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Abstract

Epoxy composites reinforced with single
walled carbon nanotube (SWNT), multi-walled
carbon nanotube (MWNT), and two different sizes of
exfoliated graphite nanoplatelet (xGnP) were
fabricated and their flexural properties were
compared. xGnP has the potential to replace SWNT
and MWNT as reinforcement materials for polymer
composites. xGnP/epoxy composites were also
prepared in the presence of various surfactants and
charged polymers in order to enhance the dispersion
of xGnP as well as to improve the compatibility
between xGnP and epoxy matrix.. The effect of the
addition of the surfactants and charged polymers
was evaluated.

1 Introduction

Exfoliated graphite nanoplatelet (xGnP™) is a

promising nanostructured carbon which can be used
not only as a nanoreinforcing material for polymer
composites with excellent mechanical, thermal and
electrical properties but also as a support or an
electrode material for high efficient energy storage
devices [1, 2]. The potential applications of xGnP
result from control of its size and modification of its
surface chemistry.

The surface of xGnP consists of the basal plane
area and the edge area. Excellent dispersion is
required for a nanoparticle to be a good
reinforcement material. The xGnP surface should
have some functional groups compatible with matrix
materials, i.e., chemical groups similar to the
structure of polymer matrix. Various surface
treatment methods can be applied for xGnP surface
modification: chemical oxidation in oxidative acids,
plasma treatment, and UV/ozone treatment [3~5].
However, such methods are sometimes inconvenient
and inconsistent. In addition, they also create only

few percent of oxygen-containing functional groups
mostly at the edge area of xGnP, not on the basal
plane which is much larger than the edge. Hence, it
is of great importance to enhance compatibility with
the matrix via the introduction of functional groups
on the basal plane area. The choice of dispersants as
processing aids in carbon nanostructures-polymer
composites is also very important due to their ability
to disperse carbon nanostructures in a polymer
matrix, preventing the aggregation of carbons which
negatively affects mechanical and electrical
performance of the composites [6, 7].

In this research, two systems of polymer
composites have been prepared. One is epoxy
composites reinforced with SWNT, MWNT, and
XGnP. The other is xGnP/epoxy composites
fabricated in the presence of a variety of surfactants
and polyelectrolytes to enhance the dispersion of
XGnP and increase an interfacial interaction of
XGnP-epoxy at the same time. Mechanical, thermal,
electrical, and morphological properties of those
composites were measured to evaluate XxGnP as a
reinforcement material and investigate the effect of
XGnP size and the presence of dispersants on the
composite properties.

2 Experimentals

2.1 Materials

Two sets of diglycidyl ether of bisphenol-based
epoxy resins/curing agents were applied; one is
Epon828/triethylenetetramine (TETA) and the other
is Alardite LY1556US/m-phenylenediamine (m-
PDA). All of the surfactants and charged polymers
shown in Figure 1 and 2 were available from Aldrich
and used as received. XxGnP with 1 and 15um in
average size denoted as xGnP-1 and xGnP-15,
respectively was used as reinforcements. Figure 3
shows typical TEM images of xGnP. The thickness
of XxGnP is about 10 nm regardless of its size. SWNT
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(d = 1~2nm, | < 50um) and MWNT (d < 8nm, | <
2um) from Cheap Tubes were also used for
comparison purpose.
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Fig.1. Chemical structures of surfactants used.

£CH2 CHZ}
L J
a-
cry”* et

Poly(diallydimethylammonium chloride
(PDAC)

%CW(&WW% T
o

CH,CH,NH,

Polyethylenimine (PEI)

C
0 9 "0 Hd 0d ocH,

i . Polyacrylic acid
Poly(styrene-alt-maleic anhydride (PS-alt-MA) (PAA)

o
%(IZH—CHZELT

Polyvinylpyrrolidone (PVP)

Fig.2. Chemical structures of polyelectrolytes used.

Fig.3. Typical TEM image of xGP (cale bar: 100
and 5nm)

2.2 Sample Preparation and Characterization

For surfactant- and polyelectrolyte-assisted
XGnP-15/epoxy composites, 6g of Epon828 was first
sonicated with 10mL acetone in which desired
amount of surfactants or charged polymers were
already dissolved. The amount of xGnP-15

{NHCHZCHZ}—ET—CHZCHZ%
X y
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corresponding to 2, 4, and 6wt. % wad added. After
ultrasonication for another 20min, the mixture was
placed in an oven at 60°C for 2hrs and vacuumed for
complete evaporation of the solvent. A curing agent,
TETA, was added to the mixture, followed by
degassing under vacuum in order to remove air. The
degassed suspension was transferred to a silicon
molder, followed by curing overnight at room
temperature and then postcuring in an oven at 100°C
for 3 hours.

For CNT and xGnP-filled epoxy composites,
epoxy resins containing 1wt.% of SWNT, MWNT,
or XGnP was processed in the three-roll mill
(EXAKT 80E). The speed of the roll was fixed at
250rpm. The mixture was passed through 3, 3, and 5
times at 20, 10, 5um gap size, respectively. After the
three roll mill processing, a curing agent, m-PDA,
was added and the other procedures are similar as
described above.

The modulus of the composites was measured
with Dynamic Mechanical Analysis (DMA) from
TA Instruments. Thermal conductivity at low
temperature was measured Differential scanning
calorimetry (DSC) with at least 5 samples. Electrical
conductivity measurements were made after gold
electrodes were sputtered on the plasma-treated
surfaces on the composites (2cm x 3cm x 0.2cm)
and the two-probe method was used. Morphological
properties were investigated with Scanning electron
microscope.

3 Results and Discussion

3.1 Mechanical Properties

The flexural properties of epoxy composites
reinforced with MWNT, SWNT, xGnP-1 and xGnP-
15 were investigated and their results are shown in
Figure 4. While xGnP-1 and MWNT had little effect
on the improvement of composite modulus, the best
reinforcing effect was obtained from xGnP-15 and
SWNT. This suggests the possibility of replacing
SWNT and MWNT with xGnP optimized in its size.
In addition, xGnP provided the better processability
than carbon nanotubes.

In terms of composite strength, only xGnP-1
showed a positive effect but the others resulted in its
decrease. This result may come from insufficient
mixing cycles because especially in the case of
xGnP-15, there were micron-scale agglomerates
found at the end of three roll mill process. Based on
the observation, longer mixing cycles at 10 and 5um



gap size are required to enhance filler dispersion and
reduce filler agglomerates.
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Fig.4. Comparison of flexural modulus (top) and
strength (bottom) of epoxy composites reinforced
with MWNT, SWNT, xGnP-1, and xGnP-15.

The storage modulus of the composites
processed with and without the solvent was
investigated. It was confirmed that the effect of a
solvent on the mechanical property was negligible in
the whole concentration range of xGnP-15,
indicating that the solvent was almost completely
evaporated and did not cause the degradation of
epoxy. The effect of content of dispersants on the
composite modulus was also checked, from which
the optimal quantity of the dispersant was
determined. The highest modulus of the composite
was obtained at the presence of 10wt. % of
dispersants to xGnP-15 and thus the amount of the
dispersant added was fixed at 10wt. % to xGnP-15.

The data of the storage modulus measured for
2wt. % xGnP-15 composites prepared in the
presence of various surfactants are plotted in Figure
5. Only 4 surfactants such as Triton X-45, Triton X-
114, GAENPE, and SDBS produced an increase of
the composite modulus beyond the error margin of
unmodified composite. The improvement by Triton
X-45, Triton X-114, and GAENPE, and SDBS
compared to the other surfactants can be explained
in terms of graphite-surfactant interactions, alkyl
chain length, and headgroup size [8]. All of them
have commonly a benzene ring. The n-like stacking
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of the benzene rings onto the basal plane of xGnP-15
contributes to an increase in the binding energy and
surface coverage of surfactant molecules to xGnP-
15. The different result between Triton X-45 (or
Triton X-114, GAENPE) and Triton X-100 arise
from the size of headgroup. Although Triton X-100
has a benzene ring, it has larger headgroup than
Triton X-45 and Triton X-114. The larger headgroup
of Triton X-100 may decrease its packing density on
XxGnP-15, resulting in less improvement compared to
the other Triton series. The different responses of
SDBS and Triton X-45 or Trion X-114 arise from
different headgroup and chain length. The
headgroup of two Triton is polar and larger than that
of SDBS; its large size lowers its packing density
compared to that of SDBS. The alkyl chain of SDBS
is longer than that of the Tritons; its longer alkyl
chain increases interaction between xGnP-15 and
SDBS by van der Waals attractions. Surfactants with
small headgroup in hydrophilic part and a benzene
ring and long alkyl chain seem to be preferred
according to the results of Trion series and SDBS.
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Fig.5. The storage modulus of the xGnP-15/epoxy
composites fabricated with various surfactants.

Figure 6 shows the effect of the type of
charged polymer on the composite modulus. The
substantial increase of the composite modulus was
obtained from PS-alt-MA and PAA. The increased
modulus of PAA-modified composite may be
attributed to the carboxylic groups of PAA which
may participate in hydrogen bonding with the epoxy
matrix. In the other hand, PS-alt-MA, as shown in
Figure 2, has both benzene rings and -COOH and —
COOCHg; in its structure. The former helps to
increase the interaction between xGnP-15 and PS-
alt-MA through n-like stacking and the latter helps
to improve interaction with the epoxy through
hydrogen bonding. Hence PS-alt-MA was superior
to PAA in improvement of the composite modulus.
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Fig.6. The storage modulus of the xGnP-15/epoxy
composites fabricated with polyelectrolytes

SDBS- and PS-alt-MA-assisted composites
with  different xGnP-15 concentration were
fabricated and their storage moduli were compared
with that of unmodified xGnP-15/epoxy composite.
The result is shown in Figure 7. The composites
modified with SDBS and PS-alt-MA showed higher
modulus than the unmodified composite in the range
of xGnP-15 content investigated. PS-alt-MA has a
higher concentration of the benzene ring moiety
which enhances interaction between xGnP-15 and
dispersant and hydrophilic groups which interact
with epoxy than SDBS. This is the reason that PS-
alt-MA was more effective than SDBS for the
mechanical properties of the composite.
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Fig.7. The effect of xGnP-15 concentration of epoxy
composites prepared without ((¢) and with SDBS
(4a) and PS-alt-MA (m).

3.2 Morphological Properties

Figure 8 compares SEM images of the xGnP-
15 on the fracture surface of control epoxy and the
XGnP-15/epoxy composites with and without the
addition of the PS-alt-MA which provides the best
improvement of the composite modulus among other
surfactant and charged polymers. Control epoxy
gave a featureless image as in Figure 8a. A low
magnification macroscopic view of the fracture
surfaces reveals signs of a tougher and stronger
material for the composite with the PS-alt-MA than
without it, as shown in Figure 8b and 8c. The
fracture surface with just xGnP-15 is relatively
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smooth, while the fracture surface with xGnP-15 and
PS-alt-MA is relatively rough. The difference in the
surface roughness explains the different modulus of
XGnP-15/epoxy composites fabricated with and
without PS-alt-MA. However, significant
enhancement of xGnP-15 dispersion in epoxy with
the addition of PS-alt-MA could not be quantified.

Flg 8. SEM |mages of (a) control epoxy and xGnP-
15 composites fabricated (b) without and (c) with
PS-alt-MA.

Figure 9 shows how xGnPs are normally
dispersed in epoxy in the presence of PS-alt-MA.
Two top pictures in Figure 9 are images of the
agglomerated individual xGnP-15, which explain
imperfect dispersion even with the addition of a
dispersant as well as reveal the further room for the
enhanced dispersion of xGnP-15 resulting in further
improvement of the composite modulus. Two
bottom pictures in Figure 9 show a typical shape and
size of xGnP-15 used in this experiment and
dispersed individual xGnP-15 separated from the
agglomerates of xGnP.
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Fig.9. Scanning electron micrographs of xGnP-15
particles dispersed in PS-alt-MA-modified xGnP-
15/epoxy composite.

3.3 Thermal Properties

DSC measurement is also a useful method for
the quick estimation of the thermal conductivity (K)
of these materials. The slope of the melting curve of
a ‘standard’ metal combined with the sample can be
used for the calculation of the thermal conductivity
of materials because the slope is proportional to the
conductivity of samples [9]. Equation (1) is used to
calculate the thermal conductivity of the composites
assuming the thickness of samples was kept uniform
through DSC measurement.

S
K, =K, o =
X s ESS] (1)

where K, K, Sy, and Ss represent the thermal
conductivity of the sample and reference materials
and the slope of melting curve of sample and
reference materials. For this experiment, a small
amount of Gallium (Ga, mp=29.7°C) of 42.6mg was
placed on the surface of the whole samples and
handled with a great care in order to keep it from
changing its contact area on the sample surface in
the middle of DSC measurement. The thickness of
samples was kept at 0.5mm + 0.01. A typical DSC
curve obtained for this calculation is shown in Fig.
10. As indicated in the plot, the slope (thick line) for
a known Pyrex glass (Ks=1.14) [10] is 0.2062 and
that (thin line) of epoxy 0.8661. Ky (zepoxy) = 0.2088
is obtained by the calculation of eq. (1) from data
mentioned above. It is believed that this value for
the thermal conductivity of epoxy is reasonable.

slope=0.0866

Heat flow (W/g)

slope=0.2062
27 28 29 30 31 32 33 34 35

Temperature (°C)

Fig. 10 DSC melting curves of Ga with pyrex glass
(K=1.14) and epoxy for estimating the thermal
conductivity.

The thermal conductivity of the XxGnP-
15/epoxy composites with and without the addition
of PS-alt-MA as a function of xGnP-15 loaded is
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shown in Figure 11. Compared to control epoxy, 2
times higher thermal conductivity was achieved with
only 2wt. % of xGnP-15 and 4 times higher thermal
conductivity with 6wt. % xGnP-15. Even though the
thermal conductivity increases with increasing
XGnP-15 content for unmodified and PS-alt-MA-
modified  xGnP-15/epoxy  composites,  the
composites with the addition of PS-alt-MA seemed
to show slightly higher thermal conductivity in the
composition range due to improved dispersion of
xGnP-15 and interaction between xGnP-15 and
epoxy.
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Fig. 11. The comparison of thermal conductivity of
xGnP-15 composites in the absence and the presence
of PS-alt-MA.

3.4 Electrical Properties

The electrical conductivity dependent on the
frequency for the xGnP-15/epoxy composites
prepared in the absence and the presence of PS-alt-
MA are plotted in Fig. 12. Pure epoxy shows a linear
decrease of the conductivity in double logarithmic
scale as the frequency decreases. This is typical
behavior of non-conductive materials in AC
impedance measurement. In the case of XxGnP-
15/epoxy composite prepared without PS-alt-MA as
shown in top plot of Figure 12, the electrical
conductivity is increasing with increasing xGnP-15
concentration and the conductivity becomes
independent of the frequency below 100Hz, which
indicates that the composite is relatively low
conductive. Similar results were obtained from the
composite with the addition of other surfactants and
charged polymers except for PS-alt-MA. However,
the behavior of the electrical conductivity for the
composites fabricated with the addition of PS-alt-
MA as in Figure 12 bottom plot shows similar to
that of control epoxy. The bulk conductivity of the
composite is related to the number of paths through
which an electrical current flows. Conduction
through the paths may be due to intimate contacts



between conducting particles as well as due to
tunneling effect if the distance between the particles
is less than a few hundred A [11]. If individual
XGnP-15 were well coated with PS-alt-MA, an
electrical current could not flow the path formed by
the intimate contact of xGnP-15 coated with PS-alt-
MA. The result of the electrical conductivity for the
composites with the addition of PS-alt-MA indicates
indirectly that each xGnP-15 is well encapsulated by
the charged polymer, PS-alt-MA.
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Fig.12. Electrical conductivity of the xGnP-
15/epoxy composites (top) without and (bottom)
with PS-alt-MA(e: epoxy, ®: 2wt.%, =: 4wt.%, :
6wt.% of xGnP-15).

4 Conclusions

XGnP with optimized size seemed to provide

reinforcing effect comparable to MWNT and SWNT.

Epoxy composites filled with xGnP-15 were
prepared in the presence of various surfactants and
charged polymers. The substantial increase of the
composite modulus was obtained only from the
addition of SDBS and PS-alt-MA. Both dispersants
have benzene ring favorable for n-like stacking of
the molecules on the surface of xGnP-15 as well as
small hydrophilic group interacting with epoxy
matrix. The thermal conductivity of PS-alt-MA-
modified composites showed slightly higher than
that of unmodified ones. Interestingly, the PS-alt-
MA-modified composites did not show any
electrical conductivity in spite of the increased
XGnP-15 content.
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