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ABSTRACT: Polymer-matrix composites based on brominated epoxy as the matrix and aluminum nitride (AlN) particle as the filler

were prepared. Effects of AlN size and content as well as composite processing conditions on the preparation and properties of the

composites had been investigated. At the same processing conditions, Young’s modulus (E) and dielectric constant (Dk) of the com-

posites increase, whereas coefficient of thermal expansion decreases when increasing AlN content or decreasing AlN size; tensile

strength and elongation at break first increase then decrease with AlN content, and they reach maximum values at lower AlN content

with decreasing AlN size; glass transition temperature (Tg) also exhibits a trend of first increase then decrease with AlN content, and

it decreases with decreasing AlN size, especially at high AlN content; dissipation factor (Df) generally decreases with AlN content

except for the composites filled with 50 nm-AlN, and it increases with decreasing AlN size. Comparing the composites prepared at

different processing conditions, the properties of the composite are relatively poor at low vacuum conditions during removal of sol-

vent and bubble. The scanning electron microscope and Fourier transform infrared analyses indicate that the properties of the com-

posites are related to the aggregation of AlN filler and voids in the composites as well as the crosslink density of epoxy matrix. The

preparation of the composites is also found to be affected by AlN size and content as well as vacuum conditions, indicating that

increase of viscosity of system and/or the solvent evaporation during curing results in poor formability of the composites. VC 2012

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Thermal conductivity is increasingly important for electronic
packaging and/or substrate materials because the heat dissipa-
tion ability limits the reliability, performance, and miniaturiza-
tion of electronics.1 In addition to high thermal conductivity,
high electrical resistivity and a low coefficient of thermal expan-
sion (CTE) are needed for resistance to thermal fatigue.2 The
dielectric properties of the electrical packaging and/or substrate
materials, including the dielectric constant (Dk) and dissipation

factor (Df), play a very important role in signal conveying as

the working frequency of electronic appliances increases.

Low Dk and Df are demanded for packaging and/or substrate

materials in high-frequency appliance markets to increase the

velocity of signal propagation.3 In addition, necessary mechani-

cal properties are also required for electrical packaging and/or

substrate materials. In a word, the materials used for electrical

packaging and/or substrate need to have more multifunctional

properties, such as excellent thermal, dielectric, and mechanical

properties at the same time, including high thermal conductiv-

ity, glass transition temperature (Tg), and tensile strength and

low CTE, Dk, and Df.

Up to now, a sole polymer material is hard to satisfy the demand

for above multifunctional properties because of its high CTE and

VC 2012 Wiley Periodicals, Inc.
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low thermal conductivity. To offset these deficiencies, adding

inorganic particles to a polymer is a versatile method. Different

fillers including oxide, carbide, nitride, and carbon materials

have been investigated.4–8 Among these fillers, aluminum nitride

(AlN) has been considered as an ideal candidate owing to its

very high thermal conductivity, no toxicity, stable crystal struc-

ture, and relatively low cost. Thus, AlN-filled polymer-matrix

composites are potentially used as the primary materials for elec-

trical packaging and/or substrate materials. Many researches have

observed that the thermal conductivity can be significantly

increased in different polymer–AlN composites,4–12 and other

properties such as CTE, tensile strength, and Dk of polymer can

also be modified by adding AlN.4,5,9,10,13–17 However, there is

lacking a systematical investigation of the effect of AlN size and

content on the thermal, dielectric, and mechanical properties of

the composite as well as its preparation. On the other hand, the

effect of composite processing conditions on the preparation and

properties was seldom considered in previous reports. In fact, it

was reported that solvent used in preparing composites could

affect the curing kinetics and mechanism of the epoxy/dicyandia-

mide (DICY) system in addition to the DICY-to-epoxy ratio and

curing temperature and time. Comparing the solvents used in

the fabrications of composite, it was found that the species

would be preferably absorbed on the surfaces of fillers and the

reaction of DICY with the epoxy was changed owing to the dif-

ferences in solubility of constituents in various solvents.18,19

Moreover, the solvent evaporation during curing at high temper-

ature will generate voids in the cured resin. Hence, the compos-

ite processing conditions, especially the removal of solvent, affect

the preparation and properties of the composites. Obviously, the

composite processing conditions are linked to the filler size and

content. Usually, high-performance composites are obtained by

changing filler size and content. However, the viscosity of system

changes with variation in filler size and content, which will affect

the removal of solvent, dispersion of filler, and curing mecha-

nism of epoxy, and thus the preparation and properties of the

composites are modified.

In the present study, we change the AlN size and content at the

same processing condition or change the processing condition at

the same AlN size and content to evaluate the effect of filler

characteristics and processing condition over the preparation

and properties of the composites. Our results showed that the

effects of AlN size and content as well as composite processing

condition finally exhibited to change the formability, microstruc-

ture of the composites, and crosslink density of the epoxy ma-

trix, and thus the preparation and properties of the composites

were affected by AlN characteristics and processing conditions.

EXPERIMENTAL PROCEDURE

Raw Materials

Three kinds of AlN powders were purchased from Hefei Kiln

Nanometer Technology Development (Heifei, China) with aver-

age sizes being about 2.3 lm, 0.5 lm, and 50 nm, and they

were denoted as 2.3 lm-AlN, 0.5 lm-AlN, and 50 nm-AlN,

respectively. The coupling agent was 3-glycidoxypropyltrime-

thoxysilane (trade name KBM-403), purchased from Shin-Etsu

Handotai (SEH, Tokyo, Japan). The epoxies used as the matrix

were Epon 8008 and Epon 1031, purchased from Huntsman

(Salt Lake City, Utah). Epon 8008 is a kind of brominated ep-

oxy resin that has been specially designed to meet the stringent

requirements of the printed circuit board industry. It has an

epoxide equivalent of 410–460 g/Eq, and a bromine content of

19.0–21.0% w/w. Epon 1031 is a solid multifunctional epichlor-

ohydrin/tetraphenylol ethane epoxy resin with an epoxy group

content of 4350–5130 mmol/kg. Epon 1031 is used to improve

the properties of cured epoxy resin systems, particularly at ele-

vated temperatures. In this study, Epon 8008 and Epon 1301

have been dissolved in acetone, and their contents in the solu-

tion are 80 and 70% w/w, respectively. The curing agent DICY

(purity, >99.5%) and the accelerator 2-methylimidazole (2-MI,

purity, >99.0%) were obtained from Neuto Products (Taipei,

Taiwan) and Tokyo Kasei Kogyo (Tokyo, Japan), respectively.

The DICY particles had an average diameter of <1 mm. DICY

and 2-MI were used as received.

Procedure for Composite Preparation

The epoxy–AlN composites were fabricated according to the fol-

lowing steps: (i) the surface of the AlN powder was pretreated

with KBM-403 coupling agent, with the amount used being 5

wt% based on the weight of the AlN powder; (ii) Epon 8008 solu-

tion, Epon 1031 solution, DICY, 2-MI, and AlN were weighed at

a certain ratio as listed in Table I; (iii) the mixtures, further

diluted by acetone, were first stirred in a beaker for 45 min by an

ultrasonic stirrer, and then they were stirred by a high-speed mix-

ing machine for 1 h; (iv) the uniformly formed mixtures were

cast in a mold and were pumped for about 1 h in vacuum dry

oven to remove the air bubbles and solvent as the temperature

gradually increased from 80 to 130�C; and (v) finally, they were

heated to 175�C for 4 h to complete polymerization.

When the weight ratio of AlN to Epon 8008 solution (Wf–E)

varied from 2.5 to 40%, single 50 nm-AlN powders were first

chosen. Considering that the properties of the composites are

also affected by size distribution of filler, mixed fillers of 2.3

lm-AlN and 50 nm-AlN with a simple and typical weight ratio

of 1 : 1 (denoted as 2.3 lm þ 50 nmAlN) were used. When

Wf–E varied from 2.5 to 160%, 2.3 lm-AlN-filled composites

were prepared. When Wf–E varied from 10 to 80%, mixed fillers

of 2.3 lm-AlN and 0.5 lm-AlN with weight ratio of 3 : 1

(denoted as 2.3 þ 0.5 lmAlN) was used. During preparation of

above samples, the gas pressure in oven was decreased to about

100 Pa (high vacuum) by mechanical vacuum pump during re-

moval of solvent and bubble. When Wf–E are 60–160 and 10–

80%, 2.3 lm-AlN and 2.3 þ 0.5 lm-AlN filled composites were

also prepared at gas pressure in the oven of about 2000 Pa (low

vacuum), respectively.

Table I. Basic Recipe of Epoxy Resin–AlN Composite

Materials Ratio of materials by weight

Epon 8008 solution 100

Epon 1301 solution 7.349

DICY 2.552

2-MI 0.056

AlN 0–160
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Characterization

Filler Volume Fraction. The volume percent of AlN filler in

the composites was determined using the following equation:

Vf ¼

Wf�E

0:877523þWf�E

Wf�E

0:877523þWf�E
þ 1� Wf�E

0:877523þWf�E

8
>>:

9
>>; �

qf
qm

(1)

where Wf–E is the weight ratio of AlN to Epon 8008 solution, as

mentioned above; Wf–E/(Wf–E þ 0.877523) is the weight fraction

of AlN filler in the composite samples (Wf) according to the

recipe listed in Table I; qf and qm are the densities of the fillers

(3.26 g/cm3) and pure epoxy (1.3846 g/cm3), respectively. The

obtained volume fraction of AlN in the composites varied from

0 to 43.64%.

Tensile Properties Test. The tensile properties of the compo-

sites were measured by using a hydraulic mechanical testing sys-

tem (MTS 812) at a crosshead speed of 0.5 mm/min. The strain

was measured by a strain gauge (D 638-03). The values of

Young’s modulus (E), tensile strength, and elongation at break

are the average values of at least three samples.

CTE and Tg Measurement. The CTE and Tg of the composites

were measured with a Perkin-Elmer thermal mechanical ana-

lyzer (TMA-7). The temperature range used was from 30 to

220�C, and the heating rate was 10�C/min. All reported TMA

data were obtained from a second heating cycle, and at least

four samples were tested for each composite formulation.

Dielectric Properties Measurement. Dk and Df measurements

were taken on an Agilent-4294A impedance analyzer with an

applied AC voltage of 500 mV and frequency range of 1 KHz–1

MHz. The used samples were disk shaped, and both sides of the

samples were coated with silver paste. The Dk was calculated

from capacitance (C) by Dk ¼ Ct/e0A, where t was the thickness

of the disk, e0 the vacuum dielectric constant, and A the disk

area. For each composite formulation, a minimum of five speci-

mens were tested, and the average values of Dk and Df were

reported in the article.

Thermal Conductivity Measurement. The thermal conductiv-

ity was given by the product of the thermal diffusivity, specific

heat, and density. The thermal diffusivity and specific heat of

the composites were measured by FlashlineTM 3000 Thermal

Properties Analyzer (Anter Pittsburgh, Pennsylvania (PA)). The

samples were disk shaped with 12.7 mm diameter and 0.8–1.2

mm thickness. Finally, thermal conductivity was calculated from

the measured values of thermal diffusivity and specific heat

capacity, with the additional knowledge of density. Thermal

conductivity tests were performed using at least three specimens

of each composition and the average results obtained are

reported in the article.

Scanning Electron Microscope Analysis. A scanning electron

microscope (SEM, Leica Stereoscan 440) and a field emission

scanning electron microscope (FE-SEM, JEOL, JSM-6335F) were

used to analyze the fractured surfaces of composites. A thin sec-

tion of the fractured surface was mounted on an aluminum

stub using a conductive (silver) paint and was coated with gold

prior to fractographic examination.

Fourier Transform Infrared Analysis. Infrared absorption

spectra of the composites were measured using a Fourier trans-

form infrared (FTIR) spectrometer (Bio-Rad, Hercules, Califor-

nia (CA) Model: FTS 6000). KBr pellet technique was employed

with resolution of 4 cm�1. The dry KBr was mixed with the

composites by grinding for homogenization. The fine powder

was then pressed into a transparent, thin pellet. These thin pel-

lets were used for the normal IR spectral measurements.

EXPERIMENTAL RESULTS

Mechanical Properties

The E, tensile strength, and elongation at break of the compo-

sites prepared at different AlN sizes and contents are summar-

ized in Table II. It is observed that the E of pure epoxy is 3.22

GPa, and it increases continuously to 4.48 and 4.05 GPa at

16.22 vol % 2.3 lm-AlN, and 4.62 vol % 50 nm-AlN, respec-

tively. At the same AlN content, the E of 50 nm-AlN-filled

composite is obviously higher than that of 2.3 lm-AlN-filled

composites. When 2.3 lm þ 50 nm-AlN is used as filler, E of

the composites is close to that of 50 nm-AlN-filled composites.

As summarized in Table II, the tensile strength of pure epoxy is

54.93 MPa, and it first increases then decreases with addition of

AlN to the epoxy matrix. Maximum tensile strengths of 73.45,

76.74, and 76.59 MPa are reached at loading level of 1.2, 2.36,

and 4.62 vol % for 50 nm-AlN, 2.3 lm þ 50 nm-AlN, and

2.3 lm-AlN, respectively.

As summarized in Table II, the elongation at break of pure ep-

oxy is 2.75%. When 50 nm-AlN and 2.3 lm þ 50 nm-AlN are

used as filler, the elongation at break increases to 3.6 and 4.43%

with AlN content increasing to 1.2 vol %, and then it steeply

decreases to 1.54 and 2% with AlN content further increasing

to 4.62 vol %, respectively. Using 2.3 lm-AlN as filler, the

Table II. The Young’s Modulus (E), Tensile Strength, and Elongation at

Break of the Composites Prepared at Different AlN Sizes and Contents

AlN filler size and content Tensile properties

Size
Content
(vol %)

Young’s
modulus
(GPa)

Tensile
strength
(MPa)

Elongation
at break
(%)

Neat epoxy – 3.22 54.93 2.75

2.3 lm 1.2 3.27 55.17 2.76

2.36 3.36 65.72 3.29

4.62 3.62 76.59 3.83

8.83 3.86 65.55 3.28

16.22 4.48 61.01 3.05

50 nm 1.2 3.35 73.45 3.6

2.36 3.55 55.36 1.98

4.62 4.05 53.09 1.54

2.3 lm þ 50 nm 1.2 3.28 67.13 4.43

2.36 3.57 76.74 2.25

4.62 4.01 60.92 2.0
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elongation at break first increases to 3.83% as AlN content

increases to 4.62 vol %, and then it decreases to 3.05% as AlN

content further increases to 16.22 vol %.

Tg and CTE. Figure 1 shows Tg from the TMA of the compo-

sites as a function of AlN content. The Tg of pure epoxy is

98�C. With increasing AlN content, the changed trend of Tg for

the 50 nm-AlN and 2.3 lm þ 50 nm-AlN-filled composites is

same, that is Tg first increases to 102 and 113�C at AlN content

of 4.62 vol % then greatly decreases to 80 and 90�C with fur-

ther increasing AlN content to 16.22 vol %, respectively. At all

AlN contents, the Tg of 2.3 lm þ 50 nm-AlN-filled composites

is always higher than that of 50 nm-AlN-filled composites. It is

observed that Tg of the composites filled with 2.3 lm-AlN and

2.3 þ 0.5 lm-AlN show a trend of first increase then slight

decrease with AlN content, and maximum Tg of 128 and 132�C
are obtained at AlN content of 36.74 and 16.22 vol %, respec-

tively. When AlN content above 4.62 vol %, the Tg the compo-

sites filled with 2.3 lm-AlN or 2.3 þ 0.5 lm-AlN is obviously

higher than that of the composites filled with 2.3 lm þ 50 nm-

AlN. At low vacuum conditions, the Tg of the composites filled

with 2.3 lm-AlN keeps at about 99�C at AlN content of 22.51–

43.64 vol %; it increases from 83 to 98�C as AlN content

increasing from 4.62 to 27.91 vol % for the composites filled

with 2.3 þ 0.5 lm-AlN. Obviously, the Tg of the samples pre-

pared at low vacuum is lower than that at high vacuum regard-

less of 2.3 lm-AlN or 2.3 þ 0.5 lm-AlN-filled composites.

Figure 2(a) shows that the CTE of pre-Tg of the composite

varies with AlN content. The CTE of pure epoxy is 62.83

ppm/�C, and it obviously decreases as the AlN filler content

increases, but the decreased extent depends on the AlN size

and content. At the same AlN content and high vacuum condi-

tion, the CTE of the composites filled with 50 nm-AlN and 2.3

lm þ 50 nm-AlN is close and is smaller than that of 2.3 þ 0.5

lm-AlN and 2.3 lm-AlN-filled composites; the CTE of 2.3 lm-

AlN-filled composites is slightly higher than that of 2.3 þ 0.5

lm-AlN-filled composites. As AlN content increasing to 16.22,

27.91, and 43.64 vol %, the CTE decreases to 41, 35, and 26.72

ppm/�C for 50 nm-AlN (or 2.3 lm þ 50 nm-AlN), 2.3 þ 0.5

lm-AlN, and 2.3 lm-AlN-filled composites, respectively. At low

vacuum conditions, the CTE of the composites filled with 2.3 þ
0.5 lm-AlN and 2.3 lm-AlN decreases only to 43.14 and 38.03

ppm/�C at AlN content of 27.91 and 43.64 vol %, respectively.

Hence, the CTE of the composites prepared at low vacuum is

obviously higher than that prepared at high vacuum at the

same AlN content and size.

Figure 2(b) shows the CTE of post-Tg of the composite as a

function of AlN content. It is observed that the CTE of the

composites shows a trend of 50 nm-AlN < 2.3 lm þ 50 nm-

AlN < 2.3 þ 0.5 lm-AlN < 2.3 lm-AlN at the same AlN con-

tent. The CTE of pure epoxy is 217.55 ppm/�C, it decreases to

160, 132.15, and 94 ppm/�C for the composites filled with

16.22 vol % 50 nm-AlN (or 2.3 lm þ 50 nm-AlN), 27.91 vol

% 2.3 þ 0.5 lm-AlN, and 43.64 vol % 2.3 lm-AlN, respectively.

Also, the CET of post-Tg of the composite prepared at low vac-

uum is higher than that at high vacuum, which is indicated by

that the CTE decreases only to 141.35 and 104.55 ppm/�C at

27.91 vol % 2.3 þ 0.5 lm-AlN and 43.64 vol % 2.3 lm-AlN,

respectively. All in all, the dependence of CTE of post-Tg on

AlN size and content as well as composite processing condition

is similar to that of pre-Tg, that is, smaller filler size, high load-

ing level, and high vacuum condition are beneficial to decrease

the CTE of the composites.

Dielectric Properties

The curves of Dk and Df versus the frequency from 103 to 106

Hz for typical composites are shown in Figure 3. It is observed

Figure 1. Tg of the composites as a function of AlN content. [Color

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

wileyonlinelibrary.com.]

Figure 2. CTE before Tg (a) and after Tg (b) as a function of AlN content.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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that the Dk decreases but the Df increases with increasing fre-

quency for all the samples. The dielectric properties of material

are determined by its polarizabilities. There are four major types

of polarizations with their polarization relaxations occurring at

specific frequencies20: electronic or ionic displacement polariza-

tion (1012–1015 Hz), electronic or ionic relaxation polarization

(102–1010 Hz), molecular or dipolar polarization (102–1010 Hz),

and interfacial polarization (around 1–10�3 Hz). In the present

study, frequency of applied electric field (f) is 103–106 Hz,

which implies that the electronic, ionic, molecular, or dipolar

relaxation polarization mechanism may be contributed to

dielectric properties of the composites, but interfacial polariza-

tion mechanism will be dramatically reduced because this polar-

ization is too slow to completely follow the oscillation of the

applied electric field. For the AlN-filled epoxy-matrix compo-

sites, molecular polarization appears at AlN filler and epoxy

matrix. According to the reports, the main relaxation process of

epoxy resin is a-, b-, and c-relaxations.21 The a-relaxation is de-

pendent on the random motion of whole molecular, and thus it

takes place at low frequencies. The b-relaxation has been attrib-

uted to the hydroxyl motion, but it provides a negligible contri-

bution to the relaxation processes because of low concentration

of hydroxyl group in the system. The c-relaxation is the motion

of dipolar groups of atoms, which should include epoxy and

amine groups with the unreacted diglycidyl ether of bisphenol-

A (DGEBA) and DICY and dipolar groups with intermediate

products and final polymer. At low frequencies, the molecular

polarization will have more time to complete compared with

that at high frequencies. Thus, the degree of polarization of

composites is high and the dissipation of polarization is low at

low frequencies. This reveals that the Dk decreases but the Df

increases with increasing frequency.

In Figure 4(a), the Dk at 1 MHz of the composite as a function

of the AlN content is shown. It is found that the Dk of the com-

posites increases with increasing AlN content. As increasing AlN

content from 0 to 16.22 vol %, the Dk of the 50 nm-AlN and

2.3 lm þ 50 nm-AlN-filled composites increases from 3.886 to

5.027 and 4.738, respectively. For the 2.3 þ 0.5 lm-AlN and 2.3

lm-AlN-filled composites, the Dk increases to 4.933 and 5.32 as

increasing AlN content to 27.91 and 36.74 vol %, respectively.

At the same AlN content and high vacuum condition, the order

of Dk of the composites is 50 nm-AlN > 2.3 lm þ 50 nm-AlN

> 2.3 þ 0.5 lm-AlN > 2.3 lm-AlN. At the same AlN content

and size, the Dk of composites prepared at low vacuum is obvi-

ously higher than that at high vacuum, for example, the Dk

increases to 5.064 and 5.415 at 27.91 vol % 2.3 þ 0.5 lm-AlN

and 36.74 vol % 2.3 lm-AlN, respectively.

The Df at 1 MHz of the composite as a function of AlN content

is shown in Figure 4(b). Basically, monotonic decreased trend of

Df with AlN content is observed in the composites except for 50

nm-AlN and 2.3 lm þ 50 nm-AlN-filled composites. Compared

with Df of pure epoxy of 0.040, Df decreases to 0.019 and 0.024

as 2.3 lm-AlN and 2.3 þ 0.5 lm-AlN content are increased to

36.74 and 27.91 vol %, respectively. The Df of 50 nm-AlN-filled

composites slightly decreases to 0.037 with increasing the AlN

content to 2.36 vol %, and then it gradually increases to 0.045

with further increasing AlN content to 16.22 vol %. For the 2.3

lm þ 50 nm-AlN-filled composites, the Df slightly increases to

0.042 at 1.2 vol % AlN, thereafter it decreases to 0.035 at 16.22

vol % AlN. At low vacuum conditions, the decreased degree of

Df at the same AlN content is smaller than that at high vacuum,

for example, 36.74 vol % 2.3 lm-AlN and 27.91 vol % 2.3 lm
þ 50 nm only decrease Df of the composites to 0.022 and

0.026, respectively.

Figure 3. The Dk (a) and Df (b) of typical composites as a function of

testing frequency. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 4. The Dk (a) and Df (b) of the composites as a function of AlN

content. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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Thermal Conductivity

The thermal conductivity of the composite is plotted in Figure

5 as a function of AlN content. As shown in Figure 5, the ther-

mal conductivity of the composites can be increased from 0.4

to 1.46 W/m�K as AlN content increases from 0 to 36.74 vol %.

It seems that AlN size has no obvious effect on the thermal

conductivity of the composites. Comparing the composites pre-

pared at different processing conditions, the 2.3 lm-AlN-filled

composites prepared at low vacuum have higher thermal con-

ductivity than that prepared at high vacuum.

DISCUSSION

Usually, the properties of the composites are dependent on the

characteristics of the matrix and filler. Owing to higher E, Dk,

and thermal conductivity of AlN than those of epoxy, the E, Dk,

and thermal conductivity should be increased after filling AlN

into epoxy. On the contrary, the Df and CTE of AlN are smaller

than those of epoxy, and thus these properties should be

decreased after filling AlN into epoxy. Considering the existence

of interaction between the AlN filler and the epoxy matrix,

interfacial areas between them play an important role. Support-

ing that AlN uniformly disperses into epoxy matrix, the interac-

tion between AlN and matrix enhances because of the increase

in interfacial areas between them as AlN content increases or

AlN size decreases. Thus, we can observe that the E, Dk of the

composites increase but the CTE and Df decrease with increas-

ing AlN content or decreasing the AlN size. However, some

properties of the composites show different changed trends with

AlN content. For example, the tensile strength and Tg exhibit

parabolic change with AlN content; the Df first decreases then

increases with increasing 50 nm-AlN content, as mentioned

above. All the properties of the composites prepared at low vac-

uum condition are degenerated. These results reflect that the

properties of the composites are related to other factors. One

main factor should be microstructure of composites.

To analyze the microstructure of the composites, we first

observe the fractured surfaces of specimens at low magnification

as shown in Figure 6. It is found that the fractured micrograph

of neat epoxy in Figure 6(a) exhibits a smooth surface, which is

a feature of typical brittle failure, thus accounting for the low

toughness and strength of the unfilled epoxy. The fractured

surfaces gradually become rough as 2.3 lm-AlN content

increasing from 1.2 to 16.22 vol % [Figure 6(b–d)]. The

increased surface roughness implies that the path of the crack

tip is distorted because of the filler, making crack propagation

more difficult.22,23 Compared with 2.3 lm-AlN-filled compo-

sites, obviously increased surface roughness is observed at 50

nm-AlN-filled composites owing to smaller size even at very

low content (1.2 vol %) as shown in Figure 6(e). However,

when the 50 nm-AlN content further increases to 4.62 vol %,

surface roughness seems to decrease [Figure 6(f)]. From the

surface roughness of fractured samples, we can roughly explain

the tensile stress and elongation at break increase with an addi-

tion of AlN. However, we cannot explain the decrease in the

tensile stress and elongation at break with further increasing

AlN content; the change of other properties of the composites

with AlN size and processing conditions also cannot be

explained. Thus, we further analyze the distribution state of

AlN in the composites and the interface state between epoxy

and AlN by FE-SEM.

Figure 7 shows FE-SEM images of fractured surface of the AlN-

filled composites at different preparation conditions. The SEM

images of 27.91 vol % 2.3 lm-AlN and 2.3 þ 0.5 lm-AlN-filled

composite prepared at high vacuum are shown in Figure 7(a,b).

We can observe that the AlN surface is partly coated by epoxy

and has a strong interfacial adhesion between them (marked by

straight arrow). In addition, few AlN filler obviously expose on

the surface and thus it is difficult to distinguish AlN filler and

epoxy matrix although the AlN content reaches 27.91 vol %.

This also indicates a good compatibility and strong interaction

between AlN and epoxy, and thus it is difficult to peel off the

AlN from epoxy matrix. The interaction between AlN and ep-

oxy can effectively inhibit the mobility of epoxy chain, and this

effect is enhanced with increasing the AlN content.24,25 Thus,

the Tg gradually increases with increasing the 2.3 lm-AlN or

2.3 þ 0.5 lm-AlN content. As shown in Figure 7(a,b), agglom-

erations of AlN (marked by ellipse) and part separation

(marked by dashed arrows) between AlN and epoxy matrix can

also be observed. This implies that some weak interaction

regions exist in the composite with increasing AlN content,

which results in slight decrease in Tg at higher 2.3 lm-AlN or

2.3 þ 0.5 lm-AlN content. Owing to high stress concentration

at agglomeration regions under tensile loading, the cracks will

be easily induced at the interface of the filler and polymer ma-

trix.22,23 Thus, the samples with 2.3 lm-AlN content higher

than 4.62 vol % fail at a relatively low stress level.

For nano-AlN-filled composites, we can find that the AlN

exposed on the surface form aggregation and some voids are

seen in these aggregations of nano-AlN as shown in Figure 7(c–

f). The aggregation of nanofiller easily forms in the composites

owing to difficulty of dispersing the nanofiller. With increasing

nanofiller content, the dispersion becomes more difficult because

viscosity of the mixture greatly increases.26,27 The voids originate

from air bubbles and/or solvent evaporation. Although the mix-

ture was pumped for a long time to remove the air bubbles and

Figure 5. The thermal conductivity of the composites as a function of

AlN content. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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solvent at high vacuum during the preparation of samples, it

seems to be difficult to completely remove the bubbles and sol-

vent because viscosity of the mixture gradually increases with

adding 50 nm-AlN filler. The aggregation of the nanofiller and

poor compatibility with the polymer also easily induce the voids

appearing in the composites. Obviously, the interaction between

these aggregations of 50 nm-AlN and epoxy matrix is relatively

poor. Thus, the Tg of the composite containing 50 nm-AlN is

smaller than that of 2.3 lm-AlN-filled composites.

As for the change in interaction between filler and epoxy matrix

with filler content, we can further analyze from Figure 7(c–e),

which show the SEM image of composites filled with 1.2–16.22

vol % 50 nm-AlN. At the AlN content of 1.2 and 4.62 vol %,

the aggregation of 50 nm-AlN and voids are observed at local

regions on the fractured surface. However, as increasing 50 nm-

AlN content to 16.22 vol %, more aggregations and voids are

observed at whole fractured surface as shown in Figure 7(e),

which implies that the interaction and/or the interfacial

Figure 6. The SEM images of fractured surface of the composites prepared at high vacuum conditions: (a) neat; (b) 2.3 lm-AlN, 1.2 vol %; (c) 2.3 lm-

AlN, 4.62 vol %; (d) 2.3 lm-AlN, 16.22 vol %; (e) 50 nm-AlN, 1.2 vol %; (f) 50 nm-AlN, 4.62 vol %.
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Figure 7. The FE-SEM images of fractured surface of the composites: (a) 2.3 lm-AlN, 27.91 vol %, high vacuum; (b) 2.3 þ 0.5 lm-AlN, 27.91 vol %,

high vacuum; (c) 50 nm-AlN, 1.2 vol %, high vacuum; (d) 50 nm-AlN, 4.62 vol %, high vacuum; (e) 50 nm-AlN, 16.22 vol %, high vacuum; (f)

2.3 lm þ 50 nm-AlN, 4.62 vol %, high vacuum; (g) 2.3 þ 0.5 lm-AlN, 27.91 vol %, low vacuum; (h) 2.3 lm-AlN, 27.91 vol %, low vacuum. (The con-

tact regions between filler and epoxy are marked by straight arrows, the aggregations of filler are marked by ellipses, and the voids and/or gaps between

filler and epoxy are marked by the dashed arrows.)
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adhesion between 50 nm-AlN and epoxy matrix are greatly

weakened. As a small amount of 50 nm-AlN is filled, the

amount of aggregation and void is small, and the interaction

between AlN and epoxy-matrix can cause the decrease in mobil-

ity of epoxy chain. Thus, the Tg increases with increasing a

small amount of 50 nm-AlN. Further adding the 50 nm-AlN

content, more aggregations of nano-AlN and voids exist in the

composite, which greatly improves the mobility of epoxy

chain.28–30 As a result, the Tg decreases at higher 50 nm-AlN

content.

Compared with 2.3 lm-AlN, 2.3 lm þ 50 nm-AlN-filled com-

posite has smaller Tg because 50 nm-AlN in the composite eas-

ily forms the aggregation and causes voids [Figure 7(f)]. But at

the same time, its Tg is larger than that of 50 nm-AlN-filled

composite owing to the actual amount of 50 nm-AlN in the

composite being smaller than that of single 50 nm-AlN-filled

composite. Also, the gradual increase in the actual amount of

50 nm-AlN in the composite causes the Tg to first increase then

decrease with increasing AlN content. This implies that the

effect of 50 nm-AlN in combination of 2.3 lm-AlN and 50 nm-

AlN is remarkable and dominative. Owing to the easily agglom-

erating of 50 nm-AlN and the more voids existing in the com-

posites, the tensile strength and elongation at break of the com-

posites filled with 50 nm-AlN or 2.3 lm þ 50 nm-AlN

obviously decrease with AlN content above 1.2 vol %. The

increased defects, such as aggregations and voids, induce the

increase of dielectric dissipation in addition to enhancement in

interface dissipation as the 50 nm-AlN content is increased.

Thus, the Df of 50 nm-AlN-filled composite abnormally

increases as AlN content above 2.36 vol %.

Figure 7(g,h) shows the SEM images of 27.91 vol % 2.3 lm-

AlN and 2.3 þ 0.5 lm-AlN-filled composite prepared at low

vacuum, respectively. It is revealed that some of the AlN filler

have been debonded from the epoxy matrix, indicating the

weak adhesion between AlN filler and epoxy matrix. Moreover,

microfibrils, which would demonstrate interfacial adhesion, are

not observed from the micrographs. This also indicates that the

interfacial adhesion between AlN and epoxy matrix is weak. In

addition, it can be found that voids increase owing to the exis-

tence of more solvent during preparation compared with the

composites prepared at high vacuum. It is believed that the

obvious degeneration in properties of the composites prepared

at low vacuum is related to the more voids and poor interfacial

interaction between filler and matrix in the composites. For the

thermal conductivity of the 2.3 lm-AlN-filled composite, it

slightly increases at low vacuum condition although the more

voids should exist in the composite and thus should decrease

the thermal conductivity. The reasons for this abnormal increase

of thermal conductivity need to be further investigated.

In addition to microstructure, the properties of the composites

are also considered to be related to the crosslink density of the

epoxy matrix, and thus the infrared absorption spectra of the

composites are examined as shown in Figure 8. As shown in

Figure 8, the infrared absorptive peaks are similar to all compo-

sites. The peak at 710 cm�1 is attributed to AlN,31 and it used

as an internal standard. The peaks at 829, 1035, 1182, 1246, and

1510 cm�1 are the characteristic absorption of DGEBA struc-

ture; those at 739, 1010, 1106, 1298, and 1452 cm�1 are associ-

ated with the diglycidyl ether of tetrabromobisphenol A

(DGETBBA); those at 560 and 1582 cm�1 are related to

DGEBA–DGETBBA.32,33 The two peaks of 1362 and 1385 cm�1

appear simultaneously, indicating the existence of isopropyli-

dene.32,33 The absorptive peaks near 1298 and 1748 cm�1 are

owing to the stretching vibration of CAN and carbonyl groups

of 2-oxazolidinone, which are formed during the curing of

DGEBA.32,33 The peak near 935 cm�1 is originated from epox-

ide band, which can reflect the curing degree of the epoxy.18,19

Figure 8. The change of infrared absorption spectra for the composites

filled with 8.83 vol % 50 nm-AlN, 2.3 lm-AlN, and 2.3 lm þ 50 nm-

AlN and prepared at high vacuum condition (a), filled with 8.83 vol %

2.3 þ 0.5 lm-AlN and prepared at high and low vacuum conditions (b),

and filled with 27.91 vol % 2.3 lm-AlN and prepared at high and low

vacuum conditions (c). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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As shown in Figure 8(a), it is found that the peak intensity of

935 cm�1 is increased after adding 50 nm-AlN into composites

compared with composite filled with 2.3 lm-AlN at the same

preparation condition. As shown in Figure 8(b,c), it is found

that peak intensity of 935 cm�1 is increased for composites pre-

pared at low vacuum compared with that at high vacuum at the

same AlN size and content. Higher peak intensity of 935 cm�1

implies that existence of more epoxy, that is more epoxy does

not take the crosslinking reaction and thus the crosslink density

of epoxy matrix is decreased. The absorptive peaks near 1748

cm�1 is attributed to carbonyl groups of 2-oxazolidinone that

are formed during the curing of DGEBA, as mentioned above.

Thus, the peak intensity of 1748 cm�1 should decrease as the

peak intensity of 935 cm�1 increases. However, both 1748 and

935 cm�1 peaks increase when comparing the composites filled

with different sized AlN [Figure 8(a)] or prepared at different

vacuum conditions [Figure 8(b,c)]. Considering that the solvent

used is acetone and functional group of acetone is also carbonyl

groups, we presume that the increase in peak intensity of 1748

cm�1 may be originated from the acetone dissolving into com-

posite or involving the reaction during curing process. Obvi-

ously, more acetone dissolves into the composites or involves

the reaction during curing process owing to the increase of vis-

cosity of the system as decreasing AlN size or difficulty of

removing solvent at low vacuum conditions. The decrease in

crosslink density will subsequently influence the rotational and/

or vibrational freedom of the main and/or side chains of epoxy,

and thus decreasing Tg and increasing the Dk and Df for the

composites filled with 50 nm-AlN or prepared at low vacuum

conditions.14,19,30,34

It is worth noting that CTE of the composite decreases and its

E increases with increasing 50 nm-AlN content although Tg

decreases owing to the weak interaction between AlN and epoxy

and decrease of crosslink density of epoxy matrix resulting in

removal of epoxy chain. This is because the CTE and E of the

composites are related to macroscopic deformation of the com-

posites, which can be hindered by AlN to result in decrease of

CTE and increase in E with increasing AlN content. Compared

with 2.3 lm-AlN, 50 nm-AlN has a higher surface area, which

implies that more interfacial area forms between 50 nm-AlN

and the epoxy even if the existence of the aggregation of 50

nm-AlN. Thus, 50 nm-AlN could more effectively restrict the

deformation of the epoxy matrix although the interaction of the

epoxy and 50 nm-AlN is weak in some regions because of the

aggregation of 50 nm-AlN and voids, as discussed previously.

As a result, CTE of the 50 nm-AlN-filled composites is lower,

and E is higher compared with those of the 2.3 lm-AlN-filled

composites.

Finally, it should be pointed out that AlN size and content as

well as composite processing conditions also affect the prepara-

tion of the composites. As discussed above, the solvent and

bubble are difficult to remove and the flowability of the mixture

of epoxy and filler is decreased owing to the increase of viscos-

ity of the mixture with increasing the AlN content or decreasing

AlN size. Thus, macroscopic voids, caused by poor flowability

of the mixture and/or solvent evaporation during curing at high

temperature, easily appear at the sample with increasing filler

content. In fact, poor moldability of the composites is observed

as 50 nm-AlN and 2.3 lm-AlN content increase to 8.83 and

36.74 vol %, respectively, and thus the larger-sized samples for

measuring mechanical properties and thermal conductivity can-

not be easily obtained. The solvent of acetone can increase the

flowability of the mixture of epoxy and filler, and the samples

with macroscopic voids free can be obtained occasionally. How-

ever, the existence of residual acetone greatly decreases the

properties of the composites, as discussed above. In addition,

acetone evaporation during curing causes the macroscopic voids

in the samples in most cases. Thus, poor vacuum conditions

during removal of solvent result in poor moldability of the

composites. Obviously, removing the solvent and increasing the

flowability of the mixture of epoxy and filler at the same time

are important for the preparation of the composites. Decreasing

filler content, especially nanometer-sized filler content, can

decrease the viscosity of mixture, and thus the moldability of

the composites enhances. However, better properties of the

composites can be obtained at higher filler content. The studies

had indicated that combination of nanometer-sized and micro-

meter-sized filler can effectively decrease the viscosity and thus

the filler content can be increased.35,36 At the same time, the

properties of the composites can be improved when using com-

bination of different sized filler, which had suggested by many

researchers.37,38 On the other hand, the surface treatment of the

filler is found to effectively decrease the viscosity of system

recently,39 and the dispersion of nanometer-sized filler can be

improved by surface treatment at the same time.40,41 In a word,

the properties of the composites are closely related to their

preparation; to control the preparation, selecting the filler size

and surface treating should be considered in the further study.

CONCLUSIONS

Basically, it is found that E, Dk, and thermal conductivity

increase, whereas CTE and Df decrease with increasing AlN

content; E, Dk, and Df increase, whereas CTE and Tg decrease

with decreasing AlN size. The tensile strength, elongation at

break, and Tg of composites exhibit parabolic change with AlN

content, and they reach relatively larger values at smaller AlN

content with decreasing AlN size. At the same AlN size and

content, the composites prepared at low vacuum conditions

exhibit poor properties, that is, lower Tg and larger CTE, Dk, and

Df. By analysis of SEM and FTIR, it is thought that AlN size and

content as well as processing condition affect the microstructure

of the composites and crosslink density of the epoxy, that is

more aggregations of AlN and voids easily appear and crosslink

density decreases with adding nanometer-sized AlN filler and low

vacuum conditions, which results in degeneration of properties

of the composites. At the same time, nanometer-sized AlN and

low vacuum conditions also affect the removal of solvent and

bubble and/or the flowability of the mixture during preparation,

and thus result in poor formability of the composites.
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