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ABSTRACT: The miniaturization trend of electronic devices requires that components have a high heat dissipation in industrial appli-

cations and in daily life. In this context, a highly thermally conductive film was fabricated with silver nanowire (AgNW) and poly(vi-

nylidene fluoride) (PVDF) with a bar-coating method. The thermal transport performance and mechanism of the AgNW/PVDF

composite film were investigated. The through-plane and in-plane thermal conductivity of the AgNW/PVDF composite film

reached 0.31 and 1.61 W m21 K21, respectively; these values far exceeded those of the pristine PVDF film. The experiment illustrated

that the thermally conductive pathways formed successfully in the PVDF substrate with the addition of AgNW, and the heat tended

to transfer along the thermally conductive pathway rather than along the PVDF substrate. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43554.
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INTRODUCTION

Electronic devices, such as mobile phones, tablets, and laptop

computers, have become more and more familiar in our day-to-

day lives.1 The miniaturization trend of electronic devices

requires that components have a high heat dissipation.2 There is

no doubt that the operating temperature affects the reliability of

electronic devices.3 It is urgent to improve this property of elec-

tronic devices because of the demand for a high thermal con-

ductivity in traditional materials. The thermal conductivity of

polymers is usually approximately 0.1 W m21 k21; this greatly

restricts their use as traditional thermally conductive materials.

To overcome these drawbacks, various novel materials of high

thermal conductivity, such as silver nanowire (AgNW), silver,

carbon nanotubes,4 graphene,5,6 and metal nanostructures,7 are

used as thermal transfer media to fill the polymer matrix. These

fillers can significantly increase the thermal conductivity of

polymers and can simultaneously enhance the electrical conduc-

tivity of the polymer.8 In addition to the high thermal conduc-

tivity, there are other advantageous properties in these new

types of fillers, including excellent mechanical properties, light

weight, and excellent chemical properties. These good perform-

ances can cater to the special demand for lightweight and mini-

aturized electronic materials.

As we know, highly thermally conductive materials can meet

the heat-transfer demand of the majority of electronic

devices. Thus, some ceramic fillers are blended with the poly-

mer substrate as thermally conductive fillers; these fillers

include boron nitride,9,10 aluminum nitride,11 silicon car-

bide,12 and alumina. However, a high volume fraction of

ceramic fillers, generally exceeding 60%, is necessary to

obtain a high thermal conductivity in the composite. Also,

these fillers seriously affect the mechanical properties and

flexibility of the polymer composite for practical applications.

The thermal conductivity of polymers filled with ceramic fill-

ers is lower because of the thermal resistance at the interface

between the fillers and the polymer.13 Metallic nanowires,

such as AgNW, are very promising candidates for the fabrica-

tion of transparent and flexible films14 to replace traditional

materials. AgNW is an excellent candidate for films that are

transparent and flexible and have a high electrical and ther-

mal conductivity because of their high aspect ratio and excel-

lent electrical, optical, magnetic, and thermal properties.

More and more researchers have revealed various applications

based on AgNW; these applications include transparent elec-

trodes in thin-film solar cells,15,16 organic light-emitting

diodes,17 touch panels,18 fuel cells,19 and stretchable elec-

tronic devices.20,21
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Because poly(vinylidene fluoride) (PVDF) is a partially fluori-

nated polymer, it exhibits superior electrochemical and thermal

stability and a great potential for application in sensors, piezo-

electric materials,22 and biomedical fields.23 AgNW, as a novel

type of filler, has been added to PVDF. The AgNW tend to

aggregate without other additives to prevent their aggregation

because of their nanometer properties.24 Previous research has

shown that silica nanoparticles can improve the thermomechan-

ical properties and other properties. In this study, a flexible and

highly thermally conductive film was fabricated via a thermally

assisted evaporation phase separation. The PVDF particles dis-

solved in N,N-dimethylformamide (DMF) and formed a PVDF/

DMF homogeneous phase solution. The AgNW/PVDF compos-

ite film was fabricated via a mixture solution, which was com-

posed of self-made AgNW, a PVDF/DMF homogeneous phase

solution, and silica nanoparticles.

In this article, we report on a simple wire-bar-coating process

as a suitable method for the deposition of a homogeneous solu-

tion25 composed of AgNW and a PVDF/DMF precursor solu-

tion. The AgNW/PVDF film was obtained from a

semitransparent polymer homogeneous solution by intermittent

and multiple wire-bar-coating processes on a 6-cm glass or plas-

tic substrate. The film thickness was mainly affected by the

solution of the polymer, the quality of bar, the diameter of the

wound metal wires on the bar, and the coating speed. In this

study, the glass was coated on the solution, which was precisely

controlled at 50 lL by pipette each time; we repeated the previ-

ous operation every 60 s, and each operation was repeated for a

total of 10 times.26 Interestingly, the polymer solution and slide

cleaned with deionized water and ethyl alcohol sequentially had

a perfect spreadability. The film represented three forms: the

dried film, drying film, and wetting film in the back of the bar

movement; this was attributed to the style of intermittent and

multiple coatings (Figure 1).

EXPERIMENTAL

Fabrication of AgNW

AgNW was synthesized with a hydrothermal process, which set

glycerol as the reductant and solvent, PVP as the surfactant and

structure-directing agent, and silver nitrate as the precursor,

respectively. Amounts of 5.86 g of PVP and 90 mL of glycerol

were dissolved absolutely in a beaker at 50 8C, and then, the

temperature of the solution was reduced to 20 8C. At approxi-

mately 1 h, when the temperature was stable, 10 mL of a 59 g/L

sodium chloride solution was added to the preceding solution,

and it was reacted for 15 min under mechanical agitation. Sub-

sequently, 90 mL of a 17.5 g/L silver nitrate solution was added

to the beaker at a rate of 10 mL/min. The solution was heated

to 210 8C rapidly, and about 30 min later, the solution became

dark gray. Later, it became bright gray. These phenomena

indicted that the AgNW was fabricated successfully. The solu-

tion was cooled down to 20 8C and centrifuged at 8000 rpm to

remove glycerol, PVP, and other impurities. Finally, the AgNW

was dispersed into absolute ethyl alcohol. The process of

fabrication of AgNW is detailed in the Supporting Information

(Figure S1, Supporting Information).

Bar Coating of the AgNW/PVDF Composite Film

As illustrated in Figure 2, the amounts of AgNW/PVDF precur-

sor solution (the processes of fabrication are shown in Figure

S2, Supporting Information) were controlled precisely via pip-

ette and transferred onto the precleaned glass substrate.27 The

AgNW/PVDF prefabricated film was fabricated successfully via

the wire-bar-coating method with the wire-wound bar (diame-

ter 5 12 mm) and the wire coil (diameter 5 100mm) at a bar

speed of 40 mm/s. The glass slide attached to the prefabricated

film was dried in a vacuum-drying oven at 60 8C for 4 h. When

the DMF was entirely volatilized, the AgNW/PVDF composite

film was obtained and was then peeled off of the glass substrate.

Characterization

The surface morphologies of the AgNW and AgNW/PVDF film

were characterized with scanning electron microscopy (SEM;

JSM-6360LV). The structural characterization of the film was

obtained with X-ray diffraction on an X’Pert MPD Pro

Advanced diffractometer with Cu Ka radiation (k 5 1.54056).

The thermal diffusion coefficient of the AgNW/PVDF film was

measured with the laser flash method (LFA447, Netzsch, Ger-

many) at room temperature, and the heat-conduction effect of

the AgNW/PVDF film was characterized with an IR system

(Thermal Imaging Electrical Technology Co., Ltd., Shanghai,

China).

RESULTS AND DISCUSSION

Microstructure of AgNW

Figure 3(a,b) shows SEM images of the AgNW film and AgNW/

PVDF composite film. SEM images indicated that AgNW was

successfully prepared. The photograph of the AgNWs revealed

Figure 1. Schematic description of the wire bar-coating process. [Color

figure can be viewed in the online issue, which is available at wileyonline-

library.com.]

Figure 2. Schematic illustration of the fabrication procedure of the

AgNW/PVDF composite film. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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that the average length of AgNW approximately reached 15mm,

and the average diameter of AgNW reached 70 nm; this was

characterized by SEM. The AgNW was dispersed uniformly in

the PVDF/DMF precursor solution with the help of silica nano-

particles, as previous research reported that AgNW tended to

aggregate without silica nanoparticles and dispersed well when

the solution contained silica nanoparticles.28

Crystal Structure

AgNW was expected to be an ideal filling material for the ther-

mally conductive film because of its intrinsic thermal conductiv-

ity and large ratio.29 AgNW/PVDF composite films at different

volume fractions were prepared, and their thermal performances

were measured systematically. PVDF, as a kind of partially fluo-

rinated polymer, was chosen as the matrix because of its good

crystallization and good film-forming properties.

Figure 4 illustrates the X-ray diffraction spectra of the pristine

PVDF film and 5, 10, 15, 20, and 25 vol % AgNW/PVDF films,

respectively. Four diffraction peaks, labeled by red rectangles,

were observed at 38.5, 44.5, 65.0, and 78.18; these were assigned

to the (111), (200), (220), and (311) reflections, respectively, of

the surface-centered cubic structure of metallic silver according

to the Silver Joint Committee on Powder Diffraction Standards

Database. The additional peak, labeled by a black rectangle, was

observed at 20.88, and it was attributed to the b phase of PVDF.

No other peaks were observed; this indicated the absence of

other impurities in the AgNW/PVDF composite film. The plot

revealed that AgNW had no effect on the crystallization of the

AgNW/PVDF composite film.

Thermal Properties

To illustrate the thermally conductive properties of the AgNW/

PVDF film, the thermal diffusion coefficient was measured via

the laser flash method, and the heat leakage correction was

amended by the Cowan model. The experiment indicated that

the thermal diffusion coefficient increased with increasing qual-

ity percentage of AgNW. The thermal conductivity was acquired

according to the following equation30:

a5
k

qc

where k is the thermal conductivity, a is the thermal diffusivity,

c is the specific heat capacity, and q is the density. The thermal

conductivity and thermal diffusion coefficient did not present a

linear relationship as the slightly changing density of the

AgNW/PVDF film. The reason behind this phenomenon was

that the specific heat and density of the AgNW/PVDF film

showed slight changes with the fraction increase in AgNW.

As shown in Figure 5(a,b), the in-plane thermal conductivity

and through-plane thermal conductivity were calculated on the

basis of the thermal diffusivity, specific heat capacity, and den-

sity. For the AgNW/PVDF composite film, the data indicated

that both the in-plane thermal conductivity and the through-

plane thermal conductivity exceeded those of the pristine PVDF

film. The IR image was captured by an IR camera [Figure 5(c)]

on the basis of the IR image monitoring system, which is shown

in Figure 5(d). For the IR camera, a similar or identical color

represented similar or identical temperatures. Compared Figure

5(e,f), the IR image indicated that the heat-transfer speed of the

AgNW/PVDF composite film was faster than that of the pristine

PVDF film.

Thermal Conduction Mechanism

As we know, the free-electron theory of electron conduction is a

main heat-transfer mechanism in metal solids. Lots of energy is

Figure 3. SEM images of the synthesized AgNW (a) on a glass substrate and (b) embedded in a PVDF matrix.

Figure 4. X-ray diffraction of the pristine PVDF film and AgNW/PVDF

films with different volume fractions. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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used in the process of migration of free electrons with abundant

charge, so the heat conductivity of metals is very high. However,

for nonmetals and polymers, lattice thermal conduction is the

dominant thermal conduction mechanism. The vibrations of

atoms are not independent of each other but are rather strongly

coupled with neighboring atoms. In this context, AgNW, as a

novel filler, disperses in the polymer precursor solution and pre-

pares the AgNW/PVDF composite film. As illustrated in Figure

5(a,b), the thermal conductivity increased with the volume frac-

tions of AgNW in the precursor solution. When a small amount

of AgNW was added to the precursor solution, the AgNW

was almost covered by the polymer. This was similar to the

Figure 5. (a) Through-plane thermal conductivity and through-plane thermal diffusivity at different volume fractions. (b) In-plane thermal conductivity

and in-plane thermal diffusivity at different volume fractions. (c) IR camera. (d) Schematic diagram of monitoring via the IR camera. (e) Thermal

images captured from the pristine PVDF film with the IR camera. (f) Thermal images captured from the AgNW/PVDF composite film with the IR cam-

era. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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sea-island system in a polymer blending system. When the vol-

ume fraction of AgNW reached 15%, the through-plane thermal

conductivity of the AgNW/PVDF composite film increased rap-

idly to 1.04 W m21 K21. It was apparent from the SEM image

[Figure 6(a)] that the thermally conductive pathways formed

successfully because of addition of vast AgNW, which was

labeled with the red line with the arrow. The experiment

showed that the heat was transferred along the thermally con-

ductive pathways (AgNW) rather than along the polymer sub-

strate. For the AgNW/PVDF composite film, because the high

length–diameter ratio of the AgNW, the through-plane thermal

conductivity far exceeded the in-plane thermal conductivity; the

thermal diffusion coefficient of the AgNW/PVDF composite

film also showed the same trend. Figure 6(b) shows the disper-

sion mechanism of AgNW in the polymer matrix. The AgNW

was dispersed uniformly in the PVDF precursor solution with

the help of silica nanoparticles.

CONCLUSIONS

In conclusion, a highly thermally conductive film was fabricated

successfully, and its thermal performance was researched. Com-

pared with the pristine PVDF film, the AgNW/PVDF composite

film exhibited an excellent thermal conductivity. The through-

plane and in-plane thermal conductivities of the AgNW/PVDF

composite film reached 0.31 and 1.61 W m21 K21, respectively;

these values far exceeded those of the pristine PVDF film. The

surface temperature indicated that the heat-transfer speed of the

AgNW/PVDF composite film was obviously faster than that of

the pristine PVDF film; this was attributed to the thermally

conductive pathways in the AgNW/PVDF composite film.
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