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Abstract In this work, PTFE composites filled with

Aluminum Nitride (AlN) were prepared by powder pro-

cessing technique. The microstructure of AlN particles and

the composites were investigated by scanning electron

microscopic method. The effect of different weight fraction

of AlN (0–0.6) on the dielectric, thermal, mechanical

properties of the composites was investigated. All com-

posites exhibited excellent thermal stability endowed by

PTFE matrix. The dielectric constant and dielectric loss of

the sample with 50 wt% of AlN filler was 4.2 and 0.006, at

1 MHz. The dielectric constant of the composites showed

only a very small variation with frequency in the range

100–1 MHz. Several theoretical models were used to

compare with experimental data of the dielectric constant

of the composites. EMT model showed the best correlation

with the experimental results.

1 Introduction

With the rapid development of the electronics industry,

there has been an ever increasing demand for the high

performance dielectric materials. For microelectronic

packaging application, dielectric materials with suitable

dielectric constant, low dielectric loss, high thermal con-

ductivity and good thermal stability are required. At pre-

sent, such materials are mainly ceramics, which have the

drawbacks such as high brittleness, low dielectric strength,

high processing temperature and high density. In contrast,

polymers have advantages of easy processing, high flexi-

bility, high dielectric strength and low density. Ceramic/

polymer composites can combine the better aspects both of

polymers and ceramics and have been seen as a group of

materials which are suitable for functional and demanding

electronic products [1].

The most widely used polymers are polyethylene (PE)

[2], polypropylene (PP) [3], polystyrene (PS) [4] and poly

methyl methacrylate (PMMA) [5, 6]. However, the thermal

stability of PE, PP, PS and PMMA is low and can’t run at

high temperature. Compared with them, polytetrafluo-

roethylene (PTFE) is a kind of special engineering plastic.

It has self fire-retardant, excellent chemical inertness, high

operating temperature(250 �C), low water absorption and

low dielectric loss tangent(3 9 10-4) [7], which is an ideal

polymer matrix for the application in the dielectric mate-

rials. However, applications are limited by high value of

linear coefficient of thermal expansion. Recently, there

have been many researches on the dielectric properties of

PTFE composites. Particulate fillers such as SiO2, CeO2,

ZnAl2O4–TiO2, MgTiO3, ZrTi2O6, Sr2ZnSi2O7 and Sm2

Si2O7 [7–13] have been incorporated into the PTFE matrix,

and their dielectric properties have been investigated. It is

noteworthy that few of them involved the thermal stability
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of PTFE composites. Thermal stability is one concern for

dielectric materials, since self-generated heat and a rise in

temperature during operation can lead to high losses and

premature.

In order to develop suitable composites for packaging

applications, the prime requirement is that the filler should

have low dielectric relative permittivity, low dielectric loss,

high thermal conductivity and good thermal stability.

Aluminum Nitride (AlN) is a kind of well known material

for dielectric application owing to high thermal conductive,

low thermal expansion coefficient, high electrical resistiv-

ity and high thermal resistance. Recently, many studies [6,

14, 15] were conducted to investigate the effect of AlN on

the properties of various polymer composites. Xu et al. [14]

reported that the introduction of silane grafted AlN effec-

tively enhanced the thermal stability, thermal conductivity

and mechanical properties of the polyetherimide compos-

ites. Zhou et al. [6] used AlN in PMMA matrix in order to

maximum the thermal conductivity and relative permit-

tivity. The results showed that the thermal conductivity and

relative permittivity of PMMA filled 0.7 vf AlN were

improved to 1.87 W/(mK) and 4.4. To the best of our

knowledge, the dielectric properties of AlN/PTFE com-

posites have not been investigated. Based on such back-

ground, the AlN/PTFE composites with various filler

content were prepared by cold pressing followed by sin-

tering in the present study. The dielectric, thermal,

mechanical properties of the composites were investigated.

The experimental results of dielectric constant were com-

pared with well known theoretical models including

Lichtenecker equation, Jaysundere–Smith equation, Max-

well–Garnett equation and EMT equation. In addition, the

microstructure and crystalline properties were studied in

order to further understand the AlN/PTFE composites.

2 Experimental

2.1 Preparation of AlN/PTFE composites

PTFE powder was purchased from 3F Fluorin-chemical in

Shandong Province of China. AlN powder with average

size in 2 lm was provided by Xi’an global chemical

instrument company (Xi’an, China). Acetone was obtained

from Xi’an chemical reagent corporation (Xi’an, China).

Surfaces of AlN were modified by gamma-aminopropyl

triethoxysilane (KH550), which was supplied by Jingzhou

Jiangshan fine chemical Ltd (Jingzhou, China). AlN pow-

der was dispersed in alcohol and stirred magnetically well.

To the stirred suspension, calculated KH550 and deionized

water were added. The amount of KH550 was 2 % of the

weight of AlN powder and the amount of water was con-

trolled exactly for the hydrolysis of KH550. The stirring

was continued for 6 h, then the slurry thus obtained was

vacuum dried at 80 �C and silane modified AlN powder

was obtained. The powder obtained above was weighed

accurately to prepare the composites according to the

weight ratio of x AlN/(1-x) PTFE (x = 0.1, 0.2, 0.3, 0.4,

0.5, 0.6). Firstly, PTFE powder and the AlN particles were

mixed by the presence of acetone. After mixing, acetone

was volatilized, and then the leftover was dried at 120 �C
for 2 h. Secondly, the dried powders were molded into

specimen at 50 MPa for 10 min. Finally, the molded

samples were heated to 375 �C at 1 �C/min and then

maintained for 2 h to allow the particles coalesced com-

pletely. The cooling process was 1 �C/min from 375 to

255 �C and then cooled in the furnace [16]. The final

samples were about 2 mm in thickness, 30 mm in

diameter.

2.2 Characterization

Tensile strength of composites was tested with CMT3502

electric tension testing machine according to HG/T

2902-1997. Drawing speeding was 100 mm/min. The

hardness of well polished samples was measured by Shore

A durometer at a constant load of 5 kg and dwell time of

15 s. The microstructure AlN particles and the morphology

of fractured cross sections of composites were examined by

scanning electron microscopy (SEM, VEGA3 LMH).

Samples were immersed in liquid nitrogen before rupture,

and the surface were coated with about 5-nm-thick gold.

DSC was performed with a TA instrument Q1000 system at

a heating rate of 10 �C/min under a nitrogen atmosphere

from room temperature to 380 �C. TGA analysis was

performed with a TA instrument Q600ADT system at a

heating rate of 10 �C/min under a nitrogen atmosphere

from room temperature to 800 �C. The dielectric properties
of composites were tested by using a broadband dielectric

spectrometer (CONCEPE 80, Novocontrol Technology

Company, Germany) with an Alpha-A high- performance

frequency analyzer from 100 Hz to 1 MHz. To ensure

good electrical contact, samples were evaporated with thin

gold layers on both surfaces to serve as electrodes. The

dielectric constant was calculated based on the measured

thickness, capacitance, and the area of the electrodes.

3 Results and discussions

3.1 Microstructure of AlN particles and AlN/PTFE

composites

SEM micrograph showed particulates with polygonal

morphology having 0.5–5 lm, and the mean size is about

2 lm. With the content of AlN increases, the packing of
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the particles grows denser. For the composite sample with

10 wt% AlN, almost each AlN particle is isolated and no

interconnection among them is found. When the AlN

content increased to 30 wt%, the particles start to connect

with each other. It also can be seen that pores and voids

appear in the composites, which is duo to the polymer is

not enough to cover all AlN particles (Fig. 1).

3.2 Thermal properties and crystalline properties

of AlN/PTFE composites

Melting behavior of AlN/PTFE composites was evaluated

by DSC. The melting temperature, and the degree of

crystallinity were listed in Table 1. The degree of crys-

tallinity Xc was measured by the ratio of the measured

fusion heat, DHm to that of a 100 % crystalline PTFE,

DH1
m (69 J g-1) [17]:

Xc ¼
DHm

DH1
m ð1� aÞ ð1Þ

where a was the weight fraction of AlN in the composites. It

can be seen that the filler has no significant effect on the

melting points of composites. Melting points of all the

composites are approximately 330 �C. Besides, there is no

significant difference between these curves. It can be seen

that the Xc of PTFE component in the composites is

dependent on the amount of AlN. The calculated Xc of

PTFE component in the composites increases from 31.6 to

55.8 % with increasing AlN loading from 0 to 30 wt%.

However, the Xc decreases to 46.2 % with a further increase

of AlN to 60 wt%. It can be interpreted by the nucleating

effect of AlN for the chains of PTFE during the crystal-

lization process. But the AlN particles start to obstruct the

mobility of the PTFE chains when its loading exceeds

30 wt%. The Xc of all composites is higher than that of pure

PTFE, which indicates the nucleating effect is predominant

during the crystallization process (Figs. 2 and 3).

The thermal stability of AlN/PTFE composites was

evaluated by TGA. The thermal decomposition

Fig. 1 SEM micrographs of

a AlN particles and the cross-

section of AlN/PTFE

composites of b 10 wt%,

c 30 wt%, and d 60 wt%
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temperature at 10 % of weight loss (Td10) is used to

characterize the thermal stability of the polymer compos-

ites. It can be seen that the temperature has negligible

effect on the stability of the composites until it reaches

500 �C, which can be attributed to the special helix

structure and high binding energy of PTFE matrix. Mean-

while, all the curves display similar decomposition profiles

within the measured temperature range, indicating that the

introduction of AlN doesn’t change the degradation

mechanism of the PTFE matrix. Compared with the pris-

tine PTFE, the Td10 of the composites increases with the

increasing of AlN loading. Referring to data in Table 1, for

example, Td10 of pristine PTFE is 521.9 �C, while Td10 of

the composite with 60 wt% AlN is 553.5 �C, resulting in

increment of 31.6 �C. The enhancement of thermal

stability of the composites may be ascribed to two factors

[18–20]: (1) AlN has higher thermal conductivity and

higher heat capacity than PTFE, which will cause it to

preferably absorb the heat. So this will result in PTFE

chains starting to degrade at higher temperature; (2) the

AlN filler in the composites can act as barriers, retarding

the formation and volatile byproducts during pyrolysis.

Meanwhile, the thermal motion of PTFE segments near the

AlN surface may be restricted because of the physical

interlock.

3.3 Mechanical properties of AlN/PTFE composites

Figure 4 showed the variation of tensile strength and shore

hardness of the composites as a function of AlN content.

The tensile strength of pure PTFE is relatively low because

of the weak intermolecular interactions. The tensile

strength of AlN/PTFE composites showed a decreasing

trend with increasing filler content. This result is due to not

only the decrease in the deformation area of the matrix

upon increasing the fraction of the filler but also lack of

adhesion between PTFE and AlN. In addition, the AlN

fillers with low aspect ratio are generally not able to sup-

port stresses transferred from the polymer, and thus weaken

the composites [10].

Results on the variation of shore hardness of the com-

posites as a function of AlN content are also shown in

Fig. 4. In the texting process, there is a wide variation in

the values of hardness in the case of the composites

Table 1 Melting temperature,

Tm, degree of crystallinity, Xc

and weight loss temperatures for

the neat PTFE and the PTFE

composites

AlN content (wt%) 0 10 20 30 40 50 60

Tm (�C) 329.7 329.9 329.8 330.0 329.7 329.8 329.6

Xc (%) 31.6 43.0 53.6 55.8 54.6 47.4 46.2

Td10 (�C) 521.9 548.7 546.9 547.2 550.1 549.2 553.5

Fig. 2 a DSC traces of neat PTFE and AlN/PTFE composites with

various filler contents as indicated below each curve and b dependence

of the Xc of the v AlN

Fig. 3 TGA curves of neat PTFE and AlN/PTFE composites with

various contents as indicated below each curve
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containing higher content of AlN. This is probably due to

the aggregation of AlN particles. To increase the accuracy

of the data, an average of more than six reading was taken.

It can be seen that the hardness of AlN/PTFE composites

increased with increasing AlN content monotonously,

which is due to the resistance to the plastic deformation of

the PTFE matrix from hard AlN particles [5]. However, it

also can be seen that the hardness of the composite with the

filler loading at 60 wt% is little higher than the composite

filled by 50 wt% AlN. This may be attributed to the pres-

ence of voids inside the composite [21].

3.4 Frequency dependence of dielectric properties

of AlN/PTFE composites

According to Fig. 5a, it can be seen that the dielectric

constant of composites with filler content up to 50 wt%

remain nearly a constant in the frequency range from

1000 Hz to 1 MHz. This shows the excellent frequency

stability of composites. As the filler content increases from

0 to 50 wt%, there is a gradual increase in the dielectric

constant, which is due to the higher dielectric constant of

AlN and the fact that dipole–dipole interaction within the

powders becomes enhanced. And the lower dielectric

constant of the composites compared to pure AlN may be

attributed to the connectivity and the particle size effect.

Moreover, the non-polar nature of PTFE matrix and the

polymer molecular chains hinder the contribution of elec-

trical polarization in the composites [22]. But the dielectric

constant decreases when the content of AlN exceeds

50 wt%. The decrease of dielectric constant may be

ascribed to more air voids would be involved when more

filler particles were incorporated.

It is evident from Fig. 5b that the dielectric loss of the

composites increases slowly with increasing in filler con-

tent from 0 to 60 wt% and the dielectric loss of all the

composites is blow 0.05 at the frequency from 10 kHz to

1 MHz. It is also noted that as the frequency decreases

there is a gradual rise in the loss tangent for each com-

posite, especially the composite filled by 60 wt% AlN.

This can be explained based on the interfacial polarization

(namely, Maxwell–Wagner effect), which would appear

when the following inequality exists [23]:

ePTFErAlN 6¼ eAlNrPTFE ð2Þ

where ePTFE and eAlN are the dielectric constant of PTFE

and AlN particles, while rAlN and rPTFE are the conduc-

tivities of PTFE and AlN particles, respectively. Because

of difference in the dielectric constant and the conductivity

of the matrix and the filler, there is plentiful of accumu-

lation of interfacial charges inside the composites under the

applied electric field. As the filler content increases, the

interfacial area inside the composites increases gradually

and there is a gradual enhancement in the interfacial

Fig. 4 Shore hardness and tensile strength of AlN/PTFE composites

Fig. 5 Frequency dependence of a relative permittivity and b loss

tangent of AlN/PTFE composites with various filler contents at room

temperature
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polarization. Moreover, as the frequency is raised, the

interfacial dipoles have less time to orient themselves in

the direction of the alternating field [12]. As a result, as the

filler content increases, the dielectric properties of the

composites are more and more dependent on the frequency.

3.5 Theoretical prediction of AlN/PTFE composites

It is very important to predict the dielectric constant of the

composites for explanation the mechanism of dielectric

properties and practical applications. The dielectric prop-

erties of the composites are influenced not only by the

relative permittivity of each component but also by other

factors such as microstructure, dispersion and the interac-

tion between the matrix and the filler [24]. The following

equations are used to predict the dielectric permittivity of

the composites:EMT model:

eeff ¼ em 1þ vðef � emÞ
em þ nð1� vÞðef � emÞ

� �
ð3Þ

Lichtenecker model:

log eeff ¼ v log ef þ ð1� vÞ log em ð4Þ

Jaysundere–Smith model:

eeff ¼
emð1� vÞ þ ef v

3em
efþ2em

h i
1þ 3vðef�emÞ

efþ2em

� �h i

1� vþ v 3em
efþ2em

h i
1þ 3vðef�emÞ

efþ2em

� �h i ð5Þ

Maxwell–Garnett model:

eeff ¼ em 1þ 3vðef � emÞ
2em þ ef � vðef � emÞ

� �
ð6Þ

where eeff, ef and em are the relative permittivity of the

composites, AlN and the polymer matrix, respectively, v is

the volume fraction of AlN.

Figure 6 shows the experimental values and the date

predicted by equations above. It can be seen that the values

predicted by Lichtenecker model and Maxwell–Garnett

model have big deviations with experimental values,

indicating that these two models are not suitable to describe

the dielectric properties of AlN/PTFE composites. This is

due to Maxwell–Garnett model suggests that filler particles

should be homogeneous distributed, roughly spherical and

non-interacting [25]. But in a real case, as the amount of

AlN particles into PTFE increases, the interparticle dis-

tance decreases and more interfaces are introduced into the

composites. The interaction between AlN particles (dipole–

dipole interaction) and the interaction between AlN and

PTFE (interfacial polarization) become apparent and can

not be ignored. Lichtenecker model also does not consider

the interphase interaction between the matrix and the filler

and it is only valid in the case that the matrix and the filler

have close value of dielectric constant [26]. Compared to

Jaysundere-Smith model, EMT model fits better with

experimental values. This can be ascribed to that Jaysun-

dere-Smith model doesn’t consider the shape of filler [27].

For the EMT model, n is the correction factor to com-

pensate for the shape of the fillers used in polymer com-

posites. A small value of n indicates a near spherical shape

for the filler, while a high value of n shows a largely non-

spherically shaped particle. The value of the morphology

fitting factor n (0.13) obtained from the fitting is a little

higher than reported previously [28], which is due to the

polygonal morphology of AlN.

4 Conclusions

PTFE composites containing 0–60 wt% AlN were prepared

by powder processing technique. As the content of filler

increased, the hardness of composites increased and the

tensile strength decreased. The obtained composite with

50 wt% AlN showed a low dielectric constant of 4.2 and a

low dielectric loss tangent of 0.006 at 1 MHz. In addition,

the dielectric constant of the composites showed weak

frequency dependence from 100 Hz to 1 MHz. Moreover,

the composites possessed high thermal stability and all the

composites showed 10 % weight loss temperatures above

500 �C. The dielectric properties as well as excellent

thermal stability made the AlN/PTFE composites a

promising application for electronic packaging. Theoretical

models had been compared with experimental results, and

the EMT equation was found to fit the best.
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