Applied Polymer

SCIENCE

Influence of diaminobenzoyl-functionalized multiwalled carbon
nanotubes on the nonisothermal curing kinetics, dynamic mechanical
properties, and thermal conductivity of epoxy-anhydride composites

Uraiwan Pongsa, Chavakorn Samthong, Piyasan Praserthdam, 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 advanced materials with a high thermal dissipation, the addition of multiwalled carbon nanotubes containing
diverse functionality groups, that is, as-received multiwalled carbon nanotubes (AS-MWCNTs) and diaminobenzoyl multiwalled car-
bon nanotubes (DA-MWCNTs), to epoxy—anhydride composites was accomplished. According to nonisothermal differential scanning
calorimetry analysis, the reactive functional groups present on the surfaces of the AS-MWCNTs and DA-MWCNTs accelerated the
nucleophilic addition reaction of epoxy composites. Because of the difference in the reactivities of these functional groups toward
epoxy groups, the distinction of fractional conversion and the reaction rate of the curing process were remarkably evident at the early
stage. A suitable kinetic model was effectively elucidated with the Malek approach. The curing kinetics could best be described by a
two-parameter autocatalytic model as a truncated Sestdk—Berggren model. The DA-MWCNTSs achieved effective load transfer and
active heat conductive pathways; this resulted in good dynamic mechanical and thermal properties. As a result, the diglycidyl ether of
bisphenol A/DA-MWCNTs constituted an effective system with enhanced heat dissipation of materials for electronic applications.
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INTRODUCTION

The epoxy adhesive has become an interesting thermosetting
polymer for many diverse engineering applications requiring
high reliability and endurance, including applications in the
electronics, automotive, aeronautics, and construction indus-
tries. This has occurred because of its outstanding adhesive
strength to a large variety of materials, long working time, good
mechanical strength, and solvent and moisture resistances.
Additionally, the final performance of epoxy adhesive can be
easily controlled by the variation of the curing agent and cata-
lyst and the curing conditions." However, neat epoxy resin still
has several drawbacks for use in electronics packaging, in partic-
ular, its low heat dissipation, which leads to stress cracking as a
result of heat accumulation. Therefore, the thermal conductivity
of epoxy needs to be improved.

Many researchers have made noteworthy efforts to manipulate
the properties of epoxy by the addition of highly capable fillers
into the matrix.””” Currently, multiwalled carbon nanotubes
(MWCNTs) have become intensively attractive as potential rein-
forcing materials in the polymer nanocomposites because of
their exceptional characteristics, including their extremely high
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aspect ratio (>1000), high thermal conductivity (3000 W m™'

K™ ! at room temperature), high tensile strength (50-200 MPa),
high Young’s modulus (~1.2 TPa), and ultralight weight.*™"'
Likewise, the commercial-scale production of high-purity and
low-cost MWCNTs has been already accomplished.'>'* Hence,
polymer/carbon nanotube (CNT) nanocomposites have been
suggested for the development of advanced materials with high
thermal dissipation. Unfortunately, the optimal properties of
polymer/CNT nanocomposites are far from what we expected
because the incorporation of CNTs into the polymer matrix
results in two critical problems, that is, the poor dispersion of
entangled CNTs in organic solvents and polymers and weak
interfacial interaction between the CNTs and polymer matrix
because of their high specific surface area and strong van der
Waals forces between the individual tubes. The modification of
the surface chemistry of CNTs is, therefore, of special import
for obtaining processing and probable applications for them in
polymer nanocomposites.'*"”

The noncovalent modification has been carried out to increase
the dispersibility of CNTs in organic solvents and the polymer
matrix because the conjugated system of CNTs was undisrupted.
The polymer wrapping technique was achieved by the covering
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of the individual CNTs with the polymer through van der Waals
interactions and 77 stacking between the aromatics rings of
the polymer chains and the CNT surface; this prevented their
aggregation.'® Furthermore, the physical adsorption of the sur-
factant can reduce the rebundling of the CNTs because the elec-
trostatic/steric repulsive forces of the surfactant overcome the
van der Waals interactions.'” However, the main disadvantage
of noncovalent modification is that the interfacial interaction
between the CNTs and polymer matrix is inherently weak and
unstable. Therefore, the covalent modification of CNTs is an
alternative method for the better dispersion of CNTs. Generally,
CNTs are intrinsically inert because of the nature of the aro-
matic structure on the surface. Thus, the introduction of reac-
tive functional groups on their surface has always been carried
out under harsh reaction conditions, and this causes serious
structural damage and deterioration of the properties of the
nanocomposites. For example, MWCNTs functionalized via oxi-
dative acid treatment with various chemical oxidants (e.g.,
HNOs;, H,SO4, KMnO,) have shown increased concentrations
of oxygen-containing functional groups in conjunction with
unwanted sidewall damage and nanotube shortening, which
could disturb the 7-electron cloud.””?° Also, many separation
and purification steps of synthesized CNTs were unavoidably
necessary to eliminate residual chemical reagents and impurities.
From this reason, the chemical functionalization method with
minimum damage on the molecular framework of CNTs and a
simple synthesis protocol is expected to be a new challenging
technique for preserving the strength improvement of CNT
nanocomposites.

Friedel-Crafts acylation is a promising and effective approach for
the purification and functionalization of nanotubes in a one-pot
procedure.”' > Furthermore, this reaction can be carried out to
functionalize other carbon-based materials, for example, gra-
phene,*® nanodiamonds,”” and fullerene,”® for the preparation of
polymer nanocomposites. MWCNTs are functionalized via an
electrophilic aromatic substitution reaction, in which the electro-
phile is a carbocation, in a mild poly(phosphoric acid) (PPA)/
phosphorus pentoxide (P,Os5) medium without damage to the
CNTs. This maintains the unique properties of the MWCNTs
and enhances the good dispersibility and better interfacial inter-
action between the CNTs and the polymer matrix. This outcome
can offer great versatility in many applications.

There is still one topic concerning the preparation of nanocom-
posites containing functionalized MWCNTs. In the curing pro-
cess of unfilled epoxy resin, the reactive groups of the curing
agents directly couple with the oxirane rings of the epoxy
matrix via a ring-opening reaction under high-temperature con-
ditions; therefore, the curing behavior and final properties for
the neat epoxy system are not very difficult to manipulate. In
case of MWCNT-filled epoxy nanocomposites, it is possible that
the functionalities on the surfaces of the untreated and treated
MWCNTs can affect the curing mechanism on heating (noniso-
thermal conditions); this results in a more complicated curing
reaction. In our previous studies,””® we found that the grafting
of functional groups on MWCNT surface significantly acceler-
ated the curing reaction of epoxy nanocomposites; however, the
curing parameters, including the reaction order, have still not
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been deeply examined. Consequently, the main aim of this
study was to investigate the effect of the functionalization of
diaminobenzoyl moieties on the MWCNT surface [diaminoben-
zoyl multiwalled carbon nanotubes (DA-MWCNTs)] and to
compare them with untreated as-received multiwalled carbon
nanotubes (AS-MWCNTs) with respect to the curing behavior,
mechanical and thermal properties, and thermal conductivity of
the epoxy—anhydride nanocomposites. The surface chemistry of
the MWCNTs was analyzed with X-ray photoelectron spectros-
copy (XPS), and the MWCNT dispersion in the epoxy matrix
was observed by scanning electron microscopy (SEM). Further-
more, the curing kinetics was also examined with differential
scanning calorimetry (DSC) in nonisothermal mode along with
the theoretical models to elucidate the curing parameters.

EXPERIMENTAL

Materials

Diglycidyl ether of bisphenol A with an epoxide equivalent
weight (EEW) of 189 g/equiv purchased from Dow Chemical
Co. was used as epoxy-based polymer (EP). Hexahydro-4-
methylphthalic anhydride (96%) was used as the curing agent.
AS-MWCNTs were obtained from Chengdu Organic Chemicals
Co. (Chinese Academy of Sciences). These nanotubes were fur-
ther functionalized with 3,5-diaminobenzoic acid via a direct
Friedel-Crafts acylation in a mild PPA/P,Os medium to obtain
the DA-MWCNTs. The processing conditions of the functionali-
zation were described in more detail in our previous
articles.””?® The AS-MWCNTs and DA-MWCNTs were used as
filler in this study.

Composite Fabrication

An amount of functionalized MWCNTs at a filler content of 0.3
vol % was first sonicated in the curing agent, which acted as a
dispersing agent because of its low viscosity, for 30 min to
enhance the dispersion of the fillers. The epoxy resin was then
added to the mixture and stirred until it was homogeneous.
The catalyst was dissolved in the mixture by ultrasonication for
30 min. The resulting mixture was degassed in a vacuum oven
and was then transferred to an aluminum mold. A small quan-
tity of fresh sample was taken for DSC analysis. After it was
cured at an elevated temperature, the sample was slowly cooled
down to room temperature. The mold was peeled off, and the
sample was polished for further investigation.

Characterization

XPS was used to evaluate the surface chemistry of the MWCNTs
on the uppermost surface about 10-15 nm in depth. XPS analy-
sis was performed with an AMICUS photoelectron spectrometer
equipped with an Mg Ko X-ray as a primary excitation and
KRATOS VISION2 software. The XPS survey spectra were col-
lected at binding energies of 0—1000 eV with a step size of 1 eV.
To examine more information about the chemical bonds of the
functional groups on the topmost surface of the samples, the
high-resolution photoelectron peaks were considered. The
deconvolution of the high-resolution XPS peaks was accom-
plished with a nonlinear curve-fitting program (Origin Pro 8.1
software). The Shirley method was chosen to create an XPS
baseline, and we subtracted this before quantification. After-
ward, the curve-fitting procedure was performed with an
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amplitude version of a Gaussian peak function fitting program;
this was repeated until an optimized peak shape was attained.

DSC was conducted to elucidate how the presence of MWCNTSs
decorated with different functional groups in the epoxy compo-
sites influenced their curing characteristics through a compari-
son with the neat epoxy resin. Nonisothermal experiments were
performed with DSC TA Instruments model 2910 DSC at differ-
ent heating rates (fis) of 3, 5, 10, and 20°C min~'. Samples of
fresh epoxy mixtures of approximately 5 mg were sealed into
aluminum pans and heated up to 350°C from room tempera-
ture under a nitrogen atmosphere at a flow rate of 50 mL
min~'. DSC data were then used to determine the degree of
curing (a), reaction rate (do/dt), and kinetic parameters.

The dispersion of carbon nanotubes in the epoxy matrix was
observed by a scanning electron microscope (Hitachi S-3400). The
cured samples were fractured in liquid nitrogen and subsequently
coated with a thin layer of gold before SEM measurement.

The dynamic mechanical properties of the epoxy composites
were investigated with a Pyris Diamond DMA instrument (Per-
kin Elmer). Bending mode was used at a frequency of 1 Hz for
all of the samples. The samples were heated from room temper-
ature to 200°C at a # of 5°C min~' under an N, atmosphere.

Laser-flash thermal conductivity measurements for the epoxy
matrix and their composites were accomplished in this study.
The thermal diffusivity of the samples was measured with an
LFA 1000 laser flash (Netzsch, Germany). The sample surface
was irradiated with a very short laser pulse, and the temperature
rise was measured on the opposite side of the sample; we then
used this to calculate the thermal diffusivity. The specific heat
capacity (C,) was measured with DSC (PerkinElmer Pyris Dia-
mond differential scanning calorimeter). In addition, the bulk
density of the specimen was measured by water displacement.

RESULTS AND DISCUSSION

Surface Chemistry of the Functionalized MWCNTs

Tt is well recognized that the functionalities on the filler surface
had a substantial influence on the reactivity divergence, fre-
quently altering the curing characteristics and leading to changes
in the final properties of the reinforced epoxy composites. Conse-
quently, XPS analysis was applied to distinguish the chemical
compositions of the uppermost surface of the MWCNTs before
use. The XPS survey spectra of the AS-MWCNTs and DA-
MWCNTs are displayed in Figure 1. The major peaks of the Cls
and O1s photoelectrons were observed in all of the survey spectra
at about 285 and 534 eV, respectively.”">* This result revealed
that the surface of the unmodified MWCNTs had a small amount
of oxygen-containing functionalities, which were unintentionally
produced from carbon impurities during the purification of the
as-produced MWCNTSs, for example, during the use of strong
oxidizing agents, such as concentrated acids.”® In comparison
with the AS-MWCNTs, the intensity of the Cls peak decreased
noticeably, whereas the Ols peak increased for the DA-
MWCNTs. This was due to the fact that during the functionaliza-
tion, the carbon atoms were bothered, and this generated addi-
tional defects in which the ring structure of the MWCNTs was
opened and the oxygen-containing functionalizing reactants were
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Figure 1. XPS survey spectra of the (a) AS-MWCNTs and (b) DA-
MWCNTs. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

attached and stabilized in the MWCNTS’ structures. As a result,
the O/C ratio of the DA-MWCNTs (0.20%) was two times that of
the AS-MWCNTs (0.11%). Moreover, the N1s peak was observed
only in the XPS survey spectrum of the DA-MWCNTs at about
400.2 eV; this was attributed to a primary amine bonded with
C=C bond and indicated the effective grafting of diaminoben-
zoyl moieties on their surface.’** On the basis of the known
chemical structure and the atomic composition of the grafted
functional group, the degree of functionalization of the diamino-
benzoyl moieties on the MWCNT surface was calculated to be
approximately 3.37%.

To clarify the functional groups and the chemical bonding on the
surface of MWCNTS, curve fitting of the characteristic peaks in
the XPS survey spectra was accomplished. The high-resolution
XPS spectra for the Cls region were deconvoluted into many indi-
vidual peaks, as demonstrated in Figure 2, which represents the
types of carbon bonding in the nanotube structure. There is gen-
eral agreement in the literature on the assignment of the peaks in
the Cls deconvolution.”***® The main peaks of the sp-hybri-
dized graphite-like carbon atoms (C=C) and the sp’-hybridized
diamond-like carbon atoms (C—C), or the defects on the nano-
tube structure, were found at 284.2-284.5 and 285.2-285.5 ¢V,
respectively. Various functionalities on the MWCNT surfaces were
observed as smaller peaks at 286.1-286.3 eV (C—O), 286.6 eV
(C—NH,), 287.4-287.6 eV (C=0), and 288.1 ¢V (COOH). In
addition, the peak assigned to the m—n* transition in aromatic
rings was observed at 290.8 eV. From the results, we found that
the relative contents of the different chemical states of carbon sig-
nificantly changed after the surface modification. In the acylation
of the MWCNTs, the —COOH groups of diamiobenzoic acid
were directly reacted with the defective sp> C—H groups on the
surface of MWCNT for the electrophilic substitution; this led to a
decrease in the C=C structure and an increase in the C—C struc-
ture in the DA-MWCNT samples. Furthermore, the XPS spectrum
of the acylated MWCNTs showed an increase in the concentration
of C=O0 as a result of the newly formed carbonyl linkages via Frie-
del-Crafts acylation and the detection of C—NH bonds; this con-
firmed the presence of diaminobenzoyl moieties on the surface of
the MWCNTs.
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Figure 2. High-resolution XPS spectra for the Cls region of the (a) AS-MWCNTs and (b) DA-MWCNTs. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Nonisothermal Curing Kinetics of the

MWCNT/Epoxy Composites

Nonisothermal DSC measurements with multiple fis are sug-
gested for reliable kinetic calculations.” Thus, the influence of
the incorporation of the AS-MWCNTs and functionalized
MWCNTs on the curing reaction of the epoxy-based composites
was investigated according to this technique. Figure 3 shows the
DSC thermograms tested at 3, 5, 10, and 20 °C/min. The exo-
thermic peaks shifted to higher temperatures as f increased
because of the shortened reaction times with higher fs. The
peak temperatures (T,s) of all of the samples were determined,
as shown in Table I. As clearly observed at lower fis, the addition
of the AS-MWCNTs and DA-MWCNTs changed the shape of the
curing profile. The epoxy composites reinforced with the
MWCNTs showed the main exothermic peak with a small
shoulder at very low temperatures. We recognized that the dif-
ferent functional groups established on the surface of MWCNTs
induced various crosslinking mechanisms at the early state. As
mentioned previously, in the AS-MWCNTs containing a small
amount of oxygen-containing functionalities, a small peak
appeared at a lower temperature and corresponded to esterifica-
tion of hydroxyl groups. This behavior was in accordance with a
literature report on the curing kinetics of epoxy/anhydride with

a low proportion of hydroxyl groups.** Meanwhile, T, of the
EP/DA-MWCNTs visibly shifted to a lower temperature, and the
shoulder peak was evident. This was mainly because, at low tem-
perature, the amine functional groups with high nucleophilic
characteristics rapidly attacked the oxygen atom to open the
epoxy groups and form a secondary amine; this accelerated the
curing reaction.*!

Generally, o and du/df can be determined from nonisothermal
DSC curves by means of the following expression****:

_ AHyp

o= Aty (1)
do do 1 dH
E:ﬁﬁ‘m(ﬁ)T @

where AH7 is the heat developed at any time t during the curing
reaction up to temperature T, AH, is the total heat associated
with a full curing reaction, and (dH/dt)r is the instantaneous
heat released at temperature T.

It is typically accepted that the most common rate of the curing
reaction in thermal analysis can be described in terms of the
function of temperature and the fractional conversion, as shown
in the following equation®*’:
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Figure 3. DSC thermograms of the (a) EP, (b) EP/AS-MWCNTS, and (c) EP/DA-MWCNTs at various fis. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Table I. Nonisothermal Curing Characteristics of the Epoxy Matrix and Composites at Various fis

Sample B (C minY T, (°C) In(B/T,2) 1T, E,

EP 3 222.81 -11.314 2.016 44.56
5 248.37 -10.904 1.917
10 281.15 -10.333 1.804
20 306.52 -9.729 1.725

EP/AS-MWCNTs 3 216.33 -11.288 2.043 40.78
5 248.38 -10.904 1.917
10 281.09 -10.333 1.804
20 304.62 -9.723 1.731

EP/DA-MWCNTs 3 205.35 -11.243 2.090 39.21
5 227.25 -10.821 1.998
10 262.34 -10.264 1.867
20 293.70 -9.684 1.764

(3)

where k(T) is the temperature-dependent rate constant of the
reaction and fla) is a function of the fractional conversion.
Commonly, k(T) is given by the Arrhenius equation:

k(T)=Aexp C{?)

(4)

where A is the pre-exponential factor, E, is the apparent activa-
tion energy, R is the universal gas constant, and T is the abso-
lute temperature. Then, the equation of do/dt can be expressed
as follows:

gy (2B .
Figure 4 shows the relationship between o and the curing tem-
perature for the nonisothermal reaction of the polymer matrix
and epoxy-based composites at different fs. With increasing f3,
all of the conversional curves shifted to higher temperatures. All
of the systems exhibited the characteristic profile of the sigmoi-
dal model. The curing reaction occurred slowly at relatively low
temperatures; then, the reaction was accelerated remarkably as
the temperature increased further. Finally, the reaction was

gradually decelerated, possibly because of the reduction of reac-
tants and the larger crosslinked networks produced; this inhib-
ited their mobility. The conversional curves evidently
differentiated at the beginning of the curing reaction (20-30%
conversion), especially at a low f of 3°C min~'. The conversion
was initiated at a relatively low temperature for EP/DA-
MWCNTs because of the higher reactivity of the amine groups
toward the epoxy groups.*"*® For the AS-MWCNTs, the pres-
ence of hydroxyl and other oxygen-containing groups on their
surface stimulated the ring opening of anhydrides and epox-
ides.*”*® As a result, the progressive conversion of these systems
was observed at a lower temperature than that of polymer matrix.
As depicted in Figure 5, do/dt gradually increased to its maximum
at some intermediate value of curing conversion («,) and after-
ward gradually decreased. As shown in Table II, it was noticeable
that do/dt reached its maximum at a slightly lower o, value with
the incorporation of MWCNTs into the polymer matrix. This was
related to the restrained mobility of the polymer chains. This was
probably because of the nanostructure with the extremely high
surface area and aspect ratio of the MWCNTs. Another reason for
this phenomenon was the formation of larger crosslinked struc-
tures, which were induced by the surface functional groups of the
MWCNTs. do/dt improved with increasing f3, as anticipated.
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Figure 4. Dependence of the fractional conversion on the temperature for the (a) EP, (b) EP/AS-MWCNTs, and (c) EP/DA-MWCNTS at different fis.
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viewed in the online issue, which is available at wileyonlinelibrary.com.]

To determine the appropriate kinetic model, E, was necessary.
Accordingly, the more accurate equation, often called Kissinger’s
equation, was used to examine the value of E, from the noniso-
thermal DSC results in this work. It is given as a following
equation.*’

E,
In % =Constant R;p (6)

where f is constant and T}, is from the nonisothermal DSC curve.

According to the slopes of the fitting straight lines of In(f/ sz)
against 1/ TP, as demonstrated in Figure 6, the E, values of all of
the formulations were evaluated. The calculated values for the
epoxy matrix and their composites are summarized in Table I.
The E, of epoxy matrix was 44.56 kJ/mol, whereas the E, values
of the epoxy composites decreased slightly because of the cata-
Iytic effect of the MWCNTs. The values of E, were 40.78 and
39.21 kJ/mol for systems filled with the AS-MWCNTs and DA-

Table II. Characteristic Peak Values of do/dt, y(o), and z(«) for the Epoxy
Matrix and Composites at Different fis

Sample pCminY) o o op™
EP 3 0.601 0.551 0.601
5 0.636 0.566 0.652
10 0.671 0.644 0.679
20 0.700 0.673 0.700
Mean 0.652 0.609 0.658
EP/AS-MWCNTs 3 0.595 0478 0.642
5 0.645 0.606 0.645
10 0.664 0.640 0.685
20 0.639 0.618 0.639
Mean 0.636 0.585 0.653
EP/DA-MWCNTs 3 0.550 0.402 0.579
5 0.610 0418 0.628
10 0.661 0.588 0.661
20 0.650 0.619 0.674
Mean 0.618 0.507 0.636
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MWCNTS, respectively. This was in agreement with the previous
observation that the E, decreased sharply for the resin system
containing surface-treated fillers.*>>® Thus, the AS-MWCNTs
and DA-MWCNTs had catalytic effects on the initial curing pro-
cess; this was also evidenced by decreased T,

Afterward, the Malek approach was used to find the appropriate
fla) with the data obtained from the nonisothermal DSC mea-
surement.***">? Two precise functions, y(o) and z(), were con-
structed; these were approximated by the following equations:

0= (5 ) e 0 o)
)= (5 ) 570 ®

where y is the reduced activation energy (E,/RT) and =n(y) is

the fourth-order rational expression of the temperature integral,

as follows:>>>*

22 +18,2+88+96

N 9
(%) 73 +203+120y%+240+120 ©

y(o) and z(a) were normalized and plotted as a function of the
conversion, as shown in Figure 7. The shape of the master

9
39.21 kimol ™
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Figure 6. Kissinger plots of ln(ﬁ/sz) versus 1/T, for the (a) EP, (b) EP/
AS-MWCNTs, and (c) EP/DA-MWCNTs. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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Figure 7. Normalized y(«) and z(o) values against conversion for the (a) EP, (b) EP/AS-MWCNTS, and (c) EP/DA-MWCNTs at a constant f# of 10°C/
min. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

curves was characteristic for a specific reaction model. The con-
version at the maximum peak value of the normalized y(«) and
z() curves were defined as oy, and «,”, respectively. All of the
values of Oy Opp and otpoo are tabulated in Table II. We observed
that 0 <oy <o, and o, #0.632 for all systems; thus, the
two-parameter autocatalytic model, as a truncated Sestdk-—
Berggren (SB) model or SB(m,n) equation, was more suitable
for elucidating the curing kinetics.*>** This empirical model is
provided in the following equation:

f(2)=(1-0)"
Rewriting eq. (5) with the SB(m,n) function gives
do

5 - Aep (mn)a"(1-a)

where m and n are kinetic parameters. Taking the natural loga-
rithm on both sides of eq. (11) and rearranging yields

(10)

(11)

In {(%) exp (/)} =Iln A+nln [ocm/”(l—ot)} (12)
where
m
M= m+n (1)

n could be estimated from the slope of eq. (12). Then, the m
value could be calculated from eq. (13). m, n, and In A obtained
from the SB(m,n) model of the epoxy—anhydride systems filled
with AS-MWCNTs and functionalized MWCNTs are summar-
ized in Table III. The overall reaction orders were 3.032, 2.956,
and 2.206 for the EP, EP/AS-MWCNTs, and EP/DA-MWCNTs,
respectively. The m value tended to decrease in the order
EP < EP/AS-MWCNTs < EP/DA-MWCNTs, whereas the n value
changed slightly. The small amount of hydroxyl groups and
oxygen-containing groups on the AS-MWCNTs accelerated the
curing mechanism at the early stage; however, no effect was
observed on the overall reaction. Meanwhile, the reaction orders
were reduced remarkably by the addition of DA-MWCNTs into
the systems; this might have been due to the steric hindrance of
crosslinked networks generated via reactive amino functional
groups from the nanotube surface in the early steps of the cur-
ing reaction; this restricted the mobility of the reactive
molecules.”

Mnﬁ‘i& WWW.MATERIALSVIEWS.COM
1

Dispersion of the MWCNTs in the Epoxy Nanocomposites
The degree of dispersion of the CNTs in the polymer matrix
strongly influenced the mechanical and thermal properties and
the thermal and electrical conductivities of the polymer nano-
composites. The SEM images in Figure 8 illustrate the disper-
sion of the AS-MWCNTs and DA-MWCNTs in the
cryofractured surfaces of the epoxy nanocomposites. Although
the AS-MWCNTs had the oxygen-functionalities, which could
interact with the epoxy matrix, the entangled AS-MWCNT bun-
dles were obvious. On the contrary, the DA-MWCNTs were well
dispersed in the nanocomposites as a result of the improved
interfacial interactions between the benzoyl moieties of the DA-
MWCNTs and the epoxy matrix.

Dynamic Mechanical Properties of the MWCNT/Epoxy
Composites

The storage moduli E' and loss moduli E” of the epoxy compo-
sites recorded at 1-Hz frequency are illustrated in Figure 9. The

Table III. Calculated Kinetic Parameters from the SB(m,n) Model for the
Epoxy Matrix and Composites at Different fis

Sample BeCmin™Y) m n In A

EP 8 1.028 0.838 9972
5 1252 0958 10.222
10 2441 1352 11.370
20 2867 1.392 11.480
Mean 1.897 1135 10.761

EP/AS-MWCNTs 3 1.300 0.884 8.806
5 1808 1175 9.445
10 1958 1.101 9628
20 2222 1374 10.719
Mean 1822 1.134 9.650

EP/DA-MWCNTs 3 0.546 0812 8.013
5 0.530 0.738 8.329
10 1.604 1126 9441
20 2149 1.322 9.953
Mean 1.207 0999 8934
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Figure 8. SEM images of the cryofractured surfaces of the epoxy nano-
composites containing the (a) AS-MWCNTs and (b) DA-MWCNTs.

storage modulus at room temperature of the epoxy resin with-
out the MWCNTs (EP) was approximately 1.56 GPa. The stor-
age moduli in the glassy state increased to 2.42 and 2.64 GPa
with addition of 0.3 wt % AS-MWCNTs and DA-MWCNTs,
respectively, as a result of the reinforcing effect of the CNTs.
This result was in agreement with the work done by Montazeri
et al,>® who investigated the viscoelastic properties of the epoxy
composites containing untreated MWCNTs. They reported that
the glassy storage modulus was enhanced as a function of the
MWCNT loading and eventually dropped at loadings higher
than 0.5 wt % because of the agglomeration of MWCNTs. The
surface functionality also affected the mechanical properties of
the composites. Namely, the oxygen-containing groups on the
AS-MWCNTs and the amino groups on the DA-MWCNTs
decreased the van der Waals forces among the nanotubes and
possibly reacted with the epoxide ring of EP via a ring-opening
reaction; this led to improved interfacial adhesion and better
load transfer between the MWCNTs and the epoxy matrix.
Because the amino groups were more reactive toward nucleo-
philic addition in the curing reaction than the hydroxyl or car-
boxyl groups, the crosslinking reaction in the EP/DA-MWCNTs
was significantly pronounced in comparison with that in the
EP/AS-MWCNTs; this resulted in stronger interfacial interaction
and higher mechanical properties in the EP/DA-MWCNTs.
Salam et al’” also reported a similar trend, in which epoxy

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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nanocomposites containing 0.2 wt % MWCNTs treated with
amino and carboxyl groups showed an improvement in the
glassy storage modulus of about 47% in comparison with the
neat epoxy. A slight increase in the storage modulus in the rub-
bery plateau region, which principally refers to the crosslink
density in the polymer matrix, for EP/DA-MWCNTs confirmed
the promoted crosslinking reaction in the epoxy matrix. Accord-
ing to our previous study,”® we found that the crosslink den-
sities of the EP, EP/AS-MWCNTs, and EP/DA-MWCNTs were
approximately 5.1, 5.3, and 5.8 mmol m ™", respectively.

The glass-transition temperature (T,) was investigated from the
maximum value at the peak of the loss modulus curve; this cor-
responded to the initial drop from the glassy state into the rub-
bery state. The change in the glass transition was attributed to
the increase in the molecular mobility when the molecular chain
obtained adequate energy to overcome the configurational rear-
rangements of the polymer chain backbones. The results reveal
that the loss modulus peak shifted to a higher temperature with
the values ranging from 131 °C in the epoxy matrix to 134°C in
the EP/AS-MWCNTs and 136°C in the EP/DA-MWCNTs. It is
well known that T, of materials involved the mobility of the
polymer chain or free volume fraction. The addition of
MWCNTs possibly hindered the chain mobility of the matrix
and reduced the free volume fraction; this resulted in the
enhancement of T,.

Thermal Conductivity of the MWCNT/Epoxy Composites

To enhance the ability of heat dissipation for the polymer com-
posites, intrinsic thermally conductive fillers with extremely
high aspect ratios were often used. As shown in previous publi-
cations, the MWCNTs at low filler loadings exhibited high per-
formance in the formation of heat-conductive pathways along
the matrix because of their characteristic aspect. However, the
surface functional groups intensively affected the formation of
effective heat-conductive pathways. Hence, thermal conductivity
of the MWCNTs/epoxy composites with various functional
groups was calculated as follows:

10" EP

E' EP/AS-MWCNTSs
EP/DA-MWCNTs

©

Modulus (Pa)
= =
Qu o
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~

[
o
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Figure 9. Dynamic mechanical properties (storage moduli E' and loss

moduli E’) of the matrix and composites at a frequency of 1 Hz. [Color

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

library.com. ]
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Table IV. Thermal Conductivity for the Epoxy Matrix and Composites

WILEYONLINELIBRARY.COM/APP

CIENC

Sample o (mm? s plgem™) CodgtC™? KWm™ 1K™ Kr (%)?
EP 0.108 1.1825 1.229 0.157 100
EP/AS-MWCNTs 0.116 1.1866 1.369 0.182 116
EP/DA-MWCNTs 0.118 1.1838 1.381 0.193 123

2Kk, relative thermal conductivity of composites (Keomposite X 100/Kmatrid), Where Kiatrix is thermal conductivity of EP and Keomposite is thermal conduc-

tivity of epoxy composites filled AS-MWCNTs and DA-MWCNTSs.

K=0pC, (14)

where K is the thermal conductivity of the composites, o is the
thermal diffusivity, and p is the density.

The thermal conductivity of the cured epoxy and epoxy/
MWCNT composites is summarized in Table IV. The thermal
conductivity values were 0.193, 0.182, and 0.157 W m~' K™
for the EP/AS-MWCNTs, EP/DA-MWCNTs, and EP, respec-
tively. In theory, the strong covalent bonding between the car-
bon atoms of the tubes and the matrix as a result of the surface
functionalization of MWCNTs could act as the scattering center
for thermal energy carriers, increasing the boundary scattering
losses and thus decreasing the thermal conductivity. With
molecular dynamics simulations, Fadgett and Brenner™® pre-
dicted that the chemical attachment of 1% of the carbon atoms
on a pristine single-walled CNT surface with phenyl rings
decreased its intrinsic thermal conductivity by greater than a
factor of 3. However, the EP/DA-MWCNTs showed a higher
thermal conductivity than the EP/AS-MWCNTs; this could be
explained in terms of the difference in the reactivity of the func-
tional groups existing on the nanotubes. The amino groups
established on the DA-MWCNTs effectively reacted with the
epoxy rings of EP; this led to an improvement in the interfacial
heat transport between the epoxy matrix and the MWCNTs as
well as a good dispersion of MWCNTs in the matrix for better
continuity of the heat-conductive pathway. In contrast, the
oxygen-containing functional groups on the nonfunctionalized
MWCNTs could only induce the ring-opening addition of the
curing reaction; this resulted in weak interfacial interactions and
the formation of a looser crosslinked network. Therefore, the
EP/DA-MWCNTs provided a higher thermal conductivity than
the EP/AS-MWCNTs; this is generally related to a high thermal
dissipation. Also, this result implied that the enhanced heat
transport at the interface and the dispersability of the MWCNTs
in the matrix were the dominant factors facilitating the transfer
of thermal energy across the matrix-MWCNT interface. This
was in agreement with the results of previous studies by Yang
et al”® and Khare et al,”® who studied epoxy composites con-
taining CNTs grafted with triethylene tetraamine and amido—
amine groups, respectively.

CONCLUSIONS

XPS analysis was applied to distinguish the chemical composi-
tions of the uppermost surface of the AS-MWCNTs and DA-
MWCNTs. This result revealed that there was a small number of
oxygen-containing groups established even on the surface of the

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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unmodified sample. The Nls peak was observed only in the
XPS survey spectrum of the DA-MWCNTs at about 400.2 eV
and was attributed to the primary amine bonded with C=C
bond; this indicated the effective grafting of diaminobenzoyl
moieties on their surface via a direct Friedel-Crafts acylation in
a mild PPA/P,Os medium. According to nonisothermal DSC
analysis, the reactive functional groups present on the surfaces
of the AS-MWCNTs and DA-MWCNTs accelerated the nucleo-
philic addition reaction of the epoxy composites. This induced
decreases in the exothermic T, and the activation energy. Differ-
ences in the fractional conversion and do/dt of the curing pro-
cess were evident, remarkably, at the early stage. Additionally,
the Malek approach revealed that the two-parameter autocata-
lytic model, as a truncated SB model, was more suitable for elu-
cidating the curing kinetics. It was noticeable that do/dt reached
its maximum at lower o, values for the MWCNT-incorporated
epoxy composites. The reaction orders were also reduced by the
addition of MWCNTs into the systems. Furthermore, it was
found that DA-MWCNTs were well dispersed in the epoxy com-
posites in comparison with AS-MWCNTS owing to the presence
diaminobenzoyl The DA-MWCNTs
acheived better interfacial interactions between the nanotubes

of reactive moieties.
and the matrix and a higher crosslink density; this, thereby,
provided more effective load transfer and heat-conductive path-
ways. The epoxy composite modified with DA-MWCNTs thus
presented a higher T, and a higher thermal conductivity; this
resulted in the enhancement of heat dissipation.
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