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Abstract The current paper reports the effects of an

epoxide-functionalized, silane surface-treated, self-passiv-

ated aluminum (Al) nanoparticles on the glass transition,

morphology, thermal conductivity, dielectric properties of

an epoxy composite. The surface modification of the Al

nanoparticles improved the dispersion of the filler, as well

as the glass transition temperature, thermal conductivity,

and dielectric properties of the epoxy composites. The

epoxy/Al nanocomposites showed a dielectric constant

transition concentration. The dielectric constant and dissi-

pation factor increased when the Al particle loading

exceeded the critical content but gradually decreased with

the frequency. The epoxy nanocomposites containing 15 %

by weight Al nanoparticles have a high thermal conduc-

tivity and a high dielectric constant but a low dissipation

factor. The enhancements in the thermal and dielectric

properties of the epoxy nanocomposites show potential for

future engineering applications.

Introduction

Polymer-based nanocomposites which are binary combi-

nation of continuous polymeric matrix and nanosized par-

ticles have attracted considerable attentions and have been

widely explored owing to their particular mechanical,

magnetic, electrical, and thermal properties [1–3], mean-

while, their advantages, such as flexibility, easy processing,

and tunable properties, make them most preferably appli-

cable in electronic materials [4, 5].

Nowadays, embedded capacitors are specially printed

portions of printed circuit board (PCB) laminates that

perform the charge-storing function but do not require

space on the PCB surface. Embedded capacitors are widely

used for various functions, such as decoupling, by-passing,

filtering, termination, and energy storage [6], and they are

also capable of enhancing the electrical performance and

reducing the size and cost of an electronic system. One

major technical challenge to implement this emerging

embedded-capacitor technology is the development of

appropriate dielectric materials with good electric and

mechanical properties, as current PCBs manufacturing

methodologies cannot apply traditional ceramic dielectrics

[7]. Functional polymer nanocomposites with high dielec-

tric permittivity are promising candidates as dielectrics in

the embedded capacitors-component technology due to the

flexibility and good compatibility with organic PCBs. The

various metallic powders (Ag, Cu, Al) [6–9], carbon

materials (carbon black, carbon nanotube, carbon fiber and

graphene) [10–15] and ceramic particles (BaTiO3, PMN-

PT) [16–18] have been employed as fillers to improve the

polymer’s conductivity and dielectric properties. Until

now, extensive attention was focused on the preparation of

a polymeric nanocomposite with high dielectric constant,

low dielectric loss for the applications in embedded

capacitors and PCB substrates; however, the thermal con-

ductivity of the composites has been rarely investigated

and reported. The increasingly miniaturized embedded

component subsequently leads to an escalation of power

dissipation as well as an increase in heat flux when the
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electronic device is in work under high frequency [19–21].

As such, the heat dissipation problem poses a potential

threat to the lifespan of high-performance electronic

devices [22, 23]. Thus, it is crucial that the heat generated

in the embedded capacitors-component should be dissi-

pated as quickly as possible, maintaining the device’s

desired operating temperature [24–26]. Therefore, the

development of a polymer composite with high thermal

conductivity and dielectric permittivity but low dielectric

loss is very important because high thermal conductivity

facilitates to prolonging the lifespan of polymeric embed-

ded capacitors-component [22].

The preparation of percolative dielectrics with a

threshold composition is difficult because of the abrupt

variations in the dielectric constant and loss near the

threshold. The high dielectric constant composite requires a

uniform dispersion and precise control of the loading filler

because of its percolative nature [7]. Surface self-passiv-

ated aluminum (Al)/polymer composites have the com-

bined advantages of a percolative composite and a ceramic/

polymer system. The core is metallic Al, which confers a

high dielectric constant to the percolative composite sys-

tem, and the nanoscale shell is an insulating Al oxide,

which confers a low dielectric loss comparable to that of a

neat epoxy resin [2, 6]. Xu [6] prepared epoxy nanocom-

posites containing up to 40 wt% Al particles (100 nm),

with a maximum dielectric constant of 80 and a dissipation

factor of 0.02. However, the thermal conductivity of this

epoxy nanocomposite was not investigated.

The current paper aims to examine the effect of Al

nanoparticles at low loading levels on the thermal and

dielectric properties of epoxy. A surface self-passivated Al

nanoparticle (80 nm) was used as the filler, and an epoxy

resin was used as the matrix resin because of its good

mechanical properties, low water uptake, low coefficient of

thermal expansion, and easy processing. In this work, a

conventional mixing method was used to prepare the

samples without using any inert organic solvents. To obtain

a good dispersion of Al nanoparticles in the epoxy, an

epoxy-functionalized silane coupling agent was applied to

functionalize the Al nanoparticle surfaces, thereby

improving the interfacial adherence and stability of the Al

nanoparticles and enhancing the dielectric and thermal

conductivity of the Al/epoxy nanocomposites.

Experimental

Materials

The polymer matrix used was a diglycidyl ether of a bi-

sphenol A-type epoxy resin (D.E.R-331, Dow Chem.

Corp., USA) with a 0.52 to 0.54 epoxy value. A flexible

epoxy resin (long-chain polyglycol diepoxide liquid resin,

D.E.R-732, Dow Chem. Corp., USA) was used as a reac-

tive toughening agent to overcome the brittleness of the

matrix. The curing agent was methyl hexahydrophthalic

anhydride (MeHHPA, Shanghai Shengyuan Co., China),

and the cure accelerator was 2,4,6-tri(dimethylamino-

methyl) phenol (DMP-30, Shanghai Haitai Co., China).

Nano Al powder (80 nm) was purchased from Xuzhou

Hongwu Nano Co. (Jiangsu, China). (3-Glycidyloxypro-

pyl)-trimethoxysilane (Nanjing Shuguang Chemical Co.)

was used as a coupling agent. Other chemical reagents

were all commercially available. The high-resolution

transmission electron microscopy (TEM) image of an

80 nm Al particle is shown in Fig. 1.

Sample preparation

Surface modification of Al nanoparticles

Nano Al particles were treated with silane using a method

similar to that reported in the literature [22]. A 95 % eth-

anol/5 % water solution was prepared and its pH was

adjusted to 4–5 using dilute hydrochloric acid. Silane was

added to this solution with continuous stirring and kept for

20 min for hydrolysis and silanol formation. Meanwhile,

Nano Al particles were dispersed in ethanol solution via

bath ultrasonication for 50 min for deagglomeration. The

two solutions were subsequently mixed together, and the

mixture was refluxed at 80–90 �C for 6 h, and 120 �C for

2 h to complete the wetting of the nano Al particles with

silanol. The mixture was then cooled to room temperature

for 3 h, and then rinsed with ethanol at least three times.

Fig. 1 High resolution TEM micrograph of an 80 nm aluminum

particle
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The final mixture was centrifuged, and the Al particles

were collected and dried at 120 �C for 12 h.

Al/epoxy composite preparation

The low-viscosity toughening agent and the liquid anhy-

dride MeHHPA were used to reduce the viscosity of the Al/

epoxy system. The maximum Al content was set at 15 wt%

because a higher filler concentration can result in the loss

of natural flow property of the mixed system.

The mass ratio of the epoxy D.E.R-331, the D.E.R-732,

the MeHHPA, and the DMP-30 was kept at 70:30:85:0.5.

The epoxy resin D.E.R-331 was blended with the flexible

epoxy D.E.R-732, MeHHPA, Al nanoparticles, and DMP-

30, respectively. All the blended mixture was then ultr-

asonicated for 30 min at 40 �C and stirred vigorously for

1 h; afterward, the obtained homogeneous mixture was

degassed for 20 min in a vacuum to remove the bubbles.

The liquid mixture free of solvent was then poured into a

clean glass plate mold kept at 80 �C and cured in an oven

at 110 �C for 1 h and 150 �C for 5 h. Finally, the cured

sample was left to slowly cool down to room temperature.

This procedure was used to prepare solvent-free, epoxy-

based composites with Al nanoparticle concentrations

ranging from 0 to 15 wt%.

Characterization

The surface chemistry of the Al nanoparticles was deter-

mined using a Fourier transform infrared (FT-IR) spec-

trometer (Perkin-Elmer, Paragon 1000). The Al particles

were first dried in an oven at 110 �C for 3 h, then Al

particles were mixed with KBr and the mixture was com-

pressed into pellets. The spectrum in the 4000–400 cm-1

range was recorded.

Sample weight loss upon heating was measured using a

thermogravimetric analyzer (TGA, SDTA851, Swiss). The

measurements were performed from 25 to 600 �C at a

heating rate of 15 �C min-1 under a nitrogen atmosphere.

The glass transmission temperatures of the nanocom-

posites were measured using a differential scanning calo-

rimeter (DSC, Perkin-Elmer Pyris 6). The samples were

heated from 20 to 200 �C at a heating rate of 10 �C min-1.

All measurements were conducted in a nitrogen

atmosphere.

A scanning electron microscope (SEM, JEM-7000F,

Japan) and TEM (JEM-2100, Japan) were used to observe

the dispersion of the Al nanoparticles in the composite

samples. For the SEM observation, the samples were bro-

ken and the fractured surface was sputtered with a thin

layer of gold to prevent charge accumulation.

A hot disk thermal analyzer (Hot Disk AB, Uppsala,

Sweden) was used to measure the thermal conductivity of

the samples using the transient place source (TPS) method,

which is based on a transient technique. A disk-shaped TPS

sensor 7 mm in diameter and 0.07 mm thick was placed

between two circular sample pieces 20 mm in diameter and

*1 mm thick.

The dielectric measurement was performed at room

temperature using a broadband dielectric spectrometer

(Novocontrol Technology Company, Germany) with an

Alpha-A high-performance frequency analyzer to investi-

gate the frequency-dependence of the dielectric property.

Before the dielectric characterization, electrodes were

painted on the sample using silver paste. The specimens for

the dielectric measurement were made into circular discs

*1 mm thick and 20 mm in diameter.

Results and discussion

FT-IR characterization

The surface modification of Al nanoparticles was deter-

mined via FT-IR measurements. Figure 2 shows the FT-IR

spectra of both the untreated and silane coupling agent

surface-treated Al nanoparticles. An obvious wide

absorption peak at about 3200–3700 cm-1 can be observed

in Fig. 2a, which is characteristic of the stretching vibra-

tion of –OH groups on the surface of untreated Al nano-

particles; whereas, the absorption peak disappears for the

silane coupler treated Al nanoparticles as seen in Fig. 2b.

Because the surfaces of Al nanoparticles were enriched in

hydroxyl groups, clear stretching vibration of -OH groups

for untreated Al nanoparticles was observed; the active

chemical groups (hydroxyl, -OH) of the coupling agent

were assumed to be chemically grafted onto the surface of
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Fig. 2 FT-IR spectra of untreated (a) and silane treated (b) nano Al

particles

7962 J Mater Sci (2013) 48:7960–7968

123



the Al nanoparticles after surface treatment [27]. Thus, the

surfaces of Al nanoparticles were covered by a layer of

coupling agent, and the absorption peak of –OH groups

was no longer observed. Moreover, the new adsorptions at

about 2853 and 1924 cm-1 are the characteristics for

stretching vibration of the C–H bond of the silane, where,

the signal at 1492 cm-1 is assigned to bending vibration of

the –CH2– group of the silane coupler compared with the

without surface modification of Al nanoparticles. Based on

above results, we can conclude that the active chemical

groups of the coupling agent were chemically grafted onto

the surface of Al nanoparticles.

TGA characterization

Figure 3 shows the TGA curves of the surface-treated and

untreated Al nanoparticles. Two stages of weight loss can

be observed for the two nanoparticle types. At a low

temperature range (\180 �C), the weight loss is ascribed to

the removal of water molecules physically absorbed onto

the surface of the nanoparticles. At the 50–600 �C tem-

perature range, the weight loss may be due to the con-

densation of the silanol groups and the decomposition of

the grafted silane molecules. The weight loss of the sur-

face-treated nanoparticles was clearly higher than that of

the untreated nanoparticles, indicating that the silane

molecules were successfully grafted onto the surface of the

Al nanoparticles [28].

Glass transition temperatures

Epoxy resins, which are chemically hardenable plastics (or

chemosets), soften at the glass transition peak temperature

(Tg or softening temperature) and deform under a load.

Afterward, many physical properties exhibit remarkable

changes [28]. Polymers having excellent insulating prop-

erties at temperatures below Tg may exhibit semiconduct-

ing characteristics at temperatures above Tg. Therefore, Tg

is considered as the most important material property of

epoxy resins.

Figure 4 shows the Tg of the Al/epoxy nanocomposites

obtained from the DSC measurements. Tg increased with

increasing filler loading (up to 8 wt%); at 8 wt%, Tg started

to decrease with increasing Al nanoparticle concentration.

The Tg values of the nanocomposites were slightly higher

than that of the pure epoxy before the loading levels reached

15 wt%. Glass transition in polymers is a complex phe-

nomenon that is affected by a number of factors, including

the free volume, molecular chain segments mobility,

molecular weight, and crosslink density [29]. In the present

study, the Tg of epoxy nanocomposites may be affected by

the free volume, the interaction between the nanoparticles

and the matrix, and the crosslink density. The grafting of

silane onto the Al nanoparticles enhanced the interaction

between the matrix and the fillers, resulting in a decrease in

the free spaces at the interface between the epoxy molecules

and fillers, and a restriction of epoxy chain segments rotation

or movement. Thus, surface-treated nanoparticles reinforced

the molecular chains of the epoxy resin and compensated for

some defects in the cured networks as compared to the neat

epoxy, resulting in a slight decrease in the motion ability of

the epoxy chain segments. Therefore, the Tg values of the

surface-treated nanoparticles/epoxy are higher than that of

the neat epoxy [28]. When the mass fraction of the Al

nanoparticles exceeded 8 wt%, the Tg of the epoxy nano-

composites started to decrease above 8 wt% Al. The reason

can be ascribed to the followings: (1) the effective surface

area of the nanofillers began to decrease a little because of the

agglomeration of the Al nanoparticles; (2) the more Al

nanoparticles may reduce the crosslink density of epoxy
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network because the existence of Al nanoparticles disturbs

the curing process of epoxy and hardener, thus improving

and facilitating the large-scale mobility of the epoxy chain

segments. So, the lower Tg of the epoxy with 15 wt% Al

nanoparticles was observed. The DSC results indicate that

the incorporation of Al particles into the epoxy composites

changed the mobility of the epoxy molecules chain seg-

ments, resulting in the difference in the Tg of the

nanocomposites.

Morphology and dispersion

Inorganic nanoparticles can spontaneously aggregate because

of their large surface area and high surface energy. One

possible technique to overcome this problem is to modify the

nanoparticle surface, which can be achieved using surfactants

and polymers that are physically adsorbed on particles only

via electrostatic attraction or van der Waals forces. In the

current study, the (3-glycidyloxypropyl)-trimethoxysilane

coupler was used as an interlayer to form a chemical linkage

between the Al nanoparticles and the epoxy matrix, thereby

improving the compatibility of the separated phases.

Figure 5 shows the microstructure of the fractured sur-

faces of the neat epoxy and the surface-treated Al/epoxy

nanocomposites. The fractured paths with river-like line

patterns can be observed in Fig. 5a, indicating brittle

fractures on the cured neat epoxy surface. Figure 5b and c

show that most of the nanoparticles are embedded in the

epoxy matrix, with no clear evidence of Al particle-matrix

debonding, suggesting a relatively strong interfacial

bonding and good compatibility between the Al nanopar-

ticles and the epoxy [28]; only a very small amount of

nanoparticles were exposed outside. The Al nanoparticles

act as stress concentrators to absorb some of the impact

energy and initiate a higher degree of plastic deformation.

This deformation promotes stress transfer between the

nanoparticles and the epoxy matrix, resulting in rough

fractured surfaces. Unlike the cured pure epoxy, the Al/

epoxy composites show a rough fracture surface due to the

matrix shear yielding or local polymer deformation.

The nanocomposites prepared in the current study

showed no large obvious Al nanoparticle conglobations

and agglomerations, indicating a uniform dispersion of the

nanoparticles in the epoxy matrix. The reason is mainly

attributed to the substitution of hydroxyl groups on the

surface of Al with the 3-glycidyloxypropylsilyloxyl groups

of the silane coupling agent grafted on the surface of Al.

The coupling agent gave a dual positive effect by lowering

the interfacial tension between the separated phases and

preventing the coalescence of the nanoparticles during

processing [30, 31]. The active chemical groups of the

coupling agent are assumed to be chemically grafted onto

the surface of the Al nanoparticles, which was confirmed

by the FT-IR result. A schematic diagram showing the

reaction mechanism of the silane coupler with the –OH

groups on the surface of an Al particle is shown in Fig. 6.

The methoxy groups of the silane coupler were first

hydrolyzed by water to form three silanol groups; then,

Fig. 5 SEM imagines of epoxy/Al nanocomposites at different filler loading: a 0 wt%, b 6 wt%, c, d 10 wt%
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these silanol groups were condensed with the hydroxyl

groups on the alumina shell of the Al to form the Si–O–Al

bond via acid-catalyzed reactions.

The silane coupling agent treated Al nanoparticles show

good compatibility with epoxy matrix because the epoxy

groups grafted on the surface of Al filler either chemically

react with the anhydride curing agent, or interact with the

epoxy long chains, thereby providing strong interfacial

interaction between the two components, which reduces the

number of air voids (kair = 0.0024 W mK-1) and defects at

the interfacial phase. This action can enhance the thermal

conductivity of the composites because of the reduced

interfacial thermal contact resistance and other physical

properties as compared to untreated ones.

Thermal conductivity

The thermal conductivity values of the epoxy and epoxy/Al

nanocomposites are shown in Fig. 7. The thermal

conductivity of the epoxy matrix gradually increased with

the increase in Al nanoparticle content because of the high

thermal conductivity of the filler. At 10 wt% (3.95 vol%)

and 15 wt% (6.34 vol%) Al nanoparticle loading, the

thermal conductivity of the epoxy increased by 17 and

43 %, respectively. These enhancements in thermal con-

duction confer potential applications for the epoxy/Al

nanocomposites.

Several models can be used to compare the theoretical

predictions for the epoxy/Al nanocomposites with the

current experimental results. These theoretical and empir-

ical models were proposed to clarify the phenomenon

behind the thermal conductivity of composites containing

two components and involving several factors. Dispersion,

nanoparticle size and shape and their interaction, interfacial

resistance, and other factors were considered when the

models were designed [10]. The Maxwell–Eucken, Series,

Zhou, and Bruggeman models were used to evaluate the

thermal conductivity of the epoxy/Al nanocomposites.

O
O Si

OCH3

OCH3

OCH3

+ 3H2O
Hydrolysis O

O Si
OH

OH
OH

+ 3CH3OHH+

Al O

O

O

Si

Si

Si

OH

O

OH

OH

Al

Epoxy

Epoxy

Modified  Al

HO

HO

O Si

HO

HO

O

Si

HO
OH

OOSi
HO

HO
HO

O

O

O

O

O

O

O
O

O

O
Al

OH

HO

HO

OH

OH
Heat

Fig. 6 Schematic showing

the reactions of

(3-glycidyloxypropyl)-

trimethoxysilane coupling agent

with Al nanoparticle surface,

and the compatibility between

the surface-modified Al
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Maxwell�Eucken model:

kc ¼ km

2km þ kf þ 2Vfðkf � kmÞ
2km þ kf � Vfðkf � kmÞ

ð1Þ

Series model:
1

kc

¼ 1� Vf

km

þ Vf

kf

ð2Þ

Zhou model: kc ¼ km 1þ Vfðkf � kmÞ
kf � V

1=3
f ðkf � kmÞ

" #
ð3Þ

Bruggeman model: 1� Vf ¼
kf � kc

kf � km

km

kc

� �1=3

ð4Þ

where kc, km, and kf are the thermal conductivity of com-

posites, polymer and filler, respectively; Vf is the volume

fraction of filler.

In Fig. 7, the thermal conductivity values obtained from

the experimental study were compared with those of sev-

eral models. The Maxwell, Series, and Zhou models evi-

dently underestimated the thermal conductivity of the

composites, whereas the Bruggeman model gave accept-

able predictions. Figure 7 suggests that the calculated

values were either slightly higher or lower than the

experimental results, proving that these models are

unsuitable for the current system and that other parameters

such as the interfacial resistance, size and shape of the

filler, and so on need to be considered [10].

Dielectric properties

The dielectric constant demonstrates the ability of a mate-

rial to store electric potential energy under an alternating

electric field. Figure 8 shows the frequency-dependence of

the dielectric constant and the dissipation factor of the

epoxy/Al nanocomposites with different Al loading levels

measured at room temperature, these phenomena are

characteristic of polar polymers. Figure 8a shows that the

effective dielectric constant of the neat epoxy and the

epoxy/Al nanocomposites exhibited a very low frequency-

dependence, which slightly decreased with the frequency.

The addition of Al nanoparticles initially caused a decrease

in the overall level of the dielectric constant compared with

the neat epoxy. However, further loading of Al up to above

4 wt% resulted in an increase in the dielectric constant to a

level higher than that of the neat epoxy. A critical con-

centration of approximately above 4 wt% was found to

exist in the epoxy/Al nanocomposites. Below or above this

level, the dielectric constant values become lower or higher

than those of the neat epoxy under various applied sweep

frequencies, respectively. The dielectric constant often

increases when the polymers are filled with inorganic or

conductive fillers because of the inherently higher dielectric

constant of the fillers compared with those of the polymer

matrix and the interfacial polarization. However, lower

dielectric constant values for the composites at low filler

loading were observed in some polymer nanocomposites
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such as epoxy/TiO2, epoxy/ZnO, epoxy/AlN, and polypro-

pylene/carbon nanofiber [10, 28, 32]. In these nanocom-

posites, the fillers possess a significantly higher dielectric

constant compared with that of the base polymer, and

interfacial polarization occurs. Some researchers believe

that the increase in free volume and the number of voids can

cause a reduction in the dielectric constant, especially in the

untreated nanoparticle/polymer composites [33, 34],

because these nanoparticles can introduce more free volume

and voids resulting from the greater steric volume and

agglomeration of the nanoparticles. A correlation between a

large free volume and high number of voids with a low

dielectric constant has been previously observed in several

polymers [34]. Other scholars proposed that both an

improvement in the conductivity of the composite and a

variant degree of crystallinity or cure of the polymer matrix,

which affects the dipole polarization of the groups and

chain segments within the matrix, may explain the reduc-

tion in the dielectric constant of the composites at low filler

loading [10]. Thus, the crystalline characteristic of the

polymer matrix is also an important factor that determines

the dielectric properties of the composites.

From Fig. 5, we can observe that no large obvious Al

nanoparticle conglobations and agglomerations exist,

indicating improved interfacial bonding strength between

the filler and matrix, and a uniform dispersion of the

nanoparticles in the matrix, therefore, it is impossible that

the increase in free volume and the number of voids cause a

reduction in the dielectric constant for the treated Al

nanoparticle/polymer composites. The restriction of mac-

romolecular chain segments movement by nanoparticles in

the current study can be considered a major reason for the

reduction in the dielectric constant [33, 35] at low filler

loading. For polar polymers such as epoxy, the mobility of

the dipolar groups contributes to the dielectric constant of

the composites [32]. Two competitive factors may be

affecting the dielectric constant of the epoxy/Al nano-

composites, depending on the combination of the interfa-

cial polarization and the interactions between the epoxy

and the nanoparticles. Below the critical filler concentra-

tion, the incorporation of Al results in little mobility of the

polymer chain segment because the stronger interaction at

the interfacial phase exhibits an advantage over the inter-

facial polarization, resulting in a reduction in the dielectric

constant. On the other hand, the incorporation of Al

nanoparticles with a concentration above the critical value

gave the opposite results. A dielectric constant higher than

that of neat epoxy can be ascribed to the increase in the

number of polarizable groups with the addition of Al

nanoparticles because of lower curing degree of cured

epoxy network resulting from the more nanoparticles,

which can enhance the polarization under an electrical

field.

The variation in the dielectric constant with the fre-

quency indicates the occurrence of an interfacial polari-

zation in the epoxy composites. The very slight decrease in

the dielectric constant with increasing frequency is

believed to be caused by the slow dielectric relaxation of

the matrix resin and the interface of the composites [10]. At

low frequencies, all dipole groups in the polymer molecular

chains can orient themselves, resulting in a higher dielec-

tric constant. By contrast, as the frequency further increa-

ses, the polarization fails to stabilize completely and the

values of the dielectric constant decrease.

The dielectric dissipation factors of neat epoxy and the

epoxy/Al nanocomposites under various applied sweep

frequencies are plotted in Fig. 8b. The dissipation factors

of the samples initially exhibited little decreases with

increasing frequency, followed by an increase to 106 Hz.

The initial increase in dissipation factor at low fre-

quency primarily can be ascribed to the conductivity

because the dissipation factor depends mainly on the con-

tent of ionic contaminants within the polymer matrix

(which are the charge carriers) at low frequencies; in

addition, the dipole polarization loss is another reason for

the loss increases [36] because of the self-orientation of

dipoles in the direction of the alternating field with

decreasing frequency. Further increasing the frequency

leads to a decrease in dipole polarization effects and the

dissipation factor. However, the dielectric loss tangent

tends to increase when the frequency is above 1.0 kHz; a

peak of the dielectric loss tangent of the composites

appeared at approximately 106 Hz. This result is attributed

to an obvious relaxation loss caused mainly by segmental

movements of the epoxy matrix [2] at high frequencies. So,

there are two different mechanisms of the losses.

The dissipation factor of the composites slightly

increased with Al nanoparticle loading. With increased Al

nanoparticle content, the charge carriers within epoxy

contributing to the dissipation factor increased and caused

an increase in the dielectric loss of the composites; while,

at low Al nanocomposites loading level of 0.5 wt%, Al

could inhibit the movement of the charge carriers or cause

a reduction in the electric conductivity, thereby leading to a

lower dissipation factor values compared with those of neat

epoxy. It was reported [28] that two competitive factors

may be affecting the dissipation factor of the epoxy/Al

composites depending on the hindrance in the charge

transport and the incorporation of the charge. As the Al

loading further increased, the effect of charge carrier

immobility on the reduction in the electric conductivity

was negligible compared to the effect of the content of

ionic contaminants introduced by Al loading. Therefore,

the dissipation factor increased with Al loading [28, 34].

However, at a high loading of 15 wt% of Al, the nano-

composites still exhibited a low dissipation factor mainly
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because of the insulating nanoscale Al oxide shell of the Al

nanoparticle (as seen in Fig. 1) acting as an interlayer

between the Al cores.

In the 1–106 Hz frequency range, the composites with

15 wt% Al exhibited a high and relatively stable dielectric

constant, and in the 10–106 Hz frequency range the dissi-

pation factor of the composites with 15 wt% Al was at a

low level (generally\0.024), which satisfy the requirement

for a high dielectric permittivity but low loss value in

practical engineering applications.

Conclusions

The effects of Al nanoparticles surface-treated with an

epoxide-functionalized silane coupler on the glass transi-

tion, morphology, thermal conductivity, and dielectric

properties of epoxy composites were investigated in terms

of Al loading.

The FT-IR and TGA results suggest that the active

chemical groups of the coupling agent could be chemically

grafted onto the surface of Al nanoparticles, resulting in

better nanoparticle dispersion in the epoxy resin. The

enhanced interfacial interaction between the Al nanopar-

ticles and epoxy induced by surface chemical modification

could lead to an increase in the Tg, and improved thermal

conductivity of the epoxy nanocomposites.

The epoxy/Al nanocomposites showed a dielectric

constant transition concentration. Above this transition

concentration, the dielectric constant was larger than that

of the neat epoxy, whereas below this level, the opposite

results were observed. A dissipation factor transition con-

centration was also found for the epoxy/Al nanocomposites

at very low Al nanoparticle loading.

The epoxy nanocomposites containing 15 wt% Al have

a thermal conductivity of 0.32 W mK-1, a dielectric per-

mittivity of 10, a very low dissipation factor of 0.024

resulted from the insulating nanoscale Al oxide shell of the

Al nanoparticle acting as an interlayer between the Al

cores. The enhancements in the thermal and dielectric

properties of the nanocomposites show potential in future

engineering applications.
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