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Nano-Dual-Phase Metallic Glass Film Enhances Strength
and Ductility of a Gradient Nanograined Magnesium Alloy

Chang Liu, Yong Liu, Qing Wang, Xiaowei Liu, Yan Bao, Ge Wu,* and Jian Lu*

Magnesium (Mg) alloys are good candidates for applications with
requirement of energy saving, taking advantage of their low density. However,
the fewer slip systems of the hexagonal-close-packed (hcp) structure restrict
ductility of Mg alloys. Here, a hybrid nanostructure concept is presented by
combining nano-dual-phase metallic glass (NDP-MG) and gradient nanograin
structure in Mg alloys to achieve a higher yield strength (230 MPa, 31%
improvement compared with the reference base alloy) and larger ductility
(20%, threefold higher than the SMAT-H sample), which breaks the
strength–ductility trade-off dilemma. This hybrid nanostructure is realized by
surface mechanical attrition treatment (SMAT) on the surface of a crystalline
Mg alloy, and followed by physical vapor deposition of a Mg-based NDP-MG.
The higher strength is provided by the nanograin layer generated by SMAT.
The larger ductility is a synergistic effect of multiple shear bandings and
nanocrystallization of the NDP-MG, inhibition of crack propagation from the
SMATed nanograined structure by the NDP-MG, and strain-induced grain
growth in the SMATed nanograin layer. This hybrid nanostructure design
provides a general route to render brittle alloys stronger and ductile, especially
in hcp systems.

In aerospace and automotive industries, the use of magnesium
(Mg) alloys is increasing due to their high strength-to-weight
ratio.[1] However, conventional Mg alloys show poor plastic
formability at room temperature, as their hexagonal-close-packed
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(hcp) structure cannot provide enough
slip systems to deform plastically.[2] The
intrinsic mechanism of the low ductil-
ity has been revealed by using molecular
dynamics simulations[3] and experimental
investigations[4] of microstructure. Plastic
deformation of hcp materials is intrinsi-
cally governed by dislocation slip and de-
formation twinning.[5] It is suggested that
a rich set of the easy-glide pyramidal 〈c+a〉

dislocations transform to immobile disloca-
tions which serve as obstacles for all other
dislocations, limiting c-axis plastic strain.
It is also known that the 〈c+a〉 disloca-
tion has higher critical resolved shear stress
than certain twinning modes. The defor-
mation twinning is preferred over 〈c+a〉

dislocations in coarse grained Mg alloys,[6]

thus limiting the ductility. In order to im-
prove mechanical properties, some inno-
vative approaches have been adopted to-
ward microstructure design. For instance,
precipitation can effectively increase the
strength.[7] 〈c+a〉 cross-slip enhancement

by specific dilute solute additions (such as Y, Al, and Zn)[8] and
the deviation from the hcp to body-centered-cubic (bcc) struc-
ture (by alloying with Li)[9] result in improved ductility. Grain re-
finement promotes the activation of 〈c+a〉 dislocations compared
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Figure 1. Structure and composition of the Mg-based NDP-MG. a) 3D reconstruction of an APT dataset, showing a spiral columnar structure in which
Ca is enriched in the interface regions. The Ca-enriched regions are highlighted by an iso-composition surface with a 7 at% Ca threshold value. b) A
5-nm-thick plane-view slice from the APT dataset in (a), revealing the Ca-enriched interface regions. c) The corresponding 2D contour plot of (b) in
terms of Ca content. d) Plane-view HRTEM image shows ≈5 nm thick Ca-enriched amorphous phase (brighter regions) appearing between Ca-depleted
amorphous regions (darker). e) 1D compositional proxigram generated using 7 at% Ca iso-composition surface, quantitatively showing compositions
of the Ca-enriched and depleted regions. The error bars represent statistical errors in terms of the standard deviations.

with deformation twinning,[10] thus benefiting the ductility of the
fine-grained Mg alloys. As a method of surface nanocrystalliza-
tion, surface mechanical attrition treatment (SMAT) is one of the
most effective approaches to strengthen materials via introduc-
ing a gradient nanograin structure near the treated surface.[11]

Previous studies have found that microhardness[12] and wear
behavior[13] of Mg alloys can be enhanced by SMAT. However, the
introduction of gradient nanograin structure in Mg alloys always
compensates the ductility.[14] The yield strength of a Mg-3Gd alloy
sharply increases from 70 to 128 MPa after SMAT for only 2 min,
but the ductility dramatically decreases to less than 10%.[15] The
trade-off of the ductility in Mg alloys is ascribed to the early
brittle fracture in the nanograin layer near the surface.[14] We
hypothesize to inhibit the cracking of nanograin layer to duc-
tilize the gradient nanograined Mg alloys. In the previous re-
search, metallic glass (MG) films were successfully deposited
on the surface of brittle materials (such as bulk MGs) to en-
hance deformability in confined conditions, e.g., bending,[16] by
triggering multiple shear banding behavior. However, MG films
are difficult to enhance the deformability of the matrix alloy in
tension.[17] Heterogeneous structural MGs or nanoglasses[18] are
known to possess intrinsic ductility compared with conventional
MGs. Inspired from this, we developed a Mg-based nanodual-
phase metallic glass (NDP-MG) and deposited it on the top of
the gradient nanograined Mg alloy to enhance strength and duc-
tility simultaneously. The high strength is due to introduction
of the nanograin layer by SMAT. The NDP-MG effectively im-
pedes crack propagation from the nanograin layer and undergoes
multiple shear-banding and nanocrystallization, meanwhile, the

nanograin layer experiences grain growth and the interior matrix
of the Mg alloy provides strain hardening, thus enhancing duc-
tility of the hybrid nanostructural Mg alloy.

A Mg–Zn–Ca NDP-MG with a thickness of 13 µm was de-
posited on two side surfaces of the SMATed Mg alloy using
magnetron sputtering. Atom probe tomography (APT) investi-
gation shows that the NDP-MG has an average composition of
Mg57Zn36Ca7 (at%). The NDP-MG exhibits a spiral columnar
structure (Figure 1a), in which Ca is enriched in the ≈10 nm thick
interface regions (Figure 1b,c). These interface regions divide the
Ca-depleted regions into ≈60 nm diameter substructures. Inter-
estingly, these regions are both amorphous, as indicated by the
maze-like pattern in the high-resolution transmission electron
microscope (HRTEM) image (Figure 1d). The composition of the
two regions are Mg59Zn37Ca4 (at%) and Mg54Zn27Ca19 (at%), re-
spectively, both are good glass-formers.[19,20] The brighter con-
trast of the Mg54Zn27Ca19 interface regions in HRTEM image
(Figure 1d) may result from a lower density configuration.[21]

The heterogeneous nanostructure has a potential to trigger mul-
tiple shear banding deformation mechanism,[18] and is expected
to provide good ductility for the newly developed NDP-MG.

The material beneath the NDP-MG is a crystalline Mg alloy
pretreated by SMAT, comprising a gradient crystalline layer with
a thickness of ≈350 µm (Figure 2). Two SMATed Mg alloy were
prepared, i.e., SMAT-L and SMAT-H with 11 min and 60 min
treatment, respectively. The hardness of the top nanograin layer
(20 µm depth from surface) is higher (2.2 GPa for SMAT-H
sample and 1.7 GPa for SMAT-L sample), and gradually de-
creases toward the interior of the alloy (1.3 GPa). The higher
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Figure 2. Gradient grain structure of the SMATed Mg alloy. a) Typical bright-field TEM image of the nanograin layer, probing from 20 µm depth from the
surface of the SMAT-H Mg alloy. The inset shows a selected area electron diffraction (SAED) pattern. The ring feature in the SAED pattern indicates a
weak crystallographic texture. b) HRTEM image of a nanograin, probing from [2 -1 -1 0] zone axis. The inset is the corresponding fast Fourier transform
image. c) Schematic illustration of the hybrid nanostructure, showing NDP-MG on the top of the gradient crystalline grains, followed by the crystalline
matrix in the interior. d) Hardness values measured at different depths from the surface of the as-received, SMAT-L and SMAT-H Mg alloys.

hardness of the top nanograin layer is mainly due to grain
refinement.[14,22] The high-energy impact of the SMAT balls
reduces the grain size to 100 nm in this Mg alloy system
(Figure 2a). Furthermore, the nanograins have weak textures
and contain few dislocation (Figure 2a,b), which is promoted by
dynamic recrystallization process during SMAT.[22]

The introduction of a gradient nanograin layer increases the
yield strength of the Mg alloy in tension (Figure 3). Moreover,
higher strength (235 MPa for SMAT-H sample compared with
175 MPa for as-received sample) is achieved by applying a longer
treatment time in SMAT process, corroborating with a higher
hardness of the top nanograin layer (Figure 2d). However, the
ductility of the Mg alloy severely decreases after SMAT. The
strength–ductility relationships of the base and SMATed Mg al-
loys show a strength–ductility trade-off. Fcc alloys, e.g., Cu[23]

and stainless steels,[24] can have increased strength without sac-
rificing too much ductility via introducing gradient nanograined
structure. The enhanced mechanical properties are mainly at-
tributed to grain growth of the nanograin layer[23,25] and strain

hardening of the interior material[25] during plastic deforma-
tion. However, Mg alloy, with hcp structure, is difficult to main-
tain large ductility after introducing gradient nanograined struc-
ture, although the strength may increase. It is reported that the
ductility of a Mg alloy decreased to less than 10% after SMAT,[14]

which is similar to the current reference alloys (SMAT-L and
SMAT-H). Interestingly, if the Mg-based NDP-MG film was de-
posited on the SMAT-H sample, the ductility dramatically in-
creases to 20%, while maintaining the high yield strength of
230 MPa. The Mg-based NDP-MG was also deposited on the
surface of an SMAT-H Cu to reveal the universality of this hy-
brid nanostructure approach on enhanced strength–ductility syn-
ergy (Figure S1, Supporting Information). This indicates that the
ductility improvement of the gradient nanograined alloy in the
current hybrid nanostructure design is ascribed to the hetero-
geneous amorphous structure of the NDP-MG, which will be
discussed as below.

After deformation with 6% true strain, large cracks were gen-
erated from the surface of the SMAT-H Mg alloy, and certain
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Figure 3. Mechanical properties of the NDP-MG coated SMAT-H’ Mg alloy
at room temperature. True stress–strain curves of the base (black), SMAT-
L (dark yellow), SMAT-H (blue), and NDP-MG coated SMAT-H′ (red) Mg
alloys. The insets are cross-sectional SEM images of the SMAT-H and
NDP-MG coated SMAT-H′ Mg alloys with 6% true strain, showing crack
propagation impeding by the NDP-MG.

parts of the top nanograin layer are even delaminated (inset, Fig-
ure 3). These behaviors represent the brittleness of the nanograin
layer generated by SMAT. The surface cracks could penetrate into
the interior of the alloy and accelerate fracture.[26] By contrast,
the cracking of the nanograin layer is effectively impeded by the
NDP-MG film (inset, Figure 3). Upon a true strain of 6%, the
NDP-MG film and the nanograin layer on the NDP-MG coated
SMAT-H′ alloy are still intact with each other, distinct from the
surface material delamination on the alloy without NDP-MG.
The conventional MG usually fails at only 2% true strain.[27] The
current NDP-MG, however, does not reveal large cracks at a true
strain of 6%, which indicates the intrinsic large plastic deforma-
tion capacity of the NDP-MG.

Indeed, plenty of multiple shear bands were generated on
the surface of the deformed NDP-GC (with a true strain of 6%,
Figure S2, Supporting Information, and Figure 4b). The shear
bands have weaker directionality with respect to the loading
direction (Figure S2, Supporting Information) compared with
those on the stretched monolithic MG film.[17] This implies
the deflecting and deferring of shear band propagation via the
heterogeneity design. The interface regions of the NDP-GC are
enriched in Ca (Figure 1), and the Ca-rich MG is known to exhibit
a lower strength than that of the Mg-rich MG in the Mg–Zn–Ca
system.[20] Therefore, plastic deformation could be easier to take
place in the Ca-enriched regions through shear bands nucleation.
The propagation of the shear bands is then hindered by the Ca-
depleted regions, inducing shear band multiplication[18] toward
different directions. This deformation behavior not only restricts
crack formation in the NDP-GC, but effectively impedes crack
generation in the nanograin layer beneath the NDP-GC as well.

TEM investigations were conducted on the deformed samples
to unveil the deformation mechanisms. The grain size of the
nanograin layer beneath the NDP-MG increases from the initial
≈100 to ≈500 nm after deformation (Figure 4c) with 20% true
strain. High-density dislocations are observed in the deformed
nanograins, contrast with the quasi-dislocation free nature of
the undeformed nanograins (Figure 2a,b). These phenomena
indicate that grain boundary migration and dislocation activi-
ties dominate the plastic deformation of the nanograin layer.
Conventional nanocrystalline materials possess limited ductility,
which is usually due to instability of the grain boundaries[28] that
induces strain softening. In the current alloy, however, the dislo-
cation motion and pile-up in the interior matrix[25] provide strain
hardening, compensating the softening caused by grain growth.
Furthermore, the increased grain size is helpful to suppress
grain boundary instability, which postpones crack generation
and enhances ductility. We note that plenty of embryonic shear
bands are generated in the NDP-MG (Figure 4c). This behavior
is distinct from single shear banding of conventional monolithic
MGs,[27] and prohibits catastrophic failure after yielding. The
embryonic shear bands observed in TEM corresponds well with
the SEM investigation (Figure 4b). Moreover, strain induced
nanocrystallization takes place in the NDP-MG after deforma-
tion (Figure 4d). The nanocrystalline phase is identified to be
hcp Ca2Mg6Zn3 by SAED. The NDP-MG reveals crystalline-
amorphous heterostructure after deformation. The shear band
could be initiated from the softer zone of the heterostructure,
but its transmission may be delayed by deflecting effect from
the harder zone.[29] The strain delocalization mechanism of
the heterostructure has been proven to improve ductility of the
MGs.[30,31] Additionally, it is difficult to locate dislocations at the
interface region between the NDP-MG film and the nanograin
layer (Figure 4c). This suggests that dislocations could penetrate
the nanograin and annihilate at the crystal-glass interface during
deformation. In fact, the amorphous regions in the crystal-glass
composite systems are known to serve as structural sinks for
dislocations.[31,32] The continuous movement and annihilation
of the dislocations in the interfacial region prevents dislocation
pile-up induced strain localization, thus reducing stress peaks
and preventing crack generation from the nanograin layer. Mean-
while, the nanograin layer beneath the NDP-MG experiences
grain growth, contributing to large ductility (Figure 4c).

The grain growth in the top nanograin layer is one of the im-
portant mechanisms that account for the high ductility of the
gradient nanograined fcc alloys.[25] It is also important that plas-
tic incompatibility and strain gradient exist at heterointerfaces of
the trans-scale gradient structures upon loading. The geometri-
cally necessary dislocations could be generated near heteroint-
erfaces to comply with plastic deformation, which further inter-
act with the incident dislocations, promoting the heterogeneous
deformation-induced strengthening and hardening.[33] The syn-
ergistic effects of grain growth on the top and strain harden-
ing in the gradient structure[23] contribute to the high strength
and large ductility. However, the grain growth phenomenon can-
not be realized in the gradient nanograined hcp (such as Mg)
alloys, which results in early cracking from the top nanograin
layer.[14] This behavior severely restricts ductility. The NDP-MG
film coated on the surface has higher ductility than conventional
monolithic MGs. Multiple shear bandings postpone the cracking
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Figure 4. SEM surface morphologies of the NDP-MG a) before and b) after tension with 6% true strain, showing multiple shear bands generated
from the interface regions. c) Cross-sectional TEM image of the NDP-MG deposited SMAT-H′ alloy with 20% true strain, revealing grain growth and
dislocation generation in the nanograin layer, and embryonic shear band generation in the NDP-MG. d) HRTEM image of the deformed NDP-MG,
showing nanocrystallization phenomenon. The inset is the corresponding SAED pattern.

from the NDP-MG, thus further impeding crack growth from the
nanograin layer beneath it. Therefore, the strain delocalization
by the NDP-MG on the surface changes the deformation mech-
anism of the gradient nanograined hcp Mg alloys from crack-
ing to grain growth at the surface, similar to that of the gradient
nanograined fcc alloys. It is worthwhile noting that if one duc-
tile coating has a lower strength, cracking can easily penetrate
through it,[34] inducing fracture of the entire specimen. There-
fore, the coating should have higher strength and good ductil-
ity. Furthermore, the adhesion between the coating and the crys-
talline Mg alloy should be high enough to avoid delamination of
the film during deformation. In industry, if the coating has large
compositional difference from the substrate, a gradient transi-
tion layer with compositions close to both sides of the materials
would be introduced to enhance the adhesion,[35] taking advan-
tage of stronger chemical bonding between similar atoms. In the
current hybrid nanostructured Mg alloy, both the coating and the
crystalline alloy are mainly composed of Mg, which facilitates
good adhesion between them. In fact, the coating still adheres
well on the Mg crystalline alloy after 20% true straining.

Mg alloys can be strengthened by introducing gradient
nanograined structure. However, this strategy is unable to
provide large ductility in Mg alloys, as restricted by the hcp
structure. We developed a hybrid nanostructured Mg alloy via de-
positing a Mg-based NDP-MG film on the surface of the gradient
nanograined Mg alloy. The ductility can be dramatically increased
to 20%, which is comparable to that of the as-received base alloy.
Meanwhile, the yield strength maintains at 230 MPa (similar
to that of the SMAT-H sample), revealing 31% improvement

than the base alloy. The synergistic effects of multiple shear
bandings and crystallization of the NDP-MG, crack impediment
by the NDP-MG, and grain growth of the SMATed nanograin
layer promote the large plastic deformation. These mechanisms
facilitate excellent mechanical properties in Mg alloys, over-
coming the strength–ductility trade-off dilemma. This hybrid
nanostructure alloy design strategy by combining concepts
of heterogeneous MG and gradient nanograined structure
could be applied to other alloy systems (Figure S1, Supporting
Information) to achieve high strength and large ductility.

Experimental Section
Fabrication of the Materials: Mg–3Al–1Zn (wt%, AZ31) alloy sheet

with 1.6 mm thickness was selected as base alloy in this study. SMAT was
performed by using 3 mm diameter ZrO2 balls with a vibration frequency
of 20 kHz at room temperature on each side of the alloy sheet. The treat-
ment time for SMAT-L and SMAT-H is 11 and 60 min, respectively. After
treatment, the thickness of SMAT-H and SMAT-L sample become 1.5 and
1.56 mm, respectively. The SMATed Mg alloy sheets were polished with
thickness decreased by <2 µm to get rid of pollution and oxide generated
in SMAT process. Pure copper sheet (99.99% purity) with a thickness of
1 mm was processed by using SMAT on each side for 5 min. The treat-
ment time is much longer compared with the former report,[36] which is
selected for largely improving the yield strength but sacrificing the ductility
as a compromise. Then Mg57Zn37Ca6 (at%) NDP-MG with a thickness
of 13 µm was deposited on both sides of the SMATed Mg alloy and Cu
using magnetron sputtering. In the sputtering process, Ar pressure was
0.5 Pa, substrate bias voltage was −50 V, and the deposition rate was
54 nm min−1.
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Structural and Compositional Characterization: The structures of the
Mg-based NDP-MG and SMATed Mg alloy were studied by SEM (FEI’s
Quanta 450 field emission SEM) and TEM (2100F FEG TEM (JEOL), op-
erated at 200 kV). TEM foils with initial thickness of ≈20 µm were pre-
pared from both plane-view surface and cross-section of the alloy, and
then were ion milled at a temperature of −50 °C to avoid crystallization.
Needle-shaped specimens required for APT were fabricated by lift-outs
and annular milled by focus ion beams. The APT measurements were
performed in a local electrode atom probe (CAMEACA LEAP 5000XR).
The APT specimens were analyzed at 40 K in laser mode, a pulse repe-
tition rate of 200 kHz, a laser power of 15 pJ, and an evaporation detec-
tion rate of 0.3% atom per pulse. Imago Visualization and Analysis Soft-
ware version 3.8.4 was used for creating the 3D reconstructions and data
analysis.

Mechanical Characterization: The samples for uniaxial quasi-static
tension test were cut into dog-bone shape with the gauge dimension of
25 × 6 mm2 and then were tested on MTS RT/30 Electro-Mechanical Ma-
terial Testing System with a strain rate of 6.8 × 10−4 s−1 at room temper-
ature. Mg alloys for nanoindentaion were grind and polished to possess
mirror-like surface. Nanoindentation was performed on the samples by
using Hysitron’s TI950 nanoindenter with a Berkovich tip. Each equivalent
position was indented for five times with 1 mN load.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
J.L. gratefully acknowledges the support in part by the National Key
R&D Program of China (Project No. 2017YFA0204403), the Major Pro-
gram of the National Natural Science Foundation of China (NSFC) grant
51590892, the Hong Kong Collaborative Research Fund (CRF) Scheme
(Ref. C4026-17W), Theme-based Research Scheme (Ref. T13-402/17-N),
General Research Fund (GRF) Scheme (CityU 11247516, CityU 11209918
and CityU 11216219). The authors would like to thank Z. F. Zhou for mag-
netron sputtering assistance at City University of Hong Kong.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
gradient nanograined materials, grain growth, magnesium alloys, metallic
glasses, shear bands

Received: April 22, 2020
Revised: July 8, 2020

Published online:

[1] a) B. Mordike, T. Ebert, Mater. Sci. Eng. A 2001, 302, 37; b) T. M. Pol-
lock, Science 2010, 328, 986.

[2] S. Agnew, C. Bettles, M. Barnett, Advances in wrought magnesium al-
loys: fundamentals of processing, properties and applications, Woodhead
Publishing, UK 2012, p. 63.

[3] Z. Wu, W. A. Curtin, Nature 2015, 526, 62.

[4] B.-Y. Liu, F. Liu, N. Yang, X.-B. Zhai, L. Zhang, Y. Yang, B. Li, J. Li, E.
Ma, J.-F. Nie, Z.-W. Shan, Science 2019, 365, 73.

[5] F. C. Campbell, Elements of Metallurgy and Engineering Alloys, ASM
International, Materials Park, OH 2008.

[6] M. H. Yoo, Metall. Trans. A 1981, 12, 409.
[7] T. Trang, J. Zhang, J. Kim, A. Zargaran, J. Hwang, B.-C. Suh, N. Kim,

Nat. Commun. 2018, 9, 2522.
[8] Z. Wu, R. Ahmad, B. Yin, S. Sandlöbes, W. A. Curtin, Science 2018,

359, 447.
[9] W. Xu, N. Birbilis, G. Sha, Y. Wang, J. E. Daniels, Y. Xiao, M. Ferry,

Nat. Mater. 2015, 14, 1229.
[10] M. Barnett, Z. Keshavarz, A. Beer, D. Atwell, Acta Mater. 2004, 52,

5093.
[11] K. Lu, J. Lu, J. Mater. Sci. Technol. 1999, 15, 193.
[12] M. Laleh, F. Kargar, J. Alloys Compd. 2011, 509, 9150.
[13] a) H. Sun, Y.-N. Shi, M.-X. Zhang, Surf. Coat. Technol. 2008, 202, 2859;

b) Y. Liu, B. Jin, D.-J. Li, X.-Q. Zeng, J. Lu, Surf. Coat. Technol. 2015,
261, 219.

[14] X. Meng, M. Duan, L. Luo, D. Zhan, B. Jin, Y. Jin, X.-x. Rao, Y. Liu, J.
Lu, Mater. Sci. Eng. A 2017, 707, 636.

[15] X. Shi, Y. Liu, D. Li, B. Chen, X. Zeng, J. Lu, W. Ding, Mater. Sci. Eng.
A 2015, 630, 146.

[16] J. P. Chu, J. Greene, J. S. Jang, J. Huang, Y.-L. Shen, P. K. Liaw, Y.
Yokoyama, A. Inoue, T. Nieh, Acta Mater. 2012, 60, 3226.

[17] X. Lu, Y. Li, L. Lu, Acta Mater. 2016, 106, 182.
[18] X. L. Wang, F. Jiang, H. Hahn, J. Li, H. Gleiter, J. Sun, J. X. Fang, Scr.

Mater 2015, 98, 40.
[19] a) T. Matias, V. Roche, R. Nogueira, G. Asato, C. Kiminami, C. Bol-

farini, W. Botta, A. Jorge Jr., Mater. Des. 2016, 110, 188; b) X. Gu,
Y. Zheng, S. Zhong, T. Xi, J. Wang, W. Wang, Biomaterials 2010, 31,
1093; c) B. Zberg, P. J. Uggowitzer, J. F. Löffler, Nat. Mater. 2009, 8,
887.

[20] J. Cao, N. Kirkland, K. Laws, N. Birbilis, M. Ferry, Acta Biomater. 2012,
8, 2375.

[21] a) H. Bei, S. Xie, E. P. George, Phys. Rev. Lett. 2006, 96, 105503; b) Q.
Wang, Y. Yang, H. Jiang, C. T. Liu, H. H. Ruan, J. Lu, Sci. Rep. 2015, 4,
4757.

[22] H. Sun, Y.-N. Shi, M.-X. Zhang, K. Lu, Acta Mater. 2007, 55,
975.

[23] T. H. Fang, W. L. Li, N. R. Tao, K. Lu, Science 2011, 331, 1587.
[24] A. Chen, H. Ruan, J. Wang, H. Chan, Q. Wang, Q. Li, J. Lu, Acta Mater.

2011, 59, 3697.
[25] T. Fang, N. Tao, K. Lu, Scr. Mater. 2014, 77, 17.
[26] M. Koyama, Z. Zhang, M. Wang, D. Ponge, D. Raabe, K. Tsuzaki, H.

Noguchi, C. C. Tasan, Science 2017, 355, 1055.
[27] A. L. Greer, Science 1995, 267, 1947.
[28] T. Chookajorn, H. A. Murdoch, C. A. Schuh, Science 2012, 337,

951.
[29] Y. Liu, Y. Cao, Q. Mao, H. Zhou, Y. Zhao, W. Jiang, Y. Liu, J. T. Wang,

Z. You, Y. Zhu, Acta Mater. 2020, 189, 129.
[30] a) D. C. Hofmann, J.-Y. Suh, A. Wiest, G. Duan, M.-L. Lind, M. D.

Demetriou, W. L. Johnson, Nature 2008, 451, 1085; b) G. Wu, J.
Zhang, C. Liu, Q. Wang, J. Lu, Scr. Mater. 2020, 183, 17.

[31] G. Wu, C. Liu, L. Sun, Q. Wang, B. Sun, B. Han, J.-J. Kai, J. Luan, C. T.
Liu, K. Cao, Y. Lu, L. Chen, J. Lu, Nat. Commun. 2019, 10, 5099.

[32] J. Zhang, G. Liu, S. Lei, J. Niu, J. Sun, Acta Mater. 2012, 60, 7183.
[33] X. Wu, Y. Zhu, K. Lu, Scr. Mater. 2020, 186, 321.
[34] V. M. Marx, F. Toth, A. Wiesinger, J. Berger, C. Kirchlechner, M. J.

Cordill, F. D. Fischer, F. G. Rammerstorfer, G. Dehm, Acta Mater.
2015, 89, 278.

[35] S. Nißen, J. Heeg, M. Warkentin, D. Behrend, M. Wienecke, Surf. Coat.
Technol. 2017, 316, 180.

[36] X. Liu, K. Wu, G. Wu, Y. Gao, L. Zhu, Y. Lu, J. Lu, Scr. Mater. 2016, 124,
103.

Adv. Sci. 2020, 2001480 © 2020 The Authors. Published by Wiley-VCH GmbH2001480 (6 of 6)


