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A B S T R A C T

Critical engineering applications, such as landing gears and armor protection, require structural materials with-
standing high strength and significant plastic deformation. Nanoprecipitate-strengthened high-entropy alloys
(HEAs) are considered as promising candidates for structural applications due to their enhanced strength and
exceptional work-hardening capability. Herein, we report a FeCoNiAlTi-type HEA that achieves ultrahigh giga-
pascal yield strength from quasi-static to dynamic loading conditions and superb resistance to adiabatic shear
failure. This is accomplished by introducing high-density coherent L12 nanoprecipitates. Multiscale character-
ization and molecular dynamics simulation demonstrate that the L12 nanoprecipitates exhibit multiple functions
during impact, not only as the dislocation barrier and the dislocation transmission medium, but also as energy-
absorbing islands that disperse the stress spikes through order-to-disorder transition, which result in extraordi-
nary impact resistance. These findings shed light on the development of novel impact-resistant metallic materials.
1. Introduction

Dynamic response of structural materials is crucial to engineering
applications, such as aerospace, defense technologies, and high-speed
trains [1–3]. With the growing demands for high strain-rate service
conditions, structural materials need to retain high strength and tough-
ness at high strain rates. The family of high-entropy alloys (HEAs) with a
single face-centered cubic (FCC) crystal structure and transitional ele-
ments exhibits remarkable damage tolerance at high strain rates due to
the extremely high strain-rate hardening ability resulting from multiple
strengthening mechanisms (e.g., forest dislocations, mechanical twin-
ning, phase transitions, etc. [4–16]). For example, the FeCoCrNiMn HEA
presents outstanding fracture toughness over a wide temperature range,
and the formation of adiabatic shear bands (ASBs) is retarded up to a very
large shear strain ~7 [17]. The Fe40Mn20Cr20Ni20 HEA shows high
strength of 1412 MPa and high tensile ductility of 33.3% at the high
strain rate [18]. The CoCrNi HEA exhibits excellent impact shear
toughness at both room and low temperatures [12]. However, such
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single-phase FCC-type HEAs generally show a relatively low impact
strength, which seriously limits their practical applications.

Recent studies have revealed that the introduction of coherent
nanoprecipitates can be an effective strategy toward superior strength-
ductility synergy. The dual-phase nanostructured HEAs are expected to
push the strength-ductility envelope into the previously inaccessible
territory [19–25]. Among them, the typical L12-strengthened
Co-Cr-Ni-Al-Ti HEA [19], Fe-Co-Ni-Al-Ti HEA [21], and
Fe-Co-Cr-Ni-Al-Ti HEA [22] have been proven to exhibit a superior
combination of strength and ductility. Their excellent tensile properties
can be attributed to the dense nanoscale precipitates and dynamically
activated plastic deformation mechanisms, particularly a strong effect of
microbanding, twinning, and phase transition. Although the quasi-static
deformation mechanisms of nanoprecipitate-strengthened HEAs have
been extensively elucidated, there is a dearth of studies on the dynamic
response, deformation mechanisms, and failure behavior. Nano-
precipitates can not only improve the quasi-static mechanical properties
of the materials, but also possess an obvious strengthening effect on the
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dynamic properties [26–29]. For instance, nickel-based superalloys
possess a high strength in the high-speed deformation because the high
density of γ0 nanoprecipitates can effectively hinder dislocation motion,
thereby greatly enhancing the strain-hardening capability [26]. Mean-
while, dislocation cutting through the nanoprecipitates will promote the
formation of anti-phase boundaries, which can further increase the strain
hardening rate and contribute to the high strength [30]. Moreover, the
nanoprecipitates can be regarded as the “unit” for energy absorption. The
fine dispersion of high-density nanoprecipitates can absorb more energy
[27–29], increasing damage resistance. However, there is still little in-
formation concerning the dynamic behavior of these
nanoprecipitate-strengthened HEAs under very high strain rates
exceeding 103 s�1.

Inspired by the above ideas, we employed the precipitation-
strengthening strategy to prepare a dual-phase (FeCoNi)84Al7Ti7 HEA
(denoted here as 7AlTi) with a high-volume fraction of coherent and
ordered L12 nanoprecipitates by powder metallurgy. We found that this
alloy exhibits superior strength and damage resistance than other tradi-
tional alloys at very high strain rates due to the incorporation of the
ductile L12 nanoprecipitates. At high strain rates, additional deformation
mechanisms (such as phase transformation) that are extremely difficult
to occur in quasi-static condition [21], are activated in the 7AlTi HEA,
contributing to the significant improvement of dynamic properties. In
particular, it is important to note that these coherent nanoprecipitates
can not only act as dislocation barriers during high-speed impact, but also
serve as energy-absorbing islands, enabling the alloy to exhibit high
strength without damage, which is the main reason for its excellent
impact resistance.

2. Results and discussion

2.1. Microstructure

The 7AlTi HEA was prepared by hot extrusion of gas-atomized pow-
ders (Fig. S1). Its crystal structure was examined by X-ray diffraction
(XRD) (Fig. 1a and S2), revealing that it is mainly composed of FCC and
L12 phases. In addition, there is a small fraction of submicron-sized L21
phase (Figs. S3 and S4), mainly distributed at the grain boundaries. The
electron backscatter diffraction-inverse pole figure (EBSD-IPF) map in
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Fig. 1b shows that the microstructure is composed of typical recrystal-
lized equiaxed grains with an average size of ~20 μm. The electron
channeling contrast imaging (ECCI) image in Fig. 1b further shows that
the high-density near-spherical L12 particles (average diameter of ~39.5
nm, Figs. S5 and 1c) are uniformly distributed in the matrix, with a
volume fraction as high as ~58%. The details of the duplex microstruc-
ture were analyzed by transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM). The selected area electron diffraction (SAED)
and fast Fourier transformation (FFT) patterns (Fig. 1d) show that the L12
nanoprecipitates are perfectly coherent with the FCC matrix with a very
small lattice mismatch around 0.17% from the XRD characterization
(Fig. S2). The chemical composition of the nanoprecipitates was inves-
tigated by TEM Energy Dispersive Spectroscopy (EDS) elemental map-
ping, and these nanoparticles are rich in Ni, Ti, and Al, but rare in Co and
Ni (Fig. S6).
2.2. Dynamic compression behavior

The mechanical response of the 7AlTi HEA under quasi-static and
dynamic uniaxial compression is presented in Fig. 2a. At room temper-
ature, the yield strength at 0.001 s�1 can reach 1090 MPa, nearly 6 times
that of the single-phase FeCoNi base alloy (Fig. S7a). More remarkably,
the 7AlTi HEA exhibits better strain-hardening capability than the
FeCoNi alloy after yielding (Fig. S7b). This can be attributed to the
hardening effect from the high-density L12-type nanoprecipitates [30,
31]. At the very high strain rate of 2400 s�1, its yield strength increases to
1350 MPa indicating a positive correlation between the strength and
strain rate (Fig. S8a). The strain rate sensitivity (SRS), m, can be used to
reveal the variations of the flow stresses with respect to the logarithmic
strain rates [32]. The SRS of the 7AlTi HEA can be divided into two
separate regions, i.e., quasi-static SRS (ms) and dynamic SRS (md). It can
be seen that the dynamic SRS is much higher than the quasi-static value,
mainly because the deformation-rate-controlling mechanisms change
from thermally activated dislocation motion to the drag of phonons and
electrons on dislocation motion [16]. Fig. S8a compares the dynamic SRS
of the 7AlTi HEA with many other HEAs and traditional
high-performance materials, including FeCoCrNiMn HEA, Inconel 718,
etc. [4,16,33–42]. Evidently, the 7AlTi HEA (md¼0.38) shows superior
dynamic SRS. It was reported that the existence of chemical short-range
Fig. 1. Initial microstructure of the 7AlTi HEA. (a)
XRD pattern showing the crystal structures; (b) EBSD-
IPF map and SEM image showing the typical equiaxed
grains; (c) TEM image showing the highly dispersed
L12 nanoprecipitates within the FCC matrix. The inset
showing the corresponding SAED pattern; (d) HR-
TEM image showing the interfacial coherency be-
tween the L12 nanoprecipitates and FCC matrix. The
FFT image highlighted by the red rectangle confirms
the FCC matrix in the zone axis of [011]. By contrast,
the superlattice spots shown in the yellow rectangle
region's FFT image revealing the L12-structured
nanoprecipitates.



Fig. 2. Dynamic compression behavior of the 7AlTi HEA subjected to dynamic impact with a loading strain rate of 2400 s�1. (a) Stress-strain curves under quasi-static
compression (εq¼10�3 s�1) and dynamic compression (εd¼2400 s�1); (b) Absorbed strain energy of the 7AlTi HEA under dynamic loading compared with other high-
performance materials [18,43–47]. The absorbed strain energy is calculated by integrating the area under the true stress-strain curves [29,43]. (c–f) Bright-field (BF)
TEM images showing the (c) dislocation planar slip along the {111} primary slip planes, (d) deformation-induced microbands, (e) nano-blocks induced by the crossed
SFs, and (f) L-C locks; (g) BF TEM and (h) HRTEM images showing the L12 nanoprecipitates are sheared by SFs, and the insert FFT pattern in (h) confirms the ordered
structure of the nanoprecipitates in the FCC matrix.
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order/clusters (SROs/SRCs) as well as the larger Peierls-Nabarro (PN)
barrier can increase the SRS of FCC-type HEAs [4,16]. In this HEA, the
large number of fine nanoprecipitates can act as short-distance obstacles
playing a decisive role in limiting the dislocation movement, which
further contributes to the improvement of the SRS [28]. In addition, as
shown in Fig. 2b, we further compare the absorbed strain energy of
various high-performance materials, including 7AlTi HEA, FeCoCrNiMn
HEA, FeCoCrNiMo0.2 HEA, FeCrNi HEA, Inconel 718, and 316 steel, etc.
[21,43–47], under dynamic loading (>500 s�1). Prominently, the
absorbed strain energy of the 7AlTi HEA at 2400 s�1 can reach 660
MJ/m3, much higher than that of other high-performance materials.
Therefore, the 7AlTi HEA exhibits ultrahigh gigapascal yield strength
from the quasi-static to dynamic loading regime, resulting in resistance to
damage.
3

To understand the high strain-rate deformation mechanisms, the
microstructures after dynamic compression were characterized. As
shown in Fig. 2c-2h, the density of deformation substructure is higher
than that of the sample after quasi-static deformation (Fig. S9). Massive
dislocation arrays are activated on the {111} slip planes, forming high-
density dislocation networks throughout the grains and accommoda-
ting deformation (Fig. 2c). The deformation-induced twinning and
martensitic transformation that often occur in the single-phase FCC HEAs
with low stacking-fault energy (SFE) are absent in the 7AlTi HEA. This is
mainly because the FeCoNi matrix has a high SFE, and the presence of
high-density nanoprecipitates is suggested to increase the nucleation
barrier for mechanical twinning or phase transformation [21]. However,
deformation-induced microbands are very prevalent in the 7AlTi HEA
(Fig. 2d), and act as the dominant deformation mechanism under
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dynamic compression.
Additionally, the interaction of high-density deformation-induced SFs

leads to extensive formation of Lomer-Cottrell (L-C) locks in the FCC
matrix and L12 nanoprecipitates, which further evolve into diamond-
shaped nano-blocks (Fig. 2e-2f). This kind of unique substructure pro-
motes dislocation accumulation and refine the grain size when plastic
strains increase, resulting in a prominent “dynamic Hall-Petch” effect
[31]. The geometric phase analysis (GPA) in Fig. S10 also quantifies the
noticeable strain fields in the nano-blocks, and the strain field mainly
resides along the L-C locks, implying that stronger forces are necessitated
for the nano-blocks on passing dislocations. As a result, various grain
refinement mechanisms can be activated in the 7AlTi HEA, such as SFs,
L-C locks, slip bands, and microbands, effectively enhancing the hard-
ening ability through the “dynamic Hall-Petch” effect. The beneficial
effect was also observed in other FCC materials [48–50], for example,
manganese steels. In addition, the dispersed L12 nanoprecipitates
(Fig. S11) have an important influence on the deformation behavior of
the 7AlTi HEA. The HRTEM images in Fig. 2g-h shows that the L12
nanoprecipitates can be sheared by SFs. During the deformation process,
the coherent L12 nanoprecipitates effectively hinder the dislocation
movement and thereby greatly increase the yield strength through the
dislocation shearing mechanism. The strengthening contribution of the
L12 nanoprecipitates was estimated to be ~795 MPa, as shown in Sup-
plementary Materials [20,24,25,50–54]. At the same time, they can
relieve stress concentration by cooperating with the deformation of the
matrix, which contributes to the high plasticity [55,56].
2.3. Dynamic shear behavior

Because of the excellent strain/strain-rate hardening effects and
decent resistance against thermal softening of the 7AlTi HEA
4

(Figs. S7–S8) [17,57–61], it is difficult for adiabatic shear localization to
initiate in the uniformly deformed cylindrical samples. The formation of
ASBs is usually recognized as an important failure mechanism in
extremely high strain-rate loading [17]. In order to investigate the
possible adiabatic shear localization behavior, a special geometry of
hat-shaped samples (Fig. S12a) was used to induce forced shear into a
narrow region and create large shear strains [62]. Fig. 3a shows the shear
stress vs. strain relationship of a hat-shaped sample with a displacement
of 1.14 mm. It can be found that the strain rate of the hat-shaped sample
(9.6�105 s�1) is significantly higher than that of the cylindrical samples.
Meanwhile, a distinct ASB is formed only at a large imposed shear strain
of ~4.6. It can be seen from Fig. S12c that the width of the ASB is ~2 μm,
which is much narrower than that of the imposed shear region (~100
μm). These results indicate that the ASB is difficult to form in the 7AlTi
HEA. Materials with higher hardenability and thermal softening resis-
tance show superior shear localization resistance [11]. The 7AlTi HEA
has exceptionally excellent hardenability (strain hardening and
strain-rate hardening) and decent thermal softening resistance, meaning
that the ASB hardly appears under the high strain-rate loading, which is
crucial for engineering applications. The plots for the impact shear
toughness and shear yield strength for the 7AlTi HEA along with other
high-performance materials [12,17,43,63–70], such as FeCoCrNiMn
HEA, CoCrNi HEA, 316L steel, and Ti-6Al-4V, etc., are presented in
Fig. 3b. As indicated, the 7AlTi HEA exhibits a superior combination of
impact shear toughness and shear yield strength when compared with
other high-performance materials, offering larger safety margin against
impact failure.

The microstructure in the highly deformed shear region was charac-
terized to reveal the deformation mechanisms. Due to the extremely high
shear strain rate and shear strain, the microstructure inside the imposed
shear region is completely different from the deformation substructure
Fig. 3. Dynamic shear behavior of the
7AlTi HEA subjected to dynamic impact
with a loading strain rate of 9.6�105

s�1. (a) Shear stress vs. shear strain for
the hat shaped specimen; (b) Impact
shear toughness as a function of the
shear yield strength for the 7AlTi HEA,
along with the data for other high-
performance materials [12,17,43,
63–70]. The impact shear toughness can
be calculated by integrating the area
under the shear stress-strain curve [12].
TEM image showing the deformation
microstructure inside the transition re-
gions: (c) microbands, (d) nanotwins,
(e–f) amorphous bands, (g–h) martens-
itic transition, and (i–j)
order-to-disorder transition.
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after quasi-static or dynamic uniaxial compression. The shear region
mainly consists of the inner ASB and the outer transition region. The
grains in the ASB are completely refined and are ultrafine equiaxed
(Fig. S12d). These ultrafine grains are formed by significant rotational
dynamic recrystallization, which has been described in many metallic
materials [17]. Since the ASB is formed by the local shear instability, here
we focus on the microstructural evolution in the transition region.

The deformation substructure within the transition region mainly
involves high-density microbands (Fig. 3c), twins (Fig. 3d), martensites
(Fig. 3g-h), and amorphous bands (Fig. 3e-3f). The deformation-induced
twins and amorphous bands are usually difficult to appear in the L12
nanoprecipitate-strengthened Fe-Co-Ni-Al-Ti HEAs [71], which implies
that high strain-rate and large strain promote the emergence of these
deformation mechanism. The multiple deformation behavior can
continuously refine the grains during shear deformation, which enhance
the strain hardening rate, retarding shear localization to higher shear
strain levels. The TEM images in Fig. 3g-h shows the appearance of
large-area body-centered cubic (BCC) martensite. The activation of
martensitic transition can be explained through the following argument.
Firstly, the matrix of the L12 nanoprecipitate-strengthened Fe-Co--
Ni-Al-Ti HEA, such as the Al8Ti6 [71], contains a higher Co content and a
lower Ni content, showing a significant martensitic phase transition
tendency. Al-containing HEA systems are also favorable for the FCC-BCC
martensitic transition [72], and the chemical compositions of the matrix
in the 7AlTi HEA are listed in Table S1. Secondly, the large shear strain in
the transition region greatly promotes the martensitic transition [72,73].

In addition, we observed a very interesting phenomenon: the L12
nanoprecipitates undergo an order-to-disorder transition accompanied
by an amorphization under such an extremely high strain rate, as shown
in Fig. 3i-3j. However, this amorphization did not lead to the change in
the chemical composition of the L12 nanoprecipitates (Fig. S13). This
indicates that L12 nanoprecipitates are the main carriers of deformation
in the nanoprecipitate-strengthened materials, and shows a strong
5

disordering tendency under the severe shear of dislocation pairs. This
order-to-disorder transition is actually another additional deformation
mechanism in the L12 nanoprecipitate-strengthened HEAs besides
deformation-induced microbanding, twinning, martensitic transition,
and amorphization, contributing to the improvement of strain-hardening
capability [74].

To gain further insights into deformation mechanisms under extreme
impact loading, the deformation processes in the 7AlTi HEA are inves-
tigated by atomic simulations (see Supplementary Materials). Fig. 4a
shows the atomic snapshots of the 7AlTi HEA at different times under the
high-speed shock wave. It can be seen that multiple deformation path-
ways, including high-density dislocations, microbands, twins, BCC
martensite, and amorphous segments, can be activated. However, the
amorphous regions appear at high deformation strain due to the suffi-
ciently high system energy required for driving the amorphization, which
is quite different from the twin and stacking fault mechanisms in the
precipitate-free 7AlTi HEA. The 3D planar defect network (Fig. 4b) shows
the details of deformation microstructure, and the amorphous segments
are nucleated mainly at the intersection of multiple SFs where the local
stresses are more concentrated. To understand the deformation mecha-
nisms associated with the L12 nanoprecipitates, the local microstructure
evolution near the precipitate is investigated in detail from cross-
sectional slices (Fig. 4c). From the snapshots in the high-magnification
view (Fig. 4d), it can be seen that the L12 nanoprecipitates can act as
dislocation barriers and dislocation transmission media during the
deformation process, thereby greatly improving the strain-hardening
capability. High-density planar defects lead to significant dislocation
and SF accumulation after passing through the L12 nanoprecipitates. This
in turn generates a large local stress field. Since the order-to-disorder
transition requires a large amount of energy for nucleation, the transi-
tion preferentially occurs at defect interaction sites inside the L12
nanoprecipitates, where the defect density is high and the local stress is
large. In addition, the deformation microstructure of the nanoprecipitate-
Fig. 4. Predicted deformation microstructure of the
7AlTi HEA subjected to dynamic impact from atomic
simulations. (a) Full view of the deformation micro-
structure at different impact moments (2, 4, and 4.5
ps). The green, red, blue, and gray atoms represent
FCC structure, SF structure, BCC structure, and
disordered structure, respectively. (b) 3D planar
defect network, including SFs, microbands, L-C locks,
twins, BCC segments, and amorphous regions. (c)
Disorder transition of L12 nanoprecipitates during the
impact process. The atoms are colored according to
atomic type, and the L12 nanoprecipitates are marked
by white circles. (d) Shear strain fields around the L12
nanoprecipitates. High shear strains induced by the
interaction of planar defects lead to the order-to-
disorder transition of the L12 nanoprecipitates.
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free 7AlTi HEA is also investigated under the same impact condition
(Fig. S14). It can be clearly seen that the density of the deformation
microstructures is significantly lower, and the amorphous phase is
difficult to nucleate. Therefore, the introduction of the L12 nano-
precipitates can activate multiple deformation pathways in the 7AlTi
HEA, especially amorphization, which contributes to the improvement of
strength and toughness. At the same time, the high-density L12 nano-
precipitates can dissipate more impact energy through order-to-disorder
transition, thereby enhancing the damage resistance.

2.4. Illustration of deformation mechanism

Based on the above analysis, we schematically summarize the strain-
rate-dependent deformation mechanism of the 7AlTi HEA in Fig. 5.
Under quasi-static loading, the dislocations, SFs, and microbands are the
main deformation substructure. As the strain rate increases, the dominant
deformation mechanism remains unchanged, but the density of the
deformation substructure increases significantly. Meanwhile, more
planar slip systems are activated, which greatly promotes the formation
of a large number of L-C locks and interaction between SFs and L12
nanoprecipitates, resulting in a sustained hardening ability and excellent
dynamic mechanical properties. At the extremely high strain rate,
deformation-induced twinning, martensitic transition, and amorphiza-
tion which are difficult to form in the L12 nanoprecipitate-strengthened
HEAs appear. These additional deformation mechanisms work together
with dislocation slip, L-C locks, and microbands to provide multiple
pathways for the dissipation of the impact strain energy, preventing the
generation and further development of ASBs. It is particularly note-
worthy that, unlike single-phase FCC HEA, the high-density L12 nano-
precipitates exhibit multifunctionality during deformation, which can
not only hinder dislocation motion, improving the strength through the
particle shear mechanism, but also serve as dispersed energy-absorbing
sinks under extremely high impact loading, greatly consuming the
impact strain energy through the order-to-disorder transition. Thus, the
material is endowed with excellent dynamic mechanical properties.

3. Conclusions

In summary, we found that by introducing a high density of coherent
L12 nanoprecipitates, the single-phase FCC HEA system attains superior
dynamic properties to most structural materials. The coherent nano-
precipitates can effectively improve the strength through particle
Fig. 5. Schematic illustration of the deformation mechanisms in the 7AlTi HEA during
locks and microbands; (c) Microbands, nanotwins, amorphous bands, martensitic tra
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shearing mechanism. At large shear strains under dynamic deformation,
these nanoparticles can also provide an additional deformation mecha-
nism for the 7AlTi HEA in addition to dislocation slipping, twinning,
microbanding, and martensitic transition. The order-to-disorder transi-
tion in nanoparticles coordinates plastic deformation and dissipates
impact strain energy. These multiple deformation pathways endow the
7AlTi HEA with excellent dynamic properties, making it a viable candi-
date for extreme load applications. We believe that this alloy design
strategy of introducing coherent nanoprecipitates into high-performance
materials can greatly improve the development of impact-resistant
structural materials.

4. Materials and methods

4.1. Materials preparation

The 7AlTi HEA was fabricated by the powder metallurgy method.
Firstly, high-purity (>99.99%) Fe, Co, Ni, Al, and Ti raw materials were
melted into liquid melt, and then atomized by Ar with 4 MPa atomization
pressure. The received powders were shown in Figs. S1a and S1b. Sub-
sequently, the powders with a mean particle size (d50) of ~28 μm
(Fig. S1c) were encapsulated into a 45# steel tank (Φ50�150 mm), pre-
heated at 1150 �C for 1 h, and immediately hot extruded to a bar with an
extrusion ratio of 7:1, followed by air cooling to the room temperature.
The chemical compositions of the gas-atomized powders and extruded
samples were listed in Table S2. In addition, the FeCoNi base alloy was
prepared by arc melting for comparison. All the samples were repeatedly
melted for at least 5 times to promote the chemical homogeneity, and
then dropped cast into a 15 mm�15 mm�50 mm copper mold.

4.2. Quasi-static and dynamic mechanical testing

Quasi-static compression experiments were conducted on an Instron
universal testing machine. Dynamic compression and shear experiments
were performed by a split Hopkinson pressure bar (SHPB) system. Cy-
lindrical samples (Φ4�6 mm) were used in the quasi-static/dynamic
compression testing. Hat-shaped samples were used in the dynamic
shear experiments, and a series of hood heights (h¼0.42, 0.6, 1.14, 1.58
mm) were designed to generate ASBs (Fig. S15). The incident and
transmission signals were collected by the dynamic strain indicator to
calculate the true stress, true strain, and strain rate. The details of the
calculation process can be found in previous work [13,14]. All the
plastic straining. (a) Dislocations, SFs and microbands; (b) Dislocations, SFs, L-C
nsition, and order-to-disorder transition.
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samples were cut along the extrusion direction by electro-discharge
machining and then mechanically polished with SiC papers.

4.3. Microstructural characterization

Concentrations were measured by inductively coupled plasma atomic
emission spectrometer (ICP-AES, ICAP-7600) and oxygen/nitrogen
analyzer (TCH-600). Phase constitutions were analyzed by an X-ray
diffractometer (XRD, Advance D8) with Cu Kα radiation in a scanning
angle range from 20� to 100�. The lattice mismatch value between the
L12 nanoprecipitates and FCC matrix was calculated by a Rietveld
refinement analysis (MAUD software) of the XRD data (Fig. S3). The
lattice mismatch (δ) can be estimated by the following equation:
δ¼2(αnanoprecipitate�αmatrix)/(αnanoprecipitateþαmatrix) [23], where
αnanoprecipitate is the lattice parameter for the L12 nanoprecipitates and
αmatrix is the lattice parameter for the FCC matrix. Specific heat capacity
was measured by a differential scanning calorimeter (DSC, Netzsch STA
449 F3) at a heating/cooling rate of 10 K/min. Microstructure was
analyzed by a scanning electron microscope (SEM, Helios Nanolab G3
UC) equipped with an electron backscatter diffraction (EBSD) instru-
ment. Chemical analyses at the macroscale were performed on an Elec-
tron Probe Micro-analyzer (EPMA, JXA-8530F). SEM/EPMA specimens
were mechanically polished, and EBSD specimens were electro-polished
in a solution of 10% HClO4 and 90% C2H5OH at�30 �C with a voltage of
30 V. The detailed microstructure was investigated using a transmission
scanning electron microscope (TEM, Tecnai G2 F20) coupled with energy
dispersive spectrometer (EDS). The volume fraction of different phases
was measured from their area fractions by a commercial software pack-
age (Image-J). At least one hundred particles were included to obtain the
average value. Conventional TEM specimens were prepared by me-
chanically grinding and followed by electro-polishing to a thickness of
electron transparency. Site-specific focused ion beam (FIB) TEM speci-
mens in the shear region were prepared by a Thermo Fisher Scientific
HELIOS FEl FIB machine with a 25 kV–30 kV Ga ion beam.

4.4. MD simulation

Molecular dynamics (MD) simulations were performed by the large-
scale atomic/molecular massively parallel simulator (LAMMPS) [75].
The FeCoNiAl HEA was modeled by the classical embedded atommethod
(EAM) potential [76]. To investigate the shock loading, a single-crystal
HEA containing a coherent nanoprecipitate with a 5 nm radius was
constructed and oriented along the crystallographic axes of x-[100],
y-[010] and z-[001]. The Fe, Ni, Co and Al atoms in the FeCoNiAl HEA
were randomly distributed, while the nanoprecipitates were composed
solely of Ni and Al. The FeCoNiAl HEA model was created by starting
with only Fe atoms, followed by randomly substituting the Fe atoms with
Co, Ni, and Al atoms. The nanoprecipitates are assumed to only contain
Ni and Al. The shock-loaded sample dimensions were 17.9�17.9�55.0
nm3, comprising 1,550,000 atoms. The constructed structures were first
equilibrated by the conjugate gradient (CG) method to minimize energy
and subsequently annealed at 5 K and 0 bar pressure in the NPT ensemble
(Nose-Hoover thermostat and Parrinello-Rahman barostat [77,78]) for
100 ps. During the thermal relaxation, the pressure was controlled by the
Parrinello-Rahman method, while the temperature regulation was ach-
ieved via the Nose-Hoover technique with a damping constant of 100 MD
steps. A time step of 1 fs was chosen to ensure accurate equilibration,
with periodic boundary conditions applied in all directions. The low
temperature of 5 K was specifically selected to mitigate potential artifacts
arising from high strain rates. Shock loading was applied along the z-axis
by introducing a rigid piston at the base of the sample, moving at a
constant velocity of 1.1 Å/ps (1.1 km/s). Periodic boundary conditions
were imposed in the lateral directions (x and y), while the z-direction
remained free. The piston-induced planar shock wave generated a strain
rate of 0.021–0.022/ps over a 15 ps duration. Atomistic interactions
involving the piston and the sample were modeled using the same
7

interatomic potential, though the piston atoms were excluded from the
MD simulations. The NVE ensemble was employed during shock loading,
with atomic trajectories integrated using a predictor-corrector method
and a time step of 1 fs. Crystallographic structures, dislocation lines, and
atomic trajectories were visualized using OVITO [79]. The common
neighbor analysis (CNA) [80] identified local atomic structures. Dislo-
cation evolution was analyzed via the dislocation extraction algorithm.
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