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A new UHMWPE-based conductive fabric was successfully prepared by radiation-induced graft
polymerization and subsequent post-modification, followed by electroless deposition. The chemical
structure and composition of modified UHMWPE fabrics were investigated in detail by ATR-FTIR, 2°Si
NMR, and XPS to confirm grafting and post-modification. After electroless deposition, the morphology,
thermal stability, and crystal structure of original and modified fabrics were characterized by SEM, TG,
DSC and XRD. Cu-deposited UHMWPE fabric exhibited much better thermal resistance than that of
UHMWPE and Cu@UHMWPE-g-PAAc. In order to improve the oxidation resistance of copper-deposited
fabric, nickel was processed on copper-coated UHMWPE fabric to protect the copper layer. An
electromagnetic shielding effect test showed the nickel-copper coated UHMWPE fabric could shield
94.5% of the electromagnetic wave in the frequency range of 8-12 GHz. This work provides an
approach for addressing the issue of poor thermal resistance of metal-coated polymeric materials due to
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1. Introduction

In recent years, various fabric-based electronic products have
been extensively researched and applied to next-generation
wearable devices." In order to combine the flexibility and
comfort of the garment with the functionality of the intelligent
electronic device, the fabrication of conductive flexible fabric is
essential. These flexible conductive fabrics can interconnect
both functional components and power, as well as the necessary
substrates for the preparation of electronic components on
flexible conductive fabrics.

There are mainly two general approaches that can be used to
fabricate conductive fabrics.> Although conductive fabrics can
be prepared through incorporating several conductive filler
materials involving carbon nanofibers,® graphene sheets,* and
conductive polymers>® in the past decades, they are uneco-
nomical and difficult to be prepared on a large scale; more
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the inherent low melting point of the organic support.

importantly, the above-prepared samples exhibit high resis-
tance. A more economical and effective method of preparing
conductive textiles is to coat conventional surface with a layer of
conductive materials. Metal is still the best choice in terms of
cost, conductivity, and stability so far. Thus, surface metalliza-
tion is still an effective strategy to fabricate conductive fabrics,
which not only retains the specific properties of textiles, such as
light weight, flexibility, and low cost of manufacturing, but also
shows characteristics peculiar to metals.

Compared with other surface metallization methods, such as
sputtering, electric plating, physical vapor deposition, and
chemical vapor deposition, electroless deposition (ELD) has
become a versatile and cost-efficient approach to construct high
quality metal coatings, which can form metal particles on
surfaces in the presence of -catalysts, usually surface-
immobilized metal cations, via an autocatalytic redox reac-
tion.” In addition, this process does not require high tempera-
ture processing, expensive equipment or conductive substrates,
which is very suitable for polymer substrates with low thermal
resistance. Recently, a strategy for catalyst immobilization by
surface-grafted polymers has attracted increasing interest due
to its ability to construct polymer-bridged metal/substrate
hierarchical structure via ELD. Therefore, several surface
grafting technologies have been employed to graft polymers on
various polymeric substrates for ELD, such as surface-initiated
atom transfer polymerization, solution polymerization, UV-,
and plasma-induced graft polymerization.® Since the grafted
polymer chains not only can improve the adsorption efficiency
and selectivity of the catalyst, but also enhance the interfacial
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bonding strength between the substrate and the metal coating.
Furthermore, it also can prevent the catalyst from falling off and
causing instability of the plating solution. However, due to
different shapes and chemical compositions of various polymer
substrates, the above-mentioned surface treatment technolo-
gies still face many problems in actual industrial production,
which may be due to complicated production processes or
technically unfavorable treatment processes, resulting in diffi-
culty in mass production. Compared with these processes,
radiation-induced graft polymerization (RIGP) is favorable due
to its strong penetration into the polymer trunk, uniform
formation of active sites for initiating grafting, great ability to
endow new performance characteristics to a material, and
a clean technique in which no additional chemicals such as
initiators are required.” Therefore, the radiation-induced graft
technique is a suitable methodology for activating the surface of
polymer and building a coating which is covalently grafted to
the substrate and able to coordinate catalyst for the growth of
the metallic phase starting inside the host polymer.*

Ultra-high molecular weight polyethylene (UHMWPE) fiber,
a third-generation high-performance fiber, plays an important
role in different industries due to its low specific weight, high
wear resistance, high strength, low friction, excellent tough-
ness, ease of manufacture, biocompatibility and biostability,"
which can be considered as a kind of ideal candidates for
preparing conductive fiber. However, to date, owing to lack of
polar functional groups, low surface free energy, and smooth
surface of UHMWPE fiber, only a limited number of papers
about conductive fiber/fabric based on UHMWPE fiber have
been reported.””™ Therefore, how to effectively activate the
UHMWPE surface with controllable conductivity and high
durability remains a challenge. In our previous work, we have
successfully resolved the above problem and prepared high-
performance UHMWPE-based conductive fiber through
RIGP." However, UHMWPE fiber is a typical flexible material
with low melting point and poor thermal resistance,” which
may result in the thermal deformation of the organic support
when encountering current overload or working for a long time.
More importantly, the deformation caused by heat will affect
the signal stability and sensitivity when metal-coated UHMWPE
fiber used as wires or sensors component in smart clothing.
Thus, it is necessary to improve the thermal resistance of
UHMWPEE fiber.

Owing to the high thermal stability, polysiloxanes have been
used to improve the thermal resistance of polymers in recent
years.'® We have reported the work on improving thermal and
UV resistances of UHMWPE fabric through RIGP and in situ
growth of organic-inorganic hybrid layers.”” Based on the
results reported in our previous works, we found that y-meth-
acryloxypropyl trimethoxysilane (MAPS) is liable to graft poly-
merization on different polymer surfaces™™ and can form
a cross-linked Si-O-Si structure on the surface of the substrate
via hydrolysis-condensation reaction to improve the thermal
resistance; moreover, the flexibility of Si-O-Si bond is better
than that of C-C bond which can effectively decrease the
influence of deformation on the dimensional stability and
sensitivity especially used as a wire or component for strain
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sensor. In addition, the grafted PMAPS chains also can be
cohydrolyzed with other silane coupling agents to introduce
reactive functional groups, such as mercapto, amino, epoxy,
and nitrile groups and subsequently introduce different func-
tion onto the surface of organic supports.”

Based on the aforementioned discussion, a novel UHMWPE-
based conductive fabric was fabricated through surface-grafted
polymer-assisted electroless deposition. In this study, PMAPS
graft chains were grafted onto the surface of UHMWPE fabric
via RIGP technique and subsequent cohydrolyzed with N-(2-
aminoethyl)-3-aminopropyltriethoxysilane (NAPTES), which can
form an organic-inorganic hybrid coating on the surface of
UHMWPE fabric and simultaneously introduce amino groups
for coordinating catalyst ions. Palladium ions adsorbed by
amine on the surface of UHMWPE fabric have been demon-
strated to be an effective seeding and adhesion layer for
subsequent ELD of copper to yield conductive textiles in which
the metal-deposited textiles show excellent electrical properties
and remain intact morphology. Importantly, the cross-linked
organic-inorganic hybrid layer can effectively improve the
thermal resistance of UHMWPE fabric.

2. Experimental
2.1 Materials

UHMWPE fabric (100%), with a surface density of 176 g m™>
and plain weave, was purchased from Beijing Tongyizhong
Special Fiber Technology Development Co., Ltd. Dimethylami-
noborane (>99%) was purchased from Tokyo Chemical Industry
Co. Ltd. Nickel sulfate heptahydrate (AR) was purchased from
Shanghai Macklin Biochemical Co. Ltd. Palladium standard
solution (1000 mg L~ ') was purchased from Guobiao (Beijing)
Testing & Certification Co. Ltd. Other reagents, purchased from
Sinopharm Chemical Reagent Company, were of analytical
grade. All reagents were used without further purification.
Deionized water was produced using a water purification system
(ELGA PURELAB Classic UV).

2.2 Preparation of metal-coated UHMWPE fabrics

The fabrication process of copper-coated UHMWPE fabrics was
illustrated in detail in Scheme 1. The UHMWPE fabrics grafted
with MAPS were prepared according to the procedures reported
earlier by our group."” The degree of grafting (Dg) of the grafted
UHMWPE fabric was determined according to the following
equation:

where W, and W, are the weights of the samples before and after
grafting polymerization, respectively. In present study, the Dg of
UHMWPE-g-PMAPS was 36.5%. Appropriate quantities of
UHMWPE-g-PMAPS, deionized water, ethanol, NAPTES, and
ammonia (0.2 wt%) were put into a three-necked flask equipped
with a thermometer and condenser. The mixture was main-
tained at 25 °C with stirring for 48 h. After that, the resultant
was removed from the three-necked flask and repeatedly
washed 3 times with water and 3 times with ethanol,

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Schematic illustration of the process of preparing conductive UHMWRPE fabrics.

subsequently vacuumly dried at 60 °C. The resultant was
denoted as UHMWPE-g-PMAPS-NAPTES.

Surface Activation Step: The grafted UHMWPE fabrics were
first activated through the immobilization of the Pd catalyst for
the subsequent electroless deposition of Cu. In detail,
UHMWPE-g-PMAPS-NAPTES were immersed into palladium
chloride solution (50 mg L") for 5 min at room temperature to
induce an ion-adsorption process. Afterward, samples were
rinsed several times with deionized water.

Metallization step: two plating baths were tested. The first
one consist of 6 ¢ L' CuS0O,-5H,0, 15 g L' Na;CsH;0,-2H,0,
28 g L' NaH,PO;, 30 g L™ " H3BO;, 0.5 g L' NiSO,- 7H,0. The
surface-activated UHMWPE-g-PMAPS-NAPTES were placed in
the above-mentioned plating baths for different time to elec-
troless deposition of copper. The reaction was carried out at
65 °C with a pH value of 9.2 and the solid-liquid ratio was 5 g
L. After that, the copper-coated UHMWPE fabrics (abbrevi-
ated as Cu@UHMWPE-g-PMAPS-NAPTES) were washed in
deionized water and then dried in a vacuum oven at 60 °C for
24 h. For the second case, a homemade electroless nickel
plating bath was used which contained 25 g L™ " NiSO,4- 7H,0 as
a source of Ni*" ions, 1.5 g L™" C,H;¢BN, 50 g L™" Na,P,0,-
-10H,0, 45 mL L' ammonia with a pH value of 10.7. The ob-
tained copper-coated UHMWPE fabrics is immersed into the
above plating solution for 15 minutes to deposit nickel layer,
which can improve the oxidation resistance of copper coating.

2.3 Characterization

The chemical structure of the UHMWPE fabrics was determined
by a Bruker Tensor 207 Fourier transform infrared spectrometry
(FTIR) by the accumulation of 32 scans with a resolution of wave
number 4 cm ! in the attenuated total reflection (ATR) mode.
The chemical composition of UHMWPE fabrics was investi-
gated via a Kratos Axis-Ultra DLD X-ray photoelectron spec-
troscopy (XPS) using monochromatic Al K radiation under the
chamber pressure of 10~° Torr from a 250 W X-ray source. *°Si

This journal is © The Royal Society of Chemistry 2020

solid-state nuclear magnetic resonance (**Si NMR) spectrum of
UHMWPE-g-PMAPS and UHMWPE-g-PMAPS-NAPTES were
tested by a Bruker 400 MHz NMR spectrometer. In order to
observe the surface morphology and microstructure of the
UHMWPEE fabrics, all the tested samples were coated with a thin
gold layer and a ZEISS GeminiSEM 300 scanning electron
microscope (SEM). Electrical conductivity of the metal-coated
UHMWPE fabrics was measured by a surface high-impedance
analyzer McP-HT450 and a surface low-impedance analyzer
Mcp-HT610 from Mitsubishi Corporation. Thermogravimetric
analysis (TGA) was performed on a NETZSCH TG 209 F3
instrument to assess the thermal stability of the modified
cotton fabrics. The specimens were heated from 50 to 700 °C at
a heating rate of 10 °C min ' under nitrogen atmosphere.
Differential scanning calorimetry (DSC) were carried out by
using a PerkinElmer DSC-822e analyzer. The measurements
were performed from 40 to 180 °C with a heating rate of
10 °C min~" in a nitrogen atmosphere with a gas flow of 20
mL min~'. Wide angle X-ray diffraction (WAXD) curves were
measured on a Bruker D8 Advance diffractometer with a Bragg—
Brentano geometry using Cu-Ka radiation (A = 1.5418 A) at an
operating voltage of 40 kV. The electromagnetic shielding effect
of copper (nickel) coated UHMWPE fabrics was evaluated by
a coaxial network method using Agilent N5242A vector network
analyzer with a test frequency range of 8.0 to 12.0 GHz.

3. Result and discussion
3.1 Graft polymerization

The effect of monomer concentration in methanol on the
grafting process has been investigated and shown in Fig. 1. It is
clear that the Dg increases with the increase of the monomer
concentration due to the high concentration of monomers
available to react with the free radical formed in the polymer
backbone. From above results, it can be concluded that the Dg
is directly proportional to the monomer concentration. Thus, it
allows for a selection of suitable monomer concentration to
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Fig. 1 Effect of monomer concentrations on the degree of grafting.

obtain a reasonable grafting degree which possessed excellent
comprehensive performance for the subsequent ELD process.

3.2 Characterization

Fig. 2A exhibits the ATR-FTIR spectra of the original and
modified fabrics. Compared with the pristine UHMWPE fabric,
UHMWPE-g-PMAPS presented several new absorption bands at
1726,1260,1190,1080, and 820 cm™*, which were attributed to
the stretching vibrations of -C=0, -O-C, -Si-O-Me, and Si-C,
respectively.?” After cohydrolysis with NAPTES, there are new
characteristic peaks belonging to Si-O-Si groups in the range of
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!, suggesting that Si-O-Me groups were changed

1000-1110cm
into siloxane.?* While a small peak centered at 917 cm™ " rep-
resenting Si-OH groups also can be observed, demonstrating
that some Si-O-Me groups were hydrolyzed to form Si-OH. An
additional peak centered at 1560 cm™" corresponding to -N-H
in NAPTES is observed,* indicating that the immobilization of
NAPTES molecular chains on the surface of UHMWPE-g-PMAPS
via the sol-gel reaction between PMAPS and NAPTES. The
presence of the -N-H group provides adsorption sites for the
adsorption of palladium ions for subsequent ELD process.

Varieties in surface chemical composition were also
confirmed by the results of the X-ray photoelectron spectros-
copy (XPS) and shown in Fig. 2B. Compared to the spectrum of
original UHMWPE fabric, UHMWPE-g-PMAPS displayed the
peaks of Si2s (152.6 eV) and Si2p (102.1 eV), suggesting that
PMAPS graft chains existed on the surface of UHMWPE fabric.
With regard to the spectrum of UHMWPE-g-PMAPS-NAPTES
fabric, an additional characteristic peak of N1s was found at
398.3 eV. Meanwhile, the intensity of characteristic peaks of
Si2s and Si2p increased after the coating of NAPTES via sol-gel
reaction. The XPS spectra confirmed that the organic-inorganic
hybrid structure formed through the co-hydrolysis of PMAPS
and NAPTES were successfully coated on the surface of
UHMWPE fabric bridged by a covalent bond.

Fig. 2C and D illustrate the solid-state *’Si NMR spectra of
UHMWPE-g-PMAPS and UHMWPE-g-PMAPS-NAPTES at 20 °C.
It could be seen that UHMWPE-g-PMAPS displayed a well-
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defined singlet at —43.8 ppm corresponding to 7°, which was
the characteristic resonance of the silicon nucleus for PMAPS
(-CH,CH,-Si(OCHj3);).*® In addition, the presence of a single
peak also suggested that the graft chains did not undergo
hydrolysis with the moisture in air during the grafting process.
After the reaction of cohydrolysis with NAPTES, the spectrum of
UHMWPE-g-PMAPS-NAPTES showed three signals at —50.3,
—59.8, and —69.8 ppm, which can be assigned to silicon species
of T1(-CH,CH,-Si(OSi)(OR),), T2(-CH,CH,-Si(OSi),(OR)), and
T*(-CH,CH,-Si(08i);),>>¥ respectively. This suggested that
after the cohydrolysis of PMAPS and NAPTES, the surface of the
obtained UHMWPE-g-PMAPS-NAPTES was covered by a novel
hyperbranched polysiloxane consisting of linear networks,
dimeric structures, and three-dimensional branched architec-
tures. In all, the above results demonstrate that MAPS monomer
is successfully grafted on UHMWEPE fabric by RIGP and the post-
modification with NAPTES is effectively completed.

3.3 Electroless deposition

Palladium is acted as an effective catalyst for ELD of Cu and
other metals. In order to decrease the diffusion of catalyst into
plating solution, UHMWPE-g-PMAPS-NAPTES-Pd was rinsed
with deionized water. The UHMWPE-g-PMAPS-NAPTES fabric
was finally coated with a layer of Cu particles by immersing in
a homemade ELD bath. After the ELD process triggered by Pd,
the deposited metal will initiate the autocatalytic metallization
process. Effect of electroless deposition time on the weight
increase was plotted, as illustrated in Fig. 3A. In the first 90 min
of ELD, it can be seen that the weight increased as a linear
function of ELD time. The weight gain reached 29.4% of its
original weight after 120 min, and then almost level off because
of the decrease of Cu®" ion concentration in ELD bath.

The sheet resistance of the Cu@ UHMWPE-g-PMAPS-NAPTES
was also measured via a four-probe measurement, which is
a standard method for measuring the resistance of thin film.
The average sheet resistance of Cu@UHMWPE-g-PMAPS-
NAPTES against the ELD time was plotted and shown in
Fig. 3B. The UHMWPE-g-PMAPS-NAPTES was electrically insu-
lated. After 20 minutes of ELD, though the sample became
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electrically conductive, its sheet resistance was up to
125.6 Q sq~ ' and exhibited poor conductivity. In addition, most
of the surface of the Cu@UHMWPE-g-PMAPS-NAPTES still
remained black, which may be ascribed to the color of Pd
particles. Before the deposition of metal copper on the surface
of the fabric, palladium ions were first reduced by sodium
hypophosphite in the bath, and then Pd atoms act as a catalyst
for subsequent metal deposition. The Pd particles did not have
enough time to catalyze the reduction of copper ions and were
still adsorbed on the surface of the sample. So, it is mainly the
reduction process of palladium ions in the first 20 minutes. The
resistance of Cu@UHMWPE-g-PMAPS-NAPTES gradually
decreased with the prolongation of plating time. When the ELD
time was extended to 120 minutes, black areas almost dis-
appeared and the surface of the Cu@UHMWPE-g-PMAPS-
NAPTES exhibited a red copper color, and the sheet resistance
decreased to 1.65 Q sq . Further extend the plating time, the
sheet resistance showed a little decrease (0.05 Q sq~ ") and then
remained almost constant even for the deposition time longer
than 240 minutes, which was consistent with the weight gain.
Considering all factors including efficiency, cost, and conduc-
tivity, 120 minutes of the ELD is suitable for copper deposition.

3.4 Surface morphological structure

The effects of surface modification on materials will also be
reflected in the morphologies of fibers. Fig. 4 shows SEM
images of UHMWPE, UHMWPE-g-PMAPS, and Cu deposited
UHMWPE fabrics. The pristine UHMWPE fiber has smooth and
clean surface, and there are some narrow and shallow grooves
along the axial direction, indicating that the molecular chains
arrange in the longitudinal direction. After graft polymeriza-
tion, UHMWPE-g-PMAPS exhibits uneven surfaces and obvious
protrusions caused by the accumulation of grafting chains
(Fig. 4B and B'). With regard to Cu@UHMWPE-g-PMAPS-
NAPTES, after the ELD process, the surface is covered by
a layer of uniformly distributed and densely packed copper
particles (Fig. 4C and C'). The formed copper film continuously
and uniformly surrounds every fiber, and no obvious pores
caused by the hydrogen evolution can be detected.
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Fig. 3 Weight increase (A) and sheet resistance (B) of UHMWPE fabric at different plating times.
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Fig.4 Scanning electron micrographs of UHMWPE fabric, UHMWPE-g-

5000).

3.5 Thermal properties

Fig. 5 shows the TG and DTG curves of original and modified
fabrics, the corresponding parameters such as the initial
decomposition temperature (7g;), the temperature of the
maximum degradation rate (Tmax), and the char yield (Y.) at
700 °C are summarized in Table 1. The samples exhibit different
Taiy Tmax, and Y. values, indicating that surface modification
changed the thermal degradation mechanisms as compared to
the pristine UHMWPE fabric. The decrease of Tg; of treated
fabrics likely ascribes to the low molecular weight and poor heat
stability of the graft chains. After the cohydrolysis of PMAPS
graft chains with NAPTES, the thermal stability was improved
because of the formation of cross-linked three-dimensional
network structure of siloxane. Note that the typical parame-
ters of Cu@UHMWPE-g-PMAPS-NAPTES, expect Ty, are
slightly better than those of UHMWPE-g-PMAPS-NAPTES. This
is attributed to the fact that metal copper has excellent thermal
stability compared with that of organic-inorganic hybrid
coating and UHMWPE fiber matrix; furthermore, the deposition
of copper particles means the formation of a dense layer which,
to some extent, is conducive to isolate the fabric from air and
then prevent the combustion of the fabrics. After the deposition
of copper nanoparticles, the value of T, decreased as
compared with other samples. The cause behind this
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PMAPS, and Cu@UHMWPE-g-PMAPS-NAPTES (A, B, Cx100; A’, B', C' x

phenomenon may be due to the catalytic degradation of copper
nanoparticles which decrease the heat resistance of the
material.

The pristine UHMWPE and copper-coated UHMWPE
fabrics were subjected to differential scanning calorimetry
(DSC). The DSC curves are presented in Fig. 6. The control
UHMWRPE fabric exhibited two endotherms, that is a main
peak at 148.3 °C and a shoulder peak at 156.2 °C, which was
consistent with the phenomenon reported in previous liter-
atures.”®* From the spectrum of Cu@ UHMWPE-g-PMAPS-
NAPTES, it can be seen that the Ty, (melting temperature)
of CU@UHMWPE-g-PMAPS-NAPTES reached 158.7 °C, which
increased by 10 °C as compared with that of the pristine
UHMWPE fabric. For comparison, the DSC curve of
Cu@UHMWPE-g-PAAc was also provided. For the fairness of
comparison, UHMWPE-g-PAAc (abbreviation for acrylic acid
grafted on UHMWPE) with a similar Dg and deposited
amount of copper was employed. Under the same condi-
tions, Cu@UHMWPE-g-PAAc exhibits a lower T, as
compared with Cu@UHMWPE-g-PMAPS-NAPTES, demon-
strating that the formation of the organic-inorganic hybrid
networks from the cohydrolysis between PMAPS and NAPTES
can effectively restrict UHMWPE chain relaxation near the
defect-crystal interfaces.

Ao

80
Q)
>
= 60
=]
§
= 404
=
2 —— UHMWPE
$ 20
- —— UHMWPE-g-PMAPS

—— UHMWPE-g-PMAPS-NAPTES
0 Cu@ULMWPL-g-PMAPS-NAPTES

[—— UHMWPE

3.54—— UHMWPE-g-PMAPS

[—— UHMWPE-g-PMAPS-NAPTES
Cu@ULMWPE-g-PMAPS-NAPTES

Derivative(%/°C)
= DN
wm ] i

= =
n =
1 N

o
=

250 375 500 625
Temperature(°C)

125

250 375 500 625
Temperature("C)

125

Fig. 5 TG and DTG curves of pristine UHMWPE, UHMWPE-g-PMAPS, UHMWPE-g-PMAPS-NAPTES and Cu@UHMWPE-g-PMAPS-NAPTES

fabrics in N, atmosphere.
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Table1 Characteristic data from TG analyses of pristine UHMWPE (A),
UHMWPE-g-PMAPS (B), UHMWPE-g-PMAPS-NAPTES (C) and
Cu@UHMWPE-g-PMAPS-NAPTES (D) fabrics

Sample Tai (°C) Timax (°C) Intensity Ye at 700 °c (%)
A 442.3 485.2 3.75 0.60
B 227.2 279.4/483.9 0.22/1.95 2.4
C 405.7 483.9 2.24 8.5
D 405.3 480.3 1.15 41.4
S | — UHMWPE
= Cu@UHMWPE-g-PAAc

Cu@UHMWPE-g-PMAPS-NAPTES

40 60 80 100 120 140
Temperature(°C)

160 180

Fig. 6 DSC curves of UHMWPE, Cu@UHMWPE-g-PAAc and
Cu@UHMWPE-g-PMAPS-NAPTES fabrics.

In order to verify the effectiveness of thermal resistance for
the above-mentioned copper-coated UHMWPE fiber under
practical condition, an electronic circuit was constructed
through linking a 9 V battery and one electrical contact of
a lamp via the as-made conductive UHMWPE fibers (Fig. 7).
When the lamp and the battery were contacted with
Cu@UHMWPE-g-PAAc fiber, the conductive fiber was severely
deformed due to the thermal effect of the current, making it
difficult to provide a stable power for the lamp, as shown in

Fig. 7 Digital images of Cu@UHMWPE-g-PAAc fiber (A) and
Cu@UHMWPE-g-PMAPS-NAPTES fiber (B) are used as an electrical
wire for powering a lamp at different time.
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Fig. 7A and Video S1.f When Cu@ UHMWPE-g-PMAPS-NAPTES
fiber was utilized as an electrical wire for powering a lamp, the
lamp can be lighted up immediately and illuminated until it
was disconnected (see Fig. 7B and Video S21). More impor-
tantly, this as-prepared conductive fiber will not be thermally
deformed due to current overload or working for a long time.

3.6 Stability in air

The stability of the conductance is very important in practical
applications because it determines the signal transmission
efficiency and thermal yield of the device. So, the conductivity
changes of the Cu@UHMWZPE-g-PMAPS-NAPTES and Ni-
Cu@UHMWPE-g-PMAPS-NAPTES under aging was evaluated
and shown in Fig. 8. After 9 days of aging, the sheet resistance
increased by 160% and then remained almost constant with
prolonging the aging time indicating the long-term stability.
Based on the previous studies, the increase in resistivity was
ascribed to the partial oxidation of Cu deposited on the surface
of UHMWPE fabric into copper oxide.'*** This instability may
be solved by capping a layer of air-stable conductive metals,
such as nickel. As proof-of concept, here we used nickel as
protective layer to deposit on the surface of Cu-coated
UHMWPE fabric because of the excellent aging resistance of
nickel. After electroless copper plating, the Cu-deposited
sample was dipped into the electroless plating bath of nickel
for 15 min, and a layer of nickel was formed because of the
autocatalytic reduction reaction. The sheet resistance of the as-
made Ni-Cu@UHMWPE-g-PMAPS-NAPTES was electrically
conductive with good air stability.

3.7 XRD analysis

Above results indicate that Ni-Cu@UHMWPE-g-PMAPS-
NAPTES and the pristine UHMWPE fabric have different
chemical structures, then whether irradiation, graft polymeri-
zation, and sol-gel processes can change the aggregation
structure of UHMWPE fabric? To further clarify this question,

1.8

1.6
1.44

g1.2-

1.0

0

Ni-Cu@UHMWPE-g-PMAPS-NAPTES

0.8

0 é 1l0 1'5 2|0 25
Exposure time (days)

Fig. 8 Resistance aging test of Cu@UHMWPE-g-PMAPS-NAPTES and
Ni-Cu@UHMWPE-g-PMAPS-NAPTES (R and Rg are the resistance of
Cu@UHMWPE-g-PMAPS-NAPTES and Ni-Cu@UHMWPE-g-PMAPS-
NAPTES before and after aging).
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Fig. 9 XRD patterns of pristihne UHMWPE, UHMWPE-g-PMAPS, UHMWPE-g-PMAPS-NAPTES, Cu@QUHMWPE-g-PMAPS-NAPTES, and Ni-

Cu@UHMWPE-g-PMAPS-NAPTES fabrics.

the XRD patterns of UHMWPE, UHMWPE-g-PMAPS, UHMWPE-
g-NAPTES, Cu@ UHMWPE-g-NAPTES, and Ni-Cu@UHMWPE-g-
NAPTES fabrics were performed. As shown in Fig. 9, UHMWPE,
UHMWPE-g-PMAPS, and UHMWPE-g-NAPTES have the similar
XRD patterns as pristine UHMWPE fabric, each of them shows
four peaks which ascribe to the (010), (110), (200), and (020)
peaks within the range of 19-30°, indicating that UHMWPE,
UHMWPE-g-PMAPS, and UHMWPE-g-PMAPS-NAPTES have the
same crystal structure as UHMWPE fabric,* that is, radiation-
induced graft polymerization, and sol-gel processes only
changes the chemical structure, but does not change the
aggregation structure of UHMWPE fabric. X-ray diffraction was
also conducted to study the crystalline structures of the resul-
tant Cu and Ni-Cu layer. Fig. 9B shows the XRD patterns of Cu
and Ni-Cu patterns deposited on the surface of UHMWPE-g-
PMAPS-NAPTES. Both samples before and after Ni deposited on
the surface of Cu@UHMWPE-g-PMAPS-NAPTES show two
characteristic peaks for crystalline metallic copper at 43.5°,
50.8°, and 74.5° for the Bragg's reflection indices of the (111),
and (220) planes in the FCC structure.> After deposition of a thin
nickel film, two minor diffraction peaks at 44.7° and 76.8°,
ascribed to the crystalline metallic nickel,** were also found in
the XRD patterns of Ni-Cu@UHMWPE-g-PMAPS-NAPTES,

—=— Cu@UHMWPE-g-PMAPS-NAPTES
—o— Ni-Cu@UHMWPE-g-PMAPS-NAPTES

0 ) Ll T T
8 9 10 11 12
Frequency(GHz)

Fig.10 Electromagnetic shielding effectiveness of Ni-Cu@UHMWPE -
g-PMAPS-NAPTES and Cu@UHMWPE-g-PMAPS-NAPTES fabrics.
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indicating the formation of air-stable protective layer on
Cu@UHMWPE-g-PMAPS-NAPTES surface.

3.8 Electromagnetic shielding

With the wide application of electromagnetic radiation-
emitting devices, electromagnetic shielding has aroused great
concern because it not only impacts the performance of elec-
tronic devices, but also has a potential threat to human health.
Shielding effectiveness (SE) of the Cu@UHMWPE-g-PMAPS-
NAPTES and Ni-Cu@UHMWPE-g-PMAPS-NAPTES fabrics in
the frequency range of 8.0-12.0 GHz was measured to evaluate
their electromagnetic shielding ability (Fig. 10). Owing to their
electrical conductivity, Cu@UHMWPE-g-PMAPS-NAPTES and
Ni-Cu@UHMWPE-g-PMAPS-NAPTES fabrics can effectively
reflect and absorb radiation, leading to excellent electromag-
netic shielding performances. The average SE of
Cu@UHMWPE-g-PMAPS-NAPTES and Ni-Cu@UHMWPE-g-
PMAPS-NAPTES fabrics are ~18.5 and ~25.0 dB, respectively,
which are comparable to that of commercially available SE
fabrics. The in situ deposition of a nickel layer not only improves
the shielding effectiveness of Cu@ UHMWPE-g-PMAPS-NAPTES,
but also prevents the oxidation of copper and makes electrical
conductivity of Ni-Cu@UHMWPE-g-PMAPS-NAPTES stable,
which both play a positive role to improve the effect of elec-
tromagnetic interference shielding.

4. Conclusion

PMAPS polymer chains were successfully grafted onto the
UHMWPE fabric through simultaneous radiation-induced graft
polymerization and then the cohydrolysis reaction with
NAPTES, which were demonstrated by ATR-FTIR, XPS, and
solid-state >°Si NMR. Then ELD of copper particles on
UHMWPE-g-PMAPS-NAPTES fabric forms polymer-bridged
copper/UHMWPE hierarchical structures, leading to the
formation of conductive  UHMWPE fabric. The as-made
UHMWPE fabric sample showed sheet resistance as low as
0.05 Q sq ', which can be utilized as a flexible electromagnetic
shielding material. Moreover, due to the organic-inorganic
coating on the surface of UHMWPE fabric, the thermal prop-
erties of Cu@UHMWPE-g-PMAPS-NAPTES were enhanced

This journal is © The Royal Society of Chemistry 2020
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relative to those of UHMWPE and Cu@UHMWPE-g-PAAc
fabrics. In addition, this conductive UHMWPE fabric has broad
application prospects in flexible electronics, radiation and
electromagnetic protection and biomedical industries.
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