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The extraordinary work hardening ability and fracture toughness of the face-centered cubic (fcc) high-entropy Commons Attribution

alloys render them ideal candidates for many structural applications. Here, the deformation and failure mech-
anisms of an equiatomic CrCoNi medium-entropyalloy (MEA) were investigated by powerful laser-driven shock
experiments. Multiscale characterization demonstrates that profuse planar defects including stacking faults,
nanotwins, and hexagonal nanolamella were generated during shock compression, forming a three-dimension-
al network. During shock release, the MEA fractured by strong tensile deformation and numerous voids was
observed in the vicinity of the fracture plane. High defect populations, nanorecrystallization, and amorphization
were found adjacent to these areas of localized deformation. Molecular dynamics simulations corroborate the
experimental results and suggest that deformation-induced defects formed before void nucleation govern the
geometry of void growth and delay their coalescence. Our results indicate that the CrCoNi-based alloys are
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impact resistant, damage tolerant, and potentially suitable in applications under extreme conditions.

INTRODUCTION

The need for high-performance structural materials that can be ef-
fective under extreme conditions is one of the outstanding techno-
logical challenges in materials science. To meet this challenge,
materials need to be developed that not only have higher strength
and toughness but also can retain these characteristics at elevated
temperatures or strain rates. The emerging concept of multiple
principal element alloys, often termed high- or medium-entropy
alloys (HEA/MEAs), provides these opportunities (1-11). In partic-
ular, CrCoNi-based HEA/MEAs and their variants exhibit remark-
able fracture toughness and damage tolerance over ambient-to-
cryogenic temperatures due to continuous strain hardening
induced by a sequence of plastic deformation mechanisms, partic-
ularly a strong effect of twinning and transformation-induced plas-
ticity (TWIP and TRIP) (12-17). Because twinning is also promoted
by elevated strain rates (>10%/s), the mechanical properties of these
alloys are expected to excel under extreme impact or shock condi-
tions. Recent studies in pristine CrCoNi-based HEA/MEAs have re-
vealed a remarkable resistance to shear localization under dynamic
loading in a strain rate of ~10%/s (18, 19). For example, Yang et al.
(20) reported that microstructurally tailored HEA/MEAs displayed
a higher strength at high strain rates with twinning acting to sup-
press shear banding (21). Yang et al. (22) investigated the
dynamic tension of the Fe,oMn,Cr,oNiyy HEA and showed that
strength, tensile ductility, and strain rate sensitivity were all im-
proved at the elevated strain rates. Jiang et al. (23) first investigated

'School of Materials Science and Engineering, Beihang University, Beijing, China.
2Tianmushan Laboratory, Xixi Octagon City, Hangzhou, China. *Materials Sciences
Division, Lawrence Berkeley National Laboratory, Berkeley, USA. *Institute of Me-
chanics, Chinese Academy of Sciences, Beijing, China. >National Center for Electron
Microscopy, Molecular Foundry, Lawrence Berkeley National Laboratory, Berkeley,
CA, USA. °IMDEA Materials Institute, Calle Eric Kandel 2, Getafe, 28906 Madrid,
Spain. Instituto Interdisciplinario de Ciencias Basicas (ICB), CONICET UNCUYO,
Padre J. Contreras 1300, 5500 Mendoza, Argentina. 8Department of Materials
Science and Engineering, UC Berkeley, Berkeley, CA, USA.

*Corresponding author. Email: szhao@buaa.edu.cn (S.Z.); aminor@berkeley.edu (A.
M.M.)

tThese authors contributed equally to this work.

Zhao et al., Sci. Adv. 9, eadf8602 (2023) 5 May 2023

the shock deformation of the CrMnFeCoNi HEA using a single-
stage gas gun and suggested that the alloy displayed a reasonably
high strength at a strain rate of ~10%/s. It was also found that hydro-
gen can delay the spall failure of this alloy (24). Zhang et al. (25)
recently studied the spallation, i.e., failure of materials under
dynamic tensile loads, of the Aly;CoCrFeNi HEA using a plate
impact technique and suggested that the material can display a
high spall strength (up to 4 GPa) with marked strain rate sensitivity.
Microstructurally, HEA/MEAs in general exhibit extremely versatile
deformation mechanisms at elevated strain rates, including disloca-
tion-mediated plasticity, twinning, phase transition, and, in
extreme, solid-state amorphization (26). These promising results
suggest that the CrCoNi-based alloys are potential candidates for
applications in extreme conditions. However, there is still little in-
formation concerning the behavior of these materials under very
high strain rate exceeding 10%/s, where a strong shock wave is
created in the deformed body.

The failure of ductile metals under extreme tensile loading con-
ditions usually involves a cavitation instability, which involves the
nucleation, growth, and coalescence of voids (27). Compared with
behavior under quasi-static loading, cavitation under dynamic
loading is complicated by additional coupling mechanisms, includ-
ing strain rate hardening (28), adiabatic heating (29), thermal soft-
ening (30), and inertia effects (31). Huang et al. (32) pointed out
that the competition between these effects can lead to various
void growth characteristics. There have been intense theoretical,
computational, and experimental efforts over the past decades to
understand these phenomena (33-38). It is relatively well accepted
that the nucleation of voids is highly anisotropic and extremely mi-
crostructure sensitive (39—41). Specifically, grain boundaries are
considered as the “weak spots” as they provide preferred nucleation
cites for voids (42, 43). The spall strength of polycrystalline metals is
therefore lower than their monocrystalline counterparts (40). Sub-
sequent void growth is essentially a plasticity-induced mass trans-
portation process, which in metals involves the emission of defects
from the surface of the cavities (33, 44). Voids impingement occurs
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once an individual cavity grows into the adjacent ones to form the
fracture surface, although the process is markedly facilitated by
shear localization between the voids, which can, in extreme cases,
lead to catastrophic failure (45). However, despite this understand-
ing of dynamic failure, the detailed microscopic mechanisms, par-
ticularly the linkage between local microstructure and the dynamic
behavior of materials, remain unclear. Recent molecular dynamics
(MD) simulations indicate that the local chemical fluctuation can
markedly affect both dislocation activities (46) and the void dynam-
ics in HEAs (47) and, hence, influence their impact resistance.
Further understanding of the underlying material physics would
certainly aid the design of impact-resistant materials, which has
been an ongoing challenge for many applications including
vehicle crash safety, penetration protection, and aerospace
engineering.

RESULTS AND DISCUSSION

The dynamic mechanical behavior of the CrCoNi MEA was evalu-
ated in both compression and tension. Pulsed laser-driven experi-
ments were used to subject targets to an extremely high degree of
stress within a time frame of nanoseconds. The time-resolved
free-surface velocity profile of the shocked sample was measured
by a velocity interferometry system for any reflector (VISAR), as
seen in Fig. 1A. To preserve the integrity of the sample while pre-
venting the complication of multiple plastic wave interactions, the
sample was designed in such a way that the shock wave would decay
substantially by the time it reached the rear surface and caused a
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spall fracture in its close vicinity. Information was then extracted
directly from the shock surface and the cross section adjacent to
the spall plane. Accordingly, both compression-dominated (at the
front surface) and tension-dominated (at the rear surface) micro-
structures could be characterized. Representative optical micro-
graphs of the recovered front and rear surfaces are shown in Fig.
1 (B and C), respectively. A crater caused by shock compression
can be seen in Fig. 1B, whereas a tension-induced “bubble” is appar-
ent in Fig. 1C. The spall strength oy, of the CrCoNi MEA was de-
termined from the free-surface velocity profiles using the simplified
acoustic method

(1)

where p, = 8.47 g/cm’is the density, ¢, = 4.67 km/s is the bulk sound
velocity of the MEA [measured by the authors using ultrasonic
pulsed echo method (48)], and 4., and uy,;, are, respectively,
the maximum (shock break-out) and first minimum velocity
(pull-back) determined from the free-surface velocity profile (Fig.
1 and fig. S1). Note that the strain rate during the laser-shock exper-
iments is not constant, considering the rapid decay of the stress
waves and their complicated interaction. Nevertheless, the
nominal strain rate € can be estimated on the basis of the free-
surface velocity profile, ¢ ~ ”"‘52—;2‘:‘", where At is the time between
Umax and Uy, On the basis of Eq 1, the spall strength of the MEA
was estimated to be approximately 9.8 GPa at a strain rate of ~1 X
107/s, which is close to other heavy metals loaded in similar condi-
tions (40, 41).

1
O = PoCh (Umax — Umin)

(A

Spall bubble

50 60

Fig. 1. Schematic drawing of the laser-shock experiments and free surface velocimetry of the target. (A) A polystyrene film was used as ablator to effectively convert
laser energy into kinetic energy of the plasma, leading to a stress wave propagate into the sample. Two individual velocity interferometer systems for any reflector (VISAR)
channels (leg A and B) were applied to unambiguously determine the free-surface velocity profile. The “pull-back” signal (Umax Umin), Which marks the wave reflection at
the cavity surface, can be found in the profile, At is the time interval between un.x and umin, and p, and ¢, are the initial density and bulk sound velocity of the material,
respectively. (B and C) Front and rear surface of the laser shock-recovered target showing crater and spall bubble, respectively.
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Dynamic compression

The microstructure after this extreme deformation was character-
ized by scanning transmission electron microscopy (STEM) of the
laser shock—recovered target. The diffraction contrast STEM image
in Fig. 2A reveals the overall picture, which consists of a high density
of lattice defects lying mostly on the {111} planes. These defects are
planar and are often intersected with each other, leading to a three-
dimensional (3D) network. High-resolution STEM images in Fig. 2
(B to E) reveal the atomistic details of these deformation features,
including stacking faults (Fig. 2B), Lomer-Cottrell locks (Fig. 2C),
nanotwins (Fig. 2D), and hexagonal nanolamella (Fig. 2E). Such a
diverse set of deformation mechanisms shown in the recovered
sample suggests that the CrCoNi MEA can accumulate a remarkably
high density of nanointerfaces during laser-shock compression.
Such in situ formed nanointerfaces subsequently affect damage nu-
cleation when a tensile wave impacts the material, the nature of
which is discussed below.

3D defect network produced by shock compression

As shown in Fig. 2, the MEA deformed predominately by planar
faults under intense shock loading, which includes the generation
of stacking faults, nanotwins, and hexagonal nanolamella. All
these planar defects lie on the {111} slip planes of the lattice. This
is, in part, due to the ultralow stacking fault energy (ysgg) of the
CrCoNi alloy, because the critical stress for twin nucleation,
Opwin™ Y%, decreases with ysgg (where b is the Burgers vector).
When the sample is subjected to shock compression, a high
density of planar defects can be generated and distributed homoge-
neously. This is consistent with the early dislocation model of the
shock front where dislocations (partial dislocations in this case) nu-
cleate homogeneously across the interface between compressed and

Shock surface

Fig. 2. Deformation microstructure of the shock-recovered CrCoNi MEA. (A)
Diffraction contrast STEM imaging reveals a high density of the {111} defect net-
works produced by shock deformation. (B) Atomic-scale high-angle annular dark-
field-STEM micrographs reveal that these defects are primarily stacking faults
bonded by Shockley partial dislocations. SF, stacking fault. (C) Two leading Shock-
ley partials on distinctive {111} planes often intersect and form immobile locks. (D)
Propagation of Shockley partial dislocations on consecutive and alternating {111}
planes leads to the formation of nanoscale twins (D) and hcp lamella (E), respec-
tively. Scale bars, 200 nm (A), 2 nm (B) and (D), 5 nm (C), and 1 nm (E). All the TEM
samples are taken from the shock surface (front surface) as shown schematically in
Fig. 1B
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undeformed material (39). Of particular note is the deformation-
induced phase transition. Certain computational studies have indi-
cated that the free energy between face-centered cubic (fcc) and
hexagonal close-packed (hcp) lattice is small in the CrCoNi MEA
at ambient temperatures (49), rendering the deformation-induced
fce-to-hep phase transition feasible. While such a phase transition
has been observed in the same material deformed at reduced tem-
peratures (17, 50), it was also seen in the shock-recovered alloy, as
this phase transition appears to be concomitant with the formation
of stacking faults and deformation twins; this indicates a strong cor-
relation between cryogenic deformation and high strain rate phe-
nomena. These correlations can often be interpreted by the
Zener-Hollomon relation, although systematic experiments at
various temperatures and strain rates need to be conducted to quan-
titatively explore this relationship. The versatile intersections of
these planar faults, shown in Fig. 2A, produce a complex network
in 3D space. The low SFE also limits the recombination of partial
dislocations and thus leads to a high defect accumulation rate. Con-
sequently, a high work-hardening rate is expected. Nanoindenta-
tion measurements of the moderately laser-shocked sample
indicates a substantial increase in hardness by 30% compared
with the as-received material (fig. S2). It also suggests the potential
application of laser shot peening for the surface modification of
this alloy.

MD simulations of in situ computational microscopy were con-
ducted to gain further insights into the high strain rate deformation
mechanisms (51); details of the methodology of these simulations
are described in Materials and Methods. As the initial shock wave
propagates across the sample due to the high strain rate compres-
sion, multiple deformation pathways can be activated in the
CrCoNi MEA, including a high density of dislocations, deformation
twinning, nucleation of hcp lamella, and amorphization. In Fig. 3,
we display the microstructures of a single-crystal MEA sample
under shock wave loading through MD simulation. Figure 3A
depicts the deformed structure after the shock wave runs across
the sample during the compression stage (tf = 20 ps), with a corre-
spondingly high density of shock-induced defects, as extracted by
the crystal analysis tool (CAT). Figure 3B presents the shock pres-
sure profile corresponding to Fig. 3A, where the elastic wave and
plastic wave typical of shock compression of condensed matter
can be seen. Careful examination of the deformed microstructures
revealed extended defect architectures, including 3D nanointerfaces
consisting of stacking faults on multiple {111} planes, hcp lamella,
and deformation twinning, as shown in Fig. 3C. In addition, mul-
tiple Lomer-Cottrell locks were found in the shocked sample as
shown in Fig. 3C, consistent with our experimental high-angle
annular dark-field (HAADF) STEM micrographs. Initial amor-
phous regions can be frequently observed at the intersections of
multiple stacking faults, as highlighted in Fig. 3D. As the shock
wave gets reflected at the back surface and the sample becomes sub-
jected to a tensile state, void nucleation gets triggered, as shown in
Fig. 3E (t = 52.5 ps). Void nucleation takes place in amorphous
regions induced by a high concentration of intersections of the
planar defects (Fig. 3F), which creates a high shear strain and
shear strain gradient (Fig. 3G). Correlation of the longitudinal
stresses, stacking faults, and deformation twinning reveals that
voids nucleate in regions where conditions of both high defect
density (both stacking faults and deformation twins) and
maximum tensile stresses are met. The nucleation process is also
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Fig. 3. Predicted microstructures in the CrCoNi MEA after the shock wave
loading from MD simulations. (A) Microstructure after shock wave loading
during the compression stage (t = 20 ps). The green represents fcc atoms, red rep-
resents hcp atoms, blue represents the twin boundary atoms, and gray represents
amorphous atoms. (B) Longitudinal stress profiles for the initial defect generation
(compression stage t = 20 ps), void nucleation (t = 52.5 ps), and coalescence (t = 65
ps). (C) 3D planar defects network. Only non-fcc atoms are shown and colored ac-
cording to their defect classification, including stacking faults on multiple {111}
planes, hcp lamella (HCP), and deformation twinning segments (twin). Several im-
mobile Lomer-Cottrell (L-C) locks have also been observed in the sample. (D) Initial
amorphous regions were frequently observed at the intersections of multiple
stacking faults. (E) During the tensile condition, a high fraction of planar defects
and amorphous regions are retained. (F) Voids nucleate in regions with amorph-
ization, a high concentration of defects, and maximum tensile stresses [blue curve
in (B)]. (G) Shear strain fields. The interaction of planar defects leads to high shear
strains, inducing amorphization and void nucleation. (H) Spallation proceeds by
void growth and coalescence, with substantial stress drop [green curve in (B)].

evident after triaxiality factor calculations (fig. S3). As the spallation
process continues, voids grow and start to coalesce (Fig. 3H and
movie S1).

Dynamic tension

When the stress wave is reflected at the free surface, the state of stress
is reversed into tension to satisfy the traction-free boundary condi-
tion. This tensile stress, once above a certain threshold, leads to cat-
astrophic failure of ductile materials by void nucleation, growth, and
coalescence. We investigated these dynamic failure mechanisms in
the CrCoNi MEA using multiscale electron microscopy. The mor-
phological features and the local microstructure of the voids can be
visualized by electron backscatter diffraction (EBSD) techniques.
Figure 4 (A and B) illustrates the deformation microstructure adja-
cent to the voids where the EBSD map (orientation map overlaid
with image quality map) shows the dark-contrasted slip traces.

Zhao et al., Sci. Adv. 9, eadf8602 (2023) 5 May 2023

Maps of the geometrically necessary dislocations (GNDs) in Fig.
4 (C and D) illustrate that their density is substantially higher in
the vicinity of the voids, suggesting that plasticity is severely local-
ized. A larger scale EBSD map, shown in the inset of Fig. 4E, indi-
cates that there are profuse voids surrounding the spall plane (dark-
contrasted fracture plane). Many voids are identified at the grain
boundaries, as they represent weak spots during dynamic tensile
loading; these are accordingly the preferred void nucleation sites.
However, numerous small voids are visible in the grains, especially
where profuse deformation-induced interfaces emerge (fig. S4A). A
rough statistical analysis (fig. S4B) of the size distribution of the
voids indicates that voids located in the vicinity of the grain bound-
aries (yellow) are generally bigger than the ones formed within the
grain interiors (blue) and are thus more susceptible to coalescence
(i.e., for void size larger than 20 um).

Failure mechanisms at high strain rates

Spalling generally occurs during the shock wave release and is a
common failure mechanism of materials under impact loading. It
is relatively well accepted that spalling can take place in ductile
metals via void nucleation, growth, and coalescence. The detailed
mechanisms, however, vary across different materials and depend
heavily on the chemical composition, initial microstructure, and
prior history of thermomechanical treatments. In the present
study on CrCoNi, to characterize the microstructure adjacent to
the voids, large-scale cross-sectional focused ion beam (FIB) was
used to trench a 20-pm-long lamella located next to the spall
plane; this permitted the use of electron microscopy to discern
the precise details of the failure mechanisms related to void growth.

It is reasonable to postulate that voids nucleate from the pre-ex-
isting free volume of the material, including grain boundaries and
vacancies. These defects are inevitable in pristine polycrystalline
solids. In the current study involving energetic shock loading of
CrCoNi, the sample was compressed first, which results in an in-
crease in the defect population. Because of the low SFE of this
alloy [~20 mJ/mm? (52)], the defect accumulation rate far
exceeds that of annihilation, which results in a high density of
defects whose spatial distribution play an important role in the
void nucleation. Specifically, a higher GND density was observed
in the vicinity of the grain boundaries (particularly annealing
twin boundaries) as compared to the grain interiors (fig. S5).
Because the generation of dislocations is also associated with
vacancy production, a high GND density provides more nucleation
sites, and, for this reason, most voids are observed not only at the
grain boundaries but also in their close vicinity.

The nucleated voids tend to grow rapidly under extreme tensile
loading. Huang et al. (36) investigated this phenomenon and con-
cluded that void growth can be markedly accelerated above a critical
stress. In an extreme strain rate laser-shock experiment where the
stress level is in the range of tens of GPa, all voids are expected to
grow, even over nanosecond time scales. Void growth naturally also
depends sensitively on the stress triaxiality (45, 53); it has been
shown that voids prefer to grow an equiaxial manner until impinge-
ment under high triaxiality stress states, whereas simultaneous
smearing and growth of voids (void sheet mechanism) usually
occurs with low triaxiality loading (35), the latter often being ac-
companied by the shear band formation. A similar phenomenon
is observed in high-strength steels, where larger initial voids,
formed at inclusions, link up in shear by void sheet coalescence
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Fig. 4. Spatial distribution of the voids in the vicinity of spall plane. (A) Inverse
pole figure mapping illustrates an individual void adjacent to a grain-boundary
triple junction. (B) A pair of voids in the two neighboring grains: (left) located in
the grain interior and (right) sandwiched between twin boundaries (TBs). (C and D)
Geometrical necessary dislocations mapping indicates plasticity is localized in the
vicinity of the voids. (E) Evidence of void coalescence, primarily at the grain bound-
aries. Smaller voids can be observed in the grain interiors with profuse slip traces in
their vicinity. Scale bars, 10 um.

involving smaller voids formed at the carbide particles (54). Our
postmortem cross-sectional FIB experiment suggests the co-exis-
tence of both these void growth mechanisms for the shock
loading of CrCoNi; the left-hand side of Fig. 5A confirms a few in-
dividual voids just before the impingement, whereas the center part
of this figure highlights the shear-driven unstable growth of voids
into microcracks. TEM micrographs adjacent to the voids (Fig.
5B) suggest that there exists a higher density of planar defects (stack-
ing faults and nanotwins), indicating localized plasticity accompa-
nied by void growth.

Void growth can be complicated by thermal softening as it is in-
evitably coupled with heat generation induced by the shock com-
pression. Considering the extremely short time scale of the laser
shock, i.e., 10s of ns, and relatively low thermal conductivity of
HEAs, one can assume that adiabatic conditions prevail during
void growth. This leads to the heterogeneous rise in temperature
at the "hot spots.” Therefore, the resultant microstructure around
the voids after the passage of shock and release waves would likely
be subjected to a delayed annealing process. Our TEM observations
in Fig. 5C confirmed this hypothesis. The grain structure in the vi-
cinity of the voids was seen to be severely refined and displayed little
crystallographic relationship with the surrounding grains. This is
attributed to recrystallization of the heavily deformed material at
the locally elevated temperature. The transient nature of laser-
shock experiments renders a limited recrystallization time, which
leads to a nanocrystalline grain structure. Adjacent to the voids, a
local temperature increase was estimated to be on the order of
two times the average temperature of the sample, leading to local
recrystallization (fig. S6). Note that the interaction and

Zhao et al., Sci. Adv. 9, eadf8602 (2023) 5 May 2023

recombination of defects can also lead to reorientation of the
grain, also contributing to the recrystallization. Furthermore,
strong shear localization occurs when the thermal softening domi-
nates, which, in turn, generates additional sources of heat genera-
tion. Once shear localization is initiated, the degree of stress
triaxiality is reduced markedly such that the voids grow collectively
within the shear plane and rapidly develop into microcracks, as
shown in Fig. 5A.

Effects of interfaces and plasticity on the void growth

It has been demonstrated that individual voids can expand by the
emission of dislocation loops from the surface of the cavity (33,
40, 44). This mechanism was confirmed by our MD simulations
for the CrCoNi MEA, where it is evident that when the triaxial
stress reached a critical value, the void starts to grow with multiple
dislocation loops emitted from the void surface. A high density of
dislocations is generated, which moves away from the void surface
by glide during dynamic tensile loading. The mean free path of
these dislocations is constrained by the spatial dimension of the in-
terfaces, which, to a large degree, determines the final geometry of
the voids. Because a profuse array of planar defects, i.e., stacking
faults, nanotwins, and hcp nanolamella, are generated before void
nucleation during shock wave loading, it is reasonable to assume
that they serve to constrain the growth of the voids. To verify this
assumption and investigate the influence of planar defects created
during shock compression on subsequent void growth, additional
MD simulations on nanometer-sized void growth were carried
out. On the basis of the experimental observation, evenly spaced
stacking faults and nanotwins were introduced into the simulation
cells before void growth. A single-crystal sample without any planar
defects was also analyzed to serve as a reference.

Figure 6A illustrates the evolution of anisotropic void growth for
the two cases, namely, an initially defect-free cell and a cell with
twin boundaries. Exemplary void shapes are given in Fig. 6 (B
and C). In the planar defect—free sample (Fig. 6B), the void grows
uniformly because the dislocation loops emitted from voids are free
from constraint. However, with the introduction of evenly spaced
{111} nanotwins (Fig. 6C), they can effectively block the glide of
these dislocation loops; this accordingly influences void growth in
the [111] direction such that the final void geometry becomes
penny-shaped due to the confinement by the initial twin boundar-
ies (further details can be seen in movies S2 and S3). Figure 6D
shows the corresponding dislocation density distribution along
the [111] direction during void growth for both cells: the defect-
free cell and the one containing nanotwins. It is clear that the
emitted dislocation density is homogeneous in the defect-free cell,
whereas there is a high dislocation density along the twin boundar-
ies in the other cell due to dislocation-twin boundary interactions
(55-57). The simulations further confirm that stacking faults can
also influence the growth of voids, although they are not as effective
as twin boundaries, as shown in Fig. 6A. For plasticity-controlled
void growth, the volumetric growth rate of the void is mainly pro-
portional to the applied volume strain rate regardless of the detailed
microstructure (58). However, because plastic strain is created by
dislocation emission from the void surface, our MD simulations
demonstrate that microstructure does remarkably influence the
slip path of the emitted dislocations to change the final shape of
the voids, which would certainly act to influence their coalescence.
To support this hypothesis, additional simulations of void
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. Qro;s-section}LFlB in the vicinity of the spall plane

Fig. 5. Extreme deformation mechanisms adjacent to the voids. (A) Cross-sec-
tional FIB image in the vicinity of the spall plane reveals several microvoids along
the grain boundaries. Some microcracks, potentially resulted from void coales-
cence, were also observed. (B) TEM bright-field micrographs indicate that there
exists a high density of planar defects adjacent to the voids. (C) Voids coalescence
leads to severe plastic deformation, which largely refines the initially coarse-
grained materials. The grain size can be as small as a few tens of nanometers,
and, in some extreme cases, (D) amorphous band can be observed. Scale bars, 5
um (A), 500 nm (B), and 100 nm (C) and (D). All the TEM samples are taken near the
spall plane (rear surface) as shown schematically in Fig. 1C.

coalescence were conducted, specifically involving two initial voids
being created in the cells without and with initial twin boundaries;
the loading condition was held to be similar to the previous simu-
lations. Figure 6 (E and F) displays the final configurations of the
coalesced voids at same applied volumetric strain. In the planar
defect—free sample (Fig. 6E), the two voids have grown and are
about to coalesce to form a larger void; however, in the sample
with nanotwins (Fig. 6F), due to the interaction between the twin
boundaries and the dislocation, which results in anisotropic void
growth, the coalescence of the voids is delayed such that the two
voids remain separated (details are shown in movies S4 and S5).
The simplified MD models reveal that although the total volume
of the voids remains similar, the pre-existence of planar defects
(stacking faults, twins and hexagonal lamella) introduced by
shock compression can serve to delay the coalescence of certain
voids that generate enhanced spall strength and damage tolerance
under dynamic tension conditions.

Amorphization

Note that amorphous regions were also observed in the vicinity of
the shear-localized regions (Fig. 5D). They are likely to be formed by
the accumulation of defects, which leads to an increase in free
energy of the crystalline lattice when the local defect density (pg)
is sufficiently high (26, 59)

(2)

where Ejyice and E,morp are the free energy of the crystalline and
amorphous phases, respectively, G is the shear modulus, b is the

1
Elattice ( T) + 5 PdGb2 > Eamorp ( T)
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magnitude of the Burgers vector of the dislocations, and %pdsz
is approximately the stored elastic energy induced by the defects.
This corroborates with the previously reported phenomenon of me-
chanically induced solid-state amorphization in HEAs (60, 61).

Our MD simulations (Fig. 3F and fig. S7) indicate that the crys-
talline-to-amorphous phase transition preferably occurs in heavily
deformed regions where multiple stacking faults and nanotwins in-
teract with each other. Temperature rise produced by the shock
compression is also estimated and shown in fig. S7A; however, as
the temperature within the amorphous region is increased, it is
well below the melting point of the alloy and thus confirms the
solid-state nature of the phase transition. The radial distribution
function of the region containing the amorphous phase was calcu-
lated and compared with the pure crystalline phase (i.e., with the
sample at the same temperature but in the absence of mechanical
loading); this indicated a much-reduced peak intensity starting
from the second nearest neighbor, which confirms the disordered
nature of the transformed materials.

The formation of the amorphous domains increases the strain
energy absorption before fracture and thus provides an additional
energy dissipation mechanism during impact loading of the
CrCoNi-based HEA (26, 62). On the other hand, the appearance
of the amorphous phase may reduce the spall resistance of the ma-
terials as voids would nucleate preferentially in these domains (63).
This is still somewhat of an open question as the specific effect of
amorphization on the mechanical behavior of the materials is still
much in debate.

General remarks on HEAs subjected to high strain

rate loading

We schematically summarize the deformation and failure of this
MEA when subjected to very high strain rate laser-shock experi-
ments in Fig. 7. The material is initially plastically deformed by a
strong compressive wave, leaving a high density of defects behind
the shock front. These defects usually comprise planar faults such
as stacking faults, twins, and hexagonal lamella, leading to a 3D
nanointerface network. In addition, there are profuse geometrically
necessary dislocations generated along these nanointerfaces. Subse-
quently, upon shock wave release, the stress state becomes tensile
with the result that the material undergoes void nucleation,
growth, and coalescence, leading to outright failure. The compres-
sion-induced nanointerfaces play a vital role in the failure of the
alloy in tension, as they confine the geometry and redistribute the
nucleation of the voids. These mechanisms can ultimately improve
the spall strength and damage tolerance of the material and lead to
an excellent impact resistance of the MEA under strong shock
conditions.

Compared with the longer pulse gas gun experiments (64),
pulsed laser-driven shock experiment provides a higher magnitude
of stress (tens to thousands of GPa versus several to tens of GPa) and
strain rate (107 to 10%/s versus 10° to 10°/s), which consequently
leads to higher defect generation and storage in compression.
This can explain a substantial rate dependence of spall strength of
the CrCoNi-based HEAs when measured by various techniques
such as gas gun and pulsed laser-driven shock compression. We
summarize the dynamic behavior of CrCoNi-containing HEAs in
fig. S8; most of the alloys express similar strain hardenability at el-
evated strain rates, indicating their excellent mechanical properties
under extreme conditions (22, 23, 25, 65-72). Note that the
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Fig. 6. MD simulations of nanometer-sized void growth and coalescence in the CrCoNi MEA with different microstructures. (A) Anisotropic ratio of the single void
growth during loading. The blue line represents void growth in a single crystalline sample free of planar defects, the green line represents void growth in a sample with
evenly spaced SFs, and the red line represents void growth in a sample with evenly spaced twin boundaries. Final shape of the void (blue represents the void surface
atoms, and red represents the hcp atoms) for (B) the sample without initial defects and (C) the sample with evenly spaced twin boundaries. (D) Dislocation density
distribution in the simulation cell in [111] direction. Inset corresponds to the cell with twin boundaries (red curve). Green lines in the inset represents partial dislocation
lines. (E) Voids grow without pre-existing twin boundaries and with pre-existing twin boundary (F). For the visualization, hcp atoms are colored in red and void surface

atoms are colored in blue, with all the other types of atoms set to be invisible.

deformation and failure mechanisms demonstrated here are not
necessarily unique to HEAs but rather to fcc metals and alloys
with a low SFE (which of course includes many fcc MEA/HEAs).
For example, some austenitic steels (e.g., 304 and 316 stainless)
can achieve a dynamic strength that is as high, if not higher than,
the CrCoNi MEA (25). These alloys are also chemically complex
owing to the similar choice of alloying elements to the fcc HEAs.
Therefore, the detailed mechanisms in terms of the interaction
between the complex local chemical environment and the defect dy-
namics relevant to the damage accumulation should be similar in
these alloys. It should also be noted that HEAs usually contain
short range order (48, 73-78), the degree of which depends
heavily on the thermomechanical history of the specimen, which
is also likely to affect the dynamic behavior of the material (79).
Nevertheless, our experiments and MD simulations subject the
CrCoNi MEA to extremely high strain rates and provide evidence
and rationale on the sound impact resistance of the alloy. Higher
strain rate of the pulsed laser technique favors athermal deforma-
tion modes such as twinning and deviatoric phase transition. If
used properly, pulsed laser can also be applied to introduce benefi-
cial compressive residual strain field in alloys. Further improvement
in impact resistance may be obtained by tailoring the SFE of these
materials to promote TWIP, TRIP, and amorphization effects (80).
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MATERIALS AND METHODS

Preprocessing of the materials

The as-received material was a pristine, equiatomic, single-phase
CrCoNi MEA, cold rolled with reduction in thickness of 80%. It
was then annealed at 1000°C for 48 hours to reduce the deforma-
tion-induced defects and recrystallize the alloy. After annealing, re-
crystallization and grain growth resulted in a nominally equiaxed
grain size of ~100 pm. Because of the coarse grain size, the alloy
exhibited a relatively low tensile yield strength of ~200 MPa at
ambient temperatures (48), but the sequence of deformation mech-
anisms inherent in this MEA leads to continuous strain hardening.
The longitudinal (¢)) and transverse (c,) sound velocities were mea-
sured by pulse-echo ultrasonic method with ¢, _ 6 km/s and ¢, = 3.26
km/s. The bulk sound speed was calculated to be ¢, = 4.67 km/s.

Laser-shock experiments

Laser-shock experiments were conducted at the Omega laser facil-
ity, Laboratory of Laser Energetics, University of Rochester. The
352-nm wavelength laser with a nominal square pulse shape and
duration of 1 ns was focused (into a spot size of 3 mm in diameter)
onto the target package, which consisted of a 20-um polystyrene
ablator, followed by the actual target. For the three VISAR experi-
ments, MEA foils (100 um thick) were shocked using laser energies
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Fig. 7. Schematic illustration of the microstructure of the CrCoNi MEA during the laser-shock experiment. The material was first compressed along the direction of
shock wave propagation. A 3D network of defects and nanointerfaces forms on {111} planes, including annealing twins, stacking faults and hcp lamella initiated from the
grain boundaries, secondary defects between primary ones, and geometrically necessary dislocations enriched at the grain boundaries. The same material was then
subjected to a tensile stress, which leads to voids nucleation, growth, and coalescence. Many voids are located at the grain boundaries due to their intrinsically lower
strength than the grain interior. In addition, various voids emerged in regions where the compression-induced planar defects created more nucleation sites for void

nucleation.

between 100 and 150 J, yielding a nominal ablation pressure (P,,)
between 100 and 130 GPa using Lindl's scaling law (81), viz

I\?
Pab ~ 40 (X)

where [ is the laser intensity and A is the laser wavelength. For re-
covery experiments, thicker samples (2 mm) were placed behind the
thin foil. Similar laser energies were applied to the samples to
examine the microstructure from the compression side. Much
higher laser energies (two laser beams, each of which had a
nominal laser energy of 450 J) were used to cause spallation near
the rear surface of the sample and to characterize the deformed
microstructure.

Microstructural characterization

Multiscale deformation microstructures were examined. First,
cross-sectional EBSD measurements were conducted to identify
the microstructural gradient along the direction of shock wave
propagation. In particular, we focused on the region in the vicinity
of the fracture surface, which was located near the rear surface of the
sample. The GND density, pgnp, is calculated by the following
equation, which is commonly used in the literature (82)

%
PGND = ub

where b is the magnitude of the Burgers vector of full dislocation in
the CrCoNi MEA, u is unit length of the measured area (the step size
of the EBSD scan), and 0 represents the local misorientation angle,
which is approximated by the kernel average misorientation (less
than 3°). FIB milling was used to extract electron transparent
samples in the vicinity of the voids. TEM was used to characterize
the deformation microstructure.
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MD simulations

Two sets of MD simulations were conducted, including the non-
equilibrium MD simulations of shock compression and simulations
with nanometer-sized void growth induced in pre-existing micro-
structures, containing twins and/or stacking faults. For the shock
compression simulations, the shock waves were generated following
the widely used piston-driven method (83-85), where a constant
particle velocity U, in shock compression direction was assigned
to a thin slab of atoms in one end of the sample while the rest of
the system was simulated under conditions represented by the cons-
tant-energy, constant-volume (NVE) microcanonical ensemble.
The sample comprised the single-crystalline CrCoNi MEA contain-
ing around 3.84 million atoms and has a size of ~19 nm by 19 nm by
125 nm, with the shock direction oriented along the [110] direction.
Periodic boundary conditions transverse to the shock direction
were used. The sample was relaxed at temperature of 5 K for 30
ps and then followed by the piston drive. The piston velocity was
increased linearly from zero to U, = 1 km/s over 10 ps and then
kept constant.

For the nanometer-sized void growth simulations, a cubic sim-
ulation cell was created with size of ~30 x 30 x 30 nm, with single
crystalline structure containing stacking faults and/or nanotwins.
One or two spherical voids with radius equal to 1.5 nm were
created in the cell. Periodic boundary conditions were imposed in
all directions. To model the tensile stress generated by the reflecting
shock wave, a uniaxial tensile strain was applied to the sample in the
[111] direction at a strain rate of 10’ s ' ata temperature of 500 K in
a canonical ensemble with lateral strains impeded. The anisotropic
ratio of the void was computed as r = D”%ﬁ“", where D;15, D110
Dy, are the dimensions of the void in [112], [110], and [111] direc-
tions, respectively. All the MD simulations were performed using
the software package LAMMPS (86) with the atomic configurations
and dislocations post-processed and visualized through CAT (87)

8 of 11

€202 ‘90 AN Uo Aspyieg eiulojife) Jo AisieAlun e Bioaous 1os Mmm//:sdny WoJ) papeoumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

and OVITO (88). The embedded atom model potential for CrCoNi
was used to describe the interatomic interactions (89). Compared to
ab initio calculations and experiments, this potential successfully
matches the cohesive energies, lattice parameters, elastic constants,
and phonon frequencies. Of importance to plasticity studies, the po-
tential is well characterized in terms of the energetics of the stacking
faults (89). Since its introduction, the potential has been extensively
used for studying the CrCoNi alloy (48, 90-93), including the effects
of lattice distortion and chemical short-range order on the deforma-
tion mechanisms of the CrCoNi alloy under shock loading (63, 94).

Supplementary Materials
This PDF file includes:

Figs. S1 to S8

Legends for movies S1 to S5

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S5
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