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� A crystalline-amorphous
nanostructured top surface layer is
developed on a high-entropy alloy by
laser surface processing.

� The phase decomposition-mediated
mechanisms forming the crystalline-
amorphous nanostructured surface
layer are uncovered.

� Localized micro-pillar compression
tests on surface layer shows an
ultrahigh yield strength and a good
compression strain .

� The co-deformation cooperative
actions include dislocation activities
in nanograins but crystallization in
amorphous GBs.

� The co-deformation cooperative
effects subsequently lead to the grain
coarsening via GB-mediated
plasticity.
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Heterogeneous crystalline-amorphous nanostructures have been documented to show superior strength-
ductility synergy via the co-deformation cooperative effects of nanograins and amorphous grain bound-
aries. In this work, a facile laser surface remelting technique with rapid cooling rate was successfully
developed to fabricate a � 100 lm-thick gradient nanostructured layer accompanied by phase decompo-
sition on a TiZrHfTaNb0.2 high-entropy alloy, where a � 5 lm-thick crystalline-amorphous nanostruc-
tured top surface layer with an average grain size of � 7 nm was obtained. Such crystalline-
amorphous nanostructured layer shows an ultrahigh yield strength of � 6.0 GPa and a compression strain
of � 25 % during the localized micro-pillar compression tests. The atomic observations reveal that co-
deformation cooperative mechanisms include the well-retained dislocation activities in nanograins but
crystallization in amorphous grain boundaries, which subsequently lead to the grain coarsening via grain
boundary-mediated plasticity. This study sheds light on the development of high-performance
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high-entropy alloys with novel crystalline-amorphous nanostructures and provides significant insight
into their plastic deformation mechanisms.
� 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Strength and ductility are crucial properties of metals, but they
are naturally exclusionary [1–4]. Metals could be either crystalline
or amorphous (without long-range atomic order) structures. Gen-
erally, dislocation activities-dominated plasticity makes crystalline
metals relatively soft but ductile, different from the ultrastrong but
brittle amorphous counterparts without lattice dislocation slips
[5,6]. Note that nanoscaling has diverse effects on the mechanical
properties of crystalline and amorphous metals. Dislocation multi-
plication and motion are severely suppressed by the increased
grain boundaries (GBs) in strengthened nanocrystalline (NC) met-
als (i.e. Hall-Petch relation [7,8]) would largely scarify their ductil-
ity [4,9–11]. A strengthening-softening transition (i.e. inverse Hall-
Petch relation [12]) might be even triggered by fully GB-mediated
plasticity in extremely-refined NC metals. In contrast, a brittle-to-
ductile transition may happen in nanosized amorphous metals,
owing to the inhomogeneous-to-homogeneous flow transition in
shear bands against the localized failure [13]. Therefore, superior
strength-ductility synergy has been recently obtained via the co-
deformation cooperative effects in the constructed heterogeneous
crystalline-amorphous nanostructures (e.g. NC ‘‘core” surrounded
by nanosized amorphous ‘‘shell” GBs) [14–17].

Severe plastic deformation processes have been evidenced to
cause the amorphization in NC metals for forming crystalline-
amorphous nanostructures [16,18–21]. Besides, it could also be
effectively generated through nanocrystallization in an amorphous
matrix, such as sputtering [14,15,17] and laser processing tech-
niques [22] with rapid cooling/solidification rates (105-108 K/s).
In particular, the laser surface remelting (LSR) technique can offer
the most rapid solidification/cooling rates at the outmost surface
which are then gradually decayed to the inner region of the spec-
imens. Therefore, the LSR technique could be developed to realize
the crystalline-amorphous nanostructured surface layer on the
generated gradient nanostructured (GNS) specimens [23–25].

High-entropy alloys (HEAs) composed of multi-principle ele-
ments (normally being single solid-solution or multi-phase crys-
talline structures) have drawn great attention due to their
exceptional properties [26–29]. Noticeably, some crystalline HEAs
could also form amorphous structures, especially for those with
similar compositions (e.g. TiZrHfCuNi [30], CuNiPdPtP [31], and
FeCrCoNi [22]). Therefore, a superior strength-ductility synergetic
crystalline-amorphous nanostructured surface layer should also
be expected to be constructed on HEA systems by the LSR tech-
nique. It was suggested that amorphous GBs can effectively impede
and/or sink dislocation slips from nanograins; while dislocations
accumulated in their interfaces can suppress the localized shear
bands from amorphous GBs [15]. However, the formation process
and so-called co-deformation cooperative actions (e.g. dislocations,
possible further amorphization or crystallization [24,32,33], and
heterogeneous characteristics) of the LSR-produced crystalline-
amorphous nanostructured surface layer on HEA still need to be
further verified and dissect at the atomic level.

Herein, a facile LSR technique was developed to fabricate a
crystalline-amorphous nanostructured surface layer with an aver-
age grain size of � 7 nm on a GNS TiZrHfTaNb0.2 HEA by gradient
phase decomposition. It shows an ultrahigh yield strength
of � 6.0 GPa and a compression strain of � 25 % by the micro-
pillar compression tests. High-resolution transmission electron
2

microscope (HRTEM) observations reveal the co-deformation
cooperative actions that include the well-retained dislocation
activities in nanograins but crystallization in amorphous GBs,
which subsequently lead to the grain coarsening via GB-
mediated plasticity.

2. Experimental

2.1. Sample preparation

The TiZrHfTaNb0.2 HEA was produced by vacuum arc melting
using high-purity (>99.9 wt%) composing elements (i.e. Ti, Zr, Hf,
Ta and Nb) with an atomic ratio of 1:1:1:1:0.2. A 2-kW fiber laser
system (MSV-200 W, M�SOLV) was used to conduct the LSR pro-
cess and thus generate a GNS surface layer on the as-cast plates
under Ar shielding gas with a laser power of 90 W, a scanning
speed of 30 mm/s, and beam spot size of 500 lm, as referred to
our previous work [23].

2.2. Microstructure characterizations

The microstructure of the as-cast alloy was analyzed by elec-
tron backscatter diffraction (EBSD, Oxford, Nordlys Max2)
equipped in a scanning electron microscope (SEM, TESCAN MIRA
3). The phase structures of the as-cast and laser-treated alloys at
various depths were identified by X-ray diffraction (XRD) per-
formed on a Rigaku Smartlab-9 kW diffractometer with Cu-Ka
radiation (k = 1.54 Å, 45 kV, 200 mA). The laser-treated specimen
was first mechanically polished from the topmost surface to a cer-
tain target depth, then the grazing incident X-ray scattering (graz-
ing angle x = 1�) was adopted. Finally, a series of XRD
measurements at different depth layers from the inner region to
the topmost surface region was performed to measure the evolu-
tion of phase structures with decreasing depths in the laser-
treated specimens. The cross-sectional microstructure of the
laser-treated specimen was examined by a scanning electron
microscope (SEM, TESCAN VEGA 3), and the microstructural evolu-
tion along the depth direction of the laser-treated specimen was
systematically investigated by plane-view HRTEM (JEOL JEM-
2100F), as well as high-angle annular dark-field scanning TEM
(HAADF-STEM) equipped with energy-dispersive X-ray spec-
troscopy (EDS). Before the SEM cross-sectional examinations, the
samples were first etched in the Kroll reagent (3 vol% HF and
6 vol% HNO3) for 10–15 s. As for the sample preparation for the
plane-view TEM observations at different depth layers, we first
mechanically polished from the topmost surface side to a target
depth layer and then polished from the opposite side, forming a
TEM thin foil with a thickness of � 25 lm. To ensure accuracy, a
high-precision micrometer was used to measure the depth and
thickness of samples. Finally, the prepared TEM thin foil at a target
depth layer was further single-side ion thinned from the opposite
side by using the precision ion polishing system (Gatan 691) before
the TEM plane-view observations.

2.3. Hardness and Micro-pillar compression tests

The Vickers microhardness was measured along the depth
direction of the laser-treated specimen under a load of 200 gf for
10 s on a microhardness tester (HXD-1000TMC/LCD). For the local-
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Fig. 1. Microstructure of the as-cast TiZrHfTaNb0.2 HEA. (a) EBSD inverse pole figure. (b) Statistical grain size distribution, and (c) XRD pattern.
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ized mechanical properties, we first prepared a series of micro-
pillar samples with a diameter of U = 1 lm and a height of
2.5 lm (the aspect ratio was 2.5) at different depth layers along
the depth direction in the laser-treated specimens by using the
focused ion beam (FIB; Helios NanoLabTM 600i, FEI) milling system.
Then, the micro-pillar compression tests were performed on a
nanoindentation system (Hysitron TI950) at ambient temperature,
which has a diamond flat-punch tip with U = 11 lm and is under
the displacement control mode. For all compression tests, the total
displacements of the nanoindentation tip were � 625 nm with a
constant strain rate of 1 � 10-3 s�1. Finally, the compressive engi-
neering stress–strain curves along the depth direction could be
obtained according to the measured force and displacement. Three
independent micro-pillar compression tests were performed at
each depth layer to maintain the experimental reliability. The
TEM samples of compressed pillar were prepared by the FIB milling
system.
3. Results

3.1. Microstructural evolution of the laser-treated TiZrHfTaNb0.2 HEA

Fig. 1 displays the microstructure of the as-cast TiZrHfTaNb0.2
HEA. It shows that the as-cast specimen has a body-centered-
cubic (BCC) solid-solution phase (Fig. 1a) with an average grain
size of � 115 lm (Fig. 1b), and the corresponding lattice constant
is determined to be a = 3.345 Å. The cross-sectional microstructure
of the laser-treated TiZrHfTaNb0.2 HEA is shown by cross-sectional
SEM image in Fig. 2a, which evidences a � 100 lm-thick GNS layer
Fig. 2. (a) Cross-sectional SEM image showing the morphology along the depth directio
different depths. (c) Variations of the FWHM of BCC (110) and the volume fraction of FCC
analysis.
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generated on the laser-treated specimen. This GNS layer is com-
posed of submicron-sized dendrite grains with increasing domain
size along the depth. The XRD patterns in Fig. 2b reveal that the
original single BCC phase structure keeps at the depths of 55–
65 lm. Face-centered-cubic (FCC, afcc = 4.910 Å) and minor
hexagonal-close-packed (HCP, ahcp = 3.180 Å, c = 5.030 Å) phases
are gradually transformed when approaching the top surface, sim-
ilar to our precious work [23]. Fig. 2c provide the refinement anal-
ysis of XRD patterns and variation of the full width at half
maximum (FWHM) of BCC (110) with decreasing the depth,
respectively. Accordingly, the calculated volume fraction of FCC
phase gradually increases to as high as � 80 % at the topmost sur-
face layer, where the large value of FWHM also implies the occur-
rence of amorphous phase.

Further plane-view TEM observations at different depths
(Figs. 3-7) demonstrate the obvious grain refinement and phase
transformation when approaching the topmost surface. To be
specific, ultrafine equiaxed grains with an average grain size
of� 270 nm are primarily formed at the depth of 40–60 lm (Fig. 3-
a-b). It is found that the original single BCC phase is decomposed
into another two BCC phases with compositional segregation (i.e.
TiTaNb-rich and ZrHf-rich phases), as evidenced by the selected
area electron diffraction (SAED) patterns and the corresponding
STEM-HAADF image with EDS mapping in Fig. 3c-f. The SAED pat-
terns in Fig. 3d-e show that two decomposed BCC phases have sim-
ilar lattice constants of a = 3.35 Å, close to that of the original
TiZrHfTaNb0.2 BCC phase.

When the depth reduces to 20–40 lm, numerous FCC-
structured lamellar precipitates with a lattice constant of
a = 4.94 Å are found inside the ultrafine equiaxed matrix BCC
n of the laser-treated specimen. (b) XRD patterns of the laser-treated GNS layer at
phase along the depth away from the topmost surface estimated via XRD refinement



Fig. 3. Microstructure and composition of the GNS layer at the depth of 40–60 lm. (a) Bright-field TEM image. (b) Statistical grain size distribution. (c) High-magnification
bright-field TEM image. (d-e) SAED patterns of grain d and e in (c), respectively. (f) STEM-HAADF image and EDS mapping of the selected region f in (c).

Fig. 4. Microstructure and composition of the GNS layer at the depth of 20–40 lm. (a) Bright-field TEM image. (b) SAED pattern of the selected area in (a). (c) High-
magnification bright-field TEM image. (d) Statistical lamellar width distribution. (e) STEM-HAADF image and EDS mapping. (f) HRTEM image of adjacent BCC and FCC grains.
(g) and (h) are corresponding FFT pattern and IFFT image of the selected area in (f). (i) IFFT image of FCC grain in (h).
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grains, leading to a formation of specific alternating nano-lamellar
microstructure with an average lamellar width of � 39 nm, as
shown in Fig. 4a-d. The FCC lamellar precipitates are determined
to be enriched by Zr and Hf elements, according to the STEM-
HAADF mage with EDS mapping (Fig. 4e) and the HRTEM images
associated with fast Fourier transform (FFT) patterns (Fig. 4f-i).
The formation of the specific nano-lamellar structure should be
related to the composition-segregation phase transformation dur-
ing the LSR rapid cooling/solidification process [34]. In the rapid
cooling/solidification process, the earlier formed composition-
4

segregation phase and the later formed phase alternately facilitate
the nucleation and growth of each phase at their interfaces, leading
to the specific alternative layered eutectic structure at the nanos-
cale level [34,35].

At the depth layer of 10–20 lm, the above FCC nanolaminates
are further refined to the finer nanostructure consisting of irregu-
larly shaped aggregates or chains interconnected [36], as TEM
images shown in Fig. 5a, forming the continuous network with
an average size of � 35 nm (Fig. 5b). Apart from the pre-
transformed ZrHf-rich FCC and matrix BCC phases (Fig. c-d), one



Fig. 5. Microstructure and composition of the GNS layer at the depth of 10–20 lm. (a) Bight-field TEM image. (b) Statistical grain size distribution. (c) Corresponding SAED
pattern. (d) STEM-HAADF image. (e) EDS mapping of the selected area in (d).
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diffraction ring for the HCP phase can also be indexed in the corre-
sponding SAED pattern in Fig. 5c, indicating a low volume-fraction
HCP phase formed in this depth.

It becomes a typical equiaxed nanograined structure with a
continuously refined average grain size of � 14 nm at the depth
of 5–10 lm (Fig. 6a-d). The atomic observations reveal the lat-
tice constant of the HCP phase as ahcp = 2.94 Å and chcp = 5.16
Å (Fig. 6e-f), in good agreement with the calculated results of
XRD patterns.

More interestingly, at the top surface layer (depth of 0–5 lm),
nanograins are found to be extremely refined to only � 7 nm,
and embraced by thick amorphous GBs (Fig. 7a-c). It is confirmed
by the SAED patterns composing of obvious amorphous diffraction
ring in Fig. 7b and the typical HRTEM image (Fig. 7d), thereby ver-
ifying the heterogeneous crystalline-amorphous nanostructured
surface layer on TiZrHfTaNb0.2 HEA by the LSR technique. Consis-
tent with the XRD results (Fig. 2b-c), nanograins (including dense
5

decomposed FCC phase, few decomposed HCP phase, and BCC
phase) and amorphous GBs can be well indexed by the atomic
Fourier-filtered images and corresponding inverse FFT (IFFT) pat-
terns in Fig. 7e-h. While the STEM-HAADF images with EDS map-
ping (Fig. 7i) and the captured linear elemental distribution
(Fig. 7j) reveal that Ti, Zr, and Hf atoms tend to enrich in the amor-
phous GBs.

Accordingly, the variation of grain size along depth direction
is summarized by Fig. 8, which indicates a gradual decrease
from the � 115 lm of base material to only � 7 nm of the
topmost surface layer. Meanwhile, the microhardness shows
an inverse trend that the value increases from � 250 HV in
the base material to � 660 HV (approximately 2.8 times) at
the topmost surface, suggesting a significant surface
strengthening effect after the LSR treatment. The results verified
that the crystalline-amorphous nanostructure surface layer was
formed on TiZrHfTaNb0.2 HEA with GNS layer by LSR technique.



Fig. 6. Microstructure of the GNS layer at the depth of 5–10 lm. (a) Bight-field TEM image. (b) Corresponding SAED pattern. (c) HRTEM image showing the NGs. (c) Statistical
grain size distribution. (e) HRTEM image of adjacent nanograins. (f) Corresponding FFT pattern and IFFT image of the selected area f in (e), showing the HCP phase at this
depth. (g) The corresponding FFT pattern and IFFT image of the selected area g in (e), showing the FCC phase with twinning at this depth.
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3.2. Localized mechanical properties

The specific mechanical properties at the different depth layer
along the gradient direction of the laser-treated specimen were
evaluated by localized micro-pillar compression tests, as shown
in Fig. 9a. The yield strength of the base material is determined
to be 1.1 ± 0.1 GPa. Attributed to the grain refinement and phase
decomposition, the yield strength is obviously enhanced with the
decrease of the depths. More specifically, the values of yield
strength are examined to be 1.6 ± 0.2 GPa, 4.0 ± 0.6 GPa,
4.5 ± 0.5 GPa and 5.2 ± 0.7 GPa at the depth of 60 lm, 40 lm,
20 lm and 10 lm, respectively. Remarkably, the best strength-
ductility combination is achieved in the crystalline-amorphous
nanostructured surface layer with an ultrahigh strength up to
6.0 ± 0.5 GPa and a uniform compressive strain of � 25 %. To the
best of our knowledge, it is stronger than the reported NC HEAs
and crystalline-amorphous dual-phase nanostructured/nanolami-
nated alloys [14,15,17,25,37–44], as summarized in Fig. 9b, elimi-
nating the inverse Hall-Petch effect. Fig. 9c gives the SEM
morphologies of micro-pillars after compression tests. Particularly,
a flat-barrel shape with slipping bands (signature of homogeneous
plastic flow) can be obviously observed in the compressed
crystalline-amorphous nanostructured micro-pillar, as the yellow
arrows indicated in Fig. 9c1. Note that an obvious decrease in flow
stress (i.e. softening behavior) occurs in the stress–strain curve of
crystalline-amorphous surface specimen once its plastic strain is
over � 17 %, implying a transition in the underlying micro-
plastic mechanisms in the micro-pillar compressive tests.
6

4. Discussion

4.1. Phase decomposition-mediated formation of crystalline-
amorphous nanostructure and GNS surface layer

As reported in our previous work [23], phase decomposition-
mediated gradient refinement mechanisms were believed to facil-
itate forming the GNS layer on the TiZrHfTaNb-based HEA, owing
to the selected LSR technique that could induce gradient distribu-
tion of solidification/cooling rates along the depth direction. More
specifically, the high-energy LSR process could most effectively
melt the outmost surface region (i.e. amorphous status), which will
also receive the highest cooling rate (e.g. only tens of milliseconds
for the whole cooling duration). Therefore, the crystallization in
the following solidification process might only be partially com-
pleted, so as to form the crystalline-amorphous nanostructure.
Especially, on the topmost surface having the highest cooling rate,
crystallization is greatly suppressed [45]. In addition to the cooling
rate, chemical compositions could also influence the Gibbs free
energy and kinetics status during the crystallization process [45].
In contrast to the laser-treated TiZrHfTaNb HEA with no amor-
phous phase in our previous work [23], the laser-treated
TiZrHfTaNb0.2 HEA in the present work under the LSR parameters
forms a crystalline-amorphous nanostructured topmost surface
layer. It is therefore believed that the reduction of Nb element
could enhance the glass-forming ability [45]. More specifically, in
the surface layer with the highest cooling rate, the area rich in Ti,
Zr, and Hf is prone to have high the glass-forming ability and thus



Fig. 7. Microstructure and composition of crystalline-amorphous nanostructured surface layer. (a) Bight-field TEM image. (b) Corresponding SAED pattern. (c) Statistical
grain size distribution. (d) A representative HRTEM image showing that nanograins are embraced by amorphous GBs and (e-h) the corresponding FFT patterns and IFFT
images of FCC, HCP, BCC nanograins, and amorphous GB in (d). (i) STEM-HAADF image and EDS mapping. (j) Line profiles of the elemental distribution along the white line
marked in (i).

Fig. 8. Variations of grain size and microhardness along the depth away from the
topmost surface.
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solidify to a metastable amorphous phase [45]. On the other hand,
the area rich in Ta and Nb tends to nucleate and crystallize to nano-
grains in the subsequently limited grain growth duration. There-
fore, it is rational that the heterogeneous nanostructure of TaNb-
rich nanograins embraced by TiZrHf-rich amorphous GBs was
developed by the LSR technique, as evidenced in Fig. 7.

In addition, the composition-segregation phase decompositions
play important role in the formation of the LSR-induced GNS layer,
in which the phase decomposition sequence of ‘‘TiZrHfTaNb0.2
BCC ? TiTaNb-rich BCC 1 + ZrHf-rich BCC 2 ? TiTaNb-rich BCC
1 + ZrHf-rich FCC ? TiTaNb-rich BCC 1 + ZrHf-rich FCC + minor
HCP” occurs along the depth direction from the matrix inner region
to the topmost surface region. Such phase transformation should
be related to the evolution of phase stability to accommodate the
gradient LSR-induced thermal distributions (i.e. temperature and
cooling rate) along the depth direction. The matrix TiZrHfTaNb
HEA with the original BCC structure has been demonstrated to be
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metastable, especially when changing temperatures [46–49]. The
compositional segregation is likely to occur during the thermal
process of LSR. Note that atomic sizes between the Zr and Hf atoms,
as well as among another three atoms (Ti, Ta, and Nb) are almost
equivalent in the TiZrHfTaNb0.2 HEA system [50]. Besides, Ta and
Nb with the highest melting points and sluggish diffusion would
stabilize the BCC structure [47,49,51,52], while Zr and Hf are the
least BCC-stabilizing elements [51]. Thus, the composition-
segregation status in TiTaNb-rich BCC and ZrHf-rich metastable
phases could be respectively favored and maintained during the
phase transformation process at the different depth layers having
different thermal statuses [46]. To be specific, the initial ZrHf-
rich BCC phase could be transformed into two FCC phases with
the same composition-segregation status of ZrHf-rich [51], when
approaching the topmost surface with higher temperatures during
LSR. And the fine HCP precipitates can also be generated at the top
surface areas with the highest temperature [48]. Meanwhile, the
rapid and gradient cooling rates during the LSR process lead to
the gradient grain growth of newly formed phases, finally resulting
in the formation of the GNS layer.

4.2. Deformation mechanism of crystalline-amorphous nanostructured
surface layer

Microstructure characteristics of the compressed crystalline-
amorphous nanostructured surface micro-pillars were studied by
TEM observations (Fig. 10), to clarify the deformation mechanism
of the specific LSR-produced crystalline-amorphous nanostruc-
tured surface layer. In the TEM image (Fig. 10a) taken in the top-
most surface region of the compressed micro-pillar, severe
plastic deformation behaviors (dislocation activities) are fre-
quently observed in the deformed nanograins as indicated by the
yellow arrows. It is also noted that the amorphous diffraction ring
in SAED pattern (Fig. 10b) is much weaker than that before defor-
mation (Fig. 7b). The average grain size of nanograins is increased
Fig. 9. Localized mechanical properties of the laser-treated specimen by micro-pillar co
1 lm-diameter at different depths. (b) A comparison of the compressive yield strength b
nanocrystalline M/HEAs, crystalline-amorphous dual-phase alloys, and nanolaminate a
depths.
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to � 25 nm (Fig. 10c-d), relative to the original LSR-produced
crystalline-amorphous nanostructured surface with a grain size
of � 7 nm (Fig. 7c). It suggests a grain coarsening behavior accom-
panied by amorphous phase reduction in the crystalline-
amorphous nanostructures after large plasticity.

To be more specific, atomic-scale images were further captured
and presented in Fig. 10e-k to depict the underlying micro-plastic
co-deformation cooperative mechanisms. On the one hand, Fig. 10e
provides the HRTEM images of the compressed specimen including
several adjacent nanograins and amorphous GBs. Dense full dislo-
cations can be indexed in the atomic Fourier-filtered image
inserted in Fig. 10e to nucleate and/or pin at the BCC nanograin-
amorphous GB interfaces. While different dislocation activities
(stacking faults (SFs) and deformation twinning) mainly via partial
dislocations are found to emit from the FCC nanograin-amorphous
GB interfaces and across the interior of nanograin, as shown in
Fig. 10g-h. The above-characterized dislocation activities are well
consistent with the observed features in Fig. 10a. In contrast to
the softening behavior in extremely-refined nanograins (inverse
Hall-Petch effect [12]), amorphous GBs have been suggested to
act as strong barriers to effectively impede and/or sink dislocation
slips from nanograins, thereby contributing to a significant
strengthening effect (Fig. 9a) with dislocations accumulated at
the nanograin-amorphous interfaces [41,53]. The crystallization
is reported to contribute to certain plasticity during the deforma-
tion of crystalline-amorphous structure [21,54]. On the other hand,
both Fig. 10f and j show that clusters of lattice fringes with short-
range order are formed inside amorphous GBs. It was suggested
that dislocations accumulated at the nanograin-amorphous inter-
faces can suppress the localized shear bands from amorphous
GBs [15]. Noteworthy, it might decrease the activation energy for
crystallization [33,55] and facilitate the creation of free volume
and stimulate localized atomic dilatation [56]. Consequently, it
likely induces the crystallization in amorphous structures, espe-
cially triggering at the nanograin-amorphous interfaces under
mpressive tests. (a) Typical engineering stress–strain curves of micro-pillars with
etween the present crystalline-amorphous nanostructured HEA and some reported
lloys. (c) Typical SEM images showing the compressed micro-pillars at different



Fig. 10. Microstructure of the compressed micro-pillar at the topmost surface of the laser-treated specimen. (a-b) Bright-field TEM image and corresponding SAED pattern,
where yellow arrows indicate the plastic deformation of the nanograins. (c) Enlarged bright-field TEM image. (d) Statistical grain size distribution. (e) An HRTEM image of
several adjacent deformed nanograins and amorphous GB, with inset showing the IFFT image of the selected region near GB of BCC nanograin containing numbers of
dislocations. (f) Enlarged HRTEM image of the rectangle region f in (e), showing the lattice with short-range order in deformed amorphous GB. (g) A typical HRTEM image of
FCC nanograin containing high-density deformation twinning and SFs, with inset showing the corresponding FFT pattern. (h) IFFT image of the selected area in (g), showing
the interface between the FCC nanograin and its surrounding amorphous GB. (i) An HRTEM image of several adjacent deformed nanograins and amorphous GB. (f) IFFT image
of the selected region j in (i), showing the lattice with short-range order in deformed amorphous GB. (k) FFT pattern and corresponding IFFT image of the selected region k in
(i), showing two adjacent nanograins with a small misorientation of � 2� and implying the grain rotation induced-grain coarsening process through GB-mediated plasticity.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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high-stress concentration [32,56,57], as evidenced in Fig. 10f and j.
Accordingly, the co-deformation cooperative actions including the
retained dislocation activities in nanograins but crystallization in
amorphous GBs could contribute to an ultrahigh yield strength
with strength-ductility synergy (e.g. an initial homogenous plastic
strain of � 17 % in Fig. 9a). At last, the crystallization process would
decrease the volume fraction of amorphous GBs and thus transit
more crystalline-crystalline interfaces. It should be noted that the
typical GB-mediated mechanisms (e.g. GB sliding, GB migration,
and grain rotation) [58–61] in extreme-refined nanograins (i.e.
softening effect) would dominate the further compressive plastic
deformation. Accordingly, the upper region in Fig. 10i presents
two adjacent nanograins (G1 and G2), showing a crystalline-
crystalline interface with a small misorientation of � 2�
(Fig. 10k). It could be related to the GB-mediated plasticity through
grain rotation and subsequently be responsible for the grain coars-
ening, as observed in Fig. 10a-d. In this connection, the softening
behavior is also observed from the stress–strain curve of
crystalline-amorphous surface specimen once its plastic strain
exceeds � 17 % (Fig. 9a). As concluded, the well-retained disloca-
tion activities in nanograins but crystallization in amorphous grain
boundaries contribute the large plasticity in the crystalline-
amorphous nanostructure, but it ultimately leads to the softening
effect caused by the grain coarsening via grain boundary-
mediated plasticity.
9

5. Conclusions

In summary, a facile LSR technique is developed to fabricate a
crystalline-amorphous nanostructured surface layer on a GNS
TiZrHfTaNb0.2 HEA by gradient phase decomposition. The mechan-
ical property is evaluated by localized micro-pillar compression
tests, which show the good strength-ductility combination in the
crystalline-amorphous nanostructured surface layer with an ultra-
high strength up to � 6.0 GPa and a compression strain of � 25 %.
Atomic observations reveal that the co-deformation cooperative
mechanisms include the well-retained dislocation activities in
nanograins but crystallization in amorphous grain boundaries,
which subsequently lead to the grain coarsening via grain
boundary-mediated plasticity. The large plasticity achieved in the
localized micro-pillar compressive tests on the LSR-produced
crystalline-amorphous nanostructured surface layer on
TiZrHfTaNb0.2 HEA with an unprecedented yield strength allows
us to uncover a novel underlying micro-plastic co-deformation
cooperative mechanism.
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