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Abstract. Styrene—acrylonitrile copolymer (SAN) and multi-walled carbon nanotube (CNT) nanocomposites were prepared by
solution casting from aqueous solution. The composites were prepared with different CNT concentrations. CNTs significantly
affected mechanical properties of the obtained materials. The elastic modulus and ultimate strength of the composite films were
improved though ultimate elongation reduced by increasing the CNT content. Apart from studying stress—strain characteristics,
some calorimetric investigations were carried out to explain the specific deformation behaviour from the structure viewpoint.
Dielectric measurements indicated an increase in AC conductivity and dielectric permittivity already at a small CNT addition.

Key words: styrene—acrylonitrile copolymer, carbon nanotubes, mechanical properties, electrical properties.

INTRODUCTION

Nowadays carbon nanotube/polymer nanocomposites
have attracted much attention due to their extraordinary
properties that make them ideal candidates for various
multifunctional material systems. Intense research has
focused on various carbon nanotube filler containing
composite materials with enhanced mechanical,
electrical, and thermal properties. Most significantly,
they are considered to be ideal candidates for mecha-
nical reinforcement of polymer materials. Carbon nano-
tubes (CNTs) are known to have an extremely high
Young’s modulus of up to 1 TPa and tensile strength
approaching 10-200 Gpa [1]. All these properties open
up broad possibilities for the use of CNTs as light-
weight, highly elastic, and very strong composite fillers.
However, the development of CNT/polymer nano-
composites has been largely hindered by the lack of
good dispersion of CNTs in the polymer matrix. It has
been reported that the enhancement of mechanical
properties of the polymer/CNT composites is limited
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due to the phase separation of the polymer matrix and
CNT. Therefore CNTs are generally considered to be
nonuniformly dispersed in the polymer matrix because
they have very large surface areas and strong van der
Waals interactions, which can lead to the formation of
very strongly bound CNT aggregates [2—7]. Multiple
approaches are used to improve dispersion of CNTs in a
polymer matrix: in situ polymerization [8], ultrasound
assisted solvent casting [7,9], latex concept[10,11],
compatibilizer containing melt blending [12] a.o. By
using these technologies CNTs have been successfully
introduced in a broad range of thermoplastic and
thermosetting polymer matrices (mainly in polyolefins,
polyamides, thermoplastic polyesters, unsaturated poly-
esters, and epoxies).

Much less research has been done on polymers such
as polyvinylacetate, styrene—acrylonitrile copolymer
(SAN), and polyvinyl alcohol [13—15]. Generally an
increase in mechanical and electrical properties of CNT
modified nanocomposites is reported [14,15]. Taking
into account these aspects investigations SAN/CNT
nanocomposites seem particularly interesting, especially
considering broad potential application of these com-
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posites in coating applications like antistatic coatings
and films.

In this paper, we report on a simple method for
preparing  SAN/CNT composite films. In order to
achieve good CNT dispersion in the SAN matrix during
composite preparation intensive ultrasound mixing was
used. Considerably improved mechanical, electrical, and
thermophysical properties of these nanocomposite films
were observed as compared to the pure SAN material.

EXPERIMENTAL

FINNDISP A 10 SAN dispersion was selected as the
matrix material. According to the manufacturer’s
specifications, it is an unplasticized SAN dispersion
stabilized with an anionic emulsifying system.

Bayer multi-walled carbon nanotubes Baytubes
C 150 P were added to the polymer matrix in the
amounts from 0.01 to 2 wt%. The nanocomposites were
manufactured applying the latex concept. Sodium
dodecylsulphate (SDS) was used to stabilize the corres-
ponding SAN/CNT dispersions.

To disperse CNTs in the SAN matrix Hielscher
UIS250V ultrasound sonication equipment was used.
First CNTs were dispensed in 50 mL of distilled water
by sonication for about 30 min. To stabilize the solution
SDS was added (~1% of the solution). After that the
obtained aqueous dispersion of CNTs was combined
with the polymer suspension and mixed for 30 min with
Heidolph RZR 2051 mechanical agitator, and then
repeatedly sonicated for 30 min. SAN dispersions con-
taining different concentrations of CNTs were cast in
Teflon forms and dried at ambient temperature for
3—4 days.

Tensile stress—strain characteristics were determined
by using a Zwick/Roell BDO020 universal testing
machine (speed of the upper moving clamp 1 mm/min
for Young’s modulus £ determination and 50 mm/min
for measuring stress—strain characteristics at yield and at
break (ov, &y, OB, and &g respectively)).

Differential scanning calorimetry (DSC) measure-
ments were carried out with Mettler Toledo DSC
1/200W equipment. Glass transition temperature (7y)
was determined within temperature scans from —10°C
to +150°C at heating rate 10°C/min.

Measurements for thermogravimetric —analysis
(TGA) were made using Mettler Toledo TGAI/SF
equipment. Changes in weight in relation to change in
temperature from +25°C to +800°C were determined at
heating rate 20 °C/min.

Thermal conductivity was determined with a
NETZSCH model LFA 447 NanoFlash™  diffusivity
apparatus. The measurements were conducted between
room temperature and 80 °C. The front and back sides of
the sample were coated with graphite.

The measurements of dielectric properties of the
films were carried out with a Novocontrol Concept 40
broadband dielectric spectrometer. Dielectric measure-
ments of the selected polymer nanocomposites were
performed in a wide frequency region (typically from
102 to 10° Hz). Permittivity (¢) and the real part of AC
conductivity (0”) were recorded.

RESULTS AND DISCUSSION

Stress—strain  characteristics of SAN/CNT nano-
composites as functions of CNT wt% are presented in
Fig. 1. Results indicate that addition of CNTs shifts the
stress—strain curves of the nanocomposites towards the
higher stress and lower strain regions. Most intensive
change of stress—strain characteristics of the nano-
composites is observed at the lowest CNT concentration
(below 0.5 wt% of CNT), where the modulus of elasticity
E and yield strength oy increase approximately 1.3 and
2.3 times for SAN/CNT nanocomposites. At CNT
concentration above 0.5 wt% the increase in £ and oy
starts to slow down. The breaking stress op varies
nonmonotonically; however, these changes are not very
significant. The effect of CNT content on the ultimate
elongation &g is more pronounced. Thus &g of the
nanocomposite with 2 wt% loading of CNTs is 3 times
lower than that of unfilled SAN.

It should be noted that a markedly nonlinear
relationship of £ as a function of CNT weight content,
characterized by a fast increase of £ at low nanofiller
contents (0.5-1%), and followed by a slower increase or
even decrease of E upon introduction of nanotubes at
higher weight contents was observed in other studies as
well [16,17]. The main reason for the decreased
efficiency of reinforcement of the material is the
worsening of nanotube dispersion. There is ample
evidence from other studies[18,19] that at higher
nanofiller contents (usually above 3 to 6 and higher
wt%) the composite contains clusters (even entangle-
ments) of nanotubes randomly crimped and aggregated
in bound bunches. From the composite theory it is also
well known that elastic modulus of a nanocomposite is a
function of the theoretical elastic modulus of the filler,
aspect ratios of the fillers, and the degree of fibre align-
ment.

Some calorimetric investigations were carried out to
explain the specific deformation behaviour from the
structure viewpoint. DSC measurements revealed that
glass transition temperature (7,) of the investigated
nanocomposites increased from ~15°C to ~19°C show-
ing significant dependence on the CNT content (Fig. 2).
Increase in 7, indicates that CNTs greatly limit macro-
molecular movements of SAN, thus increasing the stiff-
ness and reducing the deformability of the nano-
composites. This is mentioned also in the literature [20]
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Fig. 1. SAN/CNT nanocomposite stress—strain properties as
functions of CNT weight fraction.

where higher 7, of the nanocomposites is attributed to
the thorough dispersion of graphene in the polymethyl-
metacrylate and the strong chemical bonding between
the nanofiller and the polymer matrix. The filler is
stated to prevent the motion of polymethylmetacrylate
chain segments in the nanocomposites.
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Fig. 2. SAN/CNT nanocomposite glass transition temperature
as a function of CNT weight fraction.

TGA measurements (Fig.3) of the investigated
SAN/CNT nanocomposites showed that the temperature
at which significant weight losses started was shifted to
higher values when the CNT content was increased.

These results are most probably due to CNTs’
thermal properties: CNTs improve thermal stability of
nanocomposites by dissipating the applied heat through
the whole sample volume making it more resistant to
thermal degradation. These results were explained with
thermal conductivity measurements. For example, the
increase of the thermal conductivity A for the SAN
nanocomposite with CNT content of 0.5 wt%, as seen in
Fig. 4, was about 34% compared to the matrix thermal
conductivity.

Dielectric  spectroscopy measurements in the
frequency range from 0.1 Hz to 1 MHz showed a sharp
increase in the real part of AC conductivity o’ (see
Fig. 5) already at a small CNT addition (e.g. 0.5% of
CNT concentration). Moreover, above 0.5 wt% of CNT
loading (0’ = 10" S/cm) the AC conductivity levelled
off (0’ =10"°S/cm), indicating that the conductivity
percolation threshold of the composite was reached and
its conductivity was now controlled by the conducting
CNTs which had formed a network of CNTs within the

100

90

80

--- SAN
70
——SAN + 1% CNT

60

------ SAN + 2% CNT

40

30

20

375 385 395 405 415 425 435 445 455 485 475
T,°C

Fig. 3. SAN/CNT TGA curves.
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Fig. 4. Thermal properties of SAN and SAN + 0.5% CNT
samples.
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Fig. 5. AC conductivity ¢’ as a function of frequency for
SAN/CNT nanocomposites.

SAN matrix. In other words, below this concentration
the nanocomposites were resistant to electrical flow,
whereas above this value they were conductive. Similar
results are reported with copolyester CNT nanocom-
posites obtained with melt blending where percolation
threshold was observed at much higher CNT con-
centrations (between 5% and 7% of CNT weight con-
tent) by raising ¢’ from 10'° S/cm up to 10°° S/cm [21].
At the same time a decrease in dielectric permittivity &
for SAN/CNT nanocomposites with CNT content
increased from 1 to 2 wt% can be observed due to the
high conductivity of these samples (see Fig. 6). This
decrease in & is due to the mobility decrease in the
nanocomposite above the percolation composition as the
filler network acts as a hindrance to the dipole orienta-
tion. Thus, charge separation is reduced as a result of
the decreased polymer segmental mobility, which
translates into a decrease in the dielectric constant [21].
However, at the smaller CNT concentration £ basically
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Fig. 6. Dielectric permittivity £ as a function of frequency for
SAN/CNT nanocomposites.

remained linear in the whole frequency range. This
indicates that CNT has superior properties compared to
other carbon based fillers, as mentioned also elsewhere
[22], where SAN samples filled with nanoscale graphite
sheets showed a high permittivity & increase from ~10?
to ~10° at filler contents from 5 to 6 wt%. However, in
the case of SAN/CNT samples the same permittivity &
increase from ~10% to ~10° was observed already at the
CNT content of 1 and 2 wt%.

Besides permittivity (Fig. 6) also conductivity
measured in AC mode showed a percolation threshold
in the CNT range from 0.5 to 1 wt% (Fig.7), thus
testifying on the development of an effective CNT
conductive network in the polymer matrix at such small
concentrations and an effect on nanocomposite
electrical properties.
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Fig. 7. AC conductivity ¢’ as a function of CNT wt% at 1 kHz
frequency.



176

CONCLUSIONS

A simple solution casting method was applied to pre-
pare SAN/CNT nanocomposites with enhanced mecha-
nical and electrical properties. Mechanical tests showed
that, compared with pure SAN, the tensile modulus of
the composite was improved by a factor of 1.3 at a
significantly small CNT loading amount of 0.5 wt%.
TGA measurements showed 7, increase from ~15°C to
~19°C by adding CNTs from 0.01 to 2 wt%. Measure-
ments of thermal properties testified on a noticeable
increase in the thermal conductivity (34% increase at
0.5 wt% CNT). This increase in the thermal properties
leads to a higher thermal decomposition point.

Similarly to the improvement of the mechanical pro-
perties of the nanocomposite, a significant improvement
was observed in their electrical properties at CNT
concentration of 0.5 wt%. This indicates that a good
CNT dispersion was achieved by using a common CNT
dispersion technique.

The results on SAN/CNT nanocomposites presented
in this paper may lead to some practical applications, for
example in the manufacture of antistatic adhesives and
coatings.
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Stiireen-akriilaat-/siisiniknanotorudega nanokomposiidid:
mehaanilised, termilised ja elektrilised omadused

Juris Bitenieks, Remo Merijs Meri, Janis Zicans, Roberts Maksimovs, Cornelia Vasile
ja Valentina Elena Musteata

Stisiniknanotorudest (CNT) armatuuri ja poliimeerse maatriksiga nanokomposiitidel on erilisi omadusi, mis
muudavad need mitmete eriotstarbeliste materjalisiisteemide jaoks ideaalseks valikuks. Siisiniknanotorude lisamisega
komposiitidele on nende mehaanilised, elektrilised ja termilised omadused paranenud. On teada, et siisiniknano-
torudel on véga kdrge Youngi moodul — kuni 1 TPa — ja tdmbetugevus ulatub 10-200 GPa. Need omadused
voimaldaksid kergeid, suure elastsusega ja vdga tugevaid siisiniknanotorusid laialdaselt komposiitides armatuurina
kasutada.

CNT-/poliimeernanokomposiitide arengut takistavaks asjaoluks on CNT piisava dispersiooni puudumine polii-
meeri maatriksis. On teada, et mehaaniliste omaduste parandamine on piiratud poliimeeri maatriksi ja CNT faasi
halva segunemise tGttu. CNT hajutatuse parandamiseks on erinevaid viise: in situ poliimerisatsioon, ultraheli ja
lahustiga valamine, lateksi kontsept jne.

Nende tehnoloogiate abil on CNT-sid kasutatud termoplastsete ja reaktoplastsete poliimeeride maatriksis. Palju
viahem on kasutust uuritud sellistes poliimeerides, nagu poliiviniiiilatsetaat (PVAC), stiireen-akriilonitriilkopoliimeer
(SAN) ja poliiviniiiilalkohol (PVA). On teada elektriliste ja mehaaniliste omaduste paranemisest CNT-ga nano-
komposiitides.

Artikli autorite 14bi viidud uuringus on tutvustatud lihtsat meetodit SAN-i/CNT komposiitkilede ettevalmistuseks.
Segu valmistati lihtsal lahusvalumeetodil, kasutades vesilahust. Hea CNT dispersiooni saamiseks kasutati intensiiv-
set ultraheliga segamist. Komposiidist katsekehad valmistati erineva CNT kontsentratsiooniga.

Leiti, et “puhta” SAN-i materjaliga vorreldes paranesid oluliselt materjali mehaanilised, elektrilised ja termo-
flitisikalised omadused. Tombemooduli paranemise tegur oli 1,3 (lisades vaid 0,5 massiprotsenti CNT-d). TGA
mdotmised nditasid, et lisades CNT-d 0,01 kuni 2 massiprotsenti, tousis 7, ~15°C-It ~19°C-ni. Termiliste omaduste
modtmised niitavad mérgatavat soojusjuhtivuse tdusu (34% tdus 0,5 massiprotsendi CNT lisamisel). Termiliste
omaduste paranemine viib korgema termilise lagunemise temperatuurini.

SAN-1/CNT elektriliste omaduste mérgatav tdus 0,5 massiprotsenti CNT kontsentratsiooni juures on sarnane
mehaaniliste omaduste paranemisele, mis niitab, et tavapirast dispersioonitehnoloogiat kasutades saavutati suure-
parane CNT hajuti.

Selles uuringus saadud tulemused vodivad olla aluseks praktilistele kasutusvoimalustele nditeks antistaatilistes
liimides ja pinnakattematerjalides.



