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Abstract In this study, the influence of modifying ZnO

filler with surface-treating agents on the thermal conduc-

tivity of the ethylene-vinyl acetate copolymer (EVA) com-

posites was reported. Fourier transform infrared (FTIR)

spectroscopy and scanning electron microscopy (SEM) were

applied to analyze the surface modification of ZnO filler and

the fractured surface morphology of the EVA–ZnO com-

posites. The test results indicated that surface-treating ZnO

filler with the valid modifying agents (stearic acid, OL-

AT16, KH-560, or NDZ-132) at right dosage and treating

temperature, the thermal conductivity of the EVA–ZnO

composites can be enhanced effectively on account of

reducing the interfacial phonon scattering; while the dosage

of modifying agents exceed a right amount, the thermal

conductivity of EVA–ZnO composites modified with the

small-molecule treating agents (F-1, n-Octylic acid, or

stearic acid) descend more evidently with the dosage

increase.

Introduction

Thermally conductive polymer composites are being

developed rapidly with the increase in applications. Most

polymer resins are thermally insulating; typical thermal

conductivity values for polymer resins are 0.1–0.3

Wm-1 K-1. Increasing the thermal conductivity of polymer

resins opens large and new markets. The advantages of

thermally conductive polymer composites as compared to

metals (typically used) include improved corrosion resis-

tance, lighter weight, and the ability to adapt the electrical

and the thermal conductivity properties to suit the applica-

tion needs [1, 2]. The use of thermally conductive polymer

composites for heat dissipation has been increasing drasti-

cally, especially in the field of electronic packaging [3–6].

We also had reported the influence of increasing the thermal

conductivity of the EVA-encapsulated rear layer on the

temperature and photovoltaic transform efficiency of the

solar cell [7].

In general, heat-conducting polymer material with a

thermal conductivity above approximately 1 Wm-1 K-1

can be used in heat-sink applications [8–10]. One effective

and convenient approach to improve the thermal conduc-

tivity of a polymer material is through the addition of some

heat-conducting filler material, such as metal, graphite,

carbon, and ceramic particles/fibers, etc. [9, 10]. The

thermal and electrical properties of the polymer composites

depend on the properties of the heat-conducting filler and

the polymer resin, the volume content of the filler, the

shape and size of the filler, the preparation process of the

polymer composites and so on [1, 9].

The former studies concerned mainly on the kinds of the

heat-conducting fillers and the resin matrix, the thermal

conductivity of composites vary with the volume content of

the heat-conducting filler, and the prediction model of the

thermal conductivity of composites [1–18]. There were only

few studies concerning the effect of interfacial modifica-

tion, particularly different type surface-treating agents, on

the thermal conductivity of polymer composites. However,

interfacial modification has an important effect on the
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mechanics properties, the processing behavior and also the

thermal properties of polymer composites [1, 9, 16, 19, 20].

Therefore, it is essential to investigate further the influence

of interfacial modification on the thermal conductivity of

polymer composites.

In this study, the thermally conductive EVA composites

filled with zinc oxide (ZnO) were prepared. The effects of

the kind of surface-treating agents, the dose of couplers and

treatment process on the thermal conductivity of EVA

composites were investigated. This is quite helpful in

understanding the effect of interface on the thermal con-

ductivity of polymer composites. By characterizing the

modified fillers and the morphology of the composites, the

mechanism of the effect of interfacial modification on

the thermal conductivity of the composites was discussed.

Experiment

Materials

The ethylene-vinyl acetate copolymer (EVA), Elvax-

220 W, with a melt flow index of 150 g/10 min, vinyl

acetate content of 28%, density of 0.951 g/cm3, and ther-

mal conductivity of 0.25 Wm-1 K-1, supplied by DuPont

chemical company was used in this study. Zinc oxide

(ZnO), with average size of about 1 lm, thermal conduc-

tivity of 34 Wm-1 K-1, density of 5.62 g/cm3, and shape

of random grain, was obtained from Shanghai Jinghua

Chemical Co., Ltd. The silane coupling agents of glyci-

doxypropyl trimethoxysilane KH-560 (correspond to

SLANE Z-6040) and aminopropyl triethoxysilane KH-550

(correspond to SLANE A-1100) were obtained from

Shanghai Yaohua chemical Co., Ltd. Stearic acid, n-Oc-

tylic acid, and di(2-ethylhexyl) phosphate F-1 were

obtained from Shanghai chemical reagent Co., Ltd. Maleic

anhydride graft polypropylene (MPP), with a melt flow

index of 100 ± 5 g/10 min, maleic anhydride content of

1.8%, was obtained from Shanghai Sunny Co., Ltd. Alu-

minum and titanium complex coupling agent OL-AT16

was obtained from Shanxi Institute of Chemical Industry.

Titanate coupling agent NDZ-132 was obtained from

Nanjing Shuguang Chemical Co., Ltd.

Surface modification

In order to ensure filler good dispersion and to improve the

interface interaction between the filler and matrix, the sur-

face-treating agents as described above were used for sur-

face modification of the fillers. The surface modification

was carried out as follows: (1) mixing the filler and the

surface-treating agent of 0.5–4 wt% in terms of filler weight

in a small amount of isopropyl alcohol or its aqueous

solutions at 70 �C for 2 h, (2) vacuum drying to remove

solvent at 80 �C for 12 h, (3) exposing the filler to ambient

air for 8 h, (4) heat treating the filler at different temperature

for 4 h. The treated fillers were stored in vacuum dryer.

Sample preparation

The EVA and fillers, which were weighed in terms of a

certain volume content, were mixed on a two-roll mill

(SK-160B, Shanghai Rubber Machine Company, China) at

temperature of 95 ± 5 �C for 15 min; and then the molten

compounds were transferred into the mold with the

required dimension (50-mm diameter and 5–8-mm thick-

ness for thermal conductivity). Pressure up to 10 Mpa was

applied by hydraulic press (YX-25, Shanghai Ximaweili

Rubber and Plastic Machine Company, China) and kept for

3 min at room temperature. The cylinder sample with

50-mm diameter and 5–8-mm thickness was released out of

the mold. The samples were polished with sandpaper until

surface become smooth.

Characterization

The thermal conductivity of composites was measured with

an Anter thermal conductivity meter (Quickline-10B,

American Anter Corporation) according to ASTM E 1530

(Guarded heat flow meter method). The testing error of the

measurement is 0.02 Wm-1 K-1 (about ±0.01, \3%).

There is not suitable means of direct charactering the

interface thermal conductivity at present. So, it is helpful to

analyze the interface with some other means. FTIR and SEM

are extremely powerful techniques for studying modified

filler surface and composites morphology [20, 21]. In order

to observe the dispersion of filler particle in the matrix and

the morphology of the composite, the surface of fractured

specimen prepared by freezing in liquid nitrogen was

observed with a scanning electron microscope (SEM) (JSM-

6360LV, JEOL, Japan) after it was goldsputtered. The

infrared spectra of raw ZnO filler and ZnO filler modified

with coupling agents was obtained with FTIR (Magna-IR

550, THERMO NICOLET, USA).

Results and discussion

Effect of modifying agents on the thermal conductivity

of EVA composites

Figures 1 and 2 show the effect of modifying agents on the

thermal conductivity of EVA composites. In the case of the

surface modification of ZnO filler, with the rising of

modifying agents content, the thermal conductivity of

composites increase at first, and then decline gradually
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after reaching maximum. However, there are obvious dif-

ferences in the thermal conductivities of EVA–ZnO com-

posites treated with different modifying agents.

From Figs. 1 and 2, treating ZnO with stearic acid, OL-

AT16, KH-560, or NDZ-132, the thermal conductivity of

EVA–ZnO composites can be enhanced evidently. The

thermal conductivity of EVA–ZnO composites increases,

respectively, 13, 11.6, or 9.7% by treating ZnO with above-

mentioned coupling agents in a right amount. However,

treating ZnO with F-1 or KH550 ? MPP, the thermal

conductivity of EVA–ZnO composites increase slightly.

Further, the thermal conductivity of EVA–ZnO compos-

ites modified with KH-550 even almost does not increase.

Figures 1 and 2 also show that while the dosage of modi-

fying agents exceed a right amount, the thermal con-

ductivity of EVA–ZnO composites modified with F-1,

n-Octylic acid, or stearic acid descend evidently with the

dosage of modifying agents increase.

The varied effect of above modifying agents on the

thermal conductivity of EVA–ZnO composites can be

explained by the chemical property and structure of the

modifying agents (show in Fig. 3).

A valid modifying agent can improve the practical

adhesive bond of polymer to mineral. Fourier transform

infrared spectroscopy is an extremely powerful technique

for studying modifying agent–filler system; the structural

changes of the modifying agents on the filler surface can be

determined [20, 21]. The carboxylic group (–COOH) of

stearic acid can reactively bond to ZnO (as show in Figs. 4,

5), and the long carbon chain of stearic acid can also

entwine effectively with the macromolecule chain of EVA

matrix. So, treating ZnO with a right dose of stearic acid

can promote the compatibility and interface adhesive bond

of EVA matrix to ZnO filler, reduce the faults such as tiny

gaps and the interfacial phonon scattering, and enhance

effectively the transfer ability of thermal vibration in

EVA–ZnO composites [18, 22]. However, if the dosage of

stearic acid exceeds a right amount, the excessive stearic

acid small molecule will cause the multilayer molecule

interface which can weaken the bond of EVA matrix to

ZnO filler and increase the interfacial phonon scattering;

besides, the excessive stearic acid small molecule may

diffuse in EVA matrix and weaken the bond among EVA

macromolecules. Therefore, while the dosage of stearic

acid exceeds a right amount, the transfer ability of thermal

vibration in EVA–ZnO composites (correspond to the

thermal conductivity of EVA–ZnO composites) descend

evidently with the dosage of stearic acid increase.

Figures 4 and 5 are the FTIR spectra of zinc stearate,

stearic acid, ZnO, and ZnO treated with stearic acid. Fig-

ure 4 show the characteristic band of zinc stearate at about

1540 cm-1, and the characteristic band of stearic acid at

about 1700 cm-1. Figure 5 shows there is only zinc stea-

rate on the surface of ZnO filler treated with 1 wt% stearic

acid; however, there is not only zinc stearate but also

excessive stearic acid on the surface of ZnO filler treated

with 4 wt% stearic acid. So, it was verified that excessive

stearic acid on the surface of ZnO filler result in the ther-

mal conductivity of EVA–ZnO composites modified with

4 wt% stearic acid lower evidently than that modified with

1 wt% stearic acid.

Although n-Octylic acid has the same carboxylic group

(–COOH) as that of stearic acid, the carbon chain length of

n-Octylic acid is shorter than a half of the carbon chain

length of stearic acid. So, n-Octylic acid cannot entwine

and bond so effectively to the macromolecule chain of

EVA matrix as stearic acid does; the thermal conductivity

of EVA–ZnO composites modified with n-Octylic acid also

cannot be enhanced so evidently as that with stearic acid.

Di(2-ethylhexyl) phosphate F-1 also has a reactive

phosphonic group (=PO–OH) which can bond to ZnO.
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Fig. 1 Effect of modifying agents (KH550, KH560, F-1, or KH550/

MPP) on the thermal conductivity of EVA–ZnO (27 vol.%) composites

0 1 2 3 4

0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79

Content of coupler (wt %)

T
he

rm
al

 c
on

du
ct

iv
ity

 (
W

m
-1

 K
-1

)

 Stearic acid
 n-Octylic acid
 OL-AT16
 NDZ-132

Fig. 2 Effect of modifying agents (stearic acid, n-Octylic acid,

OL-AT16, or NDZ-132) on the thermal conductivity of EVA–ZnO
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Figure 6 shows there appear the characteristic absorptive

bands (at 1189 and 1101 cm-1) of new functional group on

the surface of ZnO filler treated with F-1. It indicates that

di(2-ethylhexyl) phosphate F-1 has bonded to ZnO filler.

However, ethylhexyl groups of F-1 are side branching

chains, and too short to entwine and bond so effectively to

the macromolecule chain of EVA matrix as stearic acid

does. Similarly, treating ZnO with di(2-ethylhexyl) phos-

phate F-1 cannot promote so effectively the interface

adhesive bond of EVA matrix to ZnO filler as that with

stearic acid; the thermal conductivity of EVA–ZnO com-

posites modified with F-1 only can be enhanced slightly.

Glycidoxypropyl trimethoxysilane KH-560(correspond

to SLANE Z-6040) is capable of reacting with filler surface

moisture to generate silanol groups which may form

hydrogen bonds and reversible oxane bonds with the sur-

face of ZnO filler [21]. Figure 7 shows there appear the

characteristic absorptive bands of hydrogen bonds at about

3440 cm-1 and oxane bonds at about 858 cm-1 on the

surface of ZnO filler treated with KH-560. Furthermore, the

glycidoxypropyl group of KH-560 has good compatibility

with EVA and can entwine effectively with the macro-

molecule chain of EVA matrix. So, modifying ZnO with a

right dose of KH-560 also can promote the compatibility
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and interface adhesive bond of EVA matrix to ZnO filler,

reduce the faults such as tiny gaps and the interfacial

phonon scattering, and enhance effectively the thermal

vibration transfer ability in EVA–ZnO composites.

Although, aminopropyl triethoxysilane KH-550 (corre-

spond to SLANE A-1100) is also capable of reacting with

filler surface moisture to generate silanol groups which

may form hydrogen bonds and reversible oxane bonds with

the surface of ZnO filler [21] (as shown in Fig. 8), the

thermal conductivity of EVA–ZnO composites modified

with KH-550 almost does not increase. The reason may be

that the aminopropyl group of KH-550 is too short, and

does not have good compatibility with EVA matrix; so,

KH-550 cannot bond and entwine effectively with the

macromolecule chain of EVA matrix. As a result, treating

ZnO with KH-550 cannot promote the interface adhesive

bond of EVA matrix to ZnO filler, and cannot enhance

effectively the thermal vibration transfer ability in EVA–

ZnO composites.

However, treating ZnO with KH550 ? MPP, the ther-

mal conductivity of EVA–ZnO composites can increase

certainly. As shown in Scheme 1, reacting with KH-550,

MPP can increase the chain length of the coupling agent

[21, 23]. So, it can promote the coupler entwine with the

macromolecule chain of EVA matrix and the thermal

conductivity of EVA–ZnO composites increase.

While the dosage of KH-560 or KH-550 exceeds a right

amount, with the dosage of coupling agents increase, the

thermal conductivity of EVA–ZnO composites modified

with KH-560, KH-550, or KH-550 ? MPP descend more

slightly than that with F-1, n-Octylic acid, or stearic acid.

This may be because excessive KH-560 or KH-550 can

polycondensate to form polysilicone which is similar in

thermal conductivity to EVA matrix.

Aluminium and titanium complex coupling agent OL-

AT16 and titanate coupling agent NDZ-132, not only can

bond effectively with ZnO filler [23], but also have long

carboxyl ester chains which have good compatibility with

EVA matrix. Therefore, treating ZnO with OL-AT16 or
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NDZ-132 also can promote the compatibility and interface

adhesive bond of EVA matrix to ZnO filler, reduce the

faults such as tiny gaps and the interfacial phonon scat-

tering, and enhance effectively the thermal vibration

transfer ability in EVA–ZnO composites (as shown in

Fig. 2).

Effect of surface modification temperature of filler

on the thermal conductivity of EVA–ZnO composites

Besides the kind and dosage of surface-treating agents,

surface modification temperature of ZnO filler also has

effect on the thermal conductivity of EVA–ZnO compos-

ites. The experiment results are shown in Fig. 9.

As shown in Fig. 9, there appear similar trend of thermal

conductivities of the EVA–ZnO composites modified with

different surface-treating agents. With the temperature of

surface treating ZnO filler rising, the thermal conductivities

of the EVA–ZnO composites modified with these surface-

treating agents all increase at first, and then descend

gradually. The data in Fig. 9 show that the thermal con-

ductivities of the composites get a maximum as the tem-

perature of surface treating ZnO filler are between 100 and

120 �C. It indicate that modifying ZnO filler at 100–

120 �C, the interface adhesive bond of EVA matrix to ZnO

filler can be promoted most effectively; so, the thermal

vibration transfer ability in EVA–ZnO composites can

reach a maximum.

Influence of surface modification of filler

on the morphology of EVA composites

Figures 10 and 11 are the fractured surface SEM mor-

phology of the composites filled with untreated ZnO and

ZnO treated with KH-560. There are obvious differences

between Figs. 10 and 11. For the EVA composites filled

with untreated ZnO, although the filler particles can be

dispersed well, the interface adhesive bond of EVA matrix
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to ZnO filler seems to be not firm. As shown in Fig. 10, lots

of ZnO filler particles were directly pulled out of EVA

matrix, and the surface of many ZnO filler particles is quite

bare and not stuck by EVA matrix. Owing to the poor

compatibility and adhesion, there are not only tiny gaps

between ZnO filler and EVA matrix, but also many faults

such as holes in the composites. These above are able to

result in the decrease of the thermal conductibility of the

composites on account of the phonon scattering.

Treating ZnO filler with modifying agents such as KH-

560 etc., the compatibility of ZnO filler with EVA matrix

are able to be improved, the absorbed substance on the

surface of ZnO filler will decrease, and the adhesion of EVA

matrix to ZnO filler can also be promoted effectively. So, as

shown in Fig. 11, there not only almost appear not bare ZnO

filler particle which was directly pulled out of EVA matrix

on the fractured surface of the composites sample, but also

is few fault such as hole in the composites. Therefore, as a

result of the phonon scattering being reduced, the thermal

conductibility of the EVA composites filled with KH-560

modifying ZnO filler can be enhanced effectively.

Conclusions

Surface-treating ZnO filler with the valid modifying agents

(stearic acid, OL-AT16, KH-560, or NDZ-132,) at right

dosage and treating temperature, the thermal conductivity

of the EVA–ZnO composites can be enhanced effectively.

The valid modifying agent not only can bond to ZnO filler,

but also have good compatibility with EVA and proper

chain length to entwine effectively with the macromolecule

chain of EVA matrix. While the dosage of modifying

agents exceeds a right amount, with the dosage increase,

the thermal conductivity of EVA–ZnO composites modi-

fied with the small-molecule treating agents (F-1, n-Octylic

acid, or stearic acid) descend more evidently on account of

forming the multilayer molecule weak interface. The right

treating temperature is between 100 and 120 �C.

Surface-treating ZnO filler with the valid modifying

agents can improve the compatibility of ZnO filler with

EVA matrix, promote effectively the adhesion of EVA

matrix to ZnO filler; and reduce the faults and tiny gap in

the EVA–ZnO composites, finally, enhanced effectively

the thermal conductibility of the EVA–ZnO composites on

account of reducing the interfacial phonon scattering.
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