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Abstract In this paper, (3-mercaptopropyl)trimethoxysi-

lane (MPTS)- and copper-coated carbon fiber (M–Cu-CF)

was obtained by electroless plating method. The M–Cu-CF

was evaluated by FTIR, XRD, TGA, and SEM. It was

found that the MPTS and Cu were coated on the fiber

surface successfully. The M–Cu-CF was utilized as a

conductive filler in silicone rubber (SR) for thermal and

electrical conductivity applications and exhibited good

dispersion and compatibility with the matrix. The effect of

M–Cu-CF content on the thermal conductivity and volume

resistivity of silicone rubber composites was investigated.

The results showed that the thermal conductivity of the M–

Cu-CF/SR composites reached 1.99 W (m K)-1 with only

4.0 wt% filler loading, approximately 2.10 times higher

than that of raw-CF/SR composites at the same loading.

And with the increase of M–Cu-CF loading, the least

volume resistivity of M–Cu-CF/SR composites was

3.5 9 103 X cm.

Introduction

It is widely known that silicone rubber (SR) is utilized in a

large variety of applications thanks to its good chemical

resistance, low density, weather resistance, and so on [1–5].

However, the poor thermal and electrical conductivities of

SR have tremendously hindered its further utilization,

particularly for the sealing of electronic devices. It is dif-

ficult for the potted device to dissipate the excess heat,

finally resulting in damage or a reduced lifetime of the

device. In addition, for some sensitive components, the

accumulated static electricity can largely reduce the sen-

sitivity of the device. To ease this situation, researchers

have sought out a common method through preparing

conductive filler/SR composites [6–10]. As examples, Chiu

et al. fabricated silicon-based ceramics and aluminum

nitride (Si/AlN), and researched the thermal conductivity

of the composites [11]. Ismail et al. investigated the effect

of TiB2 nanopowder and carbon black (CB) on the elec-

trical conductivity of silicone rubber/CB/TiB2 composites

[12]. Mu et al. studied the thermal conductivity of silicone

rubber filled with ZnO in a wide volume range, and dis-

cussed the effect of formed conductive particle chains on

the thermal conductivity of composites [13]. Although the

thermal and electrical conductivities of silicone rubber

composites have been enhanced by filling the conductive

fillers, the results, a moderate growth, are not satisfactory.

Moreover, to obtain appropriate thermal and electrical

conductive properties, the viscosity of the silicone rubber

composites ahead of curing becomes very high, which does

not contribute to the applications.

To solve this problem, a highly efficient thermal and

electrical conductive filler should be synthesized. Tradi-

tional conductive fillers include carbon-based materials and

metal powder materials. Among them, carbon fibers (CFs),

one of the most important and advanced carbon-based

materials, are widely used to reinforce polymer composites

due to its high strength and conductivity and low density

[14–16]. And copper is used as a highly efficient conduc-

tive filler in recent years [17, 18]. With the development of

metallization technology, copper-plated carbon fibers will
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share advantages of both carbon fibers and copper, pos-

sessing light weight and high thermal and electrical con-

ductive properties.

In the present work, copper-coated carbon fiber (Cu-CF)

was prepared by electroless plating method. And the MPTS

was coated on the surface of Cu-CF to improve the com-

patibility and interaction with the matrix. M–Cu-CF/sili-

cone rubber was obtained, and the effect of M–Cu-CF

content on the thermal and electrical conductive properties

of the silicone rubber composites was investigated.

Materials and methods

Materials

The polydimethylvinylsiloxane (PDVS) and polymethyl-

hydrosiloxane (PMHS) were supplied by Shangdong Dayi

Chemical Co., Ltd, China. The vinyl content of PDVS is

0.5 mol%, and the hydrogen content of PMHS is

0.3 mol%. A platinum catalyst and an inhibitor were syn-

thesized in our laboratory. The carbon fibers (resistiv-

ity = 1.6 9 10-3 X cm, diameter = 6.5 lm,

length = 0.5–1 mm) were purchased from Liaoning Anke

Carbon Fiber Co., Ltd, China. The MPTS was produced by

Aladdin Industrial Corporation, China. Benzotriazole was

purchased from Tianjin Guangfu Fine Chemical Research

Institute, China. Sodium dodecyl sulfate and zinc powder

were supplied by Tianjin Fuchen Chemical Reagents Fac-

tory, China. Copper sulfate pentahydrate (CuSO4�5H2O),

tin(II) chloride dehydrate (SnCl2), silver nitrate (AgNO3),

HNO3 (69 %, nitric acid), HCl (36 %, hydrochloric acid),

ethanol, acetone, and toluene were received from Beijing

Chemical Works, China.

Preparation of copper-coated CF

Before coating copper on the CF surface, the CF was

pretreated to remove the epoxy resin layer. The CF was

placed into a muffle oven at 400 �C for 1 h, then washed

with acetone and dried in a vacuum oven. To oxidize the

CF surface (O-CF), the dried CF was immersed into 69 %

HNO3 at 60 �C for 4 h, then washed with deionized water

and dried for further use [16]. 5.0 g O-CF was added into

300 mL aqueous solution consisting of HCl (20 mL L-1)

and SnCl2 (20.0 g L-1) at 45 �C for 45 min with stirring.

After filtering, washing, and drying, the O-CF was added

into 300 mL AgNO3 (15 g L-1) solution at 35 �C for 1 h,

then washed and dried to obtain activated CF (Ag-CF) [19–

21]. The silver atoms, on the CF surface, can initiate the

deposition of Cu on CF surface as a catalyst. The

scheme of preparation procedure is shown in Fig. 1. For

coating copper on the Ag-CF surface, a typical electroless

process was used [22]. 5.0 g Ag-CF was dispersed into

250 mL CuSO4 (10 g L-1) solution in a 500-mL beaker at

room temperature for 30 min with stirring. Then 10 mL

sodium dodecyl sulfate (10 g L-1) was added into the

system. And the mixture was sonicated for 1 h to obtain

single fibers. During the ultrasonication process, the mix-

ture was agitated discontinuously to prevent the Ag-CF

precipitation. After that, 10 mL benzotriazole (15 g L-1)

was added into the mixture with stirring for 30 min to

prevent the oxidation of the coated copper. Then 0.5 g Zn

powder was mixed into the system. The coating reaction

was conducted for about 1 h with warm agitation. Even-

tually, the mixture solution was poured into HCl

(1 mol L-1) to remove the unreacted Zn powder, and then

filtered, washed with deionized water repeatedly, and dried.

The copper-coated Ag-CF was labeled Cu-CF.

Preparation of M–Cu-CF

Ten grams of Cu-CF was dispersed in 200 mL ethanol with

mechanical agitation for 10 min in a three-neck flask. Then

2.0 mL MPTS was added into the mixture. The MPTS

monolayer was formed on the copper surface for 24 h at

room temperature. After the MPTS monolayer formation,

the mixture was filtered and washed with ethanol for 3–5

times to remove the unreacted MPTS molecules. After-

wards it was dried in a vacuum oven at 60 �C. The func-

tionalized Cu-CF was obtained and labeled M–Cu-CF (as

shown in Fig. 1).

Preparation of raw-CF/SR, Cu-CF/SR, and M–Cu-

CF/SR composites

The various CFs were dispersed in toluene for 1 h by

ultrasonication to achieve uniform dispersion. Then, the

mixture solution was mixed with PDVS (3:1 weight ratio).

After the PDVS was dissolved in toluene absolutely, the

mixture was stirred at 70 �C until constant weight and a

viscous CF/PDVS solution was obtained. Soon afterwards,

the PMHS, platinum catalyst, and inhibitor were mixed

with the CF/PDVS solution completely (PDVS:

PMHS = 1: 2 weight ratio). After degassed to remove the

air bubbles, the mixture was poured into a polytetrafluo-

roethylene mold with dimensions of 240 9 170 9 2 mm3

and cured for 2 h at 80 �C. The composites containing

different fillers and contents were prepared by the above-

mentioned steps.

Characterization

A Netzsch TG 209 F1 Iris thermogravimetric analyzer

(TGA, Selb, Germany) was used to explore the thermal

stabilities of materials from ambient temperature to 800 �C
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at a heating rate of 10 K min-1 under a nitrogen atmo-

sphere. Fourier transform infrared (FTIR) spectra were

obtained with an IFS 66 V/S FTIR spectrometer (Bruker,

Germany). The different kinds of CFs were separately

pressed into pellets with potassium bromide and then

scanned from 500 to 4000 cm-1 at a resolution of

4.0 cm-1. X-ray diffraction (XRD) was conducted by a

Bruker D8 Advance X-ray diffractometer using Cu (Ka)
radiation (k = 0.154 nm) with the step size 0.014� ranging
from 5� to 85� at a speed of 2� min-1. The various CFs

were separately pressed to form a plane for X-ray analysis.

The morphological and elementary analysis of various CFs

and composites was executed on a cold field emission

scanning electron microscopy (SEM; S4800, Hitachi High-

Technologies Corp.) equipped with an energy-dispersive

X-ray spectroscopy (EDS) system. The fracture surfaces of

the composites were coated with gold before scanning.

The thermal conductivities of composites were calcu-

lated with Eq. (1) in accordance with ASTM E1461:

k ¼ a� q� cP; ð1Þ

where k is the thermal conductivity, a is thermal diffu-

sivity, q is the density, and cP is the specific heat capacity.

A Netzsch LFA 447 system (Selb, Germany) was used to

test the thermal diffusivity with the temperature ranging

from 25 to 150 �C. The densities were calculated by

Archimedean method. The specific heat capacity was

measured by a differential scanning calorimeter (DSC,

Netzsch 200 F3 Maia, Selb, Germany). The temperature

ranged from 25 to 150 �C at a heating rate of 10 K min-1

under a nitrogen atmosphere.

An EST 991 electric and electrostatic shielding material

volume resistivity measuring instrument was employed to

measure the direct-current bulk electrical resistivity (q;
X cm) of the composites by a four-contact scheme method.

The q was calculated with Eq. (2):

q ¼ Uwt

Il
; ð2Þ

where U is the voltage, I is the current, w and t are the

width and thickness of the specimens, respectively, and l is

the distance between the testing metal electrodes. In our

study, the values of the parameters w, t, and l were 10, 2,

and 20 mm, respectively. Every specimen was measured

three times at room temperature, and all samples were

placed in a vacuum oven at 60 �C for 24 h before testing.

Results and discussion

Characteristics of CF

The Fourier transform infrared (FTIR) spectra of (a) Ag-

CF, (b) Cu-CF, and (c) M–Cu-CF are compared and shown

in Fig. 2. A strong and broad peak at around 3465 cm-1

appears in all the samples that corresponds to the OH bonds

from the C–OH groups [23]. The doublet at 2922 and

2853 cm-1 is attributed to the asymmetric (aCH2) and

symmetric (sCH2) stretching modes of C–H bonds [24, 25].

Fig. 1 Scheme of the procedure

for preparation of M–Cu-CF

Fig. 2 FTIR spectra of a Ag-CF, b Cu-CF, and c M–Cu-CF
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The bands at 1639 and 1460 cm-1 are assigned to the

vibrations of C=C, and the band at 1384 cm-1 corresponds

to the O–H vibrations of C–OH groups [16]. In the spec-

trum of M–Cu-CF, a new band appears at 1035 cm-1

corresponding to the stretching of Si–O–Si bond [25],

which is attributed to the hydroxylation of MPTS in the

solution. Moreover, the spectrum of M–Cu-CF exhibits a

strong absorption at 2922 and 2853 cm-1 compared to

those of Ag-CF and Cu-CF, further demonstrating the

formation of MPTS layer on the Cu-CF surface. Therefore,

it is reasonable to deduce that the MPTS experiences

hydrolysis and dehydration. Besides, the absence of the

stretching of C–S or S–H bonds in the spectra may be

ascribed to the formation of Cu–S between MPTS and Cu-

CF.

Figure 3 exhibits the X-ray diffraction pattern of raw-

CF, Cu-CF, and M–Cu-CF. The XRD pattern of raw-CF

shows a broadened feature ranging from 18� to 32�, cor-
responding to the characteristic peak of the C (002) plane.

And the peak at around 44.5� can be attributed to the C (10)

plane [26]. After coating copper, the Cu-CF displays a

decrescent C (002) peak and three new characteristic

reflection peaks of (111), (200), and (220) appear on the

diffraction pattern, indicating a typical crystal structure for

Cu layer [27]. Moreover, there is no characteristic peak of

CuO or Cu2O on the diffraction pattern, which means that

the Cu layer is not oxidized. For M–Cu-CF, the XRD

pattern has a similar tendency with the Cu-CF except a new

broadening peak ranging from 7.5� to 15.4�, which is

attributed to the amorphous nature of MPTS. This result

confirms the formation of MPTS layer on the surface of

Cu-CF, which is consistent with the consequence of FTIR

previously.

Distinct materials exhibit different thermal stability and

thermal decomposition behaviors [28]. Figure 4 shows the

TGA curves of the raw-CF, Ag-CF, Cu-CF, and M–Cu-CF.

As observed from the curves, the raw-CF hardly decom-

poses until the temperature increases up to 800 �C, pre-
senting high thermal stability [16, 29]. The slight weight

loss is likely attributed to the amorphous carbon, volatile

carbonaceous impurities, and the epoxy on the raw-CF

surface. After oxidation, owing to the decomposition of

some unstable oxygen-containing groups, Ag-CF displays a

2.66 wt% more weight loss than raw-CF. Compared with

Ag-CF, Cu-CF exhibits nearly the same thermal behavior,

since no unstable element is brought in the system. For M–

Cu-CF, a 4.04 wt% more weight loss than Cu-CF is

observed, which proves the formation of MPTS layer.

Moreover, the TGA spectra of M–Cu-CF can be divided

into two steps. From the beginning to 260 �C, the weight

loss mainly results from the degradation of oxygen func-

tionalities on the fiber surface. The second stage, from 260

to 480 �C, the weight loss is due to the decomposition of

MPTS, further demonstrating the existence of MPTS layer

on the surface of Cu-CF.

Morphological analysis

Typical scanning electron micrograph (SEM) images of the

fibers are shown in Fig. 5. It can be seen from Fig. 5a that

the surface of the raw-CF is smooth and adheres to some

epoxy. Although some stripe ravines can be discovered on

the raw-CF (Fig. 5b), the existence of epoxy layer makes it

impossible for the catalyst ions to deposit on the surface.

After oxidation treatments, the Ag-CF surface becomes

pure and the stripe-shaped ravines become obvious, which

is indispensable for the adsorption of catalyst ions (Fig. 5c,

d) [30]. The micrographs in Fig. 5e, f show the lower and

higher magnification images of Cu-CF, respectively. It is

revealed that the fibers are packed by the copper

Fig. 3 X-ray diffractograms of raw-CF, Cu-CF, and M–Cu-CF

Fig. 4 TGA curves of different types of carbon fibers: raw-CF, Ag-

CF, Cu-CF, and M–Cu-CF
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thoroughly and the coating is deposited uniformly on the

surface of each fiber. In the higher magnification image,

some areas of the copper coating appear like cubes, which

agrees well with the consequence of XRD. After coating

MPTS, the fibers’ surfaces become mellow and the edges

and corners vanish, demonstrating the formation of MPTS

layer (as shown in Fig. 5g, h). In addition, the EDS results

of the fibers (Fig. 5i, j obtained from Fig. 5f, h) reveal the

elements existing on the surfaces of the fibers. There is no

signal of oxygen detected on the spectrum of Cu-CF,

indicating no oxidation of the Cu layer. Besides, the silicon

and sulfur signals appear on the spectrum of M–Cu-CF,

while these two signals do not exist on that of Cu-CF,

further indicating the deposition of the MPTS molecules on

Cu-CF.

Figure 6 shows the morphology of the fractured surfaces

of different SR composites. To some extent, the dispersion

and compatibility of the fillers in the matrix could be

reflected by the fractured surfaces. As shown in Fig. 6a, c,

e, the fibers can be homogenously dispersed into SR sub-

strate without aggregation, benefiting uniformly thermal

and electrical conduction in the composites. However,

Fig. 6b, d reveals the poor compatibility and low adhesion

between the fibers and the polymer matrix. Some obvious

gaps are observed, confirming no interactions between the

CF, Cu-CF, and polymer matrix, which further influence

the enhancement of the thermal and electrical properties of

the polymer composites. In the case of M–Cu-CF/SR

composites, the M–Cu-CF possesses a relatively good

compatibility in the matrix, and no fiber/matrix gaps are

discovered on the fracture surface (Fig. 6f), availing the

heat conduction between the fibers and the matrix. Fur-

thermore, the contact area of M–Cu-CF and SR matrix is

smooth, as directed by the red arrows, and the SR mole-

cules seem to be grafted onto the fibers. This interaction

can preferably promote the heat and electricity conduction

between the fibers and the polymer matrix efficiently to

improve the properties of the composites.

Thermal properties

The thermal conductivities of composites with various

kinds of fillers were measured at a temperature of 25 �C.
As can be seen in Fig. 7a, with the addition of filler

loadings, the three curves give birth to the same tendency

that the thermal conductivities of the polymer composites

increase. However, the raw-CF/SR composites exhibit the

poorest thermal conductivity of all the composites with the

Fig. 5 SEM images of (a, b) raw-CF, (c, d) Ag-CF, (e, f) Cu-CF, and (g, h) M–Cu-CF, and EDS spectra of (i) Cu-CF and (j) M–Cu-CF
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percolation threshold of the composites of about 1.5 wt%

filler content. By contrast, the Cu-CF/SR and M–Cu-CF/SR

composites reveal a better thermal conductivity and the

percolation threshold is about 0.5 wt% filler content. When

the filler loadings are less than the percolation thresholds,

the thermal conductivities of their relative composites

increase slowly. This is likely attributable to the large

interfacial thermal resistance of the thick layer of polymer

Fig. 6 SEM images of a and

b raw-CF/SR composite, c and

d Cu-CF/SR composite, and

e and f M–Cu-CF/SR composite

at lower and higher

magnifications

Fig. 7 a Thermal conductivity of raw-CF/SR, Cu-CF/SR, and M–Cu-CF/SR composites, and b model structure of M–Cu-CF/SR composite
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matrix surrounding the fibers. Furthermore, with the filler

loadings increasing to about 4.0 wt%, the thermal con-

ductivities of the three kinds of polymer composites

increase dramatically due to the gradual formation of a

conductive interconnected network, which possesses a

lower thermal resistance than the substrate to facilitate heat

transmission. Nevertheless, after the filler loadings are

more than 4.0 wt%, thanks to the thermal conductive paths

tending to be saturated, the thermal conductivities increase

slowly again.

The heat conduction in polymer is primarily through

phonons and atomic vibration since the free movement of

electrons is impossible [31]. The SR substrate, an amor-

phous polymer, possesses a thermal conductivity of

0.19 W (m K)-1 due to phonon scattering of crystal

defects and atomic vibration along the polymer molecule

chains, while Cu owns an excellent heat transportation

ability by free electrons with a thermal conductivity of

about 400 W (m K)-1 at room temperature. At the same

filler loadings, Cu-CF/SR and M–Cu-CF/SR composites

exhibit higher thermal conductivity than raw-CF/SR com-

posites. With the filler loading increasing to 4.0 wt%, the

thermal conductivity of raw-CF/SR composites reaches

0.95 W (m K)-1, a moderate potentiation. However, at the

same loading, M–Cu-CF/SR and Cu-CF/SR composites

possess thermal conductivity values of 1.99 W (m K)-1

and 1.92 W (m K)-1, approximately 2.10 times and 2.02

times higher than that of raw-CF/SR composites, respec-

tively. Furthermore, the thermal conductivities of raw-CF/

SR, Cu-CF/SR, and M–Cu-CF composites increase to 1.15,

2.17, and 2.23 W (m K)-1, respectively, with the filler

loadings of up to 10 wt%. Besides, the thermal conduc-

tivity of M–Cu-CF/SR composites is always higher than

that of Cu-CF/SR almost throughout the process, which

means a better compatibility of M–Cu-CF than Cu-CF with

the matrix, in accordance with the consequence of SEM.

As shown in Fig. 7b, the Cu on the CF could absorb the S

of MPTS to form Cu–S, further forming MPTS layer [32].

And the MPTS exhibits a good compatibility with the

substrate, boosting the dispersion and improving the

interaction of M–Cu-CF with the SR matrix. It is easier for

M–Cu-CF than Cu-CF to form a thermal conductive net-

work in the matrix, and the heat conduction between M–

Cu-CF and SR substrate is more efficient, so M–Cu-CF

have a better reinforcement on thermal conductivity.

Electrical properties

Figure 8 shows the plots of electrical conductivity versus

different loadings of various fillers for SR composites. It

can be seen that the electrical conductivities of all the three

composites increase with the increasing filler content,

which is similar to the tendency of the thermal

conductivity. The percolation threshold of raw-CF/SR

composites is at about the filler content of 2.0 wt%, and the

least volume resistivity is about 1.4 9 106 X cm. While

Cu-CF/SR and M–Cu-CF/SR composites display a better

electrical conductivity, and the least volume resistivity is

5.0 9 103 and 3.5 9 103 X cm, respectively. The perco-

lation thresholds of both Cu-CF/SR and M–Cu-CF/SR

composites are about 0.5 wt%, and Cu-CF/SR composites

emerge double-percolation phenomenon at 6.0 wt% filler

content, which may be due to the further formation of

conductive network in the matrix. As we all know, the

electrical conduction in the composites mainly depends on

the conductive fillers. It is easier for M–Cu-CF to form

electrical conductive network with a better compatibility in

the SR substrate than Cu-CF. So M–Cu-CF could reach the

least volume resistivity with less filler content than Cu-CF,

demonstrating a better enhancement function.

Conclusion

In summary, a thermal and electrical conductive filler was

fabricated by chemical plating Cu and MPTS on the sur-

face of CF. The Cu layer was coated on the CF surface

without Cu oxide phase detected in XRD and EDS spec-

trum, and the MPTS layer was verified by the conse-

quences of FTIR and TGA successfully. The M–Cu-CF/SR

composites were prepared, and the composites with 4.0

wt% loading had a thermal conductivity of

1.99 W (m K)-1, approximately 2.10 times higher than

that of raw-CF/SR composites at the same loading. With

the increase of M–Cu-CF loading, the least volume resis-

tivity of M–Cu-CF/SR composites is 3.5 9 103 X cm. The

thermal and electrical conductivities of M–Cu-CF dis-

played the best enhancement compared to CF and Cu-CF in

Fig. 8 Electrical conductivity of raw-CF/SR, Cu-CF/SR, and M–Cu-

CF/SR composites
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SR matrix. We believe that, as a compatible filler, M–Cu-

CF can be applied for many other polymer composites to

improve the thermal and electrical properties.
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