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ABSTRACT

Tungsten (W) nanowires have a wide range of chemical, electronic, and mechanical applications.
However, the modulus and strength of traditional W nanowires are quite low, and how to improve
their mechanical performance remains a challenge. Here, we describe a novel graphene-coated W
nanowires that demonstrate a Young’'s modulus of 885 GPa (twice that of W) and a fracture strength
of up to 24.7 GPa (66% of the ideal strength). Both the Young’s modulus and the fracture strength
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show a strong size effect, resulting from the graphene-nanowire core-shell structure.
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We report a novel graphene-coated W nanowires that demonstrate unprecedented Young's modu-
lus (885 GPa, twice that of W) and fracture strength (24.7 GPa, 66% of the ideal strength).

1. Introduction

Metallic nanowires are promising building blocks for a
host of applications such as transparent electrodes, sen-
sors, flexible or stretchable electronics, etc. [1-7]. The
operation and reliability of nanowires-based devices call
for a robust mechanical performance and a thorough
understanding of their deformation behaviors. Tungsten
(W) nanowires have been used in a number of electronic
and mechanical applications because of their outstanding
field-emission characteristics and usefulness as pH sensi-
tive electrodes etc. [8-11]. The behavior and reliability of
W nanowires while performing these functions depend
on their mechanical properties, which are expected to
be different from their bulk counterparts because of the
increased surface-to-volume ratio.

W nanowires have been successfully fabricated by
using chemical vapor deposition [12-15] or by
electrochemical etching of a eutectic W alloy [16].

However, investigations of the mechanical properties
of W nanowires have been scarce and this field has
remained largely unexplored [17-24]. Moreover, the
Young’s modulus and fracture strength of traditional
W nanowires are significantly lower than the expected
values [17-24], while the underlying mechanisms that
cause poor mechanical performance remain elusive. The
Young’s modulus of W nanowires with diameters of
100-300 nm is only 332 GPa, which is lower than the
bulk modulus (411 GPa) [17]. In addition, the Young’s
modulus and hardness of W microwhiskers (10-20 pm in
diameter) were also studied by nanoindentation; again,
a very low modulus of 270 GPa was obtained [19]. The
hardness of W microwhiskers (8.63 GPa) is higher than
that of W, while the modulus is only two-thirds of the
bulk modulus [19]. Recently, the mechanical proper-
ties of W nano-pillars were measured by in situ tensile
[21]. The W nano-pillars show a strong size-dependent
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strength, however, the maximum strength of W nano-
pillars is 2.5GPa, which is only 6.25% of the ideal
strength of W [21]. Furthermore, the Young’s modu-
lus of W nano-pillars is less than 100 GPa [21]. The
traditional W nanostructures-though they fall into the
nanoscale regime-display low Young’s modulus and lim-
ited strength. The inferior mechanical performance of W
nanowires is likely caused by surface contamination, such
as oxidation, carbonization, etc., or by flaws introduced
during fabrication [25,26]. In order to improve the per-
formance of W-nanowire-based devices, new strategies
need to be developed to overcome the poor mechanical
properties of W nanowires.

Here, we report a novel graphene-coated W nanowires
(G-W-NWs). Graphene, with Young’s modulus of more
than 1 TPa and an intrinsic strength of 130 GPa, has been
reported as the strongest materials ever measured [27].
As aresult, the G-W-NWs deliver extraordinary Young’s
modulus and fracture strength.

2. Experimental methods

G-W-NWs were synthesized by chemical vapor depo-
sition, using Ni nanoparticles as catalysts and WOs3
as the reactant. The fabrication was performed in
a hydrogen atmosphere at 850°C, as illustrated in
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Figure S1. Previously, graphene has been successfully
synthesized on W surface under similar synthesis con-
ditions [28]. Therefore, the nanowires are likely cov-
ered by graphene. The morphologies and structures of
as-synthesized nanowires were characterized by scan-
ning electron microscopy (SEM), transmission electron
microscopy (TEM), and Raman spectroscopy. Some of
the nanowires were transferred and placed on the ‘push-
to-pull’ (PTP) micromechanical devices (see Figure S2)
to conduct in situ tensile tests, using a Hysitron Picoln-
denter (PI 95) inside a FEG JEOL 2100F TEM (200 kV)
with a displacement control mode. The displacement rate
was programed to be 10 nm/s in tension, which corre-

sponds to a strain rate of about 1 x 1073 s 1,

3. Results and discussion

Figure 1(a) is a typical SEM image of the high density of
nanowire grown on a (100) silicon substrate. The diam-
eters of the nanowire range from 45 to 500 nm. The
statistical distribution of the length of the nanowires is
shown in Figure 1(b). Most of the nanowires are longer
than 10 um, and they are long enough for in situ tensile
testing. The SEM images of the heads of the nanowire
reveal that the cross-sections are mostly hexagonal or
tetragonal (Figure 1(c)), with a statistical ratio of about
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Figure 1. (a) SEM image of the as-grown nanowire; (b) length distribution of W nanowires. (c) Typical hexagonal cross-section of W
nanowires. The inset pie chart shows the ratio of nanowires with cross-section of hexagonal versus tetragonal. (d) TEM image of a single

W nanowire.



7:3. Figure 1(d) displays the typical TEM image of the
edge of a nanowire with diameter of 80 nm. The nanowire
is straight and has a uniform cross-section. The growth
direction of nanowire is [111]. High-resolution TEM
from the edge of nanowire indicates that it is body-
centered cubic single crystals.

To further probe the surface structure of nanowires,
Raman microscopy was performed using a 532 nm laser
beam on an individual nanowire. As shown in Figure 2,
a clear G peak appears at 1570 cm~! on the Raman scan,
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Figure 2. The yellow line is the Raman shift of an as-grown
nanowire, and the red line is the Raman shift of the same nanowire
after plasma cleaning for 30 min. The insets show that the PTP
stage was used for Raman microscopy and the core-shell struc-
tures of nanowire.
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indicating that graphene layers were formed on the sur-
face of the nanowire [29,30]. In addition, a D peak and a
wide 2D peak were also identified at 1392 and 2939 cm ™!
on the Raman scan, revealing that these are somewhat
defective multilayer graphene structures [29,30]. In order
to make a comparison, we purged the surface of some
of the G-W-NWs by using plasma cleaning [31]; and
then studied the surface structures again. The charac-
teristic peaks of graphene have disappeared, as shown
in Figure 2. In addition, the thickness of the surface
carbon layer was also reduced significantly (Figure S3),
indicating that the plasma cleaning removed the sur-
face graphene layers [30]. The above results suggest that
the nanowires synthesized in our experiments are coated
with multilayers of graphene.

In order to explore the mechanical performance of
the G-W-NWs, we performed in situ mechanical ten-
sile test. Figure 3(a) shows a single nanowire with a
length of 12.5 um, which was welded onto the PTP stage.
Figure 3(b) shows the typical engineering stress—strain
curve of four G-W-NWs with different diameters. A typ-
ical in situ tensile test of the nanowire is shown in Movie
S1. All these nanowires display a large and obvious elastic
deformation stage, then fracture abruptly with negligi-
ble plastic strain. The elastic modulus, fracture strength,
and fracture strain of the nanowires demonstrate a strong
size-dependent behavior. The fracture strength increases
from 4.5 GPa (D = 386nm) to 24.7 GPa (D = 52nm).
The slope of the engineering stress—strain curves reflects
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Figure 3. (a) SEM image of a well-aligned nanowire. (b) Typical engineering stress—strain curve of four nanowires with different
diameters. (c—e) Fracture features of nanowires taken after tensile tests. The inset in b is the TEM image of the necking part of the

nanowire in d.
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the variation of the elastic modulus of nanowires, which
is increased significantly by decreasing their diameter.
The elastic modulus of nanowire with a diameter of
52 nm is 885 GPa, which is more than twice the elastic
modulus of bulk W, and larger than the elastic modu-
lus of all other nanowires [17-24]. After the tensile tests,
most of the fractured nanowires ricocheted oft the PTP
stage, and only a few of them remained. Figure 3(c-e)
shows typical SEM images of the fractured nanowires.
Obvious necking features and drastic plastic deformation
were only identified around the fracture front. Figure 3(c)
shows failure feature of a faceted nanowire with a diam-
eter of 386 nm; an obvious shear fracture mode can be
identified. The fracture character of a nanowire with
a diameter of 159 nm was also captured; local severe
stretching and bending occurred around the fracture
head, as shown in Figure 3(d). The necking part of the
nanowire displays obvious deformation steps at the side
surface, as marked in the inset in Figure 3(b). The car-
bon shell cracked into grooves, which are likely formed
by dislocation cutting graphene layer. Figure 3(d) shows
the failure of a nanowire with a diameter of 110 nm.
It also underwent a localized shear deformation before
fracture. These G-W-NWs demonstrate extraordinary
elastic deformation and a very localized plastic deforma-
tion. Such a deformation behavior is significantly differ-
ent from that of the traditional W nano-pillars in which
a global plasticity sets in first, followed by strain local-
ization and failure [21,32,33]. The deformation feature
of nanowires is due to the strong confinement of the
graphene layers.

To further explore the size-dependent behavior of G-
W-NWs, a group of 12 nanowires with diameters ranging
from 45 to 486 nm were tested. Figure 4(a) shows the
Young’s modulus of the G-W-NWs varied as a function
of their diameter, and compares with the elastic modulus
of traditional nanowires [17,20,22]. The method for cal-
culation of the Young’s modulus and the error bars are
discussed in supplementary materials. We adopted two
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methods to measure the strain of nanowires: one is to
put markers on the nanowires, then track the changes of
the markers; the other one is to monitor the variation of
the gap of the PTP stage. Based on these two methods,
we have corrected the strain of nanowires. A clear val-
idation of the ‘smaller is stronger’ rule can be found in
the G-W-NWs. The highest Young’s modulus for a G-W-
NW with diameter of 50 nm can be as high as 885 GPa,
which is twice of the modulus of W. In order to iden-
tify the effect of the surface graphene layer on the elastic
properties of nanowires, we tested two of the nanowires
purged by plasma cleaning; these are the two red data
points shown in Figure 4(a). After plasma cleaning, the
surface graphene layers were destroyed (Figure 2 and
Figure S3). Therefore, the Young’s modulus of the two
plasma-cleaned nanowires was significantly smaller than
that of the G-W-NWs with similar diameter, indicating
the strong effect of graphene on the stiffness of nanowires.

The size-dependent Young’s modulus of G-W-NWs
can be explained by the classical model for core-shell
nanowires [33]. The variation of the Young’s modulus
of G-W-NWs as a function of their diameter can be
expressed as

Eq O I

E=E, [1+ 8 (Ew 1) (D 3pr 4 2D4>}

(1)
where E,, is the Young’s modulus of the W, Eg is the
Young’s modulus of graphene layer, r, is the thickness
of the graphene layer, and D is the diameter of the
nanowires. Equation (1) was used to fit the experimen-
tal results, and the fitting curve is shown in Figure 4(a).
In general, the model can reasonably predict the Young’s
modulus of G-W-NWs. The optimized curve fitting
yields the following values for the three parameters,
E,, =259 GPa, Eg =1311 GPa, and rg =3.06 nm. The fit-
ted Young’s modulus of graphene is comparable to the
values measured in previous experiments [26]. However,
the Young’s modulus of larger nanowires (> 500 nm)
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Figure 4. (a) Variation of the Young's modulus of G-W-NWs as a function of their diameter. (b) Fracture strength of G-W-NWs continuously
increases with the reduction of the diameter. The green lines are added for legibility only. (c) A log-log plot of the fracture strength of

G-W-NWs versus their diameter.



is still significantly lower than the bulk modulus of W.
We have examined the chemical composition of the
cross-section of these nanowires, as shown in Figure
S4. Significant oxidation and carbonation are detected,
which are the origin of the low elastic modulus [25].
According to the calculated thickness of the graphene
shell (rg =3.06 nm), roughly 7-8 layers of graphene were
formed on the nanowires, consistent with the Raman
scan in Figure 2. These results indicate that the graphene
layer raises the Young’s modulus of nanowire signifi-
cantly.

In addition to the unprecedented Young’s modulus,
the G-W-NWs also exhibit ultrahigh fracture strength.
Figure 4(b) shows the measured fracture strength of all
the tested NWs as a function of diameter, and compares
with other studies [17-24]. The fracture strength of the
G-W-NWs is higher than all other W nano-pillars (see
Figure 4(b)) [17-24]. In addition, the fracture strength
of nanowire has a strong size effect due to the continu-
ous increase of the volume fraction of the graphene layers
with reducing the diameter of the sample. The fracture
strength increases from 4.4 GPa to 24.7 GPa when the
diameter decrease from 486 nm to 45nm. The highest
fracture strength of the nanowires equals 66% of the the-
oretical strength of W along the [111] direction [24]. By
fitting the fracture strength using the rule of mixtures
(Figure S7), the strength of the graphene layer is found to
be 83.4 GPa, which is smaller than the intrinsic strength
of a single layer of graphene, indicating the defective mul-
tilayer structure of graphene in this case (Figure 2). The
W core has a strength of 3.1 GPa, which is higher than
that of the W nano-pillars [21]. The size effect of these
nanowires can be plotted on a log-log scale, and a power
law exponent factor of about m = —0.66 can be obtained,
which is higher than the observed size effect in traditional
W nano-pillars [21-23], as shown in Figure 4(c).

The size effect of Young’s modulus and fracture
strength of metallic nanowires has been widely reported;
however, our current results contradict the results of pre-
vious investigations [34-39]. In general, the size effect
of the elastic modulus comes from the different proper-
ties of the surface layer and the internal core. For oxide
nanowires, the surface stress/surface energy effect is the
reason for size-dependent modulus [34-36]. While for
metallic nanowires, a size-independent Young’s modulus
is widely reported except for the silver and lead nanowires
[36-39]. Notably, the current study shows that a thin layer
of graphene covering the W nanowires induces a strong
size effect in both Young’s modulus and fracture strength.
This is similar to the situation of Al nano-pillars covered
with a thin layer of native oxide [39]. The brittle frac-
ture behavior of G-W-NWs in our experiments is also
different from the deformation behaviors of traditional
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nanowires, which show large plastic deformation and
local superelasticity [23,24,32,33]. The strong confine-
ment imposed by the graphene layers suppresses the sur-
face dislocation nucleation, thus leading to a huge elastic
deformation stage before final localized catastrophic frac-
ture.

4. Conclusions

G-W-NWs with [111] growth direction have been fab-
ricated. The Young’s modulus of G-W-NWs shows a
stiffening tendency at reduced diameters, and a remark-
ably high Young’s modulus of 885 GPa can be obtained.
The fracture strength of the G-W-NWs also increases
with decreasing diameters, and a fracture strength as
high as 24.7 GPa can be obtained. The current strategy
can be deliberately designed to fabricate graphene-coated
nanowires or nanostructures with fine-tuned electronic,
chemical, and mechanical properties.
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