
Effective Thermal Conductivity of 3,5-Diaminobenzoyl-Functionalized
Multiwalled Carbon Nanotubes/Epoxy Composites

Uraiwan Pongsa and Anongnat Somwangthanaroj
Department of Chemical Engineering, Faculty of Engineering, Chulalongkorn University, Bangkok 10330, Thailand
Correspondence to: A. Somwangthanaroj (E - mail: anongnat.s@chula.ac.th)

ABSTRACT: To obtain homogeneous dispersion and good interfacial interaction between MWCNT and polymer matrix, the functional-

ization of MWCNTs with 3,5-diaminobenzoic acid (DAB) via a direct Friedel-Crafts acylation was accomplished. FTIR, XPS, and FT-

Raman analysis was performed to confirm that diaminobenzoyl moieties were successfully grafted onto MWCNT surface with less

structural damage. The incorporation of diaminobenzoyl-functionalized MWCNTs (DAB-MWCNTs) into epoxy matrix can substan-

tially enhance storage modulus (E0) as well as glass transition temperature (Tg) and reduce the coefficient of thermal expansion. The

thermal conductivity enhancement can be observed with DAB-MWCNTs probably due to good dispersion and decreased interfacial

thermal resistance between MWCNT and polymer matrix. The Maxwell-Eucken, Lewis-Nielsen, and MG-EMA models were used to

evaluate theoretical thermal conductivity. Moreover, epoxy resin incorporated with hybrid fillers, which consisted of DAB-MWCNTs

and silicon nitride exhibit higher thermal conductivity than those with single filler, thereby forming perfectly heat conductive path-

ways. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 130: 3184–3196, 2013
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INTRODUCTION

In past few years, smart devices with ultrathin, light weight, and

multifunction have become very popular. The increasing interest

in these devices has heightened the need for advanced micro-

electronic packaging appropriate to use in electronics. As con-

tinuous development in the miniaturization, the heat

dissipation is still a critical problem in packaging, limiting the

reliability, and high performance. Therefore, the polymer-based

composite with high thermal conductivity has been received

more attention. Traditionally, polymer composite with high

thermal conductivity can be obtained by incorporation of inor-

ganic particles with intrinsically high thermal conductivity, pro-

viding heat conductive networks in the composite.1–3 The

formation of effective heat conductive pathways is promoted by

an increase of thermally conductive filler loading, commonly

higher than 30 vol %, thereby enhancing the heat dissipation

ability.4,5 However, the introduction of high filler concentration

into polymer matrix results in an increase of viscosity and limi-

tation of processability.

One solution to this problem might be using the filler with

large aspect ratio at lower content to maximize the randomly

heat conductive networks in the composites. Multiwalled carbon

nanotubes (MWCNTs) are one of the most attractive filler can-

didates because of their outstanding characteristic including

nanostructure, high aspect ratio, excellent mechanical, and ther-

mal properties. Especially, MWCNTs show exceptionally high

thermal conductivity, thus MWCNTs is often used in the ther-

mal management applications. It is known that the advantage

of MWCNTs certainly depends on the degree of dispersion.

MWCNTs easily form large agglomerates and are hardly dis-

persed in polymer matrix due to their high surface area and

intrinsic van der Waals force. Besides, weak interfacial interac-

tion between MWCNT and polymer matrix results in a lack of

load transfer and heat transfer in polymer composite. These

behaviors hinder potential of using MWCNTs to obtain targeted

properties. Accordingly, an approach to achieve individual tube

dispersion and good interfacial interaction of MWCNTs is a

challenge. The surface modification has widely been considered

to overcome the limitation in MWCNT manipulation.

MWCNTs were often treated by the harsh chemical oxidation in

strong acids to generate the carboxylic and oxygen-containing

groups on their surfaces to facilitate further functionalization or

fabrication.6,7 Although, better dispersion and interfacial inter-

action can be achieved via this method, the dramatic structural

damages on the surface of MWCNTs can easily occur. Conse-

quently, much attention has been focused on the alternative

functionalization methods without or less structural damage.

Among various methods of surface modification, it was found

that a direct Friedel-Crafts acylation, the functionalization

VC 2013 Wiley Periodicals, Inc.

3184 J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39520 WILEYONLINELIBRARY.COM/APP

http://onlinelibrary.wiley.com/


reaction, is convenient and effective for the purification and the

functionalization of the reactive functional groups onto

MWCNT surface in a one-pot process with trace amounts of

defects. 8–10

Furthermore, the crucial objective of this work is to improve

the thermal conductivity of epoxy resin for using in microelec-

tronic packaging, which requires insulation properties. There-

fore, the content of electrically conducting MWCNTs should be

kept as low as possible but still high enough for good heat dissi-

pation. Many recent studies have focused on the addition of

hybrid filler systems into the polymer matrix. Polymer compo-

sites containing MWCNTs and thermally conductive particles

such as boron nitride,11 aluminum nitride,12 and silicon car-

bide13,14 have been conducted. Because partial replacement of

micron-sized inorganic filler into the space formed in

MWCNT-to-MWCNT networks can be obtained more heat,

conductive pathways with high packing density that facilitate

phonon transfer leading to high thermal conductivity. Among

commonly used inorganic particles, Silicon nitride (Si3N4) is

one of attractive inorganic fillers because of its high thermal

conductivity as well as low coefficient of thermal expansion

(CTE) and more commercially available than boron nitride.15–18

However, there has not been the study of effects of Si3N4 par-

ticles mixed with MWCNTs as hybrid fillers on the thermal con-

ductivity and dynamic mechanical properties yet. Particle size

of fillers is one of the most important factors for the enhance-

ment of thermal conductivity. The micron-sized fillers effec-

tively achieve the thermal conductivity of composites, but the

settling of fillers in polymer matrix is often observed. In case of

nano-sized fillers, the thermal conductivity of composites excep-

tionally increases with low filler loading. Due to high surface

area of nano-sized particles, the strong agglomeration occurred

and thus the surface modification and effective mixing method

are required to improve the dispersion, thereby increasing the

production costs. Besides, the viscosity of composites intensely

increases that hinders the processability. To avoid agglomeration

of filler and to obtain low viscous epoxy resin for ease in indus-

trial processing, the submicron-sized Si3N4 is considered as ideal

filler to generate the hybrid filler with perfect thermal conduc-

tive networks.

Consequently, this study was designed to evaluate the effect of

surface functionalization with a reactive reactant, that is, 3,5-

diaminobenzoic acid (DAB) via Friedel-Crafts acylation in a

one-pot process on the surface properties of MWCNTs. The

diaminobenzoyl (DAB) compound was effectively introduced

onto the MWCNT surface with less structural damage as con-

firmed by FTIR, XPS, and FT-Raman results. The amino func-

tional groups on the surface of DAB-MWCNTs provided the

good dispersion and chemical interaction with epoxy matrix,

resulting in the decrease of interfacial thermal resistance, and

thus the thermal conductivity of composites increased. More-

over, the hybrid filler systems between unmodified MWCNTs

(U-MWCNT) or diaminobenzoyl-functionalized MWCNTs

(DAB-MWCNT) and submicron-sized Si3N4 particles were con-

ducted in this work. In this system, the MWCNT networks

serve as the skeleton and Si3N4 particles facilitate the thermal

transport along the MWCNT networks, thus providing high

packing density and enhancing the overall thermal properties of

the materials. The theoretical thermal conductivities were also

determined by using the Maxwell-Eucken, Lewis-Nielsen, and

MG-EMA models. Moreover, the dynamic mechanical and ther-

mal properties of composites were investigated.

EXPERIMENTAL

Materials

Diglycidyl ether of bisphenol A (DER331, MW 372) from Dow

Chemical Company, hexahydro-4-methylphthalic anhydride

(96%) and cobalt (II) acetylacetonate (CoIIAcAc) from Sigma-

Aldrich were used as polymer matrix, curing agent, and catalyst,

respectively. Multiwalled carbon nanotubes (MWCNTs)

Figure 1. Procedure of diaminobenzoyl-functionalized MWCNT/epoxy composite. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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purchased from Chengdu Organic Chemicals Company (Chi-

nese Academy of Sciences) and submicron-sized Si3N4 (1 lm)

from Sigma-Aldrich Co were used as filler. MWCNTs were syn-

thesized by a chemical vapor deposition process and have a

dimension of 8 nm OD and 10 lm length. Polyphosphoric acid

(PPA, 83% assay) and phosphorus pentoxide (P2O5) from

Sigma-Aldrich were used as a reaction medium for the func-

tionalization in which DAB from Sigma-Aldrich was used as

functionalizing reactant.

Preparation of DAB-Functionalized MWCNTs

In this work, MWCNTs were covalently functionalized with

DAB moieties via electrophilic substitution reaction, which was

called a direct Friedel-Crafts acylation in a mild PPA/P2O5

medium. Due to its moderate acidic, PPA not only promoted

the oxidation of metallic impurities and carbonaceous fragments

on the surface of MWCNTs, but also effectively catalyzed the

Friedel-Crafts reaction. Besides, the viscous characteristic of

PPA could impede the reaggregation of MWCNTs. P2O5 was

used as a dehydrating agent to promote the functionalization.

The scheme of reaction is demonstrated in Figure 1 and the

experimental details are described as follows. The specific weight

of DAB, as-received MWCNTs, PPA, and P2O5 were placed in a

100 mL round-bottom flask equipped with a mechanical stirrer,

nitrogen inlet, and outlet. This mixture was stirred at 130�C for

72 h under dry nitrogen purge. Distilled water was added to the

mixture after cooling down to room temperature. The obtained

MWCNTs separated by centrifuge were stirred in acetone for 1

day to remove unreacted chemicals. The MWCNT solution was

then separated by centrifuge. The above-mentioned purification

steps were repeated for 2–3 times. After that, the MWCNTs

were washed with distilled water and separated by centrifuge.

Then, the collected powder was freeze dried for 3 days to

remove remaining solvent. In this research, unmodified

MWCNTs and 3,5- DAB-functionalized MWCNTs are defined

as U-MWCNT and DAB-MWCNT, respectively.

Preparation of Epoxy Composites

Owing to poor dispersion of MWCNTs in epoxy, U-MWCNTs

or DAB-MWCNTs were firstly sonicated in the curing agent

that was also acted as a solvent due to its low viscosity for 30

min. In case of hybrid filler systems, submicron-sized Si3N4 par-

ticles were mixed and sonicated in MWCNT mixture. Epoxy

was then added and stirred in the mixture. The catalyst was dis-

solved in the mixture by ultrasonication for 30 min. The mix-

ture was then stirred until homogeneous. The obtained mixture

was transferred to aluminum mold and degassed in a vacuum

oven. After curing at 230�C for 1 h, the sample was slowly

cooled down to room temperature. The mold was peeled off

and the sample was polished for further analysis.

Characterization

Fourier Transform Infrared Spectrometry. To investigate the

functional groups on MWCNT surface before and after the

functionalization, FTIR spectra were conducted by using a Spec-

trum GX FTIR spectrometer (Perkin Elmer). The powder sam-

ple and KBr powder were ground together. The ground powder

was pressed into pellet with a smooth surface. The pellet was

loaded into a sample holder and then placed in a chamber. All

FTIR spectra were collected in a range of 4000–650 cm21 with a

resolution of 4.0 cm21 under continuous nitrogen flow.

X-ray Photoelectron Spectroscopy. Surface chemistry of U-

MWCNTs and DAB-MWCNTs was evaluated by using XPS.

XPS analysis was performed by using an AMICUS photoelec-

tron spectrometer equipped with a Mg Ka X-ray as a primary

excitation and a KRATOS VISION2 software. The XPS curve fit-

ting of C1s, O1s, and N1s was accomplished by Origin 8.1.

Fourier Transform Raman Spectroscopy. The effect of func-

tionalization on the structural quality of MWCNTs was exam-

ined by using a Spectrum GX FT-Raman spectrometer

(PerkinElmer). FT-Raman analysis was performed over a range

of 0–1000 cm21 with a laser in the near infrared-usually at

1064 nm.

Thermogravimetric/Differential Thermal Analysis. The ther-

mal stability of MWCNTs before and after the functionalization

was evaluated by using a Diamond TG/DTA instrument (Perki-

nElmer). Samples were loaded in ceramic pans and then heated

to 800�C at 10�C/min under nitrogen atmosphere at 100 mL/

min flow rate.

Scanning Electron Microscopy. Morphology of the fracture sur-

face of epoxy composites was observed by using a Hitachi

S-3400 scanning electron microscope (SEM) to study the dis-

persion of fillers in the polymer matrix. All samples were

quenched in liquid nitrogen and fractured to obtain the cross-

sections. The samples were then sputter coated with gold before

the SEM observation.

Dynamic Mechanical Analysis. The dynamic mechanical prop-

erties of epoxy composites were investigated by using a Pyris

Diamond DMA instrument (Perkin-Elmer). The bending mode

was performed at a frequency of 1 Hz for all of samples. The

samples were heated from room temperature to 250�C at a

heating rate of 5�C/min under N2 atmosphere.

Thermomechanical Analysis. The CTE of all samples was

determined by using a Pyris Diamond TMA instrument (Per-

kin-Elmer). The expansion probe was performed with 3 mN of

static force. The temperature was scanned from room tempera-

ture to 250�C at a heating rate of 5�C/min under N2

atmosphere.

Thermal Conductivity Analysis. The laser-flash thermal con-

ductivity measurement was performed in this work. The mea-

surement of thermal diffusivity was conducted by using a LFA

1000 Laser flash (NETZSCH, Germany). The sample surface

was irradiated with very short laser pulse and temperature rise

was measured on the opposite side of the sample, leading to

calculating the thermal diffusivity. Specific heat capacity was

measured by using a Pyris Diamond DSC instrument (Perki-

nElmer). In addition, the bulk density of the specimen was

measured by water displacement.

RESULTS AND DISCUSSION

Functionalization of MWCNTs

To obtain great performance of MWCNTs as reinforcing filler in

polymer composites, enhancing dispersion and interfacial inter-

action between MWCNT and polymer matrix is necessary. In
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this study, MWCNTs were directly functionalized with DAB

moieties via Friedel-Crafts acylation. Surface of MWCNTs

would be treated with DAB functional groups, which were help-

ful for further composite fabrication. Surface chemistry of

MWCNTs before and after the functionalization was investigated

by using FTIR as illustrated in Figure 2. It was clearly seen that

U-MWCNTs show a peak at �1567 cm21 assigned to aromatic

C@C stretch of benzene ring and a small peak at �1189 cm21

corresponded to CAO stretch of the phenols.19,20 It revealed

that there were small amounts of oxygen-containing groups

established on the surface of U-MWCNTs. After the functionali-

zation, DAB-MWCNTs exhibit peaks at �1216, �1736, and

�3435 cm21, which can be ascribed to NAH stretch of primary

aromatic amine, C@O stretch of carbonyl group and NAH

stretch of amine groups, respectively.21,22 The presence of these

peaks indicated that DAB functional group was successfully

introduced onto the surface of MWCNTs through the carbonyl

group.

Additionally, XPS analysis was conducted to determine the ele-

ments of MWCNTs before and after the functionalization. Fig-

ure 3 shows XPS survey spectra of the samples. Peaks of C1s at

�285 eV and O1s at �534 eV can be attributed to the carbon

structures of MWCNTs and oxygen-containing groups on

MWCNT surfaces, respectively.23 As expected, the N1s peak was

only visible in the spectrum of DAB-MWCNTs at �400.2 eV

(NAC), indicating the existence of amino groups on their

surface.24,25 The surface element composition of U-MWCNTs

and DAB-MWCNTs based on the ratios of peak areas from XPS

analysis was summarized in Table I. Relative concentration of O

and N atoms noticeably increased after the functionalization

whereas the amounts of C atom significantly decreased. It is

possibly due to the introduction of diaminobenzoyl (DAB)

functional groups onto surface of MWCNTs. The fitting spectra

of C1s and O1s were performed to acquire more informative

bonding structure of MWCNTs before and after the functionali-

zation. To identify the type of carbon bonding, the C1s peaks

were deconvoluted into several Gaussian peaks, as depicted in

Figure 4(a,b). The main peak at 284.2–284.5 eV represents the

sp2-hybridized graphite-like carbon atoms (C@C). The peak at

around 285.2–285.5 eV corresponds to the sp3-hybridized

diamond-like carbon atoms (CAC), referring to the defects on

the nanotube structure. Various carbon-oxygen functionalities

on the MWCNT surface were observed as the following small

peaks at 286.1–286.3 eV (CAO), 286.6 eV (CANH2), 287.4–

287.6 eV (C@O), and 288.1 eV (COOH).25 Also, the peak at

290.8 eV can be assigned to p-p* transition. It was an interest-

ing phenomenon that the relative concentration of C@C

remarkably decreased while the concentration of C@O and

CANH2 increased after the functionalization. It is due to the

fact that some of C@C structures were possibly interrupted and

altered to CAC structures because of the attachment of DAB

moieties during the functionalization. These results are consist-

ent with previous publications.20,25 Besides, the deconvolution

of the O1s spectra exhibit the two peaks assigned to O@C at

351.6–351.7 eV and OAC at 533.3–533.6 eV.6,24,25 Figure 4(c,d)

shows the deconvolution of O1s spectra of U-MWCNT and

DAB-MWCNT, respectively. Relative concentration of O@C sig-

nificant increased for the functionalized sample. It is possibly

due to grafting of DAB moieties onto the MWCNT surface

through reactive carboxyl groups.

Moreover, FT-Raman spectroscopy was performed to evaluate

the effect of functionalization on the structural destruction of

MWCNTs. FT-Raman spectra for unmodified and functional-

ized MWCNTs are shown in Figure 5. It is obviously shown

that the two characteristic bands located at �1590 and �1284

cm21 commonly refers to the in-plane tangential mode (G

band) for the stretching vibrations of the sp2-hybridized car-

bons (C@C) and the disorder-induced modes (D band) of the

sp3-hybridized carbons or defects (CAC), respectively. The ratio

Figure 2. FTIR spectra of (a) U-MWCNTs and (b) DAB-MWCNTs.

Figure 3. XPS survey spectra of (a) U-MWCNTs and (b) DAB-MWCNTs.
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of integral area of D band to G band (ID/IG) is often used to

investigate the amount of defects in nanotube structure before

and after the functionalization.26 The FT-Raman results are

summarized in Table II. It was found that the ID/IG ratio of

DAB-MWCNTs (ID/IG 5 0.455) was higher than that of U-

MWCNTs (ID/IG 5 0.449). This result revealed that the amount

of the sp3-hybridized carbons or defects on the MWCNT surface

increased after the functionalization because some of C@C

structures were interrupted possibly due to the grafting of DAB

moieties and converted to CAC structures. However, the ID/IG

ratio of MWCNTs functionalized with DAB via this method was

not significantly changed, comparing with the conventional sur-

face treatment. It is confirmed that functionalized MWCNTs

were obtained with less structural damage. It is because

MWCNTs were functionalized in the mild medium reaction,

which could introduce DAB moieties onto the surface of

MWCNTs via covalent bonds but it was not too strong to gen-

erate many defects on their surface.

Thermal Stability of MWCNTs

To evaluate thermal stability in N2 atmosphere of MWCNTs

before and after functionalization, TGA measurement was con-

ducted from room temperature to 800�C. TGA thermograms of

U-MWCNTs and DAB-MWCNTs are shown in Figure 6. U-

MWCNTs show stable thermal behavior without significant

weight loss at below 600�C, however; disordered and amor-

phous carbons on their surface were obviously decomposed at

650�C. In comparison, the weight of DAB-MWCNTs remarkably

decreased in temperature range of 250 to 600�C because

oxygen-containing groups and diaminobenzoyl moieties

attached on their surface were stripped off. This phenomenon is

similar to the TGA results reported in many researches involv-

ing the surface treatment of MWCNTs.10,27 Finally, thermal deg-

radation of remaining disordered carbons of DAB-MWCNTs

was clearly observed at temperature higher than 600�C. From

TGA results, the calculated grafting density of diaminobenzoyl

moieties in DAB-MWCNTs is 2.21 mol %.

Dispersion of MWCNTs

Generally, properties of composites can be effectively enhanced

by achieving a homogeneous dispersion of fillers and good

interfacial interaction between polymer matrix and filler. Thus,

the dispersion of MWCNTs in polymer matrix is also investi-

gated in this work. The fracture surfaces of epoxy composites

were observed by using SEM as displayed in Figure 7. The

fracture surface of neat epoxy is relatively smooth which com-

monly referred to brittle characteristic of epoxy resin. It can be

observed that the addition of MWCNTs into polymer matrix

Table I. Surface Elements of MWCNTs Before and After the Functionalization

Atomic concentration (%) Grafting density (%)

Material C1s O1s N1s O/C (%) N/C (%) XPS TGA

U-MWCNT 90.20 9.80 – 0.11 – – –

DAB-MWCNT 79.82 15.83 4.35 0.20 0.05 2.18 2.21

Figure 4. High-resolution XPS spectra for C1s and O1s regions of (a, c) U-MWCNTs and (b, d) DAB-MWCNTs. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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afforded greater roughness of fracture surface, which related to

the toughness improvement of composites. Nonetheless, U-

MWCNTs exhibit poor dispersion within polymer matrix in

which large bundles of U-MWCNTs can be observed when U-

MWCNT loading increase, as seen in Figure 7(c). It is due to

their high surface area and high van der Waals force between

the nanotubes. After the functionalization, DAB-MWCNTs

were dispersed more homogeneously in polymer matrix. The

small white dots, representing the broken ends of embedded

MWCNTs, were mainly observed in the composite as shown in

Figure 7(d). This phenomenon might be due to enhanced dis-

persibility and interfacial interaction caused by diaminoben-

zoyl functional groups established on the surface of DAB-

MWCNTs.

Moreover, the dispersion of hybrid fillers containing MWCNTs

and Si3N4 particles in the polymer matrix was evaluated as

shown in Figure 7(e,f). The fracture surface of composite rein-

forced with U-MWCNTs and Si3N4 fillers is quite smooth. It

might be due to the heterogeneous distribution of fillers in

epoxy matrix and weak interfacial interaction between fillers

and polymer matrix. However, the addition of hybrid filler

based on DAB-MWCNTs into polymer matrix provided more

roughness of fracture surface. It is because amino groups of

DAB moieties on their surface improved the dispersion of fillers

in the matrix and enhanced interfacial interaction between fill-

ers and the polymer matrix.

Dynamic Mechanical Properties of Epoxy Composites

In this section, the dynamic mechanical properties of epoxy com-

posites reinforced with U-MWCNTs and DAB-MWCNTs at low

concentration are discussed. The plots of storage modulus (E0) and

loss modulus (E00) as a function of temperature for epoxy compo-

sites filled with various loading of U-MWCNTs and DAB-

MWCNTs are illustrated in Figures 8 and 9, respectively. Compar-

ing with neat epoxy resin, all composites exhibit higher E0, indicat-

ing the increase of stiffness. As can be seen in Figure 8(a), the

storage moduli at room temperature of U-MWCNT/epoxy compo-

sites increased with increasing filler concentration because of their

high aspect ratio and excellent mechanical properties. However, the

decrease of E0 was found at high loading of U-MWCNTs. It is

explained by considering the fact that U-MWCNTs were easily

entangled and formed large agglomerates in epoxy matrix because

of high surface area and high intrinsic van der Waals force between

the nanotubes. Evidently, E0 of DAB-MWCNT/epoxy composites

linearly increased as a function of volume fraction as shown in Fig-

ure 9(a) and was higher than that of U-MWCNTs at the same filler

loading. It can be attributed to well homogeneous dispersion of

DAB-MWCNTs in the polymer matrix after the functionalization.

It is mainly because the presence of amino groups in DAB structure

and oxygen-containing groups on their surface led to the decrease

of van der Waals force among the nanotubes. Another possible rea-

son to explain this phenomenon is better interfacial interaction

between the nanotube and polymer matrix. The existence of amino

groups and small amount of oxygen containing groups on

MWCNTs could provide fairly strong interaction with epoxy resin,

corresponding to effective load and heat transfer from MWCNTs

through epoxy matrix. According to the DMA analysis, the cross-

link density (k) can be estimated from the plateau of E0 in the rub-

bery state as given by28,29

k5
E0

3RT
(1)

where E0 is the storage modulus at Tg 1 50�C; R is the gas con-

stant; and T is the absolute temperature at Tg 1 50�C. The

Figure 5. FT-Raman spectra of (a) U-MWCNTs and (b) DAB-MWCNTs.

Table II. FT-Raman Results of Unmodified and Functionalized MWCNTs

Intensity

Material D band G band FWHMa ID/IG

U-MWCNT 0.204 0.855 32.25 0.449

DAB-MWCNT 0.236 0.896 36.93 0.455

Figure 6. TGA curves of (a) U-MWCNTs and (b) DAB-MWCNTs in N2

atmosphere.
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calculated crosslink density of epoxy composites is shown in

Figure 10(a). It is well known that the epoxide group can be

attacked by amine or carboxyl acid and then form the crosslink-

ing structure of epoxy resin via nucleophilic addition reaction.

With the addition of U-MWCNTs, the crosslink density of com-

posites slightly increased. It is believed that small amounts of

oxygen-containing groups embedded on the MWCNT surface

probably reacted with the oxirane rings in epoxy monomer,

providing more crosslink degree. In case of DAB-MWCNT/

epoxy composites, the diamino functional groups of DAB intro-

duced onto the surface of MWCNTs could react with epoxy

monomers and formed additional crosslink networks in compo-

sites. Thus, the crosslink density of DAB-MWCNT/epoxy com-

posites linearly increased as a function of volume fraction and

was higher than that of U-MWCNTs as well.

Moreover, the measurement of the glass transition temperature (Tg)

of composite which is one of the most important applications based

on DMA analysis was carried out. Conventionally, the Tg can be

observed at the temperature where the E00 reaches the maximum

value. Figures 8(b) and 9(b) illustrate the loss moduli of epoxy com-

posites reinforced with U-MWCNTs and DAB-MWCNTs as a func-

tion of temperature, respectively. The E00 peaks obviously shifted to

higher temperature at very low loading of MWCNTs, indicating the

Tg enhancement. This phenomenon is attributed to the existence of

randomly dispersed U-MWCNTs in epoxy matrix restricted the

mobility of polymer chains. It is known that the Tg of polymer com-

posite substantially related to the mobility of polymer segments or

the free volume fraction in polymer. Nonetheless, the Tg of compo-

sites slightly decreased with further increase of U-MWCNT con-

tents. It can be definitely considered that large bundles of U-

MWCNTs dispersed heterogeneously in polymer matrix possibly

interrupted the formation of crosslink networks in the composites.

This behavior is consistent with the insignificant change in the

crosslink density of U-MWCNT/epoxy composites when the filler

loading was higher than 0.5 vol %. In contrast, the Tg of composites

noticeably increased with the incorporation of DAB-MWCNTs

because of the good dispersion and greatly improved interfacial

interaction after the functionalization as discussed previously. Fig-

ure 10(b) demonstrates the plot of Tg versus filler volume fraction

of composites. Besides, the increase of crosslink density in compo-

sites referred to the decrease of free volume fraction could restrict

the polymer mobility, leading to high Tg.
30–32

Additionally, the storage moduli and loss moduli of composites

containing hybrid fillers are illustrated in Figure 11. It can be

Figure 7. Fracture surfaces of (a) neat epoxy and composites filled with (b) U-MWCNT 0.5 vol %, (c) U-MWCNT 1.0 vol %, (d) DAB-MWCNT 1.0 vol

%, (e) U-MWCNT 1.0 vol %-Si3N4 7.5 vol %, and (f) DAB-MWCNT 1.0 vol %-Si3N4 7.5 vol %.
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seen that E0 of epoxy composites filled with hybrid filler were

higher than that with single filler. The E0 increased with increas-

ing of Si3N4 content. The effective reinforcement of submicron-

sized Si3N4 particles may be attributed to their rigidity and

intrinsic high modulus. From the results of E00 peak, it reveals

that the addition of Si3N4 particles into U-MWCNT based poly-

mer composites slightly enhanced their Tg. It is possibly because

the increase of filler concentration could reduce the free volume

fraction. Considering the hybrid filler system containing 1.0 vol

% DAB-MWCNTs and 7.5 vol % Si3N4, the composite exhibits

high E0 and high Tg. It is believed that these behaviors are

attributed to the presence of amino groups that promoted good

dispersion of fillers and better interfacial interaction, possibly

hindering polymer chain mobility and reducing free volume

fraction in the composite.31 However, the addition of

submicron-sized Si3N4 fairly obstructed the formation of cross-

link structures in composites, decreasing the crosslink density.

The Tg and crosslink density of epoxy composites added with

hybrid fillers are determined and shown in Table III.

Thermal Properties of Epoxy Composites

The linear thermal expansion as a function of temperature was

investigated using TMA. Generally, the linear thermal expansion

of polymer composite gradually increased in a glassy state due to

Figure 8. Dynamic mechanical properties of epoxy composites reinforced

with U-MWCNTs: (a) storage modulus and (b) loss modulus. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. Dynamic mechanical properties of epoxy composites reinforced

with DAB-MWCNTs: (a) storage modulus and (b) loss modulus. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. (a) The crosslink density and (b) the glass transition temperature of epoxy composites.
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rigidity of crosslink materials. Then, it sharply increased in the

rubbery state because polymer chains were more flexible and

dilated at temperature higher than Tg. The CTE was determined

from a slope of a plot between linear thermal expansion and

temperature, which was commonly reported in the glassy state.

As illustrated in Figure 12(a), the CTE decreased as the volume

fraction of fillers increased, resulting in decrease of free volume

fraction as mentioned in our previous work.31,32 Especially DAB-

MWCNT/epoxy composites, diamino groups on the DAB-

MWCNT surface probably formed the chemical bonding with

epoxy resin, increasing the crosslink density and reducing the free

volume fraction. As shown in Figure 12(b), the addition of

hybrid fillers as MWCNTs and Si3N4 particles into polymer

matrix provided rather low CTE because of low intrinsic CTE of

fillers. Especially, the CTE of composite remarkably reduced by

the incorporation of hybrid fillers based on DAB-MWCNTs into

epoxy matrix. It is possibly due to optimal packing density of

DAB-MWCNTs and Si3N4 particles, caused by amino functional

groups of DAB-MWCNTs that effectively formed filler-filler inter-

action. It has a positive effect on thermal stability of composites,

thus the CTE of epoxy composites remarkably decreased.

Thermal Conductivity of Epoxy Composites

To elucidate the effect of MWCNT concentration and the func-

tionalization on the thermal conductivity of composite, the val-

ues of thermal conductivity were calculated from the equation

K 5 a r Cp (2)

where K, a, r, and Cp are the thermal conductivity of compo-

sites, thermal diffusivity, density, and heat capacity, respectively.

The density of MWCNT/epoxy composites was measured by

water displacement, which can be given by

r 5
Wdry

Wdry2WWet

rwaterðTÞ (3)

and the theoretical density of composites was also calculated by

using a following equation

r 5rm 12
Xn

i21

vi

 !
1
Xn

i21

rivi (4)

where r, rm, and ri are the density of composite, polymer

matrix, and filler, respectively; and Vi is the volume fraction of fil-

ler. The comparison between the measured and theoretical density

is illustrated in Figure 13(a). The measured density is very close

to the theoretical density. Figure 13(b,c) shows the temperature

dependence of thermal diffusivity of composites incorporated with

U-MWCNTs and DAB-MWCNTs, respectively. For all samples,

the thermal diffusivity gradually decreased as the temperature

increased. However, the thermal diffusivity of composites remark-

ably increased by adding small amounts of fillers. Clearly, the

thermal diffusivity of DAB-MWCNT/epoxy composites is higher

than that obtained from U-MWCNT/epoxy composites. It is pos-

sibly due to good interfacial interaction between DAB-MWCNT

and polymer matrix caused by the functionalization. Figure 13(d)

shows the thermal conductivity of epoxy composites at 50�C. At

very low concentration, U-MWCNTs were randomly dispersed in

polymer matrix and provided heat conductive pathways in the

polymer matrix. Thus, thermal conductivity of composites was

higher than that of neat epoxy. With further increase of U-

MWCNT loading, thermal conductivity scarcely increased. It is

attributed to their high surface area, high aspect ratio, and high

van der Waals force between the nanotubes, causing the heteroge-

neous dispersion of U-MWCNTs at high volume fraction in

Figure 11. Dynamic mechanical properties of epoxy composites reinforced

with various hybrid fillers: (a) storage modulus and (b) loss modulus.

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

wileyonlinelibrary.com.]

Table III. Properties of Epoxy Composites Filled with Various Hybrid Fillers

Material Tg (�C) k (1023mol m23) r (g cm23) a (mm2 s21) K (W m21 K21)

U-MWCNT 1.0–Si3N4 2.5 136 5.132 1.2584 0.145 0.255

U-MWCNT 1.0–Si3N4 5.0 136 5.095 1.3202 0.166 0.304

U-MWCNT 1.0–Si3N4 7.5 134 5.094 1.3865 0.170 0.324

DAB-MWCNT 1.0–Si3N4 7.5 142 6.898 1.3818 0.175 0.367
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polymer matrix as seen in SEM images. This behavior hindered

the potential of U-MWCNTs. After the functionalization with

DAB, the dispersion of DAB-MWCNTs within epoxy resin was

greatly improved. The DAB moieties on their surface provided

better interfacial interaction between DAB-MWCNT and polymer

matrix, reducing the interfacial thermal resistance. The effective

heat conductive pathways were provided in the composite. There-

fore, the thermal conductivity of epoxy composites increased as a

function of DAB-MWCNT concentration. In addition, thermal

conductivity of epoxy filled with DAB-MWCNTs was higher than

that of U-MWCNTs at the same filler loading.

To investigate the effect of the addition of thermally conductive

filler on the thermal conductivity of polymer composites, various

theoretical and empirical models have been developed.1633–35

The most common equations based on Maxwell-Eucken’s and

Lewis-Nielsen’s models were used in this work to predict the

thermal conductivity of epoxy composites.

The Maxwell-Eucken’s model can be use to predict the thermal

conductivity of composites by

K5Km

½Kf 12Km12Vf ðKf 2KmÞ�
½Kf 12Km2Vf ðKf 2KmÞ�

(5)

where K, Km, and Kf are the thermal conductivity of composites,

polymer matrix and filler, respectively; Vf is the volume fraction of

filler. It was clearly seen that the experimental data were higher

than those predicted values, which is due to the assumption of this

model, which indicates that the fillers are spherical particles with-

out mutual interaction dispersed randomly in the polymer

matrix.36 While, MWCNTs used in this work have extremely high

aspect ratio and the mutual interaction with each other. Therefore,

MWCNTs could provide more heat conductive networks in the

composite, resulting in the enhancement of thermal conductivity. It

is, especially true for, DAB-MWCNTs because the DAB functional

groups on their surface could achieve good dispersion and interac-

tion between the polymer matrix and filler as mentioned above.

The Lewis-Nielsen’s model was further applied to evaluate the

thermal conductivity of composites by taking the geometry and

the maximum volume fraction of filler into the consideration.37

It can be explained by

K5Km
11ABVf

12B W Vf

(6)

where

A5KE21; (7)

B ¼ Kf=Km21

Kf=Km1A0
(8)

W511ð12Vm

Vm2

ÞVf ; (9)

where KE is an Einstein constant related to the shape and orien-

tation of the filler; B is a factor depending on the thermal con-

ductivity of each component; Vm is the maximum packing

fraction of filler; and w is a parameter related to the volume

fraction of filler. Generally, the values of A and Vm are constant

for each type of filler. For instance, A 5 8.38 and Vm 5 0.52

are often used for the polymer composites based on the short

fibers with aspect ratio less than 15 randomly dispersed in 3D

direction. As shown in Figure 13(d), the experimental values of

thermal conductivity of epoxy composites incorporated with

U-MWCNTs and DAB-MWCNTs was compared with that

obtained from this model. It was found that the experimental

values did not fit well with the predicted values. The thermal

conductivity based on this model was close to the experimental

values rather than those calculated from Maxwell-Eucken’s

model. It is because this model is the most versatile for the par-

ticulate/short fiber composites, whereas MWCNTs are much

stronger and have larger high aspect ratio than the conventional

fibers. Beside, the value of A, which strongly affects the predic-

tion, is not suitable for MWCNT/polymer composites.

As mentioned above, the measured thermal conductivity of

MWCNT/epoxy composites was fairly higher than those pre-

dicted from the conventional models. Consequently, the effec-

tive medium approaches (EMA) have been proposed to evaluate

the effective thermal conductivity of polymer composites.38 The

Maxwell-Garnett (MG) typed EMA has been found suitable for

predicting the thermal conductivity of polymer composites filled

with low concentration of MWCNTs.39 The MG-EMA was built

on the basis of a random orientation of MWCNTs and high

aspect ratio (P > 1000).40

Figure 12. CTE of epoxy composites filled with (a) single filler systems

and (b) hybrid filler systems.
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The MG-EMA equation can be expressed as

Ke

Km

5
312Vf ½bxð12LxÞ1bzð12LzÞ�

32Vf ð2bxLx1bzLzÞ
; (10)

where Ke is the effective thermal conductivity of composite; Km

and Kf are the thermal conductivity of polymer matrix and fil-

ler, respectively; and Vf is the volume fraction of filler. bx and

bz are defined as

bx5
Kx2Km

Km1LxðKf 2KmÞ
; (11)

bz5
Kz2Km

Km1LzðKf 2KmÞ
; (12)

where Kx and Kz are the thermal conductivity of MWCNTs

along transverse and longitudinal axes, respectively. Lx and Lz

are the geometrical factors depending on the aspect ratio (P) of

MWCNTs, given by

Lx5
p2

2ðp221Þ2
p

2ðp221Þ3=2
cosh 21p; (13)

Lz5122Lx; (14)

The high aspect ratio (P > 100) of MWCNTs gives Lx 5 0.5

and Lz 5 0. If Kx and Kz of MWCNTs are much larger than

Km, then eq. (10) can be simplified as39

Ke

Km

5
31Vf Kf=Km

322Vf

: (15)

Figure 14(a) shows the effective thermal conductivity (Ke) of

composite as a function of MWCNT loading. As seen, the sim-

plified equation predicted much higher thermal conductivity

Figure 13. Properties of epoxy composites: (a) density, (b) thermal diffusivity of U-MWCNT/epoxy composites, (c) thermal diffusivity of DAB-

MWCNT/epoxy composites, and (d) thermal conductivity. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 14. Effective thermal conductivity of epoxy composites incorporated

with (a) single filler systems and (b) hybrid filler systems at 50�C. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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than the experimental values. The deviation between the theo-

retical and experimental values is possibly due to the interfacial

thermal resistance (Rk) between the nanotube and the polymer

matrix. Therefore, the Ke in eq. (15) was developed by consider-

ing the perfect interface without any interfacial thermal resist-

ance (Rk 5 0). The modified MG-EMA model was developed

by taking the interfacial thermal resistance into the considera-

tion in term of Kapitza radius (ak), which can be described as a

following expression41,42

Ke

Km

511
Vf p

3

Kf=Km

p1 2ak

d
Kf

Km

(16)

where

ak5RkKm (17)

Figure 14(b) shows the predicted Ke/Km ratio with various Rk

values. The enhancement of thermal conductivity was noticeably

observed with low Rk. The measured values for U-MWCNT/

epoxy composites were close to the predicted values according

to eq. (16) with Rk 5 4 3 1027 m2 KW21, whereas the experi-

mental data for DAB-MWCNT/epoxy composites fit quite well

with the theoretical values when Rk is about 2 3 1027 m2

KW21. These results indicated that the interfacial thermal resist-

ance slightly decreased after the functionalization. The amino

groups in the DAB structure established on the surface of

MWCNTs could provide chemical bonding between DAB-

MWCNT and epoxy resin, resulting in the decrease of interfacial

thermal resistance. Therefore, the thermal conductivity of DAB-

MWCNT/epoxy composites greatly enhanced.

To obtain higher thermal conductivity of composites, MWCNTs

were partially replaced with submicron-sized fillers. The effects

of hybrid filler systems on the thermal conductivity were inves-

tigated and summarized in Table III. The 1.0 vol % U-

MWCNTs filled epoxy composites were incorporated with vari-

ous contents of Si3N4 particles. It was found that thermal con-

ductivity increased with increasing Si3N4 content. The addition

of submicron-sized fillers in the composites promoted more

heat conductive pathways and high packing density, enhancing

the heat dissipation of materials. In case of epoxy resin filled

with 1.0 vol % DAB-MWCNTs and 7.5 vol % Si3N4, the heat

conductive networks were effectively formed with optimal pack-

ing density, thereby increasing thermal conductivity more than

134% compared with that of neat epoxy. This result confirms

that the hybrid fillers can be used as effective filler to improve

the thermal conductivity of composites.

CONCLUSIONS

DAB was successfully introduced onto the surface of MWCNTs

with less structural damage. The amino functional groups on

the DAB-MWCNT surface enhanced filler dispersion in epoxy

composite. The composites reinforced with DAB-MWCNTs

remarkably exhibit high E0, high Tg and low CTE rather than

those of U-MWCNTs at the same filler content. Amino groups

of diaminobenzoyl compound promoted strong interfacial

interaction between DAB-MWCNT and polymer matrix that

can reduce the interfacial thermal resistance, resulting in an

increase of thermal conductivity. The modified MG-EMA

model by considering the interfacial thermal resistance is

appropriate for predicting the thermal conductivity of epoxy

composites filled with low concentration of MWCNTs. The

properties of epoxy composites reinforced with hybrid filler

systems were also studied. According to the results, the hybrid

filler systems were effective filler to enhance dynamic mechani-

cal properties and thermal properties of composites. Especially,

the hybrid filler containing 1.0 vol % DAB-MWCNTs and 7.5

vol % Si3N4 promoted effective heat conductive pathways and

optimal packing density in polymer matrix, thereby achieving

134% higher thermal conductivity than that of neat epoxy

resin.
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