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Bamboo-like dual-phase nanostructured
copper composite strengthened by
amorphous boron framework

Hang Lv1,5, Xinxin Gao1,5, Kan Zhang 1 , Mao Wen 1, Xingjia He1,
Zhongzhen Wu2, Chang Liu 3 , Changfeng Chen4 & Weitao Zheng 1

Grain boundary engineering is a versatile tool for strengthening materials by
tuning the composition and bonding structure at the interface of neighboring
crystallites, and thismethod holds special significance formaterials composed
of small nanograins where the ultimate strength is dominated by grain
boundary instead of dislocationmotion. Here, we report a large strengthening
of a nanocolumnar copper film that comprises columnar nanograins embed-
ded in a bamboo-like boron framework synthesized by magnetron sputtering
co-deposition, reaching the high nanoindentation hardness of 10.8GPa among
copper alloys. Theboron framework surrounding copper nanograins stabilizes
and strengthens the nanocolumnar copper film under indentation, benefiting
from the high strength of the amorphous boron framework and the con-
strained deformation of copper nanocolumns confined by the boron grain
boundary. These findings open a new avenue for strengthening metals via
construction of dual-phase nanocomposites comprising metal nanograins
embedded in a strong and confining light-element grain boundary framework.

The high ductility and malleability make metals indispensable in
numerous applications, but these materials, especially most promi-
nent ones like copper and aluminum, are soft and susceptible to tear
and wear. Strengthening metals has long been a major topic in mate-
rials research with implications across many scientific disciplinaries
and technological areas. Traditional methods rely on controlling the
generation and interaction of internal defects, such as solute atoms,
dislocations, and grain boundaries (GBs)1–3, among which GBs play an
increasing role at decreasing grain sizes down to nanoscale4. This
phenomenon, known as the Hall-Petch effect5, has been driving a great
deal of research seeking effective ways for strengthening metals.
However, when the grain size decreases to a critical value (usually
around 10 nm), the proportion of atoms at GBs is high enough to cause
a change in plastic deformation from dislocation motion to GB medi-
ated mechanisms, often leading to softening due to structural

weaknesses at the boundary6. To strengthen nanocrystalline metals, it
is essential to suppress GB induced structural weakness, which has
been pursued extensively in recent works7–11. Hu et al.12 successfully
stabilized GBs in nanocrystalline nickel-molybdenum alloys by altering
the composition of molybdenum and annealing samples at appro-
priate temperatures, achieving significantly enhanced hardness in
samples containing grains of 8.2 nm in size. Li et al.13 constructed a
Schwarz crystal structure in nanocrystalline copper with grain sizes
around 10 nm and used the GB relaxation effect to form an interface
network between coherent twin boundaries and the large-angle GBs,
greatly improving the stability and strength of copper. Wu et al.14

synthesized nanocrystalline magnesium alloys consisting of nano-
crystalline cores of around 6 nm in diameter embedded in amorphous
glassy shells that stabilize the GBs and block the propagation of shear
bands, producing strengths approaching the ideal theoretical limit.
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A notable design strategy for strengthening nanocrystallinemetal
is to emulate the columnar structures found in nature, such as
bamboo15,16 and honeycomb17,18, where the highly anisotropic struc-
tural arrangements can sustain large mechanical loadings, producing
improved strength and hardness. Bamboo has a columnar structure
with longitudinally aligned fibers comprising hollow tubular
structures15, generating high strength-to-weight and stiffness-to-
weight ratios, as well as high bending strength16. Honeycomb struc-
tures exhibit similar characteristics with a large number of hollow
columnar areas that can host a secondary phase18, and the cooperation
of such a phase and the support of the skeleton structure can sustain
high compressive stress applied parallel to the columndirection19. This
strategy holds promise for improving strength and hardness of metals
by constructing nanocolumnar films via magnetron sputtering co-
deposition20. Studies have shown that GB segregation can reduce GB
energy, promote grain refinement, and stabilize GBs21–24. Meanwhile,
phase segregated GBs can be harnessed to serve as the columnar
skeleton.

To construct the desired nanocomposite structure, it is key to
identify a dual-phase material system that is suitable for both GB
segregation and columnar growth. To this end, we have selected
copper-boron (Cu-B) system based on the following considerations.
First, Cu and B have similar electronegativity and large atomic size
mismatch, making it difficult to form an ordered Cu-B alloy or a
covalent bonding structure25,26, which is further diminished by the
extremely low solubility of 0.06 at.% of B in Cu at room temperature27.
Second, Cu alloy thin films tend to have columnar growth mode on Si
substrates under appropriate deposition conditions28. Third, amor-
phous boron possesses high strength and hardness29, providing a
favorable basis for forming a strong GB framework.

Here, we report magnetron sputtering co-deposition of a “bam-
boo-like” dual-phase Cu-B nanocomposite film with nanocolumnar Cu
grains embedded in an amorphous boron framework that constitutes
an integrated network of GBs. The synthesized film exhibits a very high
nanoindentation hardness of 10.8GPa among all Cu alloys reported to
date. Transmission electron microscope (TEM) analysis reveals that
the boron GBs impede dislocation motion, and the mechanically
strong amorphous boron framework stabilizes columnar copper film
containing ultrarefined grains and constrains deformation modes
under nanoindentation, switching from the relatively weak shear
deformation mode commonly among metals to microstructurally
constrained much stronger bending deformation mode, thereby pro-
ducing improved strength and hardness in the “bamboo-like” nano-
composite Cu-B film. At the same time, this constraint on the shear
behavior allows the film to avoid shear-induced failure and ensures
that the film has a yield strength of ~1.36GPa and a flow stress of
~2.58GPa, as well as a failure strain of over 50%. These results
demonstrate an effective approach for strengthening copper via a
dual-phase nanostructure design that is expected to be robust and
broadly applicable to other metals.

Results and discussion
Structural characterization of the dual-phase Cu-B nano-
composite film
We synthesized the “bamboo-like” dual-phase Cu-B nanocomposite
film by magnetron sputtering co-deposition and performed detailed
structural characterization (see Methods). The atomic concentration
of element B in the film is determined to be 26.5 at.% through the
utilization of X-ray photoelectron spectroscopy (XPS) analysis (Sup-
plementary Fig. 1). Furthermore, the crystallographic arrangement of
the film is identified to be of the face-centered cubic (fcc) type (Sup-
plementary Fig. 2). The three-dimensional morphology of the film was
examined by TEM, which reveals (Fig. 1a) that the film exhibits a typical
columnar growth (Supplementary Fig. 3) with an average diameter of
columnar grains (defined as grain size d) of ~11.1 nm, and there is a

segregation phase with a thickness of ~2.4 nm between the columnar
grains (Supplementary Fig. 4), which can be described as a “thick grain
boundary (TGB)”30. Figure 1b shows a high-resolution TEM (HRTEM)
image of a grain and the surrounding TGB in plan-view. The standard
Cu diffraction spots and amorphous halo are characterized by the Fast
Fourier transform (FFT) in the grain and TGB, respectively (Fig. 1c, d).
The measured crystal plane spacing (Fig. 1b) and positions of X-ray
diffraction (XRD) peaks (Supplementary Fig. 2) indicate that the grain
comprises Cu crystal in the fcc structure with almost no lattice
expansion, indicating little boron solid solution in the Cu lattice.
HRTEM image of the film in cross-sectional view (Fig. 1e) reveals that
the columnar crystalline copper and amorphous boron regions appear
alternately. An inverse FFT (IFFT) analysis is performed on different
positions of the film to judge the dislocation distribution. The results
(Fig. 1f, g and Supplementary Fig. 5) show that the distribution of
dislocations in copper grains is mainly around the TGB. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) ana-
lysis of thefilm inplan-view (Fig. 1h, i) reveals thatCu is concentrated in
the grain. EDS (Fig. 1j, k) and electron energy loss spectroscopy (EELS)
analysis (Supplementary Fig. 6) were performed on a double spherical
aberration-corrected scanning transmission electron microscope (AC-
STEM) in cross-sectional view. The analysis confirms the enrichment of
B elements at the TGBs and the enrichment of Cu elements within the
grains. XPS measurements (Supplementary Fig. 1) reveal there is no
split peak, indicating a lack of Cu-B bonding and suggesting that Cu
and B exist in the grain and TGB regions, respectively, in a segregated
and immiscible state. These observations indicate that we have suc-
ceeded in constructing a “bamboo-like” columnar structure on the
nanoscale, and such nanocolumnar structural units are connected to
form a honeycomb network.

Within our “bamboo-like” dual-phase Cu-B nanocomposite film,
there is a significant absence of interruptions in the columnar growth
(Fig. 1 and Supplementary Fig. 5). It indicates that boron mainly influ-
ences the initial nucleation of Cu grains and increases the nucleation
density, contributing to the grain refinement. Boron atoms fill the
intergranular positions between the Cu grains to form a secondary
phase that constitutes the TGB. During the columnar growth process,
the two phases do not interfere with each other, resulting in the for-
mation of elongated columnar grains. This phenomenon is driven by
the immiscibility and non-bonding nature of copper and boron. Pre-
vious simulation and experimental work investigated the effects of
diffusion kinetics and deposition parameters on the phase separation
and nanostructureof binary thinfilms.31–35We calculated the formation
energy of Cu-B substitutional and interstitial state, and the results are
all positive (Supplementary Fig. 7a), indicating that Cu-B solid-solution
structures are unstable. Moreover, we performed ab initio molecular
dynamics (AIMD) simulations that initially place boron atoms in the
substitutional and interstitial positions of the Cu lattice at 400K (to
simulate the increased temperature caused by the ion bombardment
during the sputtering deposition process), and the results show that all
boron atoms move to the surface of the Cu lattice (Supplementary
Fig. 7b, c). Similar effects of GB segregation on grain refinement and
structure stability were found in previous studies36,37. These assess-
ments elucidate the observed phase segregation that produces grain
refinement in the “bamboo-like” dual-phase nanocolumnar Cu-B
nanocomposite.

Todrawa comparative analysis, we also synthesizedpureCu, pure
B and Cu-B films with varying B concentrations (Supplementary
Table 1), namely lower (10.3 at.%) and higher (36.1 at.%), and subse-
quently subjected them to structural analysis. The B concentration is
derived from the XPS measurements (Supplementary Fig. 1), which
evince no discernible split peak. The aforesaid observation is con-
gruous with the “bamboo-like” dual-phase Cu-B nanocomposite film
under consideration, thereby signifying that the segregation tendency
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of Cu and B in the Cu-B system remains unaffected by the B con-
centration. The XRD results indicate that both the pure Cu and Cu-B
films exhibit a fcc crystal structure, while the pure B film is amorphous
(Supplementary Fig. 2). And the intensity of the peaks diminishes as
the B concentration rises. The addition of element B causes a sig-
nificant decrease in the grain size, from 18.9 nm for the pure Cu film to
8.1 nm for theCu-10.3 at.%Bfilm, 9.5 nm for theCu-26.5 at.%Bfilm, and
6.5 nm for the Cu-36.1 at.% B film. The grain size of Cu-B films does not
show a regular pattern with increasing B concentration and is close to

the critical grain size for Hall-Petch effect failure (Supplementary
Table 1).Wehaveobserved the cross-sectionalmorphologyof theCu-B
films with varying B concentrations. The Cu-10.3 at.% B film shows a
morphology without significant features and there is a diffuse dis-
tribution of amorphous segregated phases (Supplementary Fig. 8).
Conversely, in the Cu-36.1 at.% B film, the fundamental columnar
growth morphology endures, yet a discernible discontinuity exists in
the columnar structure, and the progression of columnar grain growth
becomes impeded by the amorphous B phase (Supplementary Fig. 9).
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Fig. 1 | TEM images of the structures of the “bamboo-like” dual-phase Cu-B
nanocomposite film. a The three-dimensional, reconstructed TEM image. The
surface of the sample lies in the x–y plane, and the z axis indicates the depth from
the surface. b Representative plan-view HRTEM image, which shows the structure
of the amorphous regionwrapping the crystalline region, and the distancebetween
the crystal planes in the crystalline region is0.21 nm.c,dTheFast Fourier transform
(FFT) image of the crystalline region and the amorphous region, respectively. Dif-
fraction spots on the Cu (111) and Cu (200) planes can be distinguished in (c).
e Representative cross-sectional view HRTEM. Two regions were selected,

respectively in the grain interior and near the GB of the columnar crystal structure.
f, g The inverse Fast Fourier transform (IFFT) image of the two selected regions in
(e), respectively. The upper right panel shows the corresponding FFT and filtered
(111) diffraction spots. The “⊥” symbols represent dislocations. h Plan-view HAADF-
STEM image. i The element mapping of Cu corresponding to (h). j Cross-sectional
view of the HAADF-STEM image. the red arrow shows the position and direction of
the EDS line scan. k The contrast of the HAADF image (black), Cu content (orange)
and B content (blue) as a function of position.
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The above results indicate that only a suitable B concentration is
conducive to the formation of the “bamboo-like” dual-phase nano-
composite structure, forming continuous and uniform amorphous B
phases and maintaining the growth of columnar Cu grains without
interruption. Moreover, it is observed that the cross-sectional mor-
phology of the “bamboo-like” nanocolumnar structure closely

resembles that of the nano multilayer structure. To investigate the
structure-property correlation, we synthesized a Cu/B multilayer film
possessing similar structural dimensions. The multilayer is comprised
of a crystalline Cu layerwith a thickness of ~10.6 nmand an amorphous
B layer with a thickness of ~3.6 nm. The Cu layer exhibited a poly-
crystalline structure with discernible GBs (Supplementary Fig. 10).

Hardness and the strengthening mechanism
We performed nanoindentation tests on the synthesized films men-
tioned above in the continuous stiffnessmeasurement (CSM) mode in
order to determine their hardness (Fig. 2a). The results indicate that
the “bamboo-like” dual-phase Cu-B nanocomposite film exhibits the
largest hardness of 10.8 ± 0.3 GPa compared with other Cu-B films and
exceeds the hardness of the Cu/Bmultilayer film. That is, the hardness
of Cu-B films shows an increasing then decreasing trend with the
increase of B concentration, while the trend of their moduli is con-
sistent with the hardness (Supplementary Table 1). Furthermore, the
hardness of the Cu-B system is predicted using the rule of mixing
(ROM), taking into account the hardness values of pure Cu and pure B
films, while the “bamboo-like” dual-phase Cu-B nanocomposite film
demonstrates considerably higher hardness than this prediction. We
analyzed several factors that may affect the hardness of the films,
including residual stresses and grain size. Our measured results show
that the films have small residual stresses which do not show a regular
trend, indicating that the residual stresses have a negligible effect on
the hardness. At the same time, Cu-B films with varying B concentra-
tions have similar grain sizes, thus are not expected to have a notably
different contributions to hardness (Supplementary Table 1).

The nanoindentation hardness value far exceeds those achieved
in other reported binary Cu alloy films, including Cu-Cr23, Cu-Ti38, Cu-
Mo38, Cu-Ta39, Cu-W40, Cu-Al41, Cu-Mg41, andCu-Zr42,measured in terms
of grain size (Fig. 2b) or alloying element content (Fig. 2c), and is even
higher than someCumatrix composites, such as B-Cu composite43, Cu-
30% SiC composite44, Cu-50% SiC composite44, Cu-MoS2-WC
composite45, amorphous C/Cu composite46, graphene/Cu composite47

and Cu-carbon nanotube composite48. Moreover, this hardness value
(10.8 GPa) is more than double the highest hardness (4.698GPa) for
microstructurally strengthened copper expected by the classic
boundary strengthening analysis (see Supplementary Information).
Previous study showed49 that the hardness of pure copper with grain
sizes in the range of 10 nm deviated downward from the trend pre-
dicted by the Hall-Petch effect (Fig. 2b), which is in stark contrast with
the greatly enhanced hardness of the “bamboo-like” dual-phase Cu-B
nanocomposite film.

To unveil the mechanism underlying the unusually high hardness
of the “bamboo-like” dual-phase Cu-B nanocomposite film, we exam-
ine its structural changes under indentation and compare it with the
Cu/Bmultilayerfilmof similar cross-sectional structure. Figure 3 shows
themicrostructural changes of the “bamboo-like”dual-phase Cu-Bfilm
after nanoindentation. A typical pile-up behavior appears in the scan-
ning electron microscopy (SEM) image (Fig. 3a), which is also seen in

Cu-MoS2-WC composite
Cu-carbon nanotube composite

Cu-30%SiC composite
Cu-50%SiC composite

graphene/Cu composite
B/Cu composite amorphous C/Cu composite

a

b

c

Fig. 2 | Nanoindentation results on the “bamboo-like” dual-phase Cu-B nano-
composite film. a Hardness variation with boron concentration for all films syn-
thesized. The gray dashed line is the predicted value based on the rule of mixing
(ROM) for pure Cu and pure B. The error bars represent standard deviations.
b Hardness variation with grain size (d) in logarithmic scale for the “bamboo-like”
dual-phase Cu-B nanocomposite film compared with other binary Cu alloys. The
black dashed line indicates the hardness of nanostructured Cu predicted by the
Hall-Petch effect. The red cross marks the hardness obtained via a comprehensive
evaluation of the boundary strengthening effect (see Supplementary Information).
c Hardness variation with the solute element weight concentration for the “bam-
boo-like” dual-phase Cu-B nanocomposite film compared with other binary Cu
alloys, and the hardness values of some Cumatrix composites are listed on the left
for comparison. The same legends in (b) and (c) are shown in the bottom panel.
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Fig. 3 | Morphology of the indented “bamboo-like” dual-phase Cu-B nano-
composite film. a Representative indentation SEM image. The dashed line marks
the location where FIB prepared the sample for the cross-sectional view. b The
cross-sectional TEM images of Cu-B film after nanoindentation test, showing the
deformation behavior. Three boxes mark the regions with different degrees of
deformations. c–gHAADF-STEM,HRTEM, and IFFT images of the regionwith lower
plastic strains. c The HAADF-STEM image shows columnar crystals with little
bending.dThe representative enlargedHRTEM image of thedashedbox area in (c).
White dashed lines represent the original GBs and blue dashed lines represent
newly formedGBsafter indentation induceddeformation. eAmagnifiedviewof the
white box in (d), which contains both the TGBs and newly formedGBs. f, gThe IFFT
images corresponding to the boxes in (e), which contain the newly formedGBs and
TGBs, respectively. The upper right corners are the corresponding FFT images, and
the red circles are the selected filtered (111) crystal plane diffraction spots.

h–lHAADF-STEM,HRTEM, and IFFT images of the regionwithhigherplastic strains.
h The HAADF-STEM image shows columnar crystals with large bending. i The
representative enlarged HRTEM image of the dashed box area in (h). The red
dashed lines represent the deformation induced twin boundaries. j A magnified
view of the white box in (i). k, l The IFFT images corresponding to the boxes in (j),
which contain the TGBs and deformation induced twin boundaries, respectively.
m–q HAADF-STEM, HRTEM, and IFFT images of the region with the largest
observed plastic strains. m The HAADF-STEM image shows refined grains after
severe plastic deformation. n The representative enlarged HRTEM image of the
dashed box area in (m). Blue dashed lines roughly indicate the change in the
orientation of the lattice fringes. o Amagnified view of the white box in (m). p The
IFFT image corresponding to the box in (o), which contains trigeminal GBs. q The
IFFT image of (n), which is used to identify the GBs in (n).
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the 3D atomic force microscopy (AFM) image (Supplementary Fig. 11)
of the residue indentation morphologies. No cracks appear near the
indentation site. TEM morphology of the indentation cross-sectional
view is shown in Fig. 3b. Three representative regions under different
loading conditions are selected for an in-depth analysis, marked by the
lower shear stress (Fig. 3c and Supplementary Fig. 12b), higher shear
stress (Fig. 3h and Supplementary Fig. 12c), and complex stress
(Fig. 3m and Supplementary Fig. 12d) loading conditions. HAADF-
STEM images reveal that the distribution of boron is mostly con-
centrated in the TGBs, which is consistent with the results of the
undeformed film (Supplementary Fig. 1), except in the region just
below the indenter tip (Fig. 3m) where dispersed boron distribution
indicates a notable indentation induced grain refinement. HRTEM
analysis was performed to explore the deformation induced structural
changes in the three selected regions. In the region with lower shear
stress and deformation (Fig. 3d, e), the original columnar grains and
TGBs undergo small bending along with the formation of GBs, like a
diaphragmat the bamboonode,whereas the similar regionof theCu/B
multilayer film does not produce any bending phenomenon and only a
slight decrease in layer thickness (Supplementary Fig. 13b, c). More-
over, the IFFT image (Fig. 3f) shows that the transition of lattice fringes
at GBs presents a relatively disordered region, which is the result of
dislocation movement. In the region containing both grain and TGB,
the blurred and chaotic TGB region can be seen in the image obtained
by IFFT based on the lattice fringe in the direction of (111) inside the
grain (Fig. 3g). In the region with higher shear stress and deformation
(Fig. 3i, j), the bending of columnar grains becomesmore notable, and
the density of GBs increases further, while some twin boundaries
appear (Fig. 3l), indicating simultaneous occurrence of significant
partial dislocation movement and grain rotation. In contrast, the
multilayer film sprouts a shear band across the film thickness in the
region of larger deformation (Supplementary Fig. 13f, g), with obvious
faults on both sides of the shear band (Supplementary Fig. 13h, i) but
without the phenomenon of layer bending. It should be noted that
nano multilayers with layer bending during deformation are usually
accompanied by shear bands50–54, and the deformation mechanism is
significantly different from the column structure bending of the
“bamboo-like” dual-phase Cu-B nanocomposite film. In the region just
below the indenter tip, the complex stress conditions produce sig-
nificant grain refinement (Fig. 3n, o), producing a distinct GB mor-
phology. IFFT images clearly distinguish random orientation changes
of the (111) lattice fringes (Fig. 3p, q). Similar changes are produced in
Cu/B multilayers. Overall, the IFFT images (Fig. 3f, g, k, l, p, q) reveal
that defects in the grains are mainly concentrated around GBs, and a
large number of disordered structures exist in the TGBs,which serve as
the dislocation source and sink.

From the above analysis of structural changes under indentation
and structural comparisons with the Cu-10.3 at.% B, Cu-36.1 at.% B and
the Cu/B multilayer films, we conclude that the unusually large
strengthening and the resulting improved hardness of the “bamboo-
like” dual-phase Cu-B nanocomposite film mainly stems from the fol-
lowing three factors: (1) an indentation induced grain refinement, (2) a
strong support of the TGBs consisting of an amorphous boron fra-
mework, (3) an enhanced stress response of the nanocolumnar copper
structure constrained by the TGBs. Below, we present an in-depth
assessment of each of these factors.

Strengthening by indentation induced grain refinement
Grain size is a characteristic feature of nanocrystalline materials that
often serves as a key parameter for evaluating GB induced strength-
ening (see Supplementary Information). In the present case of Cu-B
nanocomposite film, the grain size is measured by the average
columnar grain diameter, while the elongated columnar length is
much larger. Under small deformation (Fig. 3c), we observed inden-
tation induced formation ofGBs inside the columnar grains (Fig. 3d, e),

which is driven by dislocation and GBmotion that underpins the Hall-
Petch effect.

Grain refinement caused by plastic strain inmetals is a well-known
phenomenon, especially in processes at large strains and high strain
rates, such as ball milling and surface mechanical grinding treatment,
which can refine grains to nanoscale. The mechanism behind grain
refinement under large strains is widely attributed to the dislocation
model, which posits that a dislocation cell structure forms during the
initial stages of plastic deformation and gradually evolves into the final
fine grain structure. In the refinement process, there is an accumula-
tion of misorientation between neighboring dislocation cells55.
Therefore, grain refinement at small strains is relatively rare because
dislocation does not have sufficient motion to form GBs. However, in
our nanocolumnar structure, the TGBs act as an excellent dislocation
source, whereas the elongated nanocolumnar grains contains initial
dislocations near the TGBs (Fig. 1 and Supplementary Fig. 5). Under
stress excitations, dislocations nucleate at and propagate along the
TGBs. After a short period of movement, neighboring dislocations
aggregate in grains and form new GBs with the bending of the
columnar grains (Fig. 3).

In the HAADF-STEM image of the region directly below the
indenter tip that undergoes the most severe deformations (Fig. 3m), it
is seen that a small amount of boron appears between the refined
grains, indicating that amorphous boron continues to move at the
boundaries during grain refinement induced by indentation. Amor-
phous structures host high fluidity under the shear-band interactions
and tend to deform in coordination with crystal grains14,56,57. GB
movement and grain rotation during indentation deformation are thus
inevitable, while amorphous boron flows into boundaries, hindering
further movement of the grains thus strengthening the structure.

Strengthening by amorphous boron framework TGBs
A prominent feature of the dual-phase Cu-B nanocomposite film is its
TGBs comprising an amorphous boron framework, which contributes
to enhancing the film strength and hardness beyond standard GB
strengthening. In heterogeneous metallic systems, deformation pro-
cess is closely related to GB complexion10,30,58, which limits dislocation
propagation by the ledges and solute atoms at the grain-complexion
interface, leading to strong dislocation pinning and increasing the flow
stress required for dislocation movement. TGBs also can effectively
prevent dislocation propagation by acting as a dislocation sink30.

To assess the role of the amorphous boron TBGs during inden-
tation deformation, we tested the rate-limiting process of theCu-B film
compared with pure copper to extract the strain rate sensitivity (SRS)
index m. The results (Fig. 4) show that the load-displacement curves
shift to the left with increasing strain rate in both pure Cu and the Cu-B
films, but to a lesser extent in the latter (Fig. 4a, b). The SRS index m
calculated from the slope of hardness-strain rate log-log plots (Fig. 4c)
decreases from 0.050±0.019 for pure Cu to 0.012 ± 0.002 for the Cu-
B film. This variation of m is attributed to the amorphous boron fra-
meworkTGBs after excluding the influence by the grain size effect (see
Supplementary Information). The deformation mechanisms for crys-
talline metals and amorphous solids are different in that the former is
dominated by dislocation and GBmovement, while the latter is mainly
decided by the formation of shear bands andmicrocrack propagation.
In general, the value of SRS decreases significantly, may even turn
negative, when an amorphous phase is present59. In the dual-phase Cu-
B nanocomposite film, when shear bands or microcracks form in the
intergranular amorphous boron layer, the associated volume expan-
sion is bound to run into the Cu grains, and due to the co-deformation
between the distinct phases of copper grains and amorphous boron,
the blockage by the Cu grains would turn the deformation of the
amorphous boron into a flow-like process, with no obvious yield point
or pop-in point as seen in the load-displacement curve (Fig. 4b).
Overall, the amorphous boron that forms the TGBs not only impedes
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dislocation movement within Cu grains, but also contributes to the
strengthening of the film due to its inherent high strength.

Strengthening by enhanced stress response of constrained
nanocolumnar copper
During nanoindentation tests, the material under the indenter
experiences a biaxial stress that comprises a lateral shear and a normal
compression component, and the ultimate strength under the com-
pression constrained shear strains usually dictates the initiation of
dislocations, leading to incipient plastic deformation and limiting the
measured hardness. This process, however, may be drastically altered
in materials possessing high structural anisotropy, such as the Cu-B
nanocomposite film. Here, the nanocolumnar copper structure rein-
forcedby the amorphousboronTGBs is highly resistant to lateral shear
strains due to the hinderance by the TGBs, and as a result undergoes a
predominantly bending deformation as revealed by the HAADF-STEM,
HRTEM, and IFFT images of the indented regions shown in Fig. 3. A
related scenario was recently reported byGuo et al.60 who found that a
GB constraint transforms the lateral shear stress in the (001) plane into
the vertical sliding compression of columnar grains in TiB2 filmswith a
(001) texture, and the hardness was dictated by the [001] compressive
strength, instead of the usual lateral shear strength in the (001) plane.
This microstructurally constrained deformation mechanism explains
the notably enhanced indentation hardness of the TiB2 film. In the
present work, we show direct experimental evidence of a bending
deformation of the “bamboo-like” nanocolumnar Cu-B film, which
brings about a distinct mechanism for resistance to indentation load-
ing compared to the standard shear dominated structural response as
schematically illustrated in Fig. 5a. To assess and compare pertinent
mechanical responses of the columnar copper structure under dif-
ferent deformation modes, we calculated shear stress–strain relations
in the (111) plane and compressive stress–strain relation in the [111]
direction of fcc Cu crystal to assess the stress responses underlying the
processes that determine the measured hardness (Fig. 5b, c). After
checking the dynamic stability by phonon dispersion calculations
(Supplementary Fig. 14), we obtained maximal shear stresses in the
three high-symmetry crystallographic directions of (111)[-1-12], (111)
[-101] and (111)[11-2] of 8.63 GPa, 3.02GPa, and 2.20GPa, respectively.
Meanwhile, the compressive stress calculations produced an ultimate
stress of 25.27 GPa. These results clearly show that copper has much
weaker shear strength compared to its compression strength, and the
latter is the main deformation mechanism of the columnar copper
structure under bending, which contributes to the large strengthening
compared to pure copper and its binary alloys that undergo the usual
shear dominated deformation under indentation in the absence of the
nanocolumnar structural constraint. It is worth noting that when the
loading direction is perpendicular to the thin film, there exists a strong
correlation between the structure and the loading. In analogy to the

multilayer configuration featuring a planar two-dimensional arrange-
ment perpendicular to the loading direction, the bamboo-like struc-
ture exhibits a three-dimensional columnar morphology aligned in
parallel with the loading direction. Enhancing the ability to suppress
shear can effectively improve strength. Althoughmultilayer structures
can enhance strength by directly impeding dislocationmotion at layer
interfaces, bamboo-like structures can achieve better resistance to
shear processes through improved bending response, thus demon-
strating improved performance.

Based on the previous analysis, it is speculated that the potential
to restrict the shear behavior of the “bamboo-like” dual-phase nano-
composite structure may impede material failure arising from shear
deformation, thereby making a noteworthy contribution toward
enhancing ductility. To verify this scenario, we conducted in situ
compression tests on the film, as displayed in the Supplementary
Movie 1. The results indicate that the engineering stress–strain curve
during the testing process is remarkably smooth and does not exhibit
any pop-in points (Fig. 6a). On the premise that the deformation of the
micropillar is uniform, the true stress–strain curve is derived and show
a yield strength (σ0.2%) of ~1.64GPa and a flow stress (σmax) of ~2.45GPa
(Fig. 6b). However, the deformation process of the micropillar is non-
uniform, primarily dominated by barrel-shaped deformation at the
top. Hence, by refitting the true stress–strain curve using the real-time
measurement of the micropillar’s cross-sectional area (Fig. 6c),
we obtained a yield strength of ~1.36 GPa and a flow stress of ~2.58GPa.
Notably, the micropillar exhibited no shear bands or cracks even at
strains exceeding 50%, indicating high plasticity and ductility. In con-
trast, Cu-based micropillars reported in previous studies with similar
strength didnot exhibit suchhighductility61–64. The results confirmour
hypothesis that the “bamboo-like” dual-phase nanocomposite struc-
ture constrains the shear behavior, resulting in high strength and
ductility. It signifies that the “bamboo-like” dual-phase Cu-B nano-
composite film is substantially hardened while retaining the intrinsic
ductility of themetal, thereby achieving remarkable strengthening and
toughening.

In this work, we designed and constructed a “bamboo-like”
nanocolumnar copper structure reinforced by an amorphous boron
framework that serves as a strong and robust thick grain boundary
network. The combination of copper and boron is chosenbased on the
nearly complete immiscibility of these two elements, which is favor-
able for the formation of the desired dual-phase segregated nanoco-
lumnar film structure that was synthesized via the magnetron
sputtering co-deposition technique. The distinct structural features of
the Cu-B nanocomposite film dictate a bending mode, instead of the
usual compression constrained shear mode, as the main deformation
mechanism in response to the indentation loading. Combinedwith the
strengthening by grain refinement and the strong amorphous boron
framework, this unique mechanism leads to greatly enhanced

a b c“bamboo-like” Cu-B

“bamboo-like” Cu-B

Fig. 4 | Strain rate sensitivityofpureCuand the “bamboo-like”dual-phaseCu-B
nanocomposite film. a, b Representative load-depth curves of pure Cu and the
“bamboo-like” dual-phase Cu-B nanocomposite film obtained by load control
mode, respectively. The arrow in each panel indicates the direction of the gradual

increase in strain rate. c log (hardness)-log (strain rate) plots of pure Cu and the
“bamboo-like” dual-phase Cu-B nanocomposite film. The slope of each line repre-
sents the strain rate sensitivity (m). The error bars represent standard deviations.
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nanoindentation hardness of 10.8 GPa, while maintaining excellent
strength (yield strength of ~1.36 GPa and flow stress of ~2.58GPa) and
ductility (failure strain of over 50%). These results offer fresh insights
for conceptual design and establish effective synthesis routes for
experimental implementation of greatly strengthened metals via ani-
sotropic heterostructure construction using immiscible metal-light
element combinations. This strategy may work for structural con-
struction and performance enhancement in a variety of metal films for
advanced instrument and device applications.

Methods
Materials
The “bamboo-like” dual-phase Cu-B nanocomposite film was depos-
ited on Si(100) substrates by magnetron co-sputtering at room
temperature. Pure Cu (99.999%) and B (99.95%) targets were used to

prepare the ~550 nm-thick films. The sputtering chamber was evac-
uated to a base pressure below 5 × 10−4 Pa, and a 0.8 Pa Ar (99.999%)
pressure was maintained during the deposition process via control-
ling the flow rate of Ar at 80 sccm. The substrates were ultrasonically
cleaned in acetone and ethanol and blown dry before deposition. The
substrate was neither heated nor cooled with the rotational speed of
5 r/min, and the distance between the target and the substrate was
8 cm. During the deposition, the substrate bias was −80 V, the direct
current (DC) power of the Cu target is 20W, and the radio frequency
(RF) power of the B target is 250W. Pure Cu and pure B films with
similar thicknesses were synthesized using only Cu target and B
target sputtering, respectively, while the rest of the deposition
parameters remained constant. Cu-B films with varying B con-
centrations were synthesized by changing the B target power to
150W and 350W, respectively, while the rest of the deposition

b

c

Indentation induced 
grain refinement

σx

σzσ

σx

σz σCompressive stress

Shear stressIndentera

Fig. 5 |Modeling and calculationofmechanical responses of the “bamboo-like”
dual-phase Cu-B nanocomposite film. a Schematic illustration of the mechanical
response of dual-phase Cu-B nanocolumnar structure under indentation, which
produces the stress conditions that can be decomposed into coexisting compres-
sive and shear stresses, as shown by the red and blue arrows, respectively. The
nanocolumnarCugrains and amorphousboronTGBsare represented by the yellow
and blue regions, respectively. As the indenter presses into the sample, the
microstructure of the sample changes as indicated. In the region directly below the
indenter tip, the film undergoes indentation induced grain refinement. The overall
structural changes under indentation are dominated by the bending deformation

of the nanocolumnar grains. The confinement by the boron TGBs severely restricts
the shear deformation normally induced by indentation, leading to the pre-
dominantly bending mode of the nanocolumnar copper as the main structural
change, generating enhanced stress responses. b Crystal structure of Cu at equi-
librium with the directions of the shear and compressive strains indicated by the
arrows. cCalculated stress responses ofCuunder the shear strains in the (111) plane
along the major high-symmetry [11-2], [-1-12] or [-101] shear slip directions and the
compressive strain in the [111] direction. Enlarged symbols mark the highest stress
values right before the onset of dynamic instability determined by the phonon
dispersion calculations (Supplementary Fig. 14).
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parameters remained constant. For the Cu/B multilayer film, the Cu
target power was 20W and the B target power was 250W. Both tar-
gets were sputtered alternately with a sputtering time of 2.5min and
30 repetitions. The consistent target power with the “bamboo-like”
dual-phase Cu-B nanocomposite film and equal sputtering time per
layer ensure that the elemental composition of the Cu/B multilayer
film is consistent with that of the “bamboo-like” dual-phase Cu-B
nanocomposite film. We determined a sputtering time of 2.5min/
layer so that the Cu/B multilayer film consists of ~10.6 nm-thick Cu
layer and ~3.6 nm-thick B layer alternating with the top and bottom
layers of Cu, which is the comparable structural dimension of the
“bamboo-like” dual-phase Cu-B nanocomposite film. The sample
used for the in situ compression tests was a 2.4 µm-thick Cu-26.5 at.%
B film (B-target power of 250W) prepared by extending the sput-
tering time to 8 h only.

Structural characterization
X-ray diffractometer (XRD, D8-tools-Bragg-Brentano) with Cu Ka
radiation at room temperature was used to determine the crystal-
lographic orientations of the films. The bonding state of the films was
analyzed by X-ray photoelectron spectroscopy (XPS, PerkinElmer PHI-
5702) using monochromatic Al Kα radiation as the X-ray source at

1 keV energy. Before the test, the film surface was etched with Ar+ at 2
KeV energy for 5min and 500 eV for 15min to remove surface con-
taminants and reduce the probability of B being sputtered out.
Microstructures and element distribution of the films were examined
by using high-resolution transmission electron microscopy (HRTEM),
high-angle annular dark-field scanning transmission electron micro-
scopy (HAADF-STEM), dark-field scanning transmission electron
microscopy (DF-STEM), and energy-dispersive spectroscopy (EDS) on
a FEI Talos F200XTEMwith an accelerating voltage of 200 kV. EDS and
electron energy loss spectra (EELS) under the double spherical
aberration-corrected scanning transmission electron microscope (AC-
STEM, ThermoScientific™ Themis Z) were used to further characterize
the elemental distribution. The TEM samples were prepared using
focused ion beam (FIB) scanning electron microscope (FEI Strata
400S). Prior to FIB milling, a thin Pt layer was deposited to protect the
specimen from ion irradiationdamage. The selected areawascut down
perpendicular to the sample surface and removed, and the removed
part was milled repeatedly to achieve the thickness that can be
observed by TEM. The plan-view sample was first prepared by a
fine mechanical polishing of the cross section to achieve a flat surface
before proceedingwith the above procedure. The surfacemorphology
of indentation was measured using scanning electron microscope

�� ��

�� 500 nm

0% 2.2% 7.5% 14.5% 21.7% 29.8% 38.4% 50.0%

a b

c

Fig. 6 | Results of in situ compression tests of the “bamboo-like” dual-phase
Cu-B nanocomposite film. a Engineering stress–strain curve. The red dashed line
is a linear fit to the elastic regime, where the micropillar shows elastic behavior
until the first yield point (σ0) at a strain ~0.06 (ε0). The yield strength
σ0.2% = 1.58GPa corresponds to the stress at a strain of ε0 + 0.2%. b True
stress–strain curve obtained assuming uniformmicropillar deformation. The yield

strength σ0.2% = 1.64GPa, while the flow stress σmax = 2.45GPa corresponds to the
stress at a strain of ε0 + 8%. c True stress–strain curve obtained by fitting the real-
time measurement of the micropillar cross-sectional area. The yield strength
σ0.2% = 1.36 GPa, while the flowstress σmax = 2.58GPa. Furthermore, the SEM images
of themicropillar at different strains are also provided in the figure. The error bars
represent standard deviations.
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(SEM, JEOL JSM-6700F) and atomic force microscope (AFM, Dimen-
sion Icon, Veeco Instruments/Bruker, Germany).

Mechanical tests and characterization
Mechanical properties of the films were measured using an Agilent
Nano Indenter G200 with a standard Berkovich tip at room tempera-
ture. The continuous stiffness measurement (CSM) mode was used to
evaluate the hardness and the sustained mechanical response under
indentation. Throughout the indenter loading process, a minor
dynamic oscillation with a frequency of 45Hz was introduced to the
displacement signal. This allowed the amplitude and phase of the
corresponding force signal to be captured using a frequency-specific
amplifier, enabling a continuous measurement of stiffness. By con-
tinuously measuring hardness, it becomes possible to derive a con-
tinuous function of hardness and depth from the indentation
experiment. The hardness value is then calculated from the hardness-
displacement curve. To ensure accurate results and avoid surface and
substrate effects, the range of hardness values is typically chosen to be
~10% of the film thickness. The maximum depth was 400nm, and the
hardness for the films was taken at a depth of ~50–60nm. The Quasi-
Static nanoindentation test with a maximum depth of 55 nm was used
to further verify the accuracy of hardness measurement. In the quasi-
static nanoindentation test, the hardness H is calculated from the
loading-unloading curve by the formula65H = Pmax=A, wherePmax is the
maximum load obtained from loading-unloading curve, and A is
the contact area, which is calculated by the empirical formula
A=C0h

2
c +C1hc +C2h

1=2
c +C3h

1=4
c +C4h

1=8
c +C5h

1=16
c , where C0 is a con-

stant equal to 24.7 for a Berkovich tip, C1 ~C5 can be obtained from the
experimental data, and hc is the contact depth given by
hc =hmax � εPmax=S, where hmax is the maximum depth, ε is a constant
related to the indentation tip shape (ε =0.75 for Berkovich), and S is
the contact stiffness, which is the initial unloading slope at the
unloading stage of the loading-unloading curve. The load-controlled
mode was used to evaluate the rate-limiting process of the films. The
strain rates ( _ε) is calculated by the loading rate ( _P)66: _ε= _P

2P, where P is
the load and _P =dP=dt. Andwe set up four different strain rates: 0.005,
0.01, 0.05, and 0.1 s−1. The strain rate sensitivity is experimentally
defined as the slope of the double logarithmic plot of hardnessH and _ε
under isothermal conditions, which can be expressed as m= ∂logðHÞ

∂logð _εÞ .
The holding time for all the tests was 10 s to reduce the effect of creep,
and the unloading rate was consistent with the loading rate. To reduce
the effect of random measurement error, we made at least nine
indentations at different places on the film surface for each sample,
and the distance of each indentation was set at 30μm. For CSM sam-
ple, the number of indentations wasmore than 20. In situ compression
experiments were conducted employing a Hysitron TI950 nanoin-
denter equipped with a 5-μm diamond flat punch, utilizing a
displacement-controlled mode at an approximate rate of 2 nm/s. For
the uniaxial micro compression tests, micropillars were fabricated
using an FIB instrument (FEI Strata 400S). The height of the pillars was
~2μm, and their aspect ratios (height/diameter) were 2.

First-principles calculations
The total-energy and stress–strain relation calculations were per-
formed using the Vienna Ab initio Simulation Package (VASP) code67.
The exchange correlation was described by the Perdew-Burke-
Ernzerhof (PBE) functional68 under the generalized gradient approx-
imation (GGA) using the projector-augmented wave formalism69. A
cutoff energy of 400 eV and an 8 × 8 × 8 Monkhorst–Pack k-point
grid70 were used for fcc Cuwith the 2 × 2 × 2 supercell containing 32 Cu
atoms to ensure that all the enthalpy calculations were converged to
better than 1meV/atom. The stress–strain relationships were deter-
mined using a quasistatic loading method, in which the lattice vectors
were gradually deformed in alignment with the applied strain.
Throughout the structural deformation process, the applied strain

along the designated loading path was kept constant to derive the
corresponding stress response. Simultaneously, the relaxation of the
remaining five independent components of the strain tensors and all
atoms within the unit cell was conducted until the residual compo-
nents of the Hellmann-Feynman stress tensor orthogonal to the
applied strain reached values lower than 0.1 GPa. Additionally, the
force acting on each atom was minimized to a negligible level. This
approach with a relaxed loading path has been successfully applied to
the calculation of the strength of several metals71,72. The shape of the
unit cell is determined by the full atomic relaxation without any
imposed boundary conditions. We calculated the compressive stress
in the Cu [111] direction and also determined the shear stress in the
easy-slip (111) plane and obtained the critical shear stresses. The lattice
dynamical properties were calculated via the density functional per-
turbation theory (DFPT) method as implemented in the Phonopy
code73 to examine the dynamic stability of the strained structures.

Data availability
All data are available in the manuscript and the Supplementary Infor-
mation. All other data are available from the corresponding author
upon request.
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