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Abstract

A large amount of copper (Cu) nanowires was synthesized through the reduction of
Cu(OH), by hydrazine in an aqueous solution containing NaOH and ethylenediamine.
Besides, Cu nanowires coated by silver nanosheet (denoted as Cu@Ag nanowires) were
prepared with a facile transmetalation reaction method. In the meantime, the as-prepared
Cu and Cu@Ag nanowires were used as the nanofillers of polyvinyl chloride (PVC), ultra-
high molecular weight polyethylene (UHMWPE) and epoxy resin (EP), and their effects
on the thermal properties and mechanical properties as well as friction and wear behavior
of the polymer-matrix composites nanocomposites were examined. Results indicate that
the as-prepared Cu@Ag nanowires consist of Cu nanowires core and Ag nanosheet shell.
The Ag nanosheet shell can well inhibit the oxidation of the Cu nanowires core, thereby
providing the as-prepared Cu@Ag nanowires with good thermal stability even at an ele-
vated temperature of 230°C. As compared with Cu nanowires, Cu@Ag nanowires could
effectively increase the thermal stability of the PVC matrix composites. Moreover, due to
the special morphology and microstructure, the as-prepared Cu@Ag nanowires can effec-
tively improve the mechanical properties and wear resistance of PVC, UHMWPE, and EP.

Keywords: Cu nanowires, Cu@Ag nanowires, nanocomposite, mechanical properties,

tribological properties
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1. Introduction

Copper nanowires could have promising applications in electronics [1-6], optoelectron-
ics [7], solar cells [8-10], photonics, magnetics, genetic engineering, chemical sensors,
and lubrication [11, 12], due to their unique characteristics such as high electrical conduc-
tivity and thermal conductivity as well as high aspect ratio and tribological properties.
Particularly, copper nanowires often can effectively improve the mechanical properties,
thermal properties, and wear resistance of polymers such as polystyrene [13, 14] and poly-
amide 6 [15, 16].

A variety of methods such as solution-phase method and complex-surfactant-assisted
hydrothermal reduction approach are currently available for the synthesis of Cu nanowires
[17-35]. Here the solution-phase method uses hydrazine (N,H,) to reduce Cu* ions in the
highly basic aqueous solution of copper nitrate (Cu(NO,),) at 25-100°C in the presence of
ethylenediamine (EDA, C,HNN,) as the surface-capping agent [32, 33]. The resultant Cu
nanowires have a length of >40 um and a diameter in the range of 60-160 nm, where a
high concentration of NaOH (pH = 13-14) is required to prevent copper ions from form-
ing copper hydroxide precipitates. The so-called complex-surfactant-assisted hydrothermal
reduction approach can achieve facile synthesis of metal copper nanowires with an aver-
age diameter of 85 nm and a length of several tens of micrometers [34], where the copper
nanowires are formed through the reduction of Cull-glycerol complex (Cu(C,H,O,)) by
phosphite (HPO,*) at 120°C in the presence of surfactant sodium dodecyl benzenesulfonate
(SDBS).

The synthesis and application of Cu nanowires, however, are still challenging because Cu
nanowires are liable to spontaneous oxidation in air. Therefore, it is imperative to adopt
carbon materials [36-39], polymers [40], and metals [10, 41-45] as the sources to intro-
duce nonoxidizable shells on the surface of Cu nanowires, thereby preventing them from
oxidation.

Among various surface-capped Cu nanowires, the metal-capped ones are of special inter-
est, because they can be well prevented from oxidation while basic characteristics of met-
als are retained. We are particularly interested in Ag as a potential surface-capping shell of
Cu nanowires. This is because, with thermal conductivity and electrical conductivity similar
to that of Cu, Ag exhibits excellent oxidation resistance [46-51]. A couple of Ag-capped Cu
nanowires have been reported elsewhere, mainly involving Cu nanowires-Ag nanowires syn-
thesized in solution phase by the heterogeneous nucleation and growth of Ag nanocrystals
on presynthesized Cu nanowires [50] and Cu@Ag nanowires with rough surface obtained by
the transmetalation reaction at the room temperature [51]. The Cu nanowire cores of these
Ag-capped Cu nanowires indeed can be well prevented from oxidation. However, the Ag
shell of Cu@Ag nanowires consists of Ag nanoparticles, which is unfavorable for achieving
full contact between the nanofillers and polymer matrix.
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Therefore, in the present research, we prepare Ag nanosheets on Cu nanowires, hoping to
achieve a large contact area between the nanofillers and polymer matrix, thereby acquiring
improved mechanical properties and wear resistance. This article reports the preparation
of Cu@Ag nanowires as well as the evaluation of their oxidation resistance. Besides, it also
deals with the effect of Cu@Ag nanowires on the mechanical properties, thermal properties,
and wear resistance of polyvinyl chloride (PVC), ultrahigh molecular weight polyethylene
(UHMWPE), and epoxy resin (EP).

2. Preparation and characterization of Cu nanowires

Cu nanowires were prepared through the reduction of Cu(OH), by hydrazine in an aqueous
solution containing NaOH and ethylenediamine (EDA), with which the approach developed
by Zeng et al. was modified to scale up the reaction by 3900 times (yield of Cu nanowires from
0.006 g to 23.5 g of ) for potential large-scale production [30]. Briefly, NaOH (18 L, 7 M), Cu(OH),
(0.36 mol), EDA (135 mL), and hydrazine (18 mL, 35 wt.%) were added to a 20 L reactor and
heated at 80°C for 30 min to achieve the reduction of Cu* to metallic copper at a rate of 100%
(Figure 1). The as-prepared Cu nanowire cake is present on the top of the solution, possibly due
to the entrapping of nitrogen bubbles among the nanowires 2Cu**+N H ,+40H - 2Cu+
N, +4H,0). Figure 1a shows the scanning electron microscopic (SEM) images of the as-pre-
pared Cu nanowires. They are straight and have a diameter of 150-200 nm and a length of
about 10 um. Figure 1b shows the X-ray diffraction (XRD) pattern of the Cu nanowires. The
peaks at 20 =43.3, 50.4, 74.1, and 89.9° correspond to the (111), (200), (220), and (311) crystal
planes of cubic Cu (PDF No. 89-2838), which indicates that the copper nanowires exhibit face-
centered cubic (fcc) structure. No XRD signals of other species are detected, which indicate that
the as-prepared Cu nanowires are highly pure. However, when the as-prepared Cu nanowires
are placed in air for 24 h, three XRD peaks emerge at 20 = 36.4, 42.3 and 52.5° (Figure 1c), and
they correspond to the (111), (200), and (211) crystal planes of Cu,O (PDF No. 78-2076). This
means that the as-prepared Cu nanowires are easily oxidized in air environment.
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Figure 1. (a) SEM image of as-prepared Cu nanowires in mother liquor and XRD patterns, (b) as-prepared Cu nanowires,
and (c) Cu nanowires after being stored in air for 24 h.
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3. Preparation and characterization of Cu@Ag nanowires

The formation of Cu@Ag nanowires by the transmetalation reaction should be closely
related to the different reduction potentials of Cu and Ag. First, 1.5 mmol AgNO, was
dispersed in distilled water. Into the AgNO, solution was dropwise added the ammonium
hydroxide (NH,OH, 28-30%, BDH) aqueous solution under vigorous stirring until the
yellow precipitate disappeared and the solution became clear. The as-obtained Ag-amine
reagent solution was then directly added into 50 mL of Cu nanowires dispersion (with
0.5 g of Cu nanowires) under vigorous magnetic stirring at 40°C. After 2 h of reaction, the
as-obtained product was washed with deionized water and collected by centrifugation,
followed by redispersion in deionized water. During the synthesis progress, the Cu atoms
on the surface of Cu nanowires quickly react with Ag* ions to release Cu**. Simultaneously,
Ag* ions are reduced into Ag atoms and deposited on the surface of the Cu nanowires,
during which the color of Cu nanowires dispersion turns grey along with the appearance
of metallic Ag. Therefore, the morphology and microstructure of the as-prepared Cu@Ag
nanowires should be highly dependent on the reaction conditions. Through comprehen-
sive analysis, the optimal reaction condition is that temperature is 40°C; Cu/Ag molar ratio
is 5:1; Cu dispersion concentration is 1% and silver ammonia reagent dropping speed is
poured directly.

Figure 2 shows the SEM and TEM images as well as XRD pattern and EDS line map of the
Cu@Ag nanowires prepared under the optimal reaction condition. It can be seen that the as-
prepared Cu@Ag nanowires have a diameter of about 250 nm and a length of about 10 pm
(Figure 2a). Besides, the major XRD peaks of the as-prepared Cu@Agnanowires can be indexed
to metallic Ag (PDF No. 87-0717) and Cu (PDF No. 89-2838) with fcc structure (Figure 2b). The
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Figure 2. Characterization of Cu@Ag nanowires prepared under the optimal reaction condition: (a) SEM image, (b) XRD
pattern, (c) EDS line map, (d) TEM image, and (¢) HRTEM image.
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small peak at 20 = 35.5° can be indexed to CuO (PDF No. 80-1917), which is possibly due to the
oxidation of original Cu nanowires before coating with Ag nanosheets. In terms of the element
line distribution, the copper element has a maximum value at the center part whereas the Ag
shows a complementary profile with two maxima on both sides (Figure 2c). This indicates
that the as-prepared Cu@Ag nanowires have a core-shell structure composed of Cu core and
Ag shell. Such a core-shell structure of the as-prepared Cu@Ag nanowires is also supported
by corresponding TEM image shown in Figure 2d. Namely, there is a layer of Ag nanosheets
on Cu nanowires. Moreover, the high-resolution TEM (HRTEM) image of Cu@Ag nanowires
indicates that the Ag crystal exhibits a fringe lattice spacing of 0.25 nm (Figure 2e), and it cor-
responds to the (200) plane of the Ag crystal.

The thermal stability of Cu@Ag nanowires with different treatments was measured by XRD.
Figure 3a shows the XRD pattern of Cu@Ag nanowires prepared under the optimal con-
dition after 2 month of storage in ambient condition. All the characteristic peaks remain
unchanged after 2 month of storage in air, which indicates that the Ag shell layer can well
inhibit the oxidation of the Cu nanowires core. Figure 3b shows the XRD patterns of the
same product after being sintered at different temperatures. It can be seen that the XRD pat-
terns have no change before 200°C contrasted with the XRD of as-prepared samples, while
after being sintered at 300°C, a distinct peak of Cu,O emerges and the major peaks of metallic
Cu and Ag still remain, which indicates the Ag coating can protect Cu nanowires core from
oxidation at high temperature. This means that the Cu@Ag nanowires show better thermal
stability than Cu nanowires.

In order to further determine oxidation resistance of Cu@Ag nanowires, TG analysis was con-
ducted in air flow. Figure 4 shows the TG curves of the as-prepared Cu nanowires and Cu@
Ag nanowires in air. The TG curves show Cu nanowires undergo a weight-gain around 100°C
attributed to the oxidation thereat, while the Cu@Ag nanowires began to add the weight at
around 230°C indicating that Cu@Ag nanowires have the higher oxidation resistance temper-
ature, which also demonstrates that Cu@Ag nanowires exhibit much better thermal stability
than Cu nanowires.
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Figure 3. XRD paterns of Cu@Ag nanowires prepared under the optimal reaction condition: (a)after storage for different
times in air, (b) after being sintered at different temperatures.
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Figure 4. TG curves of Cu nanowires and Cu@Ag nanowires in air at a heating rate of 10°C/min.

4. Cu/Cu@Ag nanowires-PVC nanocomposites

The component and dosage for the preparation of Cu/Cu@Ag nanowires-PVC composites
materials are listed in Table 1. The raw materials were mixed with mechanical stirring for
20 min, then melt blended by a laboratory two roll mill with a rotate speed of 50 rpm under
100°C for 10 min. The milled sheets were compressed by a press machine at 175°C and 20 MPa
for 5 min. The samples for performance test were cut from the final sheets.

Nano-filler Component (g)

g;j)ss fraetion PVC Octadecanoic Lead stearate  Calcium Dioctyl Cu/Cu@Ag
acid stearate phthalate nanowires

0 160 1.28 0.64 0.64 32 0

0.1 160 1.28 0.64 0.64 32 0.195

0.5 160 1.28 0.64 0.64 32 0.978

1.0 160 1.28 0.64 0.64 32 1.97

3.0 160 1.28 0.64 0.64 32 6.02

Table 1. The component and dosage for the preparation of Cu nanowires- and Cu@Ag nanowires-PVC composites.
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4.1. Thermal properties of Cu/Cu@Ag nanowires-PVC nanocomposites

Thermal properties of the composites were studied by differential scanning calorimetry
(DSC). DSC curves were obtained by heating at 10°C/min rate under N, at a flow rate of
100 mL/min in the range of 20-120°C by using NETZSCH DSC 204HP instrument (Bavarian,
Germany). The heated sample was cooled to 20°C and reheated for the second time using the
same heating program.

An exemplary DSC heating curve for Cu nanowires-PVC nanocomposites is presented in
Figure 5, with the indication of the procedure of glass transitions temperatures (Tg) deter-
mination as a central point value of the tangent line to the DSC curve, at the inflection point
where the characteristic augment of the base line, related to the increase of the specific heat,
was used for the determination of the glass transition. For all samples, the run of the DSC
curve at the domain of the glass transition was similar.

The Tg of the Cu@Ag nanowires-PVC nanocomposites is presented in Figure 6. It can be
seen that, as compared with Cu nanowires, the introduction of Cu@Ag nanowires results in
a larger increase in the Tg value. Besides, the Tg of the Cu@Ag nanowires-PVC nanocom-
posites tends to rise with the increase of Cu@Ag nanowire content. This is because, with
the increase of the Cu@Ag nanowire content, more Cu@Ag nanowires act as physical cross-
linkers to be intertwined with macromolecular chains, thereby reducing the chain segmen-
tal mobility of PVC and increasing the Tg. However, when the content of Cu@Ag nanowires
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; Onset: 39.3 °C
Mid: 52.7 °C

E‘n "2 Inflection: 44.5 °C
% End: 71.8 °C
5 0.20 Delta Cp: 1.28 J(g*K)
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o040

40 60 80 100
Temperature (OC)

Figure 5. An exemplary DSC trace for Cu nanowires-PVC composite (Cu nanowires contain: 1 wt.%) at the domain of
the glass transition.
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Figure 6. The glass transition temperature (Tg) of Cu/Cu@Ag nanowires-PVC nanocomposites with various mass
fractions of the nanofillers.

is too high, the Tg values of the PVC-matrix nanocomposites declines to some extent. The
reason lies in that a too high content of Cu@Ag nanowires would tend to agglomerate in
the polymer matrix and weaken the interaction with the macromolecular chains, thereby
limiting the movements of the macromolecular chains and reducing the Tg value of the
PVC-matrix nanocomposites. Moreover, the presence of Cu@Ag nanowires in PVC matrix
contributes to increasing the elasticity especially in the glass transition region, which cor-
responds to enhanced thermal stability of the PVC-matrix nanocomposites.

4.2. Mechanical properties of Cu/Cu@Ag nanowires-PVC nanocomposites

Mean values of five factors on mechanical properties were analyzed in this work. The tensile
strength and elongation at break of these samples are shown in Figure 7. From Figure 7, it
can be seen that the elongation at break of composite materials all increase to varying degrees
by addition of the nanowires. And the effect of Cu@Ag nanowires is much larger than the Cu
nanowires. Meanwhile, the tensile strength keeps no change on the whole.

4.3. Tribology properties of Cu/Cu@Ag nanowires-PVC nanocomposites

Figure 8 shows the friction coefficient and wear rate of Cu/Cu@Ag nanowires-PVC nano-
composites (load: 20 N; route: 5 mm; frequency: 2 Hz; time: 5 min; room temperature). The
friction coefficient of Cu/Cu@Ag nanowires PVC nanocomposites has little change with
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Figure 7. The elongation at break (a) and tensile strength and (b) Cu/Cu@Ag nanowires-PVC nanocomposites with
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Figure 8. The friction and wear behavior (friction coefficient and wear rate) of PVC nanocomposites with different
contents of (a) Cu nanowires and (b) Cu@Ag nanowires.

increasing amount of copper nanowire, while the wear rate changes greatly therewith.
Namely, pure PVC (without Cu nanowires) has a larger wear rate as much as 1.42 x 107
mm?*/N m, while PVC composite containing 0.5 wt.% Cu@Ag nanowires has an obviously
reduced wear rate of 0.57 x 10° mm?3/N m (reduced by nearly 60%). It can be clearly seen
that lower or higher concentrations of fillers in the matrix are less effective in reducing
the friction coefficient and wear rate. It can be inferred that, at a too low concentration,
the nanofillers can hardly play its role on the friction-reducing and wear resistance in the
friction process, thereby leading to relatively not very good friction property. When the
additive concentration is too high, the nanofiller would tend to agglomerate and form a
large number of weak interfaces in the matrix, which makes the nanofillers easily fall off
from the matrix in the friction process causing a higher abrasive wear [52], thus resulting
in relatively poor friction property. Therefore, it is suggested to keep the concentration
of the nanofillers in polymer matrix as 0.5 wt.% Cu@Ag nanowires in order to effectively
reduce the friction coefficient and wear rate. Moreover, the wear rate of Cu nanowires-
PVC nanocomposites tends to decline with the increasing content of the Cu nanowires,
and the minimum wear rate (0.85 x 10° mm?®/N m) is obtained at a Cu nanowires content
of 0.1 wt.%.
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5. Cu/Cu@Ag nanowires-UHMWPE nanocomposites

The component and dosage for the preparation of Cu@Ag nanowires-UHMWPE compos-
ites are listed in Table 2. The nanowires and UHMWPE raw material were mixed with ball
milling for 1 h. The mixture was heated to 200°C and pressed under 20 MPa for 10-20 min,
followed by cooling to room temperature in the mold to afford the Cu@Ag nanowires-
UHMWPE nanocomposites. All the samples for performance test were cut from the final
sheets.

5.1. Crystallization and melting behavior of Cu/Cu@Ag nanowires-UHMWPE
nanocomposites

The crystallization and melting behavior of Cu/Cu@Ag nanowires-UHMWPE nanocom-
posites were studied by differential scanning calorimetry (DSC). DSC curves in the range of
20-200°C were measured with a NETZSCH DSC 204HP instrument (Bavarian, Germany) at
a heating rate of 10°C/min under N, atmosphere (flow rate: 100 mL/min). Figure 9 shows the
crystallization and melting temperature of Cu/Cu@Ag nanowires-UHMWPE nanocompos-
ites. It is seen from Figure 9a that Cu nanowires have a strong influence on the crystallization
and melting temperature of UHMWPE matrix. When the content of Cu nanowires is 0.1 wt.%,
the crystallization temperature of nanocomposite rises from 118.10 to 118.32°C, which could
be because that the heterogeneous nucleation in the presence of copper nanowire served as
nucleating agent contributes to improving the crystallinity of UHMWPE matrix. With the
increasing of nanowires content, the crystallization temperature significantly decreases, which
indicates that Cu nanowires hinder the orientation of PA6 crystals and restrict the movement
of the molecular chains of UHMWPE. When the nanowires content is further increased, the
effect of Cu nanowires on the crystallization and melting behaviors tends to decline, possi-
bly due to the aggregation of the nanofillers in the polymer matrix. When the Cu nanowires
content reaches 3 wt.%, however, the crystallization temperature decreases again, probably
because that the interaction between excess nanowires and molecular chains of UHMWPE
is enhanced to restrict the movement of the molecular chains. Correspondingly, a change in
melting temperature occurs with the increasing of nanowires content.

Interestingly, the Cu@Ag nanowires have opposite effects on the crystallization and the melting
temperature as compared with Cu nanowires, which could be because the Cu@Ag nanowires

Component  Mass fraction (%)

0 0.1 0.3 0.5 0.8 1.0 3.0
UHMWEPE (g) 120 120 120 120 120 120 120
Cu/Cu@Ag 0 0.120 0.361 0.603 0.968 1.21 3.71

nanowires (g)

Table 2. The component and dosage for the preparation of Cu/Cu@Ag nanowires-UHMWPE composites.



Synthesis and Application of Copper Nanowires and Silver Nanosheet-Coated Copper Nanowires...
http://dx.doi.org/10.5772/67782

a 119.0 142 b 1200 142
G - C"Ys.t'lh““"“ temperatur EI [5) - Crystallization temperature
< - Melting temperature Ljai =2 % 11954 - Melting temperature F141
@ ® = o
£ 118.5+ e B 2
i~ s s 3
g 2 5 11901 140 2
.é F0 S B =
S 118.0- 2 S 11854 139 2
o
= tizo 2 8 :
= E = 118.04 138 £
g z 5 3
2 u7s SO %
E- 8o B 11751 F137 &
£ s}
© 11704 L137 117.0 L136
T T T T T T T T T T T T T T
0 01 03 05 08 10 30 0 01 03 05 08 1.0 30
Mass fraction of Cu nanowires (%) Mass fraction of Cu@Ag nanowires (%)

Figure 9.The crystallization and melting temperature of Cu/Cu@Ag nanowires-UHMWPE nanocomposites with
different nanowires contents.

with unique morphology and microstructure exhibit significantly increased contact area with
the UHMWPE matrix.

5.2. Mechanical properties of Cu/Cu@Ag nanowires-UHMWPE nanocomposites

The effect of Cu/Cu@Ag nanowires on the mechanical properties of UHMWPE is shown in
Figure 10. We find that the elongation at break of composite materials gradually increases with
increasing dosage of Cu/Cu@Ag nanowires; and in particular, the UHMWPE-based nano-
composites with 0.8 wt.% of Cu nanowires or with 0.3 wt.% of Cu@Ag nanowires possesses
the maximum values of elongation at break (168 and 190%, respectively), larger than that of
unfilled UHMWPE by 78.5 and 101.9% (Figure 10a). Besides, the elongation rate at break of
the UHMWPE-based nanocomposites tends to decline with further increase of nanowires
content, possibly due to the aggregation of the nanowires thereat. Moreover, the elongation
rate at break of Cu@Ag nanowires-UHMWPE is higher than that of Cu nanowires-UHMWPE,
which could be closely related to the special morphology and microstructure of the Cu@Ag
nanowires. Furthermore, the UHMWPE-based nanocomposites change slightly with increas-
ing dosage of Cu/Cu@Ag nanowires. The UHMWPE-based nanocomposites with 0.3 wt.% of
Cu nanowires or with 0.5 wt.% of Cu@Ag nanowires possess the maximum values of tensile
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Figure 10. The mechanical properties of Cu/Cu@Ag nanowires-UHMWPE nanocomposites with different nanowires
contents.
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strength of 26.2 and 22.6 MPa, respectively, showing an increase by 27.1 and 9.7% in compari-
son with pure UHMWPE (20.6 MPa; Figure 10b).

5.3. Tribology properties of Cu/Cu@Ag nanowires-UHMWPE nanocomposites

Figure 11 shows the friction coefficient and wear rate of Cu/Cu@Ag nanowires-UHMWPE
nanocomposites (load: 250 N; route: 5 mm; frequency: 2Hz; time: 5 min; room temperature).
For Cu nanowires-UHMWPE nanocomposites (Figure 11a), the friction coefficient and wear
rate of Cu nanowires-UHMWPE nanocomposites gradually decrease with increasing dosage
of Cu nanowires; and the friction coefficient is rather large when the Cu nanowires content is
below 0.3 wt.%. This may be because that when the content of Cu nanowires is too low to play
its role on the friction-reducing and wear resistance in the friction process, thereby leading
to relatively not very good friction property. Cu@Ag nanowires-UHMWPE nanocomposites
show similar variation tendency as Cu nanowires-UHMWPE nanocomposites (Figure 11b)
except the one with 3 wt.% of Cu@Ag nanowires is somewhat different.

6. Cu/Cu@Ag nanowires-EP nanocomposites

The Cu/Cu@Ag nanowires-EP (epoxy resin) nanocomposites were prepared by mixing the
raw materials with high-speed mixers (1500 rpm, 3 min) in association with curing in the
mold under ambient conditions. The content of each component is shown in Table 3.

6.1. The electrical conductivity Cu/Cu@Ag nanowires-EP nanocomposites

In general, the electrical conductivity of silver and copper is similar. The special structure of
Cu@Ag nanowires makes it feasible to significantly improve the electrical conductivity of Cu
nanowires by incorporating Ag shell because of their better oxidation resistance and more
conductive network in the polymer matrix nanocomposites. We measured the electrical
resistivity of EP-matrix composites filled with Cu and Cu@Ag nanowires using a Hall effect
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Figure 11. The friction and wear behavior (friction coefficient and wear rate) of UHMWPE nanocomposites with different
contents of (a) Cu nanowires and (b) Cu@Ag nanowires.
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Component Mass fraction (%)

0 0.1 0.3 0.5 0.8 1.0 3.0
EP (g) 60 60 60 60 60 60 60
Curing agent 15 15 15 15 15 15 15
®)
Cu/Cu@Ag 0 0.075 0.226 0.377 0.606 0.758 2.320

nanowires (g)

Table 3. The component and dosage for the preparation of Cu nanowires- and Cu@Ag nanowires-EP composites.

measurement system. The electrical resistivity of pure EP is about 10" (O cm, while the intro-
duction of Cu/Cu@Ag nanowires results in greatly reduced electrical resistivity (Figure 12).
Namely, the electrical resistivity decreases obviously with increasing content of Cu or Cu@
Ag nanowires, and the EP-matrix nanocomposites filled with Cu@Ag nanowires exhibit lower
electrical resistivity than the counterparts filled with Cu nanowires. For example, the resis-
tivity of the EP composite containing 3 wt.% Cu nanowires is about 1.49 x 10° Q) cm, and it
does not satisfy the conductive requirement for electrostatic conductive materials (10* QQ cm).
The resistivity of Cu@Ag nanowires-EP composite (filler mass fraction: 3 wt.%) is reduced to
2.11 x 10* Q) cm, and it satisfies the conductive requirement for electrostatic conductive materials.
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Figure 12. The electrical resistivity of Cu/Cu@Ag nanowires-EP nanocomposites with different nanowires contents.
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In other words, encapsulating Cu nanowires with Ag nanosheets makes it feasible for the cop-
per nanowires to be applied as potential electrostatic conductive filler, thereby broadening their
application scope.

6.2. Mechanical properties of Cu/Cu@Ag nanowires-EP nanocomposites

The tensile strength and the elongation at break of pure EP and its nanocomposites filled with
Cu nanowires or Cu@Ag nanowires are shown in Figure 13. Both the tensile strength and
elongation at break increase after the introduction of Cu nanowires and Cu@Ag nanowires.
Particularly, the EP-matrix nanocomposite with 0.8 wt.% of Cu nanowires exhibits the maxi-
mum tensile strength of 74.2 MPa, while the one with 1 wt.% of Cu@Ag nanowires exhibits
the maximum tensile strength of 67.5 MPa. In addition, compared with the change of the elon-
gation at break values, the tensile strength has little change with the increase of nanowires
content. When the content of the nanowires is too high, the tensile strength and elongation at
break are relatively low, which could be due to the aggregation of the nanowires in EP matrix
at a high content.

6.3. Tribology properties of Cu/Cu@Ag nanowires-EP nanocomposites

Figure 14 shows the variation in the friction coefficient and wear rate of Cu/Cu@Ag nanow-
ires-EP composites with the content of the nanofillers (load: 20 N; amplitude: 5 mm; fre-
quency: 2Hz; time: 30 min; room temperature). Unfilled EP has a friction coefficient and
wear rate of 0.646 and 4.82 x 10° mm?*N m. Namely, the EP-matrix nanocomposites with
less than 0.5 wt.% of Cu nanowires have reduced friction coefficient and wear rate than neat
EP; and in particular, the EP-matrix composite with 0.1% of Cu nanowires exhibits the best
friction coefficient and wear rate (0.555, 1.42 x 10° mm?/N m; a reduction by 14.1 and 70.5%
as compared with that of neat EP). However, the increase in the content of the Cu nanowires
above 0.5 wt.% results in increased friction coefficient and wear rate, due to aggregation of
the nanofillers thereat. Similar variation tendency is also observed for Cu@Ag nanowires-EP

nanocomposites.
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Figure 13. The mechanical properties of Cu/Cu@Ag nanowires-EP nanocomposites with different nanowires content.
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Figure 14. The friction and wear behavior (friction coefficient and wear rate) of EP-matrix nanocomposites with different
contents of (a) Cu nanowires and (b) Cu@Ag nanowires.

7. Conclusion

A large amount of Cu nanowires is prepared by a solution-reduction approach, while Cu@Ag
nanowires are prepared by a simple and efficient transmetalation reaction method. The mor-
phology and microstructure of the as-prepared Cu@Ag nanowires can be well manipulated by
properly adjusting the reaction condition. Resultant Cu@Ag nanowires consist of Cu nanocores
and uniformly distributed Ag nanosheet shell, and they exhibit improved thermal stability and
electrical conductivity as compared with Cu nanowires, due to the incorporation of the Ag
shell. Besides, the as-prepared Cu@Ag nanowires can better improve the mechanical properties
and wear resistance than the Cu nanowires.
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