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ABSTRACT
Heterostructured design and microcrack management mitigate the strength-ductility dilemma in
metallic materials. Here, we demonstrate a simultaneous enhancement of strength and ductility
in graphene-decorated bimodal pure nickel, achieving a strength increase to 1GPa and an 18%
improvement in elongation by designing heterostructure with graphene, metal powders, andmetal
foams. The results show that grain refinement, hetero-deformation-induced hardening, and acti-
vated stacking faults mainly cause the strength-ductility synergy. Additionally, while dispersed
microcracks nucleatewithin the fine grain zones, their propagation is constrainedby the coarse grain
zones. This studyprovidesnew insights into improving the strength-ductility combination inmetallic
materials.
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1. Introduction

Benefiting from the exceptional mechanical properties of
nanocarbon materials such as graphene, graphene deri-
vatives, and carbon nanotubes, nanocarbon-reinforced
metal matrix composites exhibit enhanced strength and
stiffness [1]. This makes them promising candidates
for the next generation of metallic structural materials.
However, the incorporation of nanocarbon may lead to
reduced ductility and crack tolerance, limiting the appli-
cation of nanocarbon/metal composites [2,3].

This challenge can be alleviated by designing a hetero-
geneous structure containing zoneswith distinct strength
and ductility properties, such as soft and hard zones. The
non-homogeneous plastic deformation and steep strain
gradients between the soft and hard zones induce a large
number of geometrically necessary dislocations (GNDs)
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in the soft zones during plastic deformation, thereby
inducing hetero-deformation-induced (HDI) hardening
due to the mutual constraint between the heterogeneous
zones [4–8] and enhancing strain hardening [9,10].
However, due to significant deformation incompatibility
between the soft and hard zones, as well as the limited
plastic deformation capability of the hard zone, cracks
often nucleate at the interfaces between these two zones
or within the hard zone before the deformation capacity
of the soft zone is fully exhausted, leading to rapid catas-
trophic failure of the material. For example, in bimodal
pure nickel (Ni), shear bands form in the hard zones and
rapidly propagate into both the soft and hard zones dur-
ing tensile deformation [11]. Similarly, in the deforma-
tion process of layered Ti–Al metal composites, interface
strain incompatibility and strain localization in the Ti

© 2024 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is anOpenAccess article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow
the posting of the Accepted Manuscript in a repository by the author(s) or with their consent.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/21663831.2024.2386436&domain=pdf&date_stamp=2024-08-10
mailto:Zheshen@shu.edu.cn
mailto:Dingbiao312@shu.edu.cn
mailto:Yunboz@shu.edu.cn
https://doi.org/10.1080/21663831.2024.2386436
http://creativecommons.org/licenses/by-nc/4.0/


816 Z. LIN ET AL.

layers also lead to the nucleation of cracks at a lowmacro
strain [12].

Optimization methods typically involve prolonging
the annealing time to soften the hard zone, thereby reduc-
ing the initiation of cracks at the interface or in the
hard zones [13]. However, this often results in decreased
strength. Additionally, Ma et al. suggested that optimiz-
ing the interface spacing between the soft and hard zones
can produce the highest hardening capacity and ductil-
ity without sacrificing strength [14,15]. Furthermore, in
low-melting-point metals, techniques such as hot extru-
sion can be used to elongate and arrange coarse and fine
grain zone into a lamellar structure. For example, Al and
Mg alloys produced using the ball milling-sintering-hot
extrusion method demonstrate simultaneous enhance-
ments in both strength and ductility/toughness [16–18].
Although cracks may still nucleate in the hard zone,
they do not merge into catastrophic macrocracks but are
arrested or blunted by the ductile zones with high strain
hardening capability [18]. However, while this method is
feasible for low-melting-point metals, it is challenging to
apply to high-melting-point metals, like Cu, Ti, and Ni.

In this study, we used powder metallurgy followed
by thermomechanical processing to fabricate graphene-
decorated bimodal pure Ni. This strategy innovatively
assembles graphene nanoplatelets (GNP)/Ni composite
powders within nickel foams to form the fine grain
and coarse grain zones of the bimodal composites.
Mechanical tests show a simultaneous enhancement of
strength and ductility. The investigation reveals that
the strength-ductility synergy originates from the novel
design of the bimodal grain structure and the incorpo-
ration of graphene, which activates multiple strengthen-
ing and ductilizing mechanisms, including grain refine-
ment, higher HDI hardening, activated stacking faults,
and unique crack behavior. Our strategy provides a new
approach for preparing high-performancemetallic struc-
tural materials.

2. Materials andmethods

Figure 1(a) schematically illustrates the preparation
method of the as-sintered graphene-reinforced compos-
ite coin. The Ni powders (>99.9%, Shanghai Pantian
Powder Materials Co., Ltd.) and GNP (Suzhou Tanfeng
Graphene Technology Co., Ltd.) were uniformly mixed
using planetary ball milling. Then, the composite pow-
ders were ultrasonically dispersed and uniformly filled
into the pores of Ni foams (>99.0%, Yiyang Foam-
metal New Material Co., Ltd.). The Ni foams filled with
composite powders were stacked and then sintered into
bulk coins using the spark plasma sintering method at
1100°C for 5min under an applied load of 50MPa in an

argon atmosphere. The sintered coins were cold-rolled to
1mm thickness and vacuum-annealed at 400°C for 1 h.
The as-annealed composite added with GNP was named
NF@NP-GNP, while the counterpart without GNP was
named NF@NP. The detailed raw materials, experimen-
tal process, and characterization tests can be seen in
Supplementary Note 1.

3. Results and discussion

The Ni powders are spherical with an average diameter
of ∼500 nm (Figure 1(b)), constituting the FGZ in the
NF@NP-GNP and NF@NP composites. Meanwhile, the
NF comprises a three-dimensional interconnected skele-
ton, 50 μm in width, forming the CGZ in both compos-
ites (Figure 1(c)). The receivedGNP tend to agglomerate,
but after 10 h of ball milling, they effectively disperse
within the NPs with minimal damage, as evidenced by
the slight increase in the intensity ratio of ID/IG from 0.91
to 0.93 (Figure 1(d–g)) [19].

The as-sinteredNF@NP-GNP composite coin exhibits
a distinctive three-dimensional bimodal structure com-
posed of FGZ and CGZ (Figure 2(a and b)). The average
grain size of the FGZ and CGZ is approximately 4.56 and
48.60 μm, respectively (Figure 2(c)). After cold rolling
and subsequent annealing, the CGZ undergoes signifi-
cant elongation. It can be observed from distinct rolling
orientations that the deformed composite still maintains
a three-dimensional bimodal structure, with the FGZ
embedded within the elongated CGZ (Figure 2(d–h) and
Figure S1). In the CGZ, numerous shear bands induced
by cold rolling appear inside the grains, as depicted in
Figure 2(d and g). The grain orientation spread (GOS)
images (Figure 2(e and h)) indicate that the grains in
the CGZ have not undergone recrystallization, and high-
density dislocations persist within the grains both in the
NF@NP and NF@NP-GNP composites [20].

However, a significant difference in recrystallization
behavior is observed in the FGZ of these two compos-
ites. In the NF@NP composite, the deformed grains are
nearly completely recrystallized, with the proportion of
high-angle grain boundaries (HAGB) reaching 79.9%, an
average grain size of 7.50 μm, and hardness of 4.31GPa,
which is lower than that of the CGZ (4.98GPa), as shown
in Figure 2(e, f, and k). Conversely, in the NF@NP-
GNP composite, only a few sporadic recrystallized grains
are observed, with most remaining deformed. Among
these, 66.5% of the grain boundaries are low-angle grain
boundaries (LAGB), the average grain size (2.50 μm) is
only one-third of that in the NF@NP. The FGZ hard-
ness reaches 4.99GPa, indicating a high density of dis-
locations and delayed recrystallization within the grains
(Figure 2(h and i)). This suggests that the graphene/Ni
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Figure 1. Sample preparation and raw materials. (a) Schematic illustration of the preparation process for the bulk composite coin. (b)
Scanning electron microscope (SEM) images of (b) Ni powders and (c) Ni foams. (d) Transmission electron microscope (TEM) image of
the received GNP. (e) and (f) SEM images of themixed composite powders after 2 and 10 h of ball milling, with arrows indicating that the
GNP were well dispersed in Ni powders. (g) Raman spectroscopy of the GNP before and after ball milling.

interface pinned by GNP hinders grain boundary migra-
tion and inhibits grain coarsening during annealing [21].
Low-energy Ar+ ion beams were employed to grind the
surface of the NF@NP and NF@NP-GNP composites
(Figure 2(j) and Figure S2). The presence of GNP was
detected in the FGZ of the NF@NP-GNP composite.

The NF@NP-GNP composite exhibits improved
mechanical properties compared to NF@NP, with a yield
strength of ∼860MPa, a tensile strength of ∼1022MPa,
and a uniform elongation of ∼11.0% (Figure 3(a) and
Table 1). It is widely acknowledged that introducing
hard reinforcements into metallic matrix often enhances
the strength of composites but sacrifices ductility, espe-
cially when the strength reaches 1GPa. Fortunately, our
strategy increases tensile strength to gigapascal level
and enhances uniform elongation by 18% (Figure 3(e)).
This strength-ductility combination surpasses previously

reported Ni matrix composites, as shown in Figure 3(d
and e).

To further explore the origin of the improved strength-
ductility synergy, the strain hardening rates (θ = ∂σ /∂ε)
of the NF@NP and NF@NP-GNP composites were eval-
uated based on their true stress–strain curves (Figure
3(b)). The strain hardening curve of the NF@NP com-
posite begins at an initial value of ∼2.65GPa and
exhibits an almost linear decrease with increasing ten-
sile strain. Conversely, the strain hardening curve of the
NF@NP-GNP composite commences from a higher ini-
tial value of ∼3.5GPa. It gradually decreases stepwise,
indicating a higher initial strain hardening capability and
additional hardening mechanisms, effectively delaying
the onset of necking [22,23].

Cyclic load-unload-reload (LUR) tensile tests were
conducted to evaluate the evolution of HDI stress and
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Figure 2. Microstructural characterization of the NF@NP and NF@NP-GNP composites. (a) Three-dimensional inverse pole figure (IPF)
image depicting the as-sintered NF@NP-GNP composite coin. (b) Enlarge view of the FGZ and CGZ of the as-sintered NF@NP-GNP com-
posite coin. (c) Grain size statistics in the FGZ and CGZ in (b). (d), (e), (g), and (h) IPF and GOS images of the NF@NP and NF@NP-GNP
composites. (f ) and (i) grain size statistics in the FGZ of the NF@NP and NF@NP-GNP composites. (j) SEM characterization of the GNP
in the FGZ of the NF@NP-GNP composite. The inset energy dispersive spectrometer (EDS) image confirms the enrichment of carbon
elements. (k) Nanoindentation test results of the NF@NP and NF@NP-GNP composites.

effective stress with strain in both the NF@NP and
NF@NP-GNP composites (Figure 3(c) and Figure S3)
[5,38]. As strain increases, the HDI stress and effec-
tive stress of the NF@NP-GNP composite consistently
surpass those of the NF@NP composite. Furthermore,
the NF@NP-GNP composite demonstrates a more pro-
nounced increase in HDI stress and effective stress than
the NF@NP composite. This indicates that incorporat-
ing graphene effectively enhances theHDI hardening and
dislocation hardening, achieving improved mechanical
properties.

The EBSD results of the NF@NP and NF@NP-GNP
composites before and after a strain of 0.04 are shown
in Figure 4(a–f) and Table 2. In the NF@NP composite
without tensile deformation, due to recrystallization, the
FGZ exhibits a Kernel Average Misorientation (KAM)
value of 0.93°, 50% lower than the KAM value (1.88°)

in the CGZ, consistent with the microhardness testing
results. After a strain of 0.04, the �KAM value (indi-
cating the difference in the KAM values before and after
tensile strain) in the CGZ increases by 0.32°, significantly
higher than that in the FGZ (0.09°), indicating that more
strain occurs within the CGZ. If the CGZ with higher
hardness undergoes sufficient deformation, the speci-
men will exhibit higher flow stress, resulting in increased
strength. However, Figure 4(c) shows the strain local-
ization near the shear band (indicated by black arrows),
resulting in significant flow localization and shear band
softening [39]. Conversely, with both the CGZ and FGZ
of NF@NP-GNP having �KAM values of 0.11°, shear
band flow localization in the CGZ is alleviated, while
strain concentration is dispersed across both the FGZand
CGZ, as well as their interfaces, as shown in Figure 4(f)
and Table 2.



MATER. RES. LETT. 819

Figure 3. Mechanical properties of the NF@NP and NF@NP-GNP composites. (a) Quasi-static uniaxial tensile engineering stress–strain
curves of these two composites. (b) True stress and the associated strain hardening rate versus true strain curves. (c) EvolutionofHDI stress
and effective stress versus true strain for both composites. (d) Comparison of yield strength versus uniform elongation with previously
reported Ni matrix composites [24–37]. (e) Comparison of tensile strength versus retention of elongation (ε/εM where ε represents the
uniform elongation of the composite, and εM represents the elongation of the matrix) with previously reported Ni matrix composites
[24–37].

To explore the origin of higher HDI stress and effec-
tive stress in the NF@NP-GNP composite, the inter-
face between CGZ and FGZ after tensile deforma-
tion was carefully characterized (Figure 4(g–i)). The
FGZ consists of elongated and equiaxed grains featur-
ing dense dislocation cells, dislocation walls, and micro-
bands within the grains [40,41]. Meanwhile, the CGZ
exhibits larger grains, as observed in the dark-field
image shown in Figure S4. High-resolution Transmis-
sion Kikuchi Diffraction (TKD) with a 7 nm step size
offers more detailed information about the interface of
coarse and fine grains. A notable dislocation density gra-
dient emerges near the interface, with the dislocation
density inside the grains reaching 5× 1015 m−2 and at
the interface reaching 3× 1016 m−2 (the inset in Figure
4(h)). This accumulation of geometrically necessary dis-
locations (GNDs) generates long-range back stress near
the interface, activating the HDI hardening effect during
tensile deformation [42].

Moreover, as exceptional reinforcements with ultra-
high mechanical properties, the GNP introduced within
the FGZ also participate in the deformation process
(Figure 4(j)). Figure 4(k) shows the corresponding

Table 1. Mechanical properties of the NF@NP and NF@NP-GNP
composites.

Composite

Yield
strength
(MPa)

Tensile
strength
(MPa)

Uniform
elongation

(%)

NF@NP 735± 32 832± 54 9.3± 0.6
NF@NP-GNP 860± 24 1023± 65 11.0± 0.3

inverse Fast Fourier Transform (IFFT) image, which dis-
plays a high density of dislocations accumulation (indi-
cated by ‘T’-shaped symbols) in the Ni matrix near the
GNP/Ni interface. This indicates that GNP effectively
block dislocation propagation during deformation, con-
sistent with previously reported results [43,44]. The dis-
locations generate long-range back stress, which prevents
further dislocation emission and motion, causing higher
flow stress required for further deformation [45]. Addi-
tionally, they are even capable of activating stacking faults
(SFs) (Figure 4(l)), which are challenging to observe
under room-temperature standard tensile tests of pure
Ni or Ni matrix composites due to their high stacking
fault energy [46]. The formation of stacking faults (SFs)
in this work is due to the special structural design and
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Figure 4. Deformation behavior and hardening mechanisms in the NF@NP-GNP composite. (a) and (d) EBSD IPF image illustrating the
interface between CGZ and FGZ in the NF@NP and NF@NP-GNP composites. (b) and (c) Corresponding KAM images of the area shown in
(a) before and after a strain of 0.04. (e) and (f ) KAM images of the area shown in (d) before and after a strain of 0.04. (g)-(i) STEM, TKD, and
corresponding KAM images of the interface between CGZ and FGZ in the NF@NP-GNP composite after a strain of 0.04. The inset in (h)
shows the geometrically necessary dislocation density at the interface between CGZ and FGZ (marked by a white line). (j) Enlarged view
of the interface between GNP and FGZ after a strain of 0.04. (k) Inverse fast Fourier transform (IFFT) image of the blue box in (j), indicating
the presence of high-density dislocations at the interface. (l) High-resolution TEM and inset fast Fourier transform (FFT) images of the red
box in (j), indicating the presence of SFs in the FGZ near GNP.
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Figure 5. Fracture mechanism of the NF@NP and NF@NP-GNP composites. (a)-(c) SEM and EBSD IPF images of the fractured end of the
NF@NP composite. (d) and (e) SEM and EBSD IPF images of the fractured end of the NF@NP-GNP composite. (f ) and (g) Enlarged view of
the red and blue boxes in (e). (h) The fracture surface of the NF@NP-GNP composite. (i) An enlarged view of the fracture surface shows
pulled-out graphene.

the introduction of GNP. In turn, these SFs enable fur-
ther strain hardening and toughening mechanisms that
enhance the strain hardening of the composite [47,48].

The damage-evolution mechanisms of the NF@NP
and NF@NP-GNP composites were carefully character-
ized to understand the initiation and propagation of
microcracks. In the NF@NP composite, strain localiza-
tion occurs in the shear band of the CGZ, resulting in
all cracks observed across the fracture end cross-section
originating from the shear bands (Figure 5(a and b)).
These shear band cracks result in early catastrophic fail-
ure, occurring before the deformation capacity of FGZ is
fully exhausted [39,49]. The fracture surfaces within the
CGZ exhibit shear dimples (indicated by red arrows in
Figure 5(c)), indicatingmicrovoids coalesced along shear
band planes during the deformation [50].

Conversely, in the NF@NP-GNP composite, strain
localization primarily occurs in the FGZ, leading to

Table 2. Comparison of KAM differences before and after plastic
deformation.

Sample Domain Strain KAM(°) �KAM(°)

NF@NP FGZ 0 0.93± 0.43 0.09
0.04 1.02± 0.42

CGZ 0 1.88± 0.67 0.32
0.04 2.2± 0.72

NF@NP-GNP FGZ 0 2.26± 0.94 0.11
0.04 2.37± 0.97

CGZ 0 1.77± 0.72 0.11
0.04 1.88± 0.74

the initiation of high-density microcracks within this
zone (Figure 5(d–g), which is completely different from
the NF@NP composite. Initially, these microcracks are
blunted due to the extrinsic ductilizing effect of graphene,
which acts as a bridge and deflector, dissipating fracture
energy [27,51,52]. This is evidenced by the observation
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of graphene pull-out and torn graphene tips at the frac-
ture surface (Figure 5(i)). As the microcracks propagate
further, they traverse the entire FGZ and are blocked at
the interface between the CGZ and FGZ (Figure 5(e–g)).
These numerous microcracks, completely constrained
within the FGZ, efficiently buffer stress concentration
and facilitate plastic deformation of the FGZ, as evi-
denced by the deeper and larger dimples compared with
those in the FGZ of NF@NP. Additionally, the fracture
surface of the CGZ in the NF@NP-GNP composite dis-
plays mixed ductile and shear dimples, suggesting that
the addition of GNP also changed the stress triaxiality of
the CGZ. This change mitigates the flow localization in
the shear band and prolongs its stable plastic deformation
[50].

4. Conclusions

In summary, graphene-decorated bimodal pure nickel
was fabricated using powder metallurgy followed by
thermomechanical processing. The composite exhibits a
good combination of mechanical properties, with tensile
strength exceeding 1GPa while maintaining 11% uni-
form elongation, which surpasses previously reported Ni
matrix composites. The novel design of the heteroge-
neous grain structure and the incorporation of graphene
activates/enhances multiple strengthening and ductiliz-
ing mechanisms such as grain refinement, HDI hard-
ening, activated stacking faults, and unique microcrack
behavior. This study provides new insights into the design
of metallic structural materials.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by the National Natural Science
Foundation of China [grant numbers 52274385, 52204392,
U23A20607] and National Key Research and Development
Program of China [grant number 2022YFC2904900].

Data availability statement

The data that support the findings of this study are available
from the corresponding author, [Z. Shen], upon reasonable
request.

References

[1] Islam A, Mukherjee B, Pandey KK, et al. Ultra-fast,
chemical-free, mass production of high quality exfoliated
graphene.ACSNano. 2021;15(1):1775–1784. doi:10.1021/
acsnano.0c09451

[2] Dammak M, Gaspérini M, Barbier D. Microstructural
evolution of iron basedmetal–matrix composites submit-
ted to simple shear. Mater Sci Eng A. 2014;616:123–131.
doi:10.1016/j.msea.2014.08.004

[3] Wang D, Shanthraj P, Springer H, et al. Particle-induced
damage in Fe–TiB2 high stiffness metal matrix compos-
ite steels. Mater Des. 2018;160:557–571. doi:10.1016/j.
matdes.2018.09.033

[4] Zhu Y, Ameyama K, Anderson PM, et al. Heterostruc-
tured materials: superior properties from hetero-zone
interaction. Mater Res Lett. 2020;9(1):1–31. doi:10.1080/
21663831.2020.1796836

[5] Zhu Y,WuX. Perspective on hetero-deformation induced
(HDI) hardening and back stress. Mater Res Lett.
2019;7(10):393–398. doi:10.1080/21663831.2019.1616331

[6] Ritchie RO. The conflicts between strength and tough-
ness. Nat Mater. 2011;10(11):817–822. doi:10.1038/nmat
3115

[7] Zhu Y,WuX. Heterostructuredmaterials. ProgMater Sci.
2023;131:101019. doi:10.1016/j.pmatsci.2022.101019

[8] Shi P, Li R, Li Y, et al. Hierarchical crack buffering triples
ductility in eutectic herringbone high-entropy alloys. Sci-
ence. 2021;373(6557):912–918. doi:10.1126/science.abf
6986

[9] Zha M, Zhang HM, Yu ZY, et al. Bimodal microstruc-
ture—a feasible strategy for high-strength and ductile
metallic materials. J Mater Sci Technol. 2018;34(2):257–
264. doi:10.1016/j.jmst.2017.11.018

[10] Chen J, Han Y, Li S, et al. Evading the strength and
ductility trade-off dilemma in titanium matrix com-
posites through designing bimodal grains and micro-
nano reinforcements. Scripta Mater. 2023;235:115625.
doi:10.1016/j.scriptamat.2023.115625

[11] Liu Y, Cao Y, Mao Q, et al. Critical microstructures and
defects in heterostructured materials and their effects
onmechanical properties. ActaMater. 2020;189:129–144.
doi:10.1016/j.actamat.2020.03.001

[12] Huang M, Xu C, Fan G, et al. Role of layered structure
in ductility improvement of layered Ti-Al metal compos-
ite. Acta Mater. 2018;153:235–249. doi:10.1016/j.actamat.
2018.05.005

[13] Bertsch KM, Meric de Bellefon G, Kuehl B, et al.
Origin of dislocation structures in an additively man-
ufactured austenitic stainless steel 316L. Acta Mater.
2020;199:19–33. doi:10.1016/j.actamat.2020.07.063

[14] Ma X, Huang C, Moering J, et al. Mechanical properties
of copper/bronze laminates: role of interfaces. ActaMater.
2016;116:43–52. doi:10.1016/j.actamat.2016.06.023

[15] Huang CX, Wang YF, Ma XL, et al. Interface affected
zone for optimal strength and ductility in hetero-
geneous laminate. Mater Today. 2018;21(7):713–719.
doi:10.1016/j.mattod.2018.03.006

[16] Fu X, Yu Z, Tan Z, et al. Enhanced strain hardening by
bimodal grain structure in carbon nanotube reinforced
Al–Mg composites. Mater Sci Eng A. 2021;803:140726.

[17] Teng H, Tan Z, Zheng Q, et al. Preparation of hetero-
geneous nanolaminated graphene nanosheet/Al–Cu–Mg
composites by powder assembly & alloying. J Alloys
Compd. 2023;967:171648. doi:10.1016/j.jallcom.2023.17
1648

[18] Luo X, Zhao K, He X, et al. Evading strength and duc-
tility trade-off in an inverse nacre structured magnesium

https://doi.org/10.1021/acsnano.0c09451
https://doi.org/10.1016/j.msea.2014.08.004
https://doi.org/10.1016/j.matdes.2018.09.033
https://doi.org/10.1080/21663831.2020.1796836
https://doi.org/10.1080/21663831.2019.1616331
https://doi.org/10.1038/nmat3115
https://doi.org/10.1016/j.pmatsci.2022.101019
https://doi.org/10.1126/science.abf6986
https://doi.org/10.1016/j.jmst.2017.11.018
https://doi.org/10.1016/j.scriptamat.2023.115625
https://doi.org/10.1016/j.actamat.2020.03.001
https://doi.org/10.1016/j.actamat.2018.05.005
https://doi.org/10.1016/j.actamat.2020.07.063
https://doi.org/10.1016/j.actamat.2016.06.023
https://doi.org/10.1016/j.mattod.2018.03.006
https://doi.org/10.1016/j.jallcom.2023.171648


MATER. RES. LETT. 823

matrix nanocomposite. Acta Mater. 2022;228:117730.
doi:10.1016/j.actamat.2022.117730

[19] Eckmann A, Felten A, Mishchenko A, et al. Probing the
nature of defects in graphene by Raman spectroscopy.
Nano Lett. 2012;12(8):3925–3930. doi:10.1021/nl300901a

[20] Lainé SJ, Knowles KM, Doorbar PJ, et al. Microstruc-
tural characterisation of metallic shot peened and laser
shock peened Ti–6Al–4V. Acta Mater. 2017;123:350–361.
doi:10.1016/j.actamat.2016.10.044

[21] Li Z, Wang H, Guo Q, et al. Regain strain-hardening
in high-strength metals by nanofiller incorporation at
grain boundaries. Nano Lett. 2018;18(10):6255–6264.
doi:10.1021/acs.nanolett.8b02375

[22] Fu S, Liu J, Wang Z. Strain hardening behavior of
Ni-carbonyl chemical vapor deposited (CVD) material
with bimodal grain structures: ultrafine (UF) grains and
large grains with UF/nano twins. Mater Sci Eng, A.
2019;751:253–262. doi:10.1016/j.msea.2019.02.051

[23] Geng X, Gao J, Huang Y, et al. A novel dual-hetero-
geneous-structure ultralight steel with high strength and
large ductility. Acta Mater. 2023;252:118925. doi:10.1016/
j.actamat.2023.118925

[24] Borkar T, Hwang J, Hwang JY, et al. Strength ver-
sus ductility in carbon nanotube reinforced nickel
matrix nanocomposites. JMater Res. 2014;29(6):761–769.
doi:10.1557/jmr.2014.53

[25] Borkar T, Mohseni H, Hwang J, et al. Excellent strength–
ductility combination in nickel-graphite nanoplatelet
(GNP/Ni) nanocomposites. J Alloys Compd. 2015;646:
135–144. doi:10.1016/j.jallcom.2015.06.013

[26] Fu K, Zhang X, Shi C, et al. An approach for fabricat-
ing Ni@graphene reinforced nickel matrix composites
with enhanced mechanical properties. Mater Sci Eng A.
2018;715:108–116.

[27] LinZ, Zhang S, RenL, et al. Enhanced strength and tough-
ness of Ni/graphene composite via three-dimensional
graphene-like nanosheets network. Compos Part B. 2023;
253:110499. doi:10.1016/j.compositesb.2023.110499

[28] Patil A, Nartu MSKKY, Ozdemir F, et al. Enhancement
of the mechanical properties of graphene nanoplatelet
(GNP) reinforced nickel matrix nanocomposites. Mater
Sci Eng A. 2021;817:141324. doi:10.1016/j.msea.2021.
141324

[29] Patil A, Nartu MSKKY, Ozdemir F, et al. Strength-
ening effects of multi-walled carbon nanotubes rein-
forced nickel matrix nanocomposites. J Alloys Compd.
2021;876:159981. doi:10.1016/j.jallcom.2021.159981

[30] Wang M, Wang WX, Zhou J, et al. The fabrication
and characterization of a TiB2/Ni composite using spark
plasma sintering. Trans Indian Inst Met. 2018;71(10):
2349–2360. doi:10.1007/s12666-018-1366-0

[31] Wang R, Zhu G, Zhou W, et al. An enhanced strength
Ni matrix composite reinforced by a 3D network struc-
ture of TiN nano-particles. Mater Des. 2020;191:108638.
doi:10.1016/j.matdes.2020.108638

[32] Wen T, Fan K, Zhang F. High strength and high ductil-
ity in nickel matrix nanocomposites reinforced by carbon
nanotubes and onion-like-carbon hybrid reinforcements.
J Alloys Compd. 2020;814:152303. doi:10.1016/j.jallcom.
2019.152303

[33] Yang C, HuangHF,Massey de los R, et al. Microstructures
and tensile properties of ultrafine-grained Ni–(1–3.5)

wt% SiCNP composites prepared by a powder metallurgy
route. Acta Metall Sin Engl Lett. 2015;28(7):809–816.
doi:10.1007/s40195-015-0261-5

[34] Zhang X, Liu Y, Liu X, et al. In-situ grown few-layer
graphene reinforced Ni matrix composites with simulta-
neously enhanced strength and ductility.Mater Sci EngA.
2021;828:142118. doi:10.1016/j.msea.2021.142118

[35] Zhao C. Enhanced strength in reduced graphene oxide/
nickel composites prepared bymolecular-level mixing for
structural applications.Appl PhysA. 2014;118(2):409–416.
doi:10.1007/s00339-014-8909-y

[36] Zhou S, Zhang W, Liu M, et al. Strength-toughness
combination in nickel matrix composites reinforced
by hybrid graphene nanoplatelets-titanium diboride.
Carbon. 2023;201:1137–1148. doi:10.1016/j.carbon.2022.
10.033

[37] Zhang Y, Heim FM, Bartlett JL, et al. Bioinspired,
graphene-enabled Ni composites with high strength
and toughness. Sci Adv. 2019;5(5):eaav5577. doi:10.1126/
sciadv.aav5577

[38] Shi P, Zhong Y, Li Y, et al. Multistage work hardening
assisted by multi-type twinning in ultrafine-grained het-
erostructural eutectic high-entropy alloys. Mater Today.
2020;41:62–71. doi:10.1016/j.mattod.2020.09.029

[39] Lee WB, Chan KC. A microplasticity analysis of shear
band cracks in rolled 2024 aluminium alloy. Int J Fracture.
1991;52(3):207–221. doi:10.1007/BF00034905

[40] Cao Y, Ni S, Liao X, et al. Structural evolutions of metallic
materials processed by severe plastic deformation. Mater
Sci Eng R Rep. 2018;133:1–59. doi:10.1016/j.mser.2018.
06.001

[41] ZhangHW,HuangX,HansenN. Evolution ofmicrostruc-
tural parameters and flow stresses toward limits in
nickel deformed to ultra-high strains. Acta Mater.
2008;56(19):5451–5465. doi:10.1016/j.actamat.2008.
07.040

[42] Shi P, Shen Z,WangH, et al. Bioinspired, heredity-derived
hierarchical bulk multifunctional copper alloys. Mater
Today. 2023;71:22–37. doi:10.1016/j.mattod.2023.11.003

[43] ChuK,Wang J, LiuY-P, et al. Graphene defect engineering
for optimizing the interface and mechanical properties of
graphene/copper composites. Carbon. 2018;140:112–123.
doi:10.1016/j.carbon.2018.08.004

[44] Zhao L, Guo Q, Li Z, et al. Strengthening and deforma-
tionmechanisms in nanolaminated graphene-Al compos-
ite micro-pillars affected by graphene in-plane sizes. Int
J Plasticity. 2019;116:265–279. doi:10.1016/j.ijplas.2019.
01.006

[45] Kim Y, Lee J, Yeom MS, et al. Strengthening effect of
single-atomic-layer graphene inmetal-graphene nanolay-
ered composites. Nat Commun. 2013;4(1):2114. doi:
10.1038/ncomms3114

[46] Siegel DJ. Generalized stacking fault energies, ductilities,
and twinnabilities of Ni and selected Ni alloys. Appl Phys
Lett. 2005;87(12):121901. doi:10.1063/1.2051793

[47] Guo B, Song M, Zhang X, et al. Exploiting the syn-
ergic strengthening effects of stacking faults in car-
bon nanotubes reinforced aluminum matrix composites
for enhanced mechanical properties. Compos Part B.
2021;211:108646. doi:10.1016/j.compositesb.2021.108646

[48] Yu Q, Li S, Minor AM, et al. High-strength titanium alloy
nanopillars with stacking faults and enhanced plastic flow.

https://doi.org/10.1016/j.actamat.2022.117730
https://doi.org/10.1021/nl300901a
https://doi.org/10.1016/j.actamat.2016.10.044
https://doi.org/10.1021/acs.nanolett.8b02375
https://doi.org/10.1016/j.msea.2019.02.051
https://doi.org/10.1016/j.actamat.2023.118925
https://doi.org/10.1557/jmr.2014.53
https://doi.org/10.1016/j.jallcom.2015.06.013
https://doi.org/10.1016/j.compositesb.2023.110499
https://doi.org/10.1016/j.msea.2021.141324
https://doi.org/10.1016/j.jallcom.2021.159981
https://doi.org/10.1007/s12666-018-1366-0
https://doi.org/10.1016/j.matdes.2020.108638
https://doi.org/10.1016/j.jallcom.2019.152303
https://doi.org/10.1007/s40195-015-0261-5
https://doi.org/10.1016/j.msea.2021.142118
https://doi.org/10.1007/s00339-014-8909-y
https://doi.org/10.1016/j.carbon.2022.10.033
https://doi.org/10.1126/sciadv.aav5577
https://doi.org/10.1016/j.mattod.2020.09.029
https://doi.org/10.1007/BF00034905
https://doi.org/10.1016/j.mser.2018.06.001
https://doi.org/10.1016/j.actamat.2008.07.040
https://doi.org/10.1016/j.mattod.2023.11.003
https://doi.org/10.1016/j.carbon.2018.08.004
https://doi.org/10.1016/j.ijplas.2019.01.006
https://doi.org/10.1038/ncomms3114
https://doi.org/10.1063/1.2051793
https://doi.org/10.1016/j.compositesb.2021.108646


824 Z. LIN ET AL.

Appl Phys Lett. 2012;100(6):063109. doi:10.1063/1.368
3489

[49] Xu Y, Zhang J, Bai Y, et al. Shear localization in dynamic
deformation: microstructural evolution. Metall Mater
Trans A. 2008;39(4):811–843. doi:10.1007/s11661-007-
9431-z

[50] Noell PJ, Carroll JD, Boyce BL. Themechanisms of ductile
rupture. Acta Mater. 2018;161:83–98. doi:10.1016/j.acta
mat.2018.09.006

[51] Zhang H, Wang HY, Wang JG, et al. The synergy effect of
fine and coarse grains on enhanced ductility of bimodal-
structuredMg alloys. J Alloys Compd. 2019;780:312–317.
doi:10.1016/j.jallcom.2018.11.229

[52] Mukherjee B, Kumar R, Islam A, et al. Evaluation of
strength-ductility combination by in-situ tensile testing
of graphene nano platelets reinforced shroud plasma
sprayed nickel-aluminium coating. J Alloys Compd.
2018;765:1082–1089. doi:10.1016/j.jallcom.2018.06.278

https://doi.org/10.1063/1.3683489
https://doi.org/10.1007/s11661-007-9431-z
https://doi.org/10.1016/j.actamat.2018.09.006
https://doi.org/10.1016/j.jallcom.2018.11.229
https://doi.org/10.1016/j.jallcom.2018.06.278

	1. Introduction
	2. Materials and methods
	3. Results and discussion
	4. Conclusions
	Disclosure statement
	Funding
	Data availability statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [609.704 794.013]
>> setpagedevice


