-cast, (b) at a strain rate of 3900 s−1. The
chemical compositions and distribution of CoCr0.4NiSi0.3 alloy (c) as-cast state and (d) at a strain rate
of 3900 s−1. The blue and red squares in (c) and (d) respectively represent the areas of composition
analysis in transgranular and intergranular, respectively.

The high-resolution transmission electron microscopy (HRTEM) images in Figure 3
reveal the presence of lamellar HCP structure precipitates within the sub-grain boundaries
of the as-cast MEA. The enlarged HRTEM images of area A and B in Figure 3a, displayed
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in Figures 3b and 3c, respectively, exhibit nano-scale HCP precipitates in gray-black and
bright grey. The fast Fourier transformed (FFT) images of area A and B in Figure 3a,
shown in Figures 3d and 3f, respectively, illustrate the FCC matrix along with two HCP
precipitates exhibiting a slight lattice mismatch. The inverse fast Fourier transformed
(IFFT) images corresponding to the crystallographic plane (002) of areas A and B are
illustrated in Figures 3e and 3g, respectively. These two HCP precipitates are identified
as a eutectic structure consisting of Ni31Si12 (gray-black region) and Ni2Si (bright grey
region), as depicted in Figures 3e and 3g [34]. Moreover, intricate lamellar precipitates can
be observed on the IFFT image corresponding to the (–111) plane in area B.
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Figure 3. (a) The HRTEM image shows the sub-grain boundaries of the as-cast MEA. The enlarged
HRTEM images display HCP precipitates in (b) area A and (c) area B. The FFT images show the FCC
matrix and HCP precipitates in (d) area A and (f) area B. The IFFT images corresponding to the (002)
plane show the matrix and precipitates in (e) area A and (g) area B. (h) The IFFT image corresponding
to (–111) plane in area B displays lamellar precipitates.

3.2. Dynamic Mechanical Properties

The true stress-strain curves of CoCr0.4NiSi0.3 alloy under dynamic compression at
strain rates of 2100, 3000, 3900, and 5100 s−1 are depicted in Figure 4a. By fitting the
engineering stress-strain curve during elastic deformation at different strain rates, the
dynamic compressive yield strength (σy) was determined to be 811 MPa, 849 MPa, 919 MPa,
and 942 MPa at strain rates of 2100 s−1, 3000 s−1, 3900 s−1, and 5100 s−1, respectively, as
shown in Figure 4a. The stress drop observed at the termination of each true stress-strain
curve in Figure 4a is believed to arise from abrupt interrupted compression occurring
within a time frame of approximately 120 µs, adjusted by zeroing as illustrated in Figure 4b.
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The observed phenomenon bears resemblance to artifacts that are induced by the utilization
of stop blocks The observed phenomenon bears resemblance to artifacts that are induced by
the utilization of stop blocks [35]. Consequently, the examined specimens exhibit respective
true strains of 0.17, 0.25, 0.35, and 0.50 with elevated strain rates. The initial time of stress
collapse following dynamic compression at various strain rates, as indicated by red dashed
lines and arrows in Figure 4a, is depicted in Figure 4b. This stress collapse phenomenon
is attributed to the activation of deformation twins, which significantly contribute to
deformation with elevated strain rates [15]. The occurrence of twin nucleation takes place
once the stress surpasses the critical resolved shear stress (CRSS) required for twinning [15].
The CRSS, which is observed at the initial peak of each curve in Figure 4b, exhibits an
increase with elevated strain rates. The onset time of stress collapse increases with strain
rates, ranging from 27 to 87 µs as the strain rate increases from 2100 s−1 to 5100 s−1.
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Deformation primarily relies on dislocation slip during plastic deformation. The exper-
imental data in copper predominantly indicates that the dislocation drag mechanism acts
as the rate-limiting factor above strain rates of 103 s−1, while the flow stress is determined
by the damping forces exerted by dislocations at high plastic strain rates [36]. Furthermore,
molecular dynamics simulation is employed to investigate the interaction mechanism
between screw dislocations and the HCP phase in FCC-structured CoCrFeMnNi HEAs [37].
The modes of interaction between dislocations and the HCP phase can be classified as
penetration and absorption mechanisms, which are determined by factors such as the
thickness of the HCP phase, strain rate, and temperature. The exceptional dynamic yield
strength of the alloy in its as-cast state is likely attributed to work hardening resulting from
interactions between dislocations and minor HCP precipitates. The stress curves exhibit
fluctuations at strain rates of 2100 s−1 and 3000 s−1 in this MEA, as shown in Figure 4b.
However, they demonstrate a sharp monotonical increase and decrease during dynamic
loading and releasing at strain rates of 3900 s−1 and 5100 s−1. Dislocations become pinched,
resulting in work hardening and an increased yield strength under stress loading. They
also penetrate the HCP precipitates at elevated strain rates, thereby providing continuous
work hardening that contributes to deformation. The dynamic compressive yield strength
shows a positive correlation with strain rates at the tested levels, resulting in an increase of
approximately 120 MPa. This occurs when dislocations experience constriction, leading to
both enhanced work hardening and a higher yield strength under elevated stress.

Σ3n (1 ≤ n ≤ 3) grain boundaries, including Σ3, Σ9, and Σ27, possess low energy
and exhibit exceptional material properties [38,39]. The interactions among these bound-
aries may trigger the regeneration mechanism of Σ3 boundaries with a higher ratio of
Σ(9 + 27)/Σ3 [40]. The proportion of Σ3n grain boundaries before and after dynamic
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compression was calculated using the standard HKL-EBSD Channel 5 software package.
Figure 5a illustrates the length fractions of Σ3, Σ(9 + 27), Σ3n, Σ(9 + 27)/Σ3, other low-Σ
and overall low-Σ grain boundaries in specimens in the as-cast state and at strain rates of
2100, 3900, and 5100 s−1. Notably, the length fraction of grain boundaries with a Σ value
of 3 decreased significantly from 8.16% in the as-cast state to only 0.98% in the specimen
tested at a strain rate of 3900 s−1 after dynamic deformation. The detwinning phenomenon,
resulting from the formation of partial dislocations and slip at junctions of grain boundaries
(GBs) and GB–twin boundaries (TBs), was observed in Σ3n GBs under dynamic loading.
This trend is consistent with previous findings [41]. With an increasing strain rate, the
proportion of overall low Σ Coincidence Site Lattice (CSL) interfaces (Σ ≤ 29, with a maxi-
mum deviation of orientation difference ∆θ ≤ 15◦) rose from 1.22% to 1.68%. Similarly, the
proportion of other low Σ and Σ(9 + 27) exhibited an upward trend with the increase in
strain rate. Figure 5b illustrates grain refinement as strain rates increase. After undergoing
dynamic compression, the average diameter of grains experiences a significant reduction
from 19.7 to 3.4 µm. Deformation twins are activated and their occurrence increases with
higher strain rates and grain refinement, while dislocation slip is impeded and stress be-
comes concentrated. The twin boundaries serve dual purposes, namely, enhancing the
rate of strain hardening and facilitating uniform deformation while delaying the onset of
necking [15]. Furthermore, twinning is a prominent deformation mechanism in crystalline
materials. The nucleation of microcracks and micropores at specific grain boundaries
during blocked deformation twinning requires a critical twin thickness, as demonstrated
by the simulation of the wedge disclination quadrupole model [42]. In this study, the
proportion of twin boundaries that are rarely observed in FCC metals and alloys reached
a maximum of approximately 1.10% at a strain rate of 3900 s−1. Correspondingly, the
ratios of Σ(9 + 27)/Σ3 were 0.13, 0.18, and 0.23 at strain rates of 2100 s−1, 3900 s−1, and
5100 s−1 respectively. The lower ratio indicates poor interruption of random boundary
networks [40], which suggests decreased connectivity and improved crack resistance. The
twins can induce a reorientation effect and facilitate further slip in the alloy [43]. Moreover,
they dynamically refine the grain structure through shearing at high strain rates with
increasing volume fractions, thereby enhancing its homogeneous deformation ability and
plasticity. Therefore, in this study, the Σ3n grain boundaries disrupt the connectivity of
general grain boundary networks and give rise to specific three-node structures under
dynamic compression. Consequently, crack propagation is impeded, higher mechanical
stress is resisted, and both strength and plasticity are simultaneously enhanced.
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3.3. Dynamic Recrystallization and Adiabatic Heating

Figure 6a,b depict the EBSD mappings of dynamic recrystallization and strain contour
for CoCr0.4NiSi0.3 alloy under a strain rate of 5100 s−1. Cracks, which are likely to have
developed in the compression direction due to shear banding, can be identified on the
surface of the cross section. As indicated by the arrows in Figure 6a, there are only
a small number of recrystallized grains located close to cracks and micropores within
the specimen. Dynamic recrystallization mainly takes place around grain boundaries
where stress concentrates, indicating that an adiabatic temperature increase is usually not
typically associated with it. The microstructure observed in specimens following dynamic
compression mostly comprises distorted grains, as demonstrated by Figure 2b. When the
strain rate is in the range of 2100 to 5100 s−1, the percentage of deformed grains varies
from 79.98% to 87.21% as illustrated in Figure 6c, while the proportion of dynamically
recrystallized grains increases from 1.75% to 2.87% with an elevated strain rate.
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During dynamic deformation, it is essential to consider adiabatic heating as it can lead
to alloy softening and consequent strength degradation. An equation can be utilized for
estimating the temperature increase (∆T) during adiabatic deformation at a plastic strain of εt:

∆T =
A

ρCp

∫ εt

0
σdε (1)

where A, representing the fraction of energy converted to heat, is taken as ~0.9, σ is the true
stress, ε is the true plastic strain, ρ is the mass density of the alloy (around 7.9 g/cm3), and
Cp is the specific heat capacity approximately calculated by atomic ratio at constant volume,
with a value around 460 J/(kg·K). Therefore, the temperature increases (∆T) proportionally
with increasing strain rates as described in Equation (1). The maximum adiabatic tempera-
ture increase is estimated to be 117 K when compressed at a rate of 5100 s−1, resulting in
an instantaneous rise to 416 K. According to the previous DSC analysis, it can be inferred
that the melting temperature of the alloy is not lower than 1523 K (1250 °C), indicating
that adiabatic heating may occur below the dynamic recrystallization temperature, which
is not lower than 609 K (0.4 Tm). Based on these facts, it can be argued that dynamical
recrystallization occurs in many studies due to thermal softening effects leading to shear
localization and the formation of ASBs during dynamic deformations [44,45]. Furthermore,
the present study suggests that a temperature rise is unlikely to significantly affect the yield
strength of the alloy.

3.4. Texture Evolution

The evolution of textures in CoCr0.4NiSi0.3 alloy under different strain rates was
further investigated by analyzing relevant ODF-sections. The prominent textures in ideal
FCC alloys at ϕ2 = 0◦, 45◦, and 65◦ are given in Figure 7, followed by ODF-sections and
corresponding Miller indices of CoCr0.4NiSi0.3 alloy before and after dynamic compression
at the corresponding Euler angle. Figure 7 shows a prominent α-fiber in the as-cast state,
mainly the {110}<115> Goss/Brass texture with weaker intensities of {110}<112> Brass
and {110}<111> Goss/Brass, which can be clearly observed in the ϕ2 = 45◦ section. After
dynamic compression at a strain rate of 2100 s−1, the intensity of {001}<110> R-Cube texture
increases. Recrystallization texture with {110}<110> R-Goss component is observed from the
ϕ2 = 0◦ and 45◦ sections, along with deformation textures of {111}<112> F and {111}<110>
E components. The {110}<110> R-Goss texture disappears at a strain rate of 3900 s−1,
and mainly {111}<112> F texture remains when the strain rate increases to 5100 s−1. It
can be inferred that nanotwins initiate multi-slip systems and facilitate deformation by
changing the orientation with the stress concentration under dynamic loading conditions.
The dynamic impact properties of the MEAs exhibit anisotropy in various orientations. The
texture eventually evolves into a stable {111}<112> crystallographic orientation under elevated
strain rates, indicating the development of a preferred alignment and the manifestation of
both elastic and plastic anisotropy following dynamic loading. Lamellar nanotwins can be
identified before and after dynamic compression in Figure 8. The volume of nanotwins
increases dramatically after dynamic compression. This improves plastic deformation capacity.
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Figure 8. The HAADF STEM images exhibit (a) lamellar twins before deformation and (b) lamellar
twins after dynamic compression at a strain rate of 3900 s−1.

The mapping areas are illustrated in Figure 9a–d. The grain numbers were determined
by the intercept length method using OIM software, and there were 1743, 2828, 3845,
and 5143 grains within the corresponding EBSD mapping area grids (µm) of 556 × 423,
568 × 423, 473 × 352, and 467 × 350 for specimens subjected to as-cast conditions and
strain rates of 2100 s−1, 3900 s−1, and 5100 s−1, respectively. Edge grains were accounted
for as half a grain in the analysis. The EBSD mapping of grain numbers before and after
dynamic compression reveals an increase in the number of grains experiencing elevated
strain rates, indicating that the grains underwent further fragmentation and refinement, as
illustrated in Figure 5b. Figure 9e–h show the texture components of the MEA before and
after dynamic compression shown in Figure 7. With increasing of the strain and evolution
of the textures after dynamic compression, the geometrically necessary dislocations (GNDs)
and corresponding b, which is the magnitude of Burgers vector and represents the lattice
distortion, vary with strain rates.
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Figure 9. EBSD-IPFs maps of (a) as-cast, and dynamically compressed at a strain rate of (b) 2100 s−1,
(c) 3900 s−1, and (d) 5100 s−1. Texture evolution of (e) as-cast, (f) 2100 s−1, (g) 3900 s−1, and
(h) 5100 s−1. The frequency histograms show GND density in the state of (i) as-cast, (j) 2100 s−1,
(k) 3900 s−1, and (l) 5100 s−1.
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The GND density can be introduced to calculate dislocation activities and storage
during deformation. The GND density can be mathematically expressed as [46,47]:

ρGND = 2KAMave/µb (2)

where ρGND can be obtained and analyzed by HKL-EBSD Channel 5. KAMave (Kernel
average misorientation) represents the average KAM of the selected area, which is obtained
by the OIM software, µ is the step size, and b is the magnitude of the Burgers vector.
For the purpose of computing the Burgers vector, Equation (2) can be transformed and
approximated as:

b =
2KAMave

ρGNDµ
(3)

Based on calculations, the Burgers vector magnitude of the as-cast CoCr0.4NiSi0.3 alloy
is determined to be 0.17 nm. The frequency histograms depicting GND before and after
compression tests are illustrated in Figure 9i–l. The average values of specimens in their as-
cast state and at strain rates of 2100, 3900, and 5100 s−1 are 8.8× 1012 m−2, 2.421× 1014 m−2,
2.385 × 1014 m−2, and 2.405 × 1014 m−2, respectively. When specimens are dynamically
loaded, heterogeneous deformation occurs followed by dislocations concentrated on the
grain boundaries. The generated GND adapts to the strain across the heterogeneous
interface and maintains the continuity of the deformation gradient between grains. In
this study, the GND multiplies greatly during dynamic compression tests. According to
Equation (3), the Burgers vector exhibits a range of 0.14~0.19 nm with increasing strain rates,
likely due to the texture evolution and local strain changes following dynamic compression
at varying rates resulting in more severe lattice distortion. The degree of plastic deformation
characterizing this process increases by nearly two orders of magnitude before stabilizing
within a small fluctuation range after dynamic loading.

In this study, the lattice parameter of CoCr0.4NiSi0.3 is approximately 0.36 nm. Under
dynamic compression deformation in an FCC alloy as the major phase, dislocation dissoci-
ation and synthetic reactions satisfy both geometric and energy conditions, which can be
deduced as: a

2
< 110 >→ a

6
< 112 > +

a
6
< 112 > +SFs (4)

The distinct slip modes of dislocations correspond to different strain rates during
dynamic compression, as inferred from the analysis of Miller indices in Figure 7 and the
magnitude of the Burgers vector depicted in Figure 9i–l. Specifically, at a strain rate of
2100 s−1, the average Burgers vector is 0.14 nm, which closely approximates the Burgers
vector of Shockley partial dislocations forming {111}<112> F texture (calculated as 0.15 nm
by <112>). The magnitude is smaller than the shortest translation vector in the {111} slip
plane, resulting in the occurrence of SFs. This leads to a disruption of the normal stacking
sequence of packed planes and ultimately results in a structure containing layers of HCP
within an FCC matrix [28]. The deduction is further supported by the HRTEM images of a
specimen subjected to compression at a strain rate of 3900 s−1, as depicted in Figure 10.
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responding to (–11–1) of (g). (i) FFT of (g) showing the formation of nano-scaled HCP precipitates 
and twins at a strain rate of 3900 s–1. 

Figure 10a illustrates the presence of L-C locks accompanied by SFs, while Figure 10b 
represents the IFFT image corresponding to (–111) of Figure 10a, revealing the existence 
of dislocations, SFs, and stair-rods. The L-C locks depicted in Figure 10a can be formed 
through the gliding of mobile interfacial dislocations, resulting in either thickening or 
thinning of stacking faults on distinct {111} slip planes [15,48,49] during dynamic com-
pression, as further illustrated in Figure 10b. When the two leading partials interact with 
each other, a sessile stair-rod dislocation is formed to create L-C locks [49]. L-C locks can 
function as Frank–Read sources for dislocation multiplication, leading to work hardening 

Figure 10. (a) HRTEM image of the MEA at a strain rate of 3900 s−1. (b) IFFT corresponding to
(−111) of (a). (c) FFT of (a) showing SFs, twins. (d) HRTEM image of HCP precipitates from FCC
matrix. (e) IFFT corresponding to (−111) of (d). (f) FFT of (d) showing FCC matrix, HCP precipitates
and SFs. (g) HRTEM image shows HCP precipitates accompanied by SFs and nanotwins. (h) IFFT
corresponding to (−11–1) of (g). (i) FFT of (g) showing the formation of nano-scaled HCP precipitates
and twins at a strain rate of 3900 s−1.

Figure 10a illustrates the presence of L-C locks accompanied by SFs, while Figure 10b
represents the IFFT image corresponding to (–111) of Figure 10a, revealing the existence
of dislocations, SFs, and stair-rods. The L-C locks depicted in Figure 10a can be formed
through the gliding of mobile interfacial dislocations, resulting in either thickening or thin-
ning of stacking faults on distinct {111} slip planes [15,48,49] during dynamic compression,
as further illustrated in Figure 10b. When the two leading partials interact with each other,
a sessile stair-rod dislocation is formed to create L-C locks [49]. L-C locks can function as
Frank–Read sources for dislocation multiplication, leading to work hardening [48]. The
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presence of stair-rods, as demonstrated in Figure 10a,b,d, is likely to be the primary factor
contributing to the significant increase in the observed yield strength of this alloy. The
occurrence of L-C locks and stair-rods resulting from dynamic compression enhances the
structural stability of the alloy, rendering it more resistant to dissociation and creating
stronger barriers to dislocation slip. The configuration displayed in Figure 10a,d,g is formed
by the dynamic overlapping of two extended partial dislocations with SFs on adjacent slip
planes, where the two SFs only partially overlap and are accompanied by twins, resulting in
a {111}<112> texture. Figure 10c illustrates the FFT image of Figure 10a, providing further
confirmation of the presence of twins and SFs. The IFFT image corresponding to (–111)
of Figure 10d is depicted in Figure 10e, while the IFFT image corresponding to (–11–1) of
Figure 10g is displayed in Figure 10h. Figures 10f and 10i represent the FFT of Figures 10d
and 10g, respectively. These figures visually demonstrate the presence of HCP precipitates
within the FCC matrix. After dynamic loading, atomic layers of HCP precipitates with
SFs and twins are formed in the FCC matrix. These HCP laths have a width less than
10 nm, as depicted in Figure 10g,h. The nucleation of HCP laths typically occurs adjacent
to the deformation twins in the FCC matrix, indicating a strong correlation between these
two microstructural features [50]. The nanotwins as shown in Figure 10g are a result of
SF-induced nanotwinning, which arises from an extrinsic stacking fault caused by two
consecutive intrinsic stacking faults interacting on mobile interfacial dislocations present on
{111} planes. Nanotwin formation occurs once three or more intrinsic stacking faults appear
successively on {111} planes [15]. Another nucleation mechanism of nanotwin in CoCrNi
MEA involves the consumption of HCP phases [51], as demonstrated through simulation
using the kinetic Monte Carlo method. Figure 10d,g depict the process of nucleating nano-
HCP precipitates within the grain. The precipitation of HCP nucleated in CoCrNi-based
MEA under dynamic loading can be attributed to various mechanisms. The nucleation
mechanisms of SFs and twin-induced HCP structures, respectively, suggest a combined
mechanism for the formation of nanotwins in this alloy, involving both FCC/SF-nanotwins
and HCP-nanotwins. The volume of HCP does not exhibit an increase after dynamic
loading, as depicted in Figure 1a. This observation contradicts the nucleation mechanism
associated with HCP. Additionally, Figures 2d and 3c visually illustrate the segregation of
HCP precipitates along grain boundaries prior to deformation, while Figure 10 portrays the
HCP transition occurring within the crystal subsequent to dynamic compression. Therefore,
it can be inferred that the nucleation of HCP phases from SFs [15] and their consumption by
nanotwins [51], induced by dynamic compression, contribute to the increase in twin ratio
with elevated strain rates in this study. The presence of HCP precipitates under dynamic
loading in this MEA demonstrates a complex interplay among SFs, nanotwins, L-C locks,
stair-rods, and the process of HCP transformations. The space between nanotwins, as
shown in Figure 8 before and after dynamic compression, signifies that the tolerance limit
has not been reached. Furthermore, the absence of adiabatic shear bands in both pre- and
post-impact specimens suggests that the utilization of MEAs as energy-absorbing materials
is viable within the realm of high-speed impact.

Therefore, the evolution of texture is believed to be associated with variations in
deformation configuration after dynamic loading. The superior mechanical properties
of strength and plasticity under dynamic loading are attributed to the comprehensive
microstructural evolution involving SFs, deformation twins, FCC-HCP phase transfor-
mation, and stair-rods [30,52]. It can be deduced that the deformation process is roughly
divided into three stages: dislocation slip, deformation nanotwins accompanied by SFs, and
displacive phase transition induced by higher stress loading. As the strain rates increase,
the deformation mechanism shifts from dislocation slip to the formation of a complex mi-
crostructure comprising deformation nanotwins accompanied by SFs, L-C locks, stair-rods,
and displacive phase transition as depicted in Figure 10. In addition, it can be inferred
that the recrystallization is a result of HCP precipitates in the alloy. The crystal nuclei are
formed through stress-induced displacive phase transition.
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4. Conclusions

In the present study, XRD, DSC, SEM, EBSD, and TEM characterizations were em-
ployed to investigate the microstructure, mechanical properties, and texture evolution of
the CoCr0.4NiSi0.3 alloy. Main conclusions can be drawn as follows:

(1) Strain rate exerts a significant influence on the dynamic yield strength of as-cast
CoCr0.4NiSi0.3 alloy under dynamic compression. At strain rates of 2100, 3000, 3900,
and 5100 s−1, corresponding true strains of 0.17, 0.25, 0.35, and 0.50, respectively,
result in dynamic compressive strengths of 811 MPa, 849 MPa, 919 MPa, and 942 MPa.
The exceptional dynamic yield strength can be attributed to comprehensive intrinsic
factors associated with the chemical composition of the alloy.

(2) The adiabatic heating triggered by dynamic compression is ~117 K at strain rates
of ~5100 s−1, and is not typically associated with dynamic recrystallization. The
FCC-HCP transformation in the matrix observed through HRTEM is considered a
stress-induced displacive phase transition. The HCP precipitates nucleate from the
SFs and nanotwins induced by dynamic loading in this MEA, while they can also be
consumed by twins under stress.

(3) During the dynamic compression test, microcracks were exclusively observed at a
strain rate of 5100 s−1. Conversely, micropores rather than microcracks emerged
on the specimens subjected to other strain rates (less than 5100 s−1). The specific
three-nodes of Σ3n grain boundaries that formed in the tested specimens impeded
crack propagation, resisted higher mechanical stress, and altered orientations.

(4) The deformation mode of CoCr0.4NiSi0.3 alloy can be roughly divided into three stages:
dislocation slip, deformation nanotwins accompanied by SFs, and displacive phase
transition under dynamic loading at room temperature. The superior mechanical
properties of strength and plasticity are attributed to a deformation mechanism that
involves the shifts from dislocation slip to the formation of intricate arrangements
comprising deformation nanotwins accompanied by SFs, L-C locks, stair-rods, and
displacive phase transition at elevated strain rates.
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