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a b s t r a c t

Carbon nanotubes (CNTs) were incorporated into polystyrene (PS) and poly(methyl methacrylate)
(PMMA) matrices via in situ emulsion and emulsion/suspension polymerization methods. The polymer-
izations were carried out using various initiators, surfactants, and carbon nanotubes to determine their
influence on polymerization and on the properties of the composites. The loading of CNTs in the compos-
ites varied from 0 to 15 wt.%, depending on the CNTs used. Morphology and dispersion of the CNTs were
analyzed by transmission and scanning electron microscopy techniques. The dispersion of multi-walled
carbon nanotubes (MWCNT) in the composites was excellent, even at high CNT loading. The mechanical
properties, and electrical and thermal conductivities, of the composites were also analyzed. Both electri-
cal and thermal conductivities were improved.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Since Iijima et al. brought carbon nanotubes (CNTs) to the
attention of the scientific community, the development of CNT-
based nanocomposites has been an topic of interest for researchers
around the world [1]. Carbon nanotubes have several outstanding
properties, such as very high mechanical strength combined with
low density, which makes them good filler candidates for poly-
mers. The Young’s modulus for single-walled carbon nanotubes
(SWCNTs) has been calculated to be in the 1 TPa range; for mul-
ti-walled carbon nanotubes (MWCNTs) the Young’s modulus val-
ues are lower, but still very respectable. There are still significant
differences between calculated and experimental values of Young’s
modulus for CNTs, which is mainly due to difficulties in measuring
modulus values for single CNTs [2]. The CNTs also have excellent
electrical properties; in theory, metallic CNTs can have electrical
conductivities more than 1000 times greater than metals such as
copper. When using MWCNTs, and taking into account the defects
in CNTs, the electrical conductivities are lower by one or two
orders of magnitude, which still means they have outstanding elec-
trical conductivities. The electrical percolation threshold of com-
posites depends on what kind of carbon nanotubes (SW or MW)
are used, the preparation method of the carbon nanotubes, the ma-

trix polymer, and especially the dispersion of the CNTs. For these
reasons, an exact percolation threshold cannot be given for CNTs,
although the electrical percolation threshold is usually about
0.1–3 wt.% CNTs [3]. Besides electrical conductivity, CNTs also have
extremely high thermal conductivity. SWCNTs have theoretical
thermal conductivities up to �6000 W/mK at room temperature,
and thermal conductivities for MWCNTs are at �3000W/mK at
room temperature. Purely amorphous polymers, like polystyrene
(PS) and poly(methyl methacrylate) (PMMA), on the other hand,
have thermal conductivities of �0.1–0.2 W/mK, and (semi)crystal-
line polymers, like polyethylene (PE) and polypropylene (PP), have
thermal conductivities up to a few W/mK. So, theoretically, poly-
mer composites with a low percentage (0.1–5 wt.%) of well-dis-
persed CNTs should have excellent thermal conductivities. In
practice, this is not the case. Numerous research groups have re-
ported that dispersing CNTs into a polymer matrix improves the
thermal conductivity of the composite only slightly, if at all. For
composites based on amorphous polymers, thermal conductivities
up to �1W/mK are achievable, and for composites of crystalline
polymers, thermal conductivities of a few W/mK are possible.
However, in the latter case most of the improved thermal conduc-
tivity seems to come from crystalline structures in the composites.
The high crystallinity of the polymer reduces the interfacial ther-
mal resistance by providing more ‘‘bridges’’ between CNTs. Math-
ematical theories also predict that the bulk of the heat flow
through the CNTs is carried by the outer layer while the contribu-
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tion of inner layers is insignificant. This is also one factor that gives
a smaller than expected value of the effective conductivity. It has
also been shown that the effective conductivity is especially sensi-
tive to the MWCNT diameter [4–7].

The key factors in effective CNT/polymer composite design, as
with any composite, are the dispersion of the filler material into
the matrix and adhesion between the filler particles and matrix
polymer. The CNTs, especially SWCNTs, are strongly bundled to-
gether; they will re-aggregate, after the initial dispersion mecha-
nism, such as ultrasonication, is removed. There are numerous
methods which have been used to produce CNT/polymer compos-
ites with reasonable dispersion and stress transfer between the
polymer matrix and CNTs. These include extrusion, melt process-
ing, and the use of surfactants to aid dispersion. From an industrial
point of view, a direct melt-based processing method for producing
CNT/polymer composites would be ideal; unfortunately the results
for direct blending have been limited at best [8–16]. One interest-
ing approach would be to use functionalized CNTs to improve the
properties, especially mechanical, of CNT-based composites. Again
from an industrial point of view, the functionalization processes for
CNTs, like acid functionalization, are rather time consuming and
expensive [17–20].

In this paper, we prepared CNT/polystyrene and CNT/poly-
(methyl methacrylate) composites via in situ emulsion and emul-
sion/suspension polymerization methods. Several commercial
CNT types were used as fillers; the maximum CNT loading was
up to 15 wt.%. The initial break-up of CNT bundles was carried
out with mild ultrasonication to avoid excessive CNT shortening.
The polymerization product was dried, and processed via hot
pressing, which allowed us to further observe the stability of the
CNT dispersion. The mechanical properties of the samples were
analyzed by DMA (dynamic mechanical analysis). The electrical
and thermal (for PMMA) conductivities were also analyzed. Scan-
ning electron microscopy (SEM) and transmission electron micros-
copy (TEM) were used to characterize the dispersion of the CNTs
and the morphology of the composite samples.

2. Experimental

2.1. Materials

Two MWCNT types were used: Nanocyl NC7000 and Bayer C
150 HP (Bayer Baytubes). Nanocyl NC7000 (Nanocyl SA, Belgium)
is manufactured via a chemical vapor deposition (CVD) process,
the carbon purity is �90%, average diameter �9.5 nm, and average
length �1.5 lm. Bayer C 150 HP (Bayer, Germany) is also manufac-
tured via a CVD process, the carbon purity is >99%, average
diameter 13–16 nm, and average length >1 lm. The double-walled
carbon nanotube (DWCNT) type used was Nanocyl NC2100 (Nano-
cyl SA, Belgium). NC2100 is manufactured via CVD; the carbon pur-
ity is >90%, average diameter �3.5 nm, and average length 1–
10 lm. In most polymerizations, the CNTs were used as received.
For some polymerizations, the CNTs were acid functionalized.
Firstly, to remove metallic residues the CNTs were treated with
strong hydrochloric acid at 60 �C for 24 h. The solution was then di-
luted with distilled water, filtered and washed with distilled water.
Then, purified CNTs were mixed with a mixture of strong nitric
acid and sulfuric acid (1:3) and treated in an ultrasonic bath at
40 �C for 4 h, filtered and washed with distilled water [21]. Fig. 1
shows transmission electron microscopy (TEM) images of pristine
CNTs.

Monomers, styrene (purity >99%) and methyl methacrylate
(purity >99%) were supplied by Fluka (Sigma–Aldrich). Both mono-
mers were treated with aluminum oxide (supplied by Fluka) to re-
move inhibitor. Initiators, potassium peroxodisulfate (KPS, purity

P99%) and azobisisobutyronitrile (AIBN, purity P98%) were sup-
plied by Fluka (Sigma–Aldrich). The surfactants, sodium dodecyl
benzene sulfate (DBSA, Fluka) and sodium dodecyl sulfate (SDS,
Sigma–Aldrich), and the buffer, sodium hydrogen carbonate
(NaHCO3, purity P99.5%, Merck), were used as received.

2.2. Polymerization and sample preparation

The seed emulsion was prepared ultrasonically. CNTs, surfac-
tant, NaHCO3, and distilled water were introduced into the
250 mL three-neck round bottom flask, cooled in an ice bath and
the mixture was deoxygenated by bubbling with argon. Ultrasonic
treatment was carried out with the probe of an ultrasonic horn im-
mersed directly into the mixed system. The power output was set
at 100 W and the system was sonicated 30 min. After ultrasonic
treatment the flask was transferred into an oil bath and fitted with
a stirrer, using a stirring rate of 300 rpm. The system was deoxy-
genated with argon. In the case of KPS as an initiator (emulsion
polymerization), the KPS was dissolved in water and the solution
was fed into the reactor before monomer. The monomer was added
drop by drop with a membrane pump at 0.03 mL/min. In the case
of AIBN as an initiator (combined emulsion/suspension
polymerization), the AIBN was dissolved in the monomer and the
solution was fed into the reactor with the membrane pump at
0.03 mL/min. Styrene polymerizations were conducted under ar-
gon atmosphere for 15–18 h at 60 �C with KPS and for 3 h at
80 �C with AIBN. MMA polymerizations were carried out at a tem-
perature of 65 �C (KPS as an initiator), and at a temperature of
75 �C (AIBN as an initiator). The polymerization times were 20–
21 h.

After polymerization, the emulsion was dried in an oven for at
least 48 h at 50 �C. The dried polymer powder was hot pressed
(force: 150 kN) at 165 �C for PMMA, and 170 �C for PS, to produce
approximately 1 mm thick rectangular samples.

2.3. Characterizations

Pristine CNTs were studied by TEM (Philips/FEI CM200 FEG).
The TEM samples were prepared by dissolving the CNTs in ethanol
with an ultrasound bath, and dropping the solution onto a copper
grid and drying. The morphology of the composites was also stud-
ied with transmission electron microscopy (TEM, Tecnai 12 Bio
Twin). The samples were embedded into epoxy, trimmed, and fi-
nally cut with an ultramicrotome to �70–80 nm thick slices. The
electron micrographs were taken using an acceleration voltage of
120 kV. Also, scanning electron microscopy (FE-SEM, Jeol JSM-
6335F) was used to study the morphology of composite samples.
The hot pressed composite samples were fast frozen in liquid nitro-
gen and fractured. The fractured surface samples were coated with
chromium in order to stabilize the samples under the electron
beam and to enhance image contrast. The electron micrographs
were taken using an acceleration voltage of 5.0 kV.

Molecular weights (Mw) and molecular weight distributions
(PD) were determined with respect to polystyrene standards by
size exclusion chromatography (SEC, The Waters Associates sys-
tem). The dried samples were dissolved in tetrahydrofuran (THF),
and THF was used as eluent. The samples were filtered through a
450 nm (pore size) filter to remove the MWCNTs and grafted
MWCNTs, and the filtrate (soluble polymer) was subjected to SEC
testing. The samples were analyzed at room temperature.

The mechanical properties of the composites (�1 mm thick hot
pressed samples) were analyzed with DMA (TA Instruments Q800)
at 25 �C using a single cantilever 20 mm (effective length 10 mm)
probe. The glass transition for PMMA samples was also measured
with DMA using a heating rate of 3 �C/min from 0 �C to 180 �C.
DMA measurements were done in amplitude mode (100 lm) to
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get reliable data at temperatures over the polymer Tg. A frequency
of 1 Hz was used for all tests. At least two samples were tested for
each condition and the data was averaged.

Electrical conductivity was measured from the surface of DMA
samples by the four-probe method (Keithley 2400 Sourcemeter).
The distance between probes was approximately 1 mm. The sam-
ple surfaces were finished with grid 600 paper to remove the poly-
mer skin. Thermal conductivity was measured from hot pressed
(diameter 12 mm, thickness 2 mm) samples using a Hot Disk Ther-
mal Constants Analyzer combined with a Keithley 2400 Sourcem-

eter. The samples were stabilized for 30 min; the measurements
were done at 0.05 W for 30 s.

3. Results and discussion

3.1. The morphology of CNT/polymer composites

Microscopy (TEM and SEM) were used to characterize the mor-
phology, and especially CNT dispersion, of the composites. Fig. 2

Fig. 1. TEM images of pristine CNTs: (a) Bayer Baytubes (MWCNT); (b) Nanocyl NC7000 (MWCNT); (c) Nanocyl NC2100 (DWCNT). Magnifications: �9600 (left) and�380,000
(right).
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shows a typical TEM image of PS/MWCNT (3.0 wt.% of Nanocyl
NC7000) composite sample. Fig. 3 shows TEM images of PMMA/
MWCNT composite samples (3.0 wt.% of Nanocyl NC7000 and
3.0 wt.% of Bayer Baytubes). There were no significant aggregates
of MWCNTs in the composites. The MWCNT bundles were broken
up during the ultrasound treatment and the CNTs were well dis-
persed into, and isolated within, the polymer matrix. TEM images
were also taken from composites based on Nanocyl NC2100
DWCNTs; the DWCNT dispersion was not as good as for MWCNTs.
The DWCNT bundles were ‘‘loosened’’ during the ultrasound treat-
ment, but complete unbundling was not achieved. The ultrasound
treatment was probably too weak to achieve that. The DWCNTs
were also significantly longer than in either of the MWCNT types,
which made the complete DWCNT unbundling more difficult to
achieve. The length of dispersed CNTs was difficult to estimate
from the TEM images, as the ultramicrotome cutting broke, and
even pulled out, CNTs. The average length of Nanocyl NC7000
MWCNTs was under 1 lm. Bayer Baytubes appeared shorter,
which was reflected in their electrical conductivities. Overall, the
mild ultrasonication required to break-up the CNT bundles con-
served the CNT length relatively well, as with ultrasonication some
shortening was always expected. TEM images were taken from
DMA test specimens, which had been melt processed after drying
the emulsions. Images confirmed that in situ polymerization pro-
vided stable dispersion of CNTs even after thermal processing.

As adhesion between the filler and matrix polymer is crucial for
any functional composite, SEM images were taken of composite
samples to estimate the interface between the polymer and CNTs.
Fig. 4 shows typical SEM images for PMMA-based composites.
MWCNTs were well dispersed into the polymer, and did not show
any large aggregates. For DWCNTs, the dispersion was not as good,
as areas with partially opened DWCNT bundles could be seen in
the images. Both PS and PMMA covered the CNTs (both MWCNTs
and DWCNTs) during the polymerization, so polymer wettability
to CNTs was at least moderate. Further evidence of favorable com-
posite morphology was seen from glass transition temperatures.
For MWCNT/PMMA composites the glass transition temperature
increased about 20 �C (tan d peak from DMA) when MWCNT load-
ing increased from 0 wt.% to 10/15 wt.%; which indicates that the
MWCNTs were enhancing the confinement of matrix polymer mol-

ecules. There was also a greater increase in modulus in the rubbery
region than in the glass region, which is typical for nanoscale fillers
[22]. Part of the increased Tg resulted from increased molecular
weights, as the CNTs were participating in the polymerization pro-
cess. Higher molecular weight PMMA (comparable to PMMA/CNT
composites) was polymerized, and glass transition temperatures
measured. The Tg values increased by 5–7 �C, which indicated that
the major part of the increase in Tg for the PMMA composites was
caused by the added MWCNTs. For DWCNTs, the effect was smal-
ler, as the dispersion of the DWCNTs was not as complete and the
CNTs had less surface area.

3.2. Mechanical properties of CNT/polymer composites

Descriptions of mechanical properties of polymer-based com-
posites are usually based on Young’s modulus. Other factors, like
strain at break, are often understated, even though they are very
important for any applications or further composite processing.

Fig. 2. TEM image of PS (KPS, SDS) sample with 3.0 wt.% MWCNTs (Nanocyl
NC7000).

Fig. 3. TEM images of PMMA samples: (a) KPS, DBSA, 3.0 wt.% MWCNTs (Nanocyl
NC7000); (b) KPS, DBSA, 3.0 wt.% MWCNTs (Bayer Baytubes).
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There are numerous CNT/polymer composite articles that make the
same statement: low amount (often �0.1 wt.%) of dispersed CNTs
act as reinforcement. However, increasing the nanotube content
even more causes the Young’s modulus values to stabilize or even
start to decrease. The material will become brittle. Poor dispersion
of fillers is themost likely explanation for this; another possibility is
crystallinity. CNTs can affect the crystallinity of the composite, in
either a positive or negativeway. The crystallinity of the composites
can have a significant effect on mechanical properties, as well as on
electrical and especially thermal conductivities [16–17]. One addi-
tional factor is molecular weight, and to a lesser degree the polydis-
persity, especially with in situ-based CNT/polymer composites. In
this paper, we polymerized both thicker (Bayer Baytubes) and thin-
ner (Nanocyl NC7000) MWCNTs, and DWCNTs (Nanocyl NC2100),
with different initiators and surfactants. Also, acid functionalized
MWCNTs were used to estimate whether the functionalization
had a positive effect on composite properties. The molecular
weights and polydispersities of the composites varied significantly
with different CNTs, CNT loading, and initiators, so it was difficult to
estimate to what degree the improvement inmechanical properties
was induced by CNTs. Fig. 5 shows typical stress–strain curves of
MWCNT/PS composites. By adding a low amount (up to 3.0 wt.%)
of pristine MWCNTs (Nanocyl NC7000) to the polystyrene, the
mechanical properties were improved; the Young’s modulus was
improved, and the strain at break values doubled. The molecular
weights (measured by SEC) increased moderately when AIBN was
used as an initiator. However, when KPS was used as an initiator,

themolecular weights increased significantlymore, whichwas par-
tially responsible for the increasedmodulus values. Table 1 shows a
summary of mechanical properties, molecular weights (Mw), and
polydispersities (PD) of PS/CNT composites. AIBN as initiator and
DBSA as surfactant were the best combination for mechanical prop-
erties for PS/CNT composites when thin pristine Nanocyl NC7000
MWCNTs were used. The thicker pristine Bayer Baytubes (MWCNT)
gave poor results for mechanical properties, even though the dis-
persion of the CNTs was excellent.

For poly(methyl methacrylate)-based composites, the
improvements in mechanical properties were on a smaller scale
than for PS/CNT composites (Table 2). The Young’s modulus im-
proved, especially when AIBN was used as an initiator. With non-
functionalized MWCNTs, the strain at break values remained stable
or improved slightly up to 6 wt.% of MWCNTs, when KPS was used
as an initiator. With AIBN as an initiator, the strain at break values
started to decrease at lower MWCNT (between 1.5 and 3 wt.%)
loading. The AIBN probably reacted with the surface of the CNTs,
introducing some additional bonding, as with PS [12]. For mechan-
ical properties, the optimal concentration of Nanocyl NC7000
MWCNTs was around 3 wt.%; for thicker Bayer Baytubes MWCNTs
the optimal concentration was higher, between 6 and 15 wt.%. As
with PS, the CNTs participated in the polymerization process,
which increased the molecular weight as the CNT loading in-
creased (Table 2). The influence was, however, significantly less
for PMMA than for PS, especially with KPS as an initiator. Bayer
Baytubes also increased the molecular weights significantly more
than Nanocyl NC7000 MWCNTs, which was due to the different
surface area of MWCNTs. The use of functionalized MWCNTs gave
slightly better mechanical properties, especially strain at break val-
ues, than pristine MWCNTs. The reason for the improved mechan-
ical properties was probably an increased amount of bonding
between the matrix polymer and functionalized CNTs. The increase
of molecular weights due to CNT loading was significantly less for
functionalized MWCNTs, than for non-functionalized MWCNTs.
Overall, thinner MWCNTs (Nanocyl NC7000) improved mechanical
properties more than thicker MWCNTs (Bayer Baytubes) with
same CNT loading, as could be expected. The dispersion of
DWCNTs (Nanocyl NC2100) was incomplete, which was at least
partially responsible for the DWCNT/PMMA composites having
slightly lower modulus values than pure PMMA.

3.3. Electrical conductivity properties of CNT/polymer composites

Improved electrical conductivity is perhaps the most promising
application area for CNTs at the moment. If CNTs are efficiently

Fig. 4. SEM images of PMMA samples: (a) AIBN, DBSA, 6.0 wt.% MWCNTs (Nanocyl
NC7000); (b) KPS, DBSA, 3.0 wt.% DWCNTs (Nanocyl NC2100).

Fig. 5. Stress–strain curves for MWCNT (Nanocyl NC7000)/PS samples: (a) Pristine
PS; (b) MWCNT/PS composite with 1.5 wt.% loading; (c) MWCNT/PS composite with
3.0 wt.% loading.
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dispersed and yet percolate, a very small amount (even 0.1 wt.%) of
CNTs can confer good electrical conductivity on otherwise insulat-
ing polymers. The percolation threshold is higher for MWCNTs
than for SWCNTs or DWCNTs, usually some weight percents. The
percolation threshold depends on the matrix polymer, CNT produc-
tion method, CNT conductivity, and the processing of the compos-
ite [3,8,16]. We used three different CNTs (Bayer Baytubes,
MWCNT; Nanocyl NC7000; MWCNT; and Nanocyl NC2100,
DWCNT) for both PS and PMMA matrices. For PS composites with
Nanocyl NC7000, the percolation threshold was between 0.5 and
1.5 wt.% MWCNTs when SDS was used as surfactant. The percola-
tion threshold shifted to 1.5–3 wt.% MWCNTs when DBSA was
used as surfactant. With Bayer Baytubes the percolation threshold
was significantly higher. Also, with the Baytubes, SDS used as a
surfactant gave better electrical conductivities. Fig. 6 shows surface
electrical conductivities for MWCNT/PS composites. With PS, the
selection of initiator (AIBN or KPS) did not have a significant im-
pact on electrical conductivity.

With PMMA, the initiator/polymerization method affected the
electrical conductivity significantly; use of AIBN as an initiator
gave better electrical conductivities for the composites (Fig. 7).
For PMMA composites with NC7000 MWCNTs, the percolation
threshold was around 1.5 wt.% MWCNTs. With Bayer Baytubes
the percolation threshold shifted to 3–6 wt.% MWCNTs. Tests were
also conducted with acid functionalized MWCNTs. The electrical

conductivity was actually slightly better for composites with pris-
tine MWCNTs, which indicated that the acid functionalization pro-
cess either caused some damage to the CNTs or shortened them.
The difference between pristine and acid functionalized MWCNTs
was, however, not significant. The conductivity of NC2100
(DWCNTs)-based composites was rather poor (comparable to
Nanocyl NC7000 MWCNTs); this was related to the rather poor dis-
persion of the DWCNTs, which was seen in the TEM images.

Table 1
Summary of mechanical properties, molecular weights (Mw), and polydispersities (PD) of PS/MWCNT composites.

Matrix Surfactant Initiator CNT loading (wt.%) CNT treatment Young’s modulus (MPa) Strain at break (MPa) Mw (g/mol) PD

PS DBSA AIBN – – 2100 16 220,000 4.4
PS DBSA AIBN NC7000/1.5 – 2800 36 630,000 4.8
PS DBSA AIBN NC7000/3 – 3000 34 570,000 3.7
PS SDS AIBN – – 2600 36 560,000 2.8
PS SDS AIBN NC7000/1.5 – 3100 29 690,000 7.2
PS SDS AIBN NC7000/3 – 2300 34 620,000 3.0
PS DBSA KPS – – 2300 29 380,000 5.3
PS DBSA KPS NC7000/1.5 – 2800 38 1,270,000 3.1
PS DBSA KPS NC7000/3 – 2200 24 1,510,000 4.4
PS SDS KPS – – 2000 36 720,000 2.6
PS SDS KPS NC7000/1.5 – 2400 19 1,200,000 1.8
PS SDS KPS NC7000/3 – 2300 26 1,240,000 2.0

Table 2
Summary of mechanical properties, molecular weights (Mw), and polydispersities (PD) of PMMA/CNT composites.

Matrix Surfactant Initiator CNT loading (wt.%) CNT treatment Young’s modulus (MPa) Strain at break (MPa) Mw (g/mol) PD

PMMA DBSA KPS – – 2500 48 144,000 3.7
PMMA DBSA KPS Baytubes/3 – 2500 38 152,000 2.8
PMMA DBSA KPS Baytubes/6 – 2900 43 504,000 2.8
PMMA DBSA KPS Baytubes/15 – 3100 32 661,000 2.9
PMMA DBSA KPS – – 2500 49 144,000 3.7
PMMA DBSA KPS Baytubes/3 Acid funct. 2900 48 200,000 2.6
PMMA DBSA KPS Baytubes/6 Acid funct. 3200 48 229,000 3.0
PMMA DBSA KPS Baytubes/15 Acid funct. 3800 41 288,000 3.4
PMMA DBSA KPS – – 2500 48 144,000 3.7
PMMA DBSA KPS NC7000/1.5 – 3600 52 155,000 2.2
PMMA DBSA KPS NC7000/3 – 3400 46 145,000 2.8
PMMA DBSA KPS NC7000/6 – 3300 48 160,000 3.6
PMMA DBSA KPS – – 2500 48 144,000 3.7
PMMA DBSA KPS NC7000/1.5 Acid funct. 2900 52 175,000 3.2
PMMA DBSA KPS NC7000/3 Acid funct. 2800 53 218,000 3.0
PMMA DBSA KPS NC7000/6 Acid funct. 3200 53 279,000 2.8
PMMA DBSA AIBN – – 3400 47 235,000 2.3
PMMA DBSA AIBN NC7000/1.5 – 3300 44 412,000 2.4
PMMA DBSA AIBN NC7000/3 – 3400 27 486,000 2.3
PMMA DBSA AIBN NC7000/6 – 4000 30 395,000 2.5
PMMA DBSA AIBN – – 3400 47 235,000 2.3
PMMA DBSA AIBN NC2100/1.5 – 3300 44 240,000 2.5
PMMA DBSA AIBN NC2100/3 – 3000 51 281,000 2.8

Fig. 6. Electrical (surface) conductivities for MWCNT/PS composites.
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3.4. Thermal conductivity properties of CNT/PMMA composites

Thermal conductivities for PMMA/MWCNT composites were
measured using a Hot Disk Thermal Constants Analyzer. Thermal
conductivities for pristine PMMA samples were �0.19–0.21W/
mK. The thermal conductivity of neat PMMA is�1/10,000 of typical
MWCNT thermal conductivity [6,15]. The thermal conductivities for
PMMA/CNT composites are shown in Fig. 8. When thin Nanocyl
NC7000MWCNTswere added to thePMMAmatrix, thermal conduc-
tivity increased about 70% (6 wt.% load), and then stabilized. With
Bayer Baytubes, the thermal conductivity steadily increased with
MWCNT loading, up to 15 wt.% Baytubes. Thermal conductivities
of Nanocyl 2100 DWCNT/PMMA composites were also tested, and
were found to improve thermal conductivity like thin Nanocyl
NC7000 MWCNTs (up to 3.0 wt.%). Thermal conductivities of PS/
CNT composites were not measured, as the thermal conductivity
of neat PS is even lower than for PMMA. Thermal conductivity of
polymers can be improved by CNTs, but the improvement is negligi-
ble for amorphous polymers such as PMMA and PS. The in situ poly-
merization method, where the polymer forms layers around the
CNTs during polymerization, is probably not the optimal production
method from thepoint of viewof obtaining good thermal conductiv-
ity. The heat cannot transfer effectively, as the CNTs are isolated in
the polymer matrix and are not physically connected. Thicker
MWCNTs had better thermal conductivity at high CNT loading; the
initiator (KPS or AIBN) did not have a significant impact on thermal
conductivity. The composites that were polymerized with SDS as a
surfactant seemed to have slightly higher thermal conductivity.

4. Conclusions

CNT/Polystyrene and CNT/Poly(methyl methacrylate) compos-
ites were prepared via in situ emulsion and emulsion/suspension

polymerization. The emulsion and suspension polymerization
methods are widely used in industry, and composites manufac-
tured via these methods can be mass-produced at a reasonable
cost. The selection of initiator, surfactant, and polymerization
method had a significant impact on composite properties, as did
the type of CNT (MWCNT or DWCNT) used. The dispersion of
MWCNTs into the polymer matrix (both PS and PMMA) was excel-
lent; no aggregates were detected in the composites, even at high
MWCNT loadings (10 wt.%). The dispersion of DWCNTs was signif-
icantly poorer; ultrasonication, CNT length, and water as a med-
ium, limited the dispersion. Electron microscopy confirmed that
in situ polymerization provided stable dispersion of CNTs even
after thermal processing. The mechanical properties of composites
were improved at low CNT loadings, but as the molecular weights
increased with CNT loading, it was difficult to estimate to what de-
gree the improved mechanical properties were due to CNTs, and to
what degree due to the increase in molecular weight. The selection
of CNTs had a significant influence on percolation threshold. Thin
MWCNTs (Nanocyl NC7000) had percolation threshold around
1.5 wt.%. With thicker Bayer Baytubes, the percolation threshold
was higher, between 3 and 6 wt.%. As the dispersion of DWCNTs
was not complete, the percolation threshold with Nanocyl
NC2100 was the same as with Nanocyl NC7000 MWCNTs. The sur-
factant and initiator selection also had some influence on percola-
tion threshold. The thermal conductivity of PMMA/CNT composites
was also measured. Thick Bayer Baytubes improved the thermal
conductivity most, from 0.2 W/mK to 0.5 W/mK (0 wt.% vs.
15 wt.% Bayer Baytubes). Thinner MWCNTs (Nanocyl NC7000)
and DWCNTs (Nanocyl NC2100) had better thermal conductivity
at low CNT loadings (up to 6 wt.%), but at higher CNT loadings their
thermal conductivity values plateaued.
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