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Nanocrystalline (nc) metals typically possess high strength but low ductility.
Here, we report an interface nanostructuring design via plasma assisted ball
milling (PABM) to fabricate disordered multilayer graphene (DMGr)/Cu com-
posites that are ultra-strong yet plastic, achieving a compressive strength of
1.56 GPa and plastic strain of exceeding 0.6. Our strategy relies on the uni-
formly and densely dispersed DMGr with sp*sp® hybridization. Interlayer
sliding of DMGr but much stronger than van der Waals forces which can be
anticipated to mediate plastic deformation and improve the plasticity. The
high intrinsic strength of DMGr and associated Cu lattice strain near the
interface due to strong interactions between DMGr and matrix can sig-
nificantly impede dislocation motion and promote dislocation accumulation
within nanograin interior. Ex-situ and in-situ TEM characterizations revealed
that substantial dislocation interactions and accumulations induced by DMGr
and the associated lattice strain along with interlayer sliding of DMGr, led to
high strength, enhanced strain hardening capacity and superior plasticity.
Such a design strategy provides a pathway for mitigating the trade-off between

strength and plasticity in nanograined metals.

Nanocrystalline (nc) metals generally possess high strength but low
ductility, which poses a bottleneck that limits their applications in
many advanced technologies'™. The trade-off between strength and
ductility is a long-standing dilemma in materials science and engi-
neering, while the improvement of both strength and ductility is highly
challenging*~”. In NC metals, dislocations that traverse the nanograins
to sustain plastic flow tend to be rapidly absorbed into the opposing
grain boundaries (GBs), leaving little dislocation build-up behind**°.
Such a phenomenon in the presence of abundant GBs takes away the
most prolific conventional mechanisms for strain hardening'’. Efficient
storage of dislocations in nanograins is believed to be responsible for
the high strain hardening and ductility’*'°. Therefore, the key to sol-
ving the low ductility problem of NC metals lies in the improvement of

their strain-hardening ability, which fundamentally depends on the
promoted dislocation emission and intensive dislocation accumula-
tion within the grain interior” .

Various strategies have been proposed to address the aforemen-
tioned challenges in NC metals with some success to recover the strain-
hardening capability. In terms of nano-structural design, the prepared
heterogeneous nanostructures, such as bimodal, harmonic, lamellar,
gradient, domain-dispersed, and hierarchical nanostructures, can
endow metals and alloys with superior combinations of strength
and ductility that are not accessible to their homogeneous
counterparts>'®”. Geometrically necessary dislocations (GNDs) are
generated to accommodate deformation incompatibility near het-
erogeneous interfaces during straining, which consequently produce
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back stress in the soft domains and forward stress in the hard
domains'®. The interactions between back stress and forward stress
contribute to hetero-deformation induced (HDI) strengthening and
HDI strain hardening, thus enhancing the yield strength and helping to
improve the ductility>.

Grain interior and interface engineering are also employed to
surmount the dilemma. One strategy is introducing nano twins in NC
metals, including gradient nanotwinned structures” and hierarchical
nanotwinned structures***, which can effectively act as barriers and
accumulation sites for gliding dislocations, generate high strain
hardening and hence simultaneously improve strength and
ductility>*>?*. Another approach is employing the distribution of nano-
precipitates/second-phase particles in the nanograin interior to pro-
mote the dislocation trapping, which could help sustain high work
hardening and ductility”***. By manipulating the interface nanos-
tructuring, such as GBs segregation®® and GBs engineering”, their
composites have the potential to simultaneously achieve high strength
and high ductility. GBs segregation of solute atoms can help to impede
GBs migration and relax local stress, stabilizing the nanostructures and
suppressing the GBs cracking”®”. By embedded nanograins in an
amorphous framework, dual-phase nanostructured materials possess
high strength via constrained deformation confined by the boron
boundary® or blocking the propagation of shear bands®.

Some studies have achieved macroscopic superior mechanical
properties through graphene (Gr)/Cu interface engineering. The
number of Gr layers is one of the important factors affecting the
properties of metal matrix composites (MMCs). Ultra-high strength of
nanolayered composite with alternating layers of copper and mono-
layer Gr was achieved due to the significant role of monolayer Gr in
blocking dislocation propagation across the interface®. Interlayer
sliding of multilayer Gr takes place due to the van der Waals force
between interlayers during plastic deformation, where high strength
and formability is attained owing to the well-known Hall-Petch relation
and uniformly dispersed nanoscale inter-/intra-granular Gr®. As the
thickness of Gr at the interface further increases, the strengthening
effects of multilayer Gr are deteriorated due to the weak van der Waals
bonding between them in Gr/Cu dual nanophase composites, exhi-
biting extremely low ductility*. As is well known, the different
mechanical behaviors of carbon materials stem from the differences in
their atomic structures, such as sp, sp?, and sp® hybridization, which
provide versatility for tuning their mechanical properties in a wide
range. Carbon materials with various sp>sp® mixtures have been fab-
ricated by deposition techniques and pressure-induced phase transi-
tion of sp? carbon®°, which suggests that the presence of sp® covalent
bonding at the interlayer of sp* can improve the hardness and strength
of composites, avoiding premature failure caused by weak van der
Waals forces. Recent work in situ synthesized C/C composites with
ultra-high mechanical properties, consisting of ultrafine nanodiamond
homogeneously embedded in disordered multilayer Gr (DMGr) with
sp*sp® hybridization®.

In this work, we developed an interface nanostructuring strategy
to fabricate high-performance DMGr/Cu NC composites via plasma-
assisted ball milling (PABM), where uniform distribution of high-
density DMGr with sp?sp® hybridization was achieved. On one hand,
the presence of a small amount sp® covalent bonding at the interlayer
makes these DMGr can assist plastic deformation through interlayer
sliding, but much stronger than van der Waals forces, being believed to
act like a GBs sliding mechanism. On the other hand, these DMGr have
high intrinsic strength, which can effectively block dislocation
motions. Moreover, the strong interactions between DMGr and matrix
induce lattice expansion and associated lattice strain, promoting the
interactions and storage of dislocations within nanograins. Contrary to
the characteristics of high strength and low ductility in NC metals, our
DMGr/Cu composite presents ultra-high strength and superior plasti-
city with a high nanoindentation hardness of 6.2GPa and a

compressive strength of 1.56 GPa as well as a plastic strain of over 0.6
via multiple strengthening mechanisms generated by the unusual
behavior of dislocation interactions and accumulations inside nano-
grains induced by DMGr and lattice strain and the interlayer sliding of
DMGr. These results open an avenue for developing high-performance
NC metals via interface nanostructuring design.

Results

Observed lattice expansion and microstructure
characterizations

The DMGr/Cu composites exhibit distinct morphologies (Supple-
mentary Figs. 1-3) and X-ray diffraction (XRD) patterns (Supplemen-
tary Figs. 6, 7), where a significant leftward shift in diffraction peaks is
observed with increasing of milling time and volume fraction of DMGr.
Three-dimensional distribution of lattice parameters calculated from
the well-known Scherrer’s equation is depicted in Fig. 1a and Supple-
mentary Table. 2. When DMGr content is low, the lattice expansion is
unstable in energy due to the fact that of inevitable temperature
changes during PABM, which could lead to changes in the solubility of
C in copper, ie. the formation and dissociation of the sub-solid solu-
tion, and dynamic changes of lattice expansion especially under low
volume fraction of DMGr***°. And lattice parameters show a fluctuating
trend with the extension of milling time (Supplementary Fig. 7a), such
as 0.3644 nm for 30 h and 0.3620 nm for 45 h. Nevertheless, with the
concentration of DMGr exceeding 5 vol%, the diffraction peaks con-
stantly shift to a lower angle with the extension of milling time (Sup-
plementary Fig. 7e), and the lattice parameter reaches the maximum
value of 0.3670 nm for 80 h.

Furtherly, we characterized 1.5 vol% DMGr/Cu composite milling
for 30 h (denoted as 1.5 vol% DMGr/Cu-30 h) by combining Scanning
Transmission Electron Microscopy (STEM) and advanced character-
ization techniques. The NC-composite exhibits an average grain size of
75 nm and uniform distribution of DMGr (9.7 nm), as revealed by the
STEM images (Supplementary Fig. 8). We adopted the integrated dif-
ferential phase-contrast scanning transmission electron microscopy
(iDPC-STEM) technique to characterize the structure of the composite,
which can simultaneously achieve high-resolution imaging of light and
heavy atoms*. Figure 1d shows the atomic configuration of containing
DMGr region in an enlargement of high-angle annular dark-field
(HAADF) image (Fig. 1c) with the incident electron beam aligned along
[110] the zone axis. A significant increment of interplanar spacing is
observed in the region near the DMGr/Cu interface: 0.2154 nm for (111)
and 0.2162 nm for (111) the plane, respectively (Fig. 1e). Moreover, the
interplanar spacing away from the DMGr region is also higher than the
theoretical value of (111) the plane. Meanwhile, lattice expansion cau-
ses Cu atoms to deviate from their equilibrium position and could
result in lattice strain. We used geometric phase analysis (GPA)
methods* based on atomic morphology to characterize the lattice
strain in the composite. As displayed by the GPA atomic strain maps
along &, and &, (Supplementary Fig. 9), the strain distribution is
relatively random with the trend of fluctuations, suggesting the pre-
sence of lattice strain near the DMGr/Cu interfaces, which can result in
stronger resistance to dislocation motion. Correspondingly, the lattice
strain in the region of away from DMGr is significantly lower, con-
sistent with the results of interplanar spacing.

Figure 1g shows the electron energy loss near edge structure
(ELNES) of the C-K edge at different regions of DMGr, DMGr-Cu
interface, and matrix away from DMGr, where two energy loss peaks
can be observed in both regions of DMGr and DMGr-Cu interface
(1s>m* transition peak at ~285eV and 1s->o¢* transition peak at
~ 294 eV)"*?, indicating the presence of C element near the interface. In
addition to the observed peaks of C 1s-r'/0’, two additional significant
peaks are also observed, including an adsorption peak of C-O bond
(- 288 eV) from residual functional groups in RGO and an adsorption
peak (- 292 eV) of sp? bonding*?, which can be also observed in X-ray
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Fig. 1| Lattice parameters, hardness, microstructure and thermal stability of
disordered multilayer graphene (DMGr)/Cu composites. Three-dimensional
distribution of lattice parameters (a) and nanoindentation results (b) for DMGr/Cu
composites with different volume milling for different times. c-i Microstructure
characterizations of 1.5 vol% DMGr/Cu-30 h. ¢ High-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) image showing uniform
distribution of DMGr. d Integrated differential phase-contrast (iDPC) image marked
by b in (a) taken with [110] zone axis, showing the atomic structure. The red dashed
line represents a DMGr particle with a characteristic of disordered atomic structure.
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e Enlargement of iDPC image in (b) marked by e near DMGr. f Enlargement of iDPC
image in (b) marked by f far away from DMGr. g Electron energy loss near edge
structure (ELNES) spectrum at the C-K edge for different regions, including DMGr
(1), DMGr-Cu interface (2), and matrix away from DMGr (3). h Schematic map of
lattice expansion and lattice strain caused by DMGr, and the magnification of DMGr
is presented in Supplementary Fig. 11. i Cu atom map of a reconstructed volume of
1.5 vol% DMGr/Cu-30 h sample with iso-surfaces at 0.3 at. % C. j A reconstructed

volume of a 16 vol% DMGr/Cu-60 h sample, with iso-surfaces (in black red) at 0.3
at. % C.

photoelectron spectroscopy (XPS, Supplementary Fig. 4). Therefore,
the DMGr in our composites are a class of mixed sp*sp® hybridized
carbons with a low sp®> component, presence of which make the
interlayer force of DMGr much stronger than van der Waals force
between multilayer Gr. But these peaks disappear in the matrix away
from DMGr (>1nm). Furthermore, from the interface to the DMGr
domain, there is a drop in intensity of the i * peak, i.e., a lower fraction
of the sp? signal peak, indicating an increase of sp®> bonding in the
DMGr region®*”. The increased Ip/l intensity ratios is observed with
extended milling time, suggesting an increased fraction of sp® bonding
(Supplementary Fig. 5)*.

We further conducted atom probe tomography (APT) experi-
ments to characterize the C element distribution. The side-view APT
images of 1.5 vol% DMGr/Cu-30 h and 16 vol% DMGr/Cu-60 h (Fig. 1i, j,

and Supplementary Fig. 10) show the uniform distribution of the C
element. The typical proxigrams of selected DMGr reveal that C ele-
ment concentration is a gradient in the region from —4 nm to O nm,
which suggests that C element only enters the Cu lattice near the
interface, consistent with the electron energy loss spectra (EELS)
analysis. Consequently, our analysis further confirms the inference in
refs. 38,39, but the C atoms can only enter the Cu lattice near the
interface. Density functional theory (DFT) calculations indicate that
short-circuit diffusion of C atoms and formation of Cu-C bonding
jointly contribute to dissolution of C atoms in Cu lattice under the
drive of lattice distortion energy generated by high-density lattice
defects (Supplementary Note 1). In addition, the solid solution carbon
atom and interface stress induced by high-density defects of DMGr,
i.e., the strong interactions between DMGr and Cu, are the main
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Fig. 2 | Mechanical properties of nanocrystalline (NC) Cu and 16 vol% DMGr/Cu-
60 h. a Engineering stress-strain curves, the inset represents scanning electron
microscope (SEM) morphology of the micropillar. b True stress-strain curves.
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reasons that bring about lattice expansion/strain (Supplementary
Note 2). The schematic map showing lattice expansion/strain is dis-
played in Fig. 1h.

Mechanical properties

Nanoindentation tests were performed on the synthesized DMCr/Cu
composites to obtain their hardness values according to the con-
tinuous stiffness method (CSM). Representative loading-unloading
curves and corresponding nanoindentation marks are presented in
Supplementary Fig. 12a. The results of nanoindentation revealed that
the hardness value continuously increased with the increasing of
DMGr volume fraction and ball milling time (Fig. 1b and Supple-
mentary Table. 2). Furthermore, the 16 vol% DMGr/Cu-60 h exhibited
the maximum values of 6.16 + 0.54 GPa, exceeding these values
reported in other Cu matrix composites, including Gr/Cu, carbon
nanotubes (CNTs)/Cu, Cu-B, Cu-Al, Cu-W, Cu-Zr and Cu-Cr measured
in terms of volume fraction (Supplementary Fig. 12b). Therefore, the
sample of 16 vol% DMGr/Cu-60 h was selected to carry out the
micropillar compression test in order to investigate its deformation
behavior and obtain corresponding compressive strength (Supple-
mentary Movie 1). The morphology of a micropillar with a diameter
of 2 um is exhibited in the inset of Fig. 2a. The engineering stress-
strain curve during compression is exceedingly smooth without any
pop-in points (Fig. 2a). And the true stress-true strain curve derived
from the engineering stress-strain curve (Fig. 2b) shows a yield
strength of 0.83 GPa, flow stress of 1.56 GPa, and plastic strain of
exceeding 0.6. Moreover, snaps of the 16 vol% DMGr/Cu-60 h sample

at progressive strain was displayed in Fig. 2c, indicating high plasti-
city. While the yield strength and flow stress of NC Cu without DMGr
addition under the same milling time are only 0.49 GPa and 0.89 GPa,
respectively. The yield strength of NC Cu in this work exhibits
equivalent values compared with conventional NC Cu under a similar
grain size*. Based on the true stress-strain curve and strain hard-
ening rate curve, we calculated the strain hardening rate and strain
hardening exponent of our composite. Strain hardening rate (6)
value were calculated to be 22.9 GPa for DMGr/Cu and 15.1 GPa for NC
Cu, respectively, at strain of 0.04 by using the strain hardening rate
(Supplementary Fig. 13a), ie., 6=do/de ". And strain hardening
exponent (n) was determined to be 0.75 for DMGr/Cu and 0.48 for
NC Cu at strain of 0.04, respectively, by fitting the uniform plastic
deformation region to o=K;+K,e; (Supplementary Fig. 13b)”,
where K; denotes the initial yield strength, K, represents the
strengthening coefficient, and n is the strain hardening exponent.
Our composite exhibits the maximum values of 8 (Fig. 2d) and n
(Fig. 2e) compared with other Cu matrix composites, ultrafine-grain
(UFG) Cu, and NC Cu, suggesting superior strain hardening
capacity***>***8, The calculated strain hardening exponent in uni-
axial tension of Gr/Cu prepared by high-energy ball milling is only
0.54", It should be noted that the strain hardening rate and strain
hardening exponent of DMGr/Cu composite are much higher than
that of NC Cu under the same milling time, which proves the sig-
nificant importance of our uniformly and densely dispersed DMGr
and associated lattice strain in achieving high strength and superior
plasticity.
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Fig. 3 | Microstructure of 16 vol% DMGr/Cu-60 h before (a-f) and after micro-
pillar compression (g-j). a Bright field scanning transmission electron microscopy
(BF-STEM) image. The inset shows the selected-area electron diffraction (SAED)
pattern. b High-resolution transmission electron microscopy (HRTEM) image
showing DMGr along grain boundaries (GBs) taken with [110] zone axis, the inset is

<110>Nanotwin

Fast Fourier transform (FFT) pattern. c—f Enlargement of HRTEM images in (b)
marked by (c-f), respectively. g-i HRTEM images showing high density of dis-
locations, nano-twins, and multiple stacking faults (MSFs) in NC grains. j HRTEM
image showing the intersected SFs. The insets in (h-j) are the corresponding FFT
patterns.

Microstructure evolution

Figure 3a shows the BF-STEM image before micropillar compression,
which reveals that the 16 vol% DMGr/Cu-60 h exhibits a fine NC-
grained structure with an average diameter of 19 nm and an average
nanoparticle size of 3.77nm (Supplementary Fig. 14). Selected-area
electron diffraction (SAED) pattern (inset in Fig. 3a) indicates that a
significant fraction of grains was highly misoriented. High-resolution
TEM (HRTEM) image of a grain with DMGr distributing along GBs
shows that there were several dislocations within the grain interior
(Fig. 3b). Furthermore, the enlargement of HRTEM images (Fig. 3c-f)
presents the distinct levels of lattice expansion in different regions
within the grain interior due to the presence of C atoms in Cu lattice,
such as 0.2216 nm for (111) and 0.231 nm for (111) plane in the d region.
Corresponding GPA maps of regions d and e were displayed in Sup-
plementary Fig. 15, which indicates that the strain distribution is also
fluctuating and more significant with increasing volume fraction of
DMGr compared with 1.5 vol% DMGr/Cu-30 h.

The post-mortem TEM characterizations were conducted on the
deformed micropillar to reveal the dislocation configurations
(Fig. 3g-j). HRTEM observations (Fig. 3g) show that more dislocations
in different slip systems were pile-up in the grain interior, resulting in
the formation of several Lomer-Cottrell (L-C) locks (white dashed cir-
cle), which is in sharp contrast to the belief that dislocations cannot be
stored in nanograins during plastic deformation™**°, Besides, high
density of nano-twins, multiple stacked faults (MSFs), and intersected
SFs were also observed in nanograins (Fig. 3h-j), formed via Shockley
partial dislocation emanating from DMGr/Cu interface™. Such dis-
location configurations with high density can provide the dislocation
obstacles responsible for the unusual strain hardening capacity and
high strength. Furtherly, BF-STEM and HAADF-STEM morphologies, as
presented in Fig. 4a-d and Supplementary Fig. 16, reveal the changes
of structures before and after micropillar compression. Apart from the
observed high-density dislocation configurations (Supplementary
Fig. 17), another important feature is the interlayer sliding of DMGr
during compression, which can be anticipated that their interlayer

sliding can mediate plastic deformation and enhance plasticity®’. The
deformation mechanisms of our composite were furtherly investi-
gated by in situ TEM compression (Fig. 4f-j and Supplementary
Movie 2). Figure 4f-j displays the frame-by-frame analysis for the
evolution of interlayer sliding of DMGr and lattice defects during
compression. Upon compression, interlayer sliding of DMGr and dis-
location motion were observed, and it should be noted that dislocation
annihilation occurs subsequently due to the interlayer sliding of DMGr,
as indicated by the change in relative contrast. However, it was quite
difficult to catch the individual events of generation and annihilation
on the movie. After the interlayer sliding of DMGr was completed, the
high intrinsic strength of DMGr ultimately resulted in dislocation
accumulations and activation of nano-twins within the nanograin
interior. Therefore, the observed interlayer sliding of DMGr and dis-
location configurations are believed to be closely linked with the high
strength and superior plasticity in our composite. In contrast, the
microstructure evolution of NC Cu before and after micropillar com-
pression (Supplementary Fig. 18) indicates unremarkable dislocation
accumulations in nanograins, exhibiting significant differences in
deformation mechanisms between DMGr/Cu and NC Cu (Supple-
mentary Note 3).

The schematic map is presented in Fig. 4e to depict the differ-
ences of structure evolution in our composite compared with poly-
crystalline metals. Introducing numerous GBs to refine grain sizes to
the nanoscale has been proven efficient in strengthening materials by
orders of magnitude. Nevertheless, the occurrence of grain rotation or
GBs sliding results in a decrease of strength. In our composites, the
interlayer sliding of DMGr gradually sets in as the stress builds up due
to weak van der Waals forces between multilayers (Supplementary
Fig. 21). Meanwhile, the presence of sp’ covalent bonding can effec-
tively avoid premature failure caused by van der Waals forces. Friction
force measurements using atomic force microscope (AFM) and
Molecular dynamics (MD) simulations (Supplementary Note 4) reveal
that sp? bonding endows with DMGr (198.2 MPa) higher shear strength
compared with GO (145.2 MPa). Moreover, uniformly and densely
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Fig. 4 | Transmission electron microscopy (TEM) microstructure of 16 vol%
DMGr/Cu-60 h before and after micropillar compression. a, b BF-STEM and
HAADF-STEM images before compression. ¢, d BF-STEM and HAADF-STEM images
after compression. e Schematic map showing strengthening mechanisms in UFG,
NC grains, and our composite. The curve represents the variation of strength with

grain size, where the decrease in strength is caused by grain rotation or GBs sliding.
In addition, the inset at the top displays structure changes and DMGr sliding in our
composite during compression. f-j TEM images under in situ compression at dif-
ferent instantaneous times.

dispersed DMGr and associated Cu lattice strain caused by strong
interactions between DMGr and matrix can effectively promote dis-
location accumulation and storage within nanograins. Ultimately, a
high density of dislocation configurations and interlayer sliding of
DMGr can lead to high strength and superior plasticity in our
composite.

Differential scanning calorimetry (DSC) analysis (Supplementary
Fig. 24), in situ high-temperature XRD experiments (Supplementary
Fig. 25), and microstructure evolutions (Supplementary Fig. 26) dis-
play that DMGr/Cu composites exhibit better thermal stability than
NC Cu. The lattice parameter of pure copper gradually increased with
elevating temperature and maintained almost the same slope during
the heating and cooling processes (Supplementary Fig. 25c). The
slight change of lattice parameter at the same temperature for
heating and cooling stages indicated that high-energy ball milling
introduced a small amount of lattice distortion in the matrix. In
contrast, the lattice parameter of the DMGr/Cu sample did not begin
to increase until 300 °C, and the slope was smoother during the
whole heating compared with pure copper. Surprisingly, the slope of
DMGr/Cu during the cooling process was similar to that of pure
copper. Above all, it can be inferred that the change in lattice para-
meter of DMGr/Cu was significantly higher than that of pure copper
at the same temperature during heating and cooling, which can be
indicated that the presence of DMGr led to higher lattice strain. The
nanoindentation results (Supplementary Fig. 25d) of 16 vol% DMGr/
Cu-60 h annealed at different temperatures for 1 h displayed that the
hardness began to decrease at 300 °C. An explanation of the
observed behavior could be related with the hindrance of DMGr to
GBs migration. Based on the microstructure evolutions of 16 vol%

DMGr/Cu-60 h sample annealing at different temperatures, we can
infer that DMGr can hinder the migration of GBs, inhibit grain coar-
sening, and thus contribute to better thermal stability of DMGr/Cu
than NC Cu.

MD simulations

EELS and APT results (Fig. 1g, i and j) reveal that the addition of DMGr
caused lattice expansion and lattice strain near the interface (Sup-
plementary Figs. 9 and 15). In order to fully understand the effect of
lattice strain on the mechanical properties in our composites, we
adopted MD simulations to investigate the deformation behavior of
DMGr/Cu composites under uniaxial compression with and without
lattice expansion. Schematic of atomic configuration of simulated
DMGr/Cu system is presented in Fig. 5a with the x, y, and z axes for
[110], [112], and [111], respectively, and lattice expansion was intro-
duced by making some C atoms into matrix lattice (Supplementary
Fig. 27). With applied straining, stress-strain curves (Fig. 5b) were
obtained for DMGr/Cu composites with and without lattice expan-
sion, where the composite with lattice strain exhibited higher stress
compared without lattice strain, consisting with the evolution of
lattice strain (Fig. 5¢). In the presence of lattice strain, we believe that
the movement of dislocations at the sites with strain requires higher
shear stress to initiate, leading to a significant dislocation propaga-
tion at higher strain (Fig. 5f)*>. Meanwhile, more slip systems will be
activated to participate in the plastic deformation and further con-
tribute to dislocation multiplication with a fast rate (Fig. 5d, e). The
corresponding microstructure evolution of DMGr/Cu composites at
strains of 15% and 45% with and without lattice expansion are dis-
played in Fig. 5g-j. In the absence of lattice strain (Fig. 5g), it can be
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Fig. 5 | Molecular dynamics (MD) simulations for DMGr/Cu composites with
and without lattice expansion. a Schematic of the atomic configuration for the
simulated DMGr/Cu system. b Stress-strain curve. ¢ Lattice strain with increasing
strain. d The dislocation configuration in the composite without lattice expansion
at a strain of 45%. e The dislocation configuration in the composite with lattice
expansion at a strain of 45%, exhibiting that more slip systems participate in the

strain of 15%
b

strain of 45%

With lattice expansion

plastic deformation. f The dislocation density with applied strain. Here, “with lattice
expansion” represents 10% of three-layer C atoms are introduced into the matrix
with a thickness of about 1 nm at the interface, and 10% of DMGr particles are
introduced into the matrix around the particles within a range of about 0.5 nm.

g, h Snaps of DMGr/Cu composite without lattice expansion at strain 15% and 45%.
i, j Snaps of DMGr/Cu composite with lattice expansion at strain 15% and 45%.

seen that at a strain of 15%, dislocations pile-up occurred near the
GBs, making it more prone to dislocation multiplication and
improving strength. In addition, a Frank Reed (FR) dislocation source
was generated on both the DMGr nanoparticle and DMGr layers and
bypasses the DMGr nanoparticle. This is because the z-direction is
perpendicular to the (111) crystal plane, and the slip of edge dis-
locations will be suppressed. And the dislocations naturally tended
to through the FR dislocation source mechanism, and this phenom-
enon occurred multiple times during compression. MSFs were also
observed by appearing three penetrating incomplete dislocations.
High density of dislocations was formed as the strain increasing to
45% (Fig. 5h). In contrast, the density of dislocations was relatively

low at small strain for composite with lattice strain (Fig. 5i). However,
dislocations rapidly propagated and the ultimate dislocation density
was significantly higher than the former at high strain conditions
(Fig. 5j). Ultimately, dislocations can multiply and be activated in
multiple slip systems in strain fields, improving the strength and
plasticity of DMGr/Cu composite.

Discussion

High strain hardening capacity

In general, NC metals fabricated by SPD, such as high-pressure torsion
(HPT) and equal channel angular pressing (ECAP), usually possess
strength that can be several times higher than that of their coarse-
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grained counterparts, but very low ductility?. Because conventional
dislocation sources in the grain interior are no longer exist due to the
small grain size (<100 nm) and GBs become the main dislocation
sources™**, Due to the abundant dislocation sources (GBs), disloca-
tions are rapidly generated to decorate the grains and their bound-
aries, resulting in a high strain hardening rate in the early stages of
plastic deformation'. The dislocations emitted from GBs glide across
the grain interior and are highly likely to be adsorbed by GBs due to the
small distance®. Further, these adsorbed dislocations may annihilate
with other dislocations with the opposite Burgers vectors. The
adsorption and annihilation processes of dislocations are both rapid
because their rates are controlled by GB diffusion, which is much faster
than overall diffusion’. Due to the high annihilation rate, dislocations
cannot effectively accumulate in the grain interior, resulting in
immediate plastic instability after yielding’. The process of work
hardening can be understood at the microstructural level through the
interactions of dislocations, which is very limited in nanograins>’. This
is the typical characteristic of plastic deformation in NC metals, where
dislocations are quickly emitted and annihilated at GBs during plastic
deformation. The above discussed phenomenon has been observed in
the nanostructured ECAP-Ti and ECAP-Cu, and it was found that there
are mostly free of dislocations in UFG and nanograins, which is the
primary reason contributing to low work hardening rate and low
ductility'®,

In our NC composite, dislocations were emitted from GBs and
glided across the grain interior, while they were not quickly adsorbed
and annihilated by GBs like conventional nanograins under plastic
deformation® The presence of DMGr and lattice strain near DMGr/Cu
interfaces (Supplementary Figs. 9 and 15) impeded the movement of
dislocations (typical feature being wavy dislocation lines), leading to
the entanglement and interaction of dislocations (Fig. 3g—j). The
accumulation of dislocations elevated the stress required to overcome
further plastic deformation®. In addition to hindering dislocation
movement, the DMGr and corresponding lattice strain can also act as
dislocation sources to generate dislocations, enabling the activation of
dislocations in multi slip systems and further promoting the accumu-
lation of dislocations (Fig. 5). Furthermore, the reactions of disloca-
tions can form L-C locks (Fig. 3g), because the high density of
dislocations on different slip systems are prone for the formation of
L-C locks™. Recent works hve demonstrated that L-C locks play a
critical role in strain hardening, which derive their effectiveness from
the capacity to accumulate dislocations*”*, thus we believe that L-C
locks are effective in producing strain hardening in our composite. In
addition, MSFs and nanotwins, formed via Shockley partial dislocation
emitted from the DMGr/Cu interface, were also observed in the post-
mortem TEM morphologies (Fig. 3h, i), which can provide room for
dislocation accumulation and interactions®. When gliding dislocations
meet with nanotwins, they can pile up at the twin boundaries and
interact with twin boundaries in multiple ways*®!, The observed
nanotwins appear to be messy, as a result of contain dislocations at
twin boundaries and interior. The interactions between dislocations
and twin boundaries, making the twin boundaries effective sites for
dislocation accumulations, are predicted to be effective to promote
strain hardening and generate excellent plasticity®’. The MSFs can
interact with dislocations in a similar way with twin boundaries, pro-
moting dislocation storage and increasing strain hardening. And the
intersected SFs introduced during straining may be extra dislocation
sources, hindering further dislocation movement. The formed new
interfaces and dislocation entanglement are expected to promote
strain hardening (Fig. 3j). The above dislocation behaviors in this work
are of great significance, because accumulation and storage of dis-
locations in NC grains are usually very limited'. The addition of DMGr
and correspondingly generated lattice strain near the interface caused
by strong interactions between DMGr and matrix made dislocation
motion sluggish in nanograins, promoting the interactions and

accumulation of dislocations, contributing to superior strain hard-
ening capacity (Fig. 2d, e). Therefore, the high-density dislocations
coupled with nanotwins and MSFs jointly improve the storage of dis-
locations in nanograins and contribute to ultra-high strength,
enhanced hardening capacity, and superior plasticity. The contribu-
tion order of corresponding strengthening mechanisms in our DMGr/
Cu composite is Hall-Petch related strengthening (149.3 MPa), dis-
location strengthening (117.8 MPa), and load transfer strengthening
(72.9 MPa, Supplementary Note 5).

Interlayer sliding of DMGr upon compression

GBs sliding is one of the dominant deformation mechanisms in NC
metals during the plastic deformation, which can improve the
plasticity®***, Gr not only has excellent mechanical and physical
properties, but also exhibits significant self-lubricating effects due to
the weak van der Waals forces between Gr interlayers®. However, due
to the poor wettability between Gr and Cu, there exists a competitive
relationship between Gr strengthening, Gr lubricating, and interface
delamination. The weakly bonded Gr/Cu interface are prone to cause
interface delamination and eventually leads to catastrophic failure®. In
this work, uniformly and densely dispersed DMGr with sp*sp® hybri-
dization were obtained by PABM. The strong interactions between
DMGr and the matrix induce lattice expansion and generate lattice
strain, promoting the interactions and storage of dislocations within
nanograins. In addition to effectively block dislocation motions of
DMGr due to high strength, the presence of small amount sp’ covalent
bonding at interlayer make these DMGr can assist plastic deformation
through interlayer sliding much stronger than the van der Waals for-
ces, avoiding premature failure, which were observed in ex-situ and in
situ characterizations (Fig. 4). We believed that the interlayer sliding of
DMGr can be similar to the GB sliding mechanism in assisting plastic
deformation, leading to higher plasticity. Moreover, the gliding dis-
locations that are piled up at the DMGr-Cu interface may escape to the
free surface through interfacial sliding to further accommodate the
plastic deformation of the composite®’. Consequently, the interfacial
nanostructuring design proposed here generated DMGr with mixed
sp*-sp® hybridized carbon atoms, which can not only improve the
mechanical properties by impeding dislocation motion but also med-
iate plastic deformation and thus enhance plasticity via interlayer
sliding of DMGr.

In summary, we propose an interface nanostructuring design via
PABM to fabricate DMGr/Cu composites, achieving uniformly and
densely dispersed DMGr with mixed sp*sp® hybridized carbon atoms.
The synthesized NC DMGr/Cu composite exhibited a nanoindentation
hardness of 6.2 GPa and a compressive strength of 1.56 GPa, as well as a
plastic strain of exceeding 0.6, suggesting a superior combination of
strength and plasticity. Ex-situ and in situ TEM characterizations
revealed that the high-density dislocation configurations in nanograins
interior, including high-density dislocations, nanotwins, and MSFs,
induced by DMGr and associated lattice strain along with interlayer
sliding of DMGr contributed to ultra-high strength and superior plas-
ticity. This strategy by manipulating interface nanostructuring design,
provides a promising approach to manufacturing ultra-strong and
plastic NC metals for structural applications.

Methods

Materials preparation

Spherical copper powders (Shanghai Buwei Applied Materials Tech-
nology Co., Ltd, djo, dsp and dop=0.463, 0.674 and 0.954 pm,
respectively) and graphene oxide (GO) (Nanjing XFNano Material Tech
Co., Ltd) were annealed at 300 °C for 2 h under H,/Ar (5 vol.% H,)
atmosphere to remove the surface impurities and oxides. Then, cop-
per powders, GO with different volume fractions (0, 1.5, 3, 5, 8, and
16 vol%), and hard alloy balls were loaded into a cylindrical stainless-
steel ball milling tank with a Cu-powder-to-milling-ball mass ratio of
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approximately 1:10. The tank was vacuumed and filled with high-purity
argon gas. The DMGr/Cu composites were in situ synthesized by PABM
for different times (15h, 20 h,30 h, 45h, 60 h, 80 h, and 100 h) under a
speed of 1200 rpm and frequency of 10 kHz. The samples to investi-
gate thermal stability were performed by annealing at different tem-
peratures (200, 300, 400, and 450 °C) for 1h in a tube furnace under
H,/Ar atmosphere.

Microstructure characterizations

The surface morphology and energy dispersive spectroscopy (EDS)
analysis of flakes were performed on a RISE-MAGNA scanning electron
microscope (SEM). A high-resolution X-ray photoelectron spectro-
scopy (XPS, Escalab Qxi) was utilized to investigate surface charge
properties of the composite. Raman spectroscopy (Reinishow inVia
Qontor), using an excitation wavelength of 532nm under a 200s
acquisition time, was used to characterize the changes in various peaks
of RGO before and after ball milling. XRD tests were conducted on a D8
ADVANCE Da Vinci (Cu Ka) with a 26 range of 15-85°, step size of 0.02°,
and a scan speed of 10°/min at room temperature to analyze crystal-
lographic orientations. DSC analysis was carried out by a DSC 404 F3 in
the temperature range of 100 °C-700 °C with the heating rate of 10 °C/
min. In situ high-temperature XRD measurements were performed on
an ARL Equinox 3500 with a ramping rate of 20 °C/min. The samples
for TEM analysis and in situ micropillar/TEM compression tests were
prepared via focus ion beam (FIB) milling on a FEI helios Sux FIB.
Furtherly, the specimens were milled by Fischione 1040 NanoMill to
remove the surface amorphous layer and Ga* implantation with a
milling voltage of 500 eV and milling current of 100 pA. Transmission
electron microscopy (TEM) characterizations and EDS mapping were
performed on a FEI Talos F200X equipped with a Super-X EDS system
with an accelerating voltage of 200 kV. The characterizations of atom
mapping using the advanced iDPC-STEM technique and (electron
energy loss spectra) EELS analysis were carried out on an aberration-
corrected scanning transmission electron microscope (Spectra 300,
FEI). Precession electron diffraction (PED, NanoMEGAS) measure-
ments before and after micropillar compression were conducted on a
Spectra 300 equipped with an ASTAR system, and a precession angle
of 0.6° with a step size of 2nm.

Atom probe tomography (APT). APT analysis was performed on a
local electrode atom probe (CAMECA LEAP4000X Si) to investigate
the three-dimensional elemental distribution at the atomic scale.
Needle-shaped tips for APT analysis were produced by a FIB lift-out
method using a dual Focused lon Beam (FIB)-SEM system (ZEISS
Auriga Crossbeam). The final-step milling of each tip was conducted
at a very low accelerating voltage of 5kV and a beam current of 5 pA
to minimize Ga* implantation. APT experiments were run at a spe-
cimen temperature of 40 K, under a UV laser pulsing, at a repetition
rate of 200 kHz, a pulsing laser energy of 40 pJ, and a target eva-
poration rate of 0.5% per pulse under an ultrahigh vacuum of
5.0 x10™ Torr. APT dataset reconstruction and quantitative analysis
were conducted with the commercial software CAMECA AP Suite
version 6.3.

Mechanical testing

The hardness of DMGr/Cu composites were measured by nanoinden-
tation test (Nano Indenter G200) with a maximum depth of 150 nm at
room temperature. In situ micropillar compression tests were con-
ducted by a 5-um diamond flat punch equipped on a FEI Helios 600
FIB, utilizing displacement-controlled mode at an approximate rate of
2nm/s. The diameter of the micropillar was 2 um with aspect ratios
(height/diameter) of 2:1-3:1. In situ TEM compression were performed
on Cs-TEM (JEOL Grand ARM300) using a Hysitron PI 95 Picoindenter
system equipped with a flat diamond tip. Displacement-controlled
mode at a displacement rate of 0.25 nm/s was operated with TriboScan

software suite. The in situ videos were obtained using a Gatan OneView
camera with 1k resolution at a speed of 25 frames/s.

Friction Force Measurements using AFM

Friction force measurements were conducted by atomic force micro-
scope (AFM, Dimension XR, Bruker) in air at room temperature.
Standard force modulation silicon probe (OMCL-AC240TS-R3) with a
resonant frequency of 70 kHz, nominal spring constant of 1.7 N/m, and
tip radius of ~ 7 nm was used. Under lateral force scanning mode with a
canning rate of 1Hz, trace/retrace vs distance curves were recorded
over areas of 500 nm x 500 nm consisting of 256 lines. The friction
force was estimated by subtracting and halving the mean values of
trace-retrace signals.

First principles calculations

First-principles calculations based on density functional theory (DFT)
were performed in the Vienna Ab initio Simulation Package (VASP)
software. The exchange correlation between electrons is described
using the Perdew-Burke-Ernzerhof (PBE) form of generalized gradient
approximation (GGA) following the criteria®®’: cutoff energy of
500 eV, energy convergence accuracy of 1x10°eV, force error less
than 0.01eV/A acting on the atom, and value of 2x 2 x1 for the Bril-
louin zone k-point. By thoroughly optimizing the geometry of two
initial models and performing energy calculations based on displace-
ment path interpolation points, atomic force data of initial and dis-
placed structures were extracted to elucidate the essential cause of
lattice expansion.

Molecular dynamic simulations

Molecular dynamics (MD) simulations using Large-scale Atomic
Molecular Massively Parallel Simulator (LAMMPS) were performed to
investigate the interactions between DMGr and dislocations. And
simulation configurations were visualized by the Open Visualization
Tool (OVITO). During the simulation process, embedded atom method
(EAM)®® and Modified embedded-atom method (MEAM)®’ potentials
were used for Cu-Cu and C-C atomic interactions, respectively, and the
interaction between Cu-C atoms was described by Lennard-Jones
potential (L-J) potential’®”.. The entire simulation phase was conducted
under periodic boundary conditions and NPT ensemble, with a time
step of 1fs. The initial model relaxed for 100 ps at 300 K and ambient
pressure to ensure that the model reached a stress equilibrium state.
To carry out compression simulations of DMGr/Cu composite, a
10 x40 x 60 nm model (2001100 atoms) was constructed for MD
simulation, including four grains with a single grain size of
10 x 20 x 30 nm. The corresponding crystal orientations on the X, y,
and z axes were [110], [112], and [111], respectively. The intergranular
DMGr contains three layers of graphene, and the intragranular DMGr
particles have a diameter of 1-2nm. In order to introduce lattice
expansion, about 10% of three-layer C atoms were introduced into the
matrix with a distance of about 1 nm at the interface, and 10% of DMGr
particles were introduced into the matrix around the particles within a
range of about 0.5 nm. The positions were randomly distributed, and
all C atoms entering the copper matrix were located between the Cu
lattice.

Data availability
All data are available in the manuscript and the Supplementary Infor-
mation. Source data are provided in this paper.
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