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Functionalization of multi-walled carbon nanotubes (MWCNTs) has an effect on the dispersion of MWCNT
in the epoxy matrix. Samples based on two kinds of epoxy resin and different weight percentage of MWCNTs
(functionalized and non-functionalized) were prepared. Epoxy/carbon nanotubes composites were prepared
by different mixing methods (ultrasounds and a combination of ultrasounds and mechanical mixing). CNTs
modified with different functional groups were investigated. Surfactants were used to lower the surface
tension of the liquid, which enabled easier spreading and reducing the interfacial tension. Solvents were also
used to reduce the liquid viscosity. Some of them facilitate homogeneous dispersion of nanotubes in the resin.
The properties of epoxy/nanotubes composites strongly depend on a uniform distribution of carbon nanotubes
in the epoxy matrix. The type of epoxy resin, solvent, surfactant and mixing method for homogeneous
dispersion of CNTs in the epoxy matrix was evaluated. The effect of CNTs functionalization type on their
dispersion in the epoxy resins was evaluated on the basis of viscosity and microstructure studies.

INTRODUCTION

The discovery of multi-walled carbon nanotubes
(MWCNTs)" 2 and single-walled carbon nanotubes
(SWCNTs)* 4 has generated new perspectives in many
fields of science and technology® 6. Carbon nanotubes
(CNTs) are increasingly attracting scientific and indus-
trial interest due to their outstanding characteristics. The
CNT walls resemble rolled-up graphite-like sheets with
strong covalent sp? bonds. In accordance with their
graphitic structure, CNTs are characterized by high ther-
mal conductivity and electrical conductivity that can be
either of a semi-conductor or metal type. The Young's
modulus of carbon nanotubes can be as high as 1000 GPa,
which is approximately five times higher than that of steel.
The tensile strength of carbon nanotubes can be up to 150
GPa, about 40 times higher than that of steel®1%. The
combination of the previously mentioned material prop-
erties together with the aspect ratio in the range of several
thousands, makes CNTs promising candidates for the re-
inforcement for polymer composites. However, the high
specific surface area results in a strong tendency to ag-
glomeration. Nanoropes (agglomerates) are difficult to
separate and infiltrate with the matrix!!.

Epoxy resins (EP) have been widely used in practical
applications, e.g. as adhesives'?, construction materials'3,
composites', laminates!® and coatings'® owing to their
excellent mechanical properties, low cost, ease of process-
ing, good adhesion to many substrates, and good chemical
resistance. As most polymers, epoxy resins are electrical
insulators. Air frictions can damage the materials because
of an accumulation of charges. The preparation of com-
posites with conductive fillers allows solving this problem
for a sufficient rate of charge in the matrix. In most of the
publications, low-viscosity epoxy resins obtained from
Bisphenol A'-2! and also Bisphenol F?% 2 were used.

The essential problem in forming CNT/epoxy resin
composites is homogeneous dispersion of nanotubes in
the polymer matrix. There are three different techniques
mentioned in the literature: mechanical mixing?* 25, ultra-
sonic action?»2¢ and calendering'?”. The last technology

was pointed out as the most effective!”. The second prob-
lem is a strong interfacial bonding between the CNTs and
the polymer matrix. Measurement of the rheological prop-
erty is useful to examine the changes in dispersion state
and interfacial bonding affected by surface modification.
There are a few reports on rheological behaviour of CNT/
polymer composites. Potschke et al.?® investigated the
rheological properties of the CNT/polycarbonate com-
posites. It was found that the increase in the viscosity of
the composites filled with CNTs was higher than that of
polymer composites filled with carbon fibres or carbon
blacks. Mitchell et al.* examined the linear viscoelastic
properties of the composites prepared with pristine single
walled carbon nanotubes (SWNTs) and organically modi-
fied SWNTs in a polystyrene matrix. It was found that the
composites filled with functionalized CNTs had better
dispersion and showed higher storage modulus and dy-
namic shear viscosity at low frequency. Kim et al.® re-
ported that the CN'Ts modified by acid treatment, plasma
oxidation and amine treatment were well dispersed in the
epoxy matrix and had strong interfacial bonding with the
polymer matrix. The nanocomposite containing the modi-
fied CNTs exhibited higher storage and loss moduli and
shear viscosity than those with the untreated CNTs, be-
cause the surface treatments provided more homogeneous
dispersion of CNTs and stronger interaction between the
CNT and the polymer matrix. Gojny et al.*! showed that
the functionalisation of CNTs led to reduced agglomera-
tion and provided evidence for an improved interaction
between the nanotubes and the epoxy resin.

Previously, the authors conducted studies on the im-
provement of the electrical conductivity of epoxy matrix
composites without deterioration of mechanical proper-
ties. Carbon nanotubes have proven to be a good additive
to improve the electrical conductivity in epoxy resin.

Properties of MWCNTs/epoxy composites depend on
the homogeneous dispersion of carbon nanotubes in the
epoxy resin. Uniform dispersion is prerequisite to im-
prove the properties of the composites. Then, the quality
of the dispersion depends partially on the type of carbon



nanotubes modification. In this paper, in order to evaluate
the nanotubes distribution in the epoxy resins, viscosity
and microstructure tests were performed.

EXPERIMENTAL

Materials

Characterization of materials used in our studies is
described in Table 1. Three kinds of multi-walled carbon
nanotubes supplied by two companies were used — non-
functionalized and modified by different groups. Two types
of epoxy resins were tested. A hardener has a long pot life,
which is useful during the vaporization process. Two kinds
of surfactants (viscosity depressants and air release addi-
tives) and four solvents to reduce the viscosity in the
initial step of mixing were used.

Methods

The preparation of mixtures was performed using a
VCX 750 Watt Ultrasonic Processor and a IKA
EUROSTAR power control-visc mechanical stirrer. An
ultrasonic processor was equipped with temperature con-

Table 1. Materials used in the study
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trol. A solid tip (19 mm in diameter) was connected to
the converter. The tip was inserted directly in the resin to
obtain better dispersion. Intensive interactions between
the mixture and the tip were observed during sonication.
The amplitude was equal to 40-60% and frequency to 20
kHz.

Viscosity tests were performed using a Brookfield vis-
cosimeter with a spindle No. 87. The samples were placed
in a Medingen B2/E5 thermostat.

Observations of the microstructure were carried out
using the High Resolution Scanning Electron Microscope
(HRSEM) LEO 1530 (Zeiss) and HITACHI S-5500,
Atomic Force Microscope (AFM) — Scanning Probe Mi-
croscope Multi Mode AFM Nanoscope with IIIA control-
ler (DI). The samples were prepared using a rotary micro-
tome LEICA RM2165 and ultramicrotome (Leica EM
UC 6).

Sample preparation

All nanotubes were dried in a vacuum oven before
performing any further process. Drying in the vacuum
oven was performed in order to remove the adsorbed
water before adding nanotubes to a resin or solvent. Two

Material Characterization
Producer Functionalization Purity Diameter | Length Other
Non-functionalized 93% 1-40 nm 1-25
um
modified by following groups: 99% 1-40 nm 1-25 The content of carboxyl groups
Nano-Partner- carboxyl [-COOH], amino um in the CNTs: 3 wt. % (labeled
Multi-walled Leszek [-NH2], hydroxyl [-OH], amide “a”) and 5 wt. % (labeled ‘b”).
carbon nanotubes [-(CONHNH),], and
carboxyammonium
[-(COO)«(NH4" )]
NC 3151 modified by carboxyl 95% Av9.5nm | Av<1 | The content of carboxyl groups
Nanocyl S.A [-COOH] groups and NC 3152 pum in the CNTs <4% wt. % and
yis-A- modified by amino [-NH;] content of amino groups In the
groups CNTs <0.5 wt%.
The content of nanotubes in the epoxy matrix ranged from 0.05 wt% to 5 wt%.
Producer Resin Viscosity Other
Epoxy resin Huntsman Advanced Araldite GY250 10000-12000 mPas epoxy resins based on
Materials Araldit 1564 SP 1200-1400 mPas bisphenol A and
epichlorohydrin
kk
Hardener Huntsman Advanced Materials XB 3487 based on aliphatic polyamines
Producer Type of Density Ignition point Acid Amine number
surfactant [g/ml] [°C] number [mg KOH/g]
[mg
KOH/g]
Viscosity BYK-9076 1.05 >100 38 44
depressants (B1)
BYK-9077 1.05 >100 - 46
(B2)
Surfactant BYK-W 980 0.99 66 40 30
BYK-Chemie (B3)
G-mbH Air release Density Ignition point Haziness Non-volatile
additives [g/ml] [°C] max. TE/F matter
[%]
BYK-A 550 0.87 47 5 9.7
(B4)
BYK-A 555 0.88 43 10 38
(B5)
kk
Solvent acetone, isopropanol, ethanol, dimethylformamide
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ways were used to prepare the epoxy/ MWCNTs compos-
ites:

— Ultrasound method: Carbon nanotubes, dried to a
constant weight, were broken in the solvent by the
ultrasonicator. Then the resin was added to the mixture
and the ultrasonication process was continued. Next, the
solvent was evaporated by using a water aspirator and the
ultrasonication process was continued. This was followed
by the addition of a curing agent, the samples were degassed
in the vacuum oven, cast to silicone moulds and cured at
60°C for 4h and at 120°C for 4h.

— Combination of ultrasound and mechanical mixing
method: The nanotubes dried to a constant weight, were
introduced into the resin previously heated and were mixed
by a mechanical stirrer. Then the samples were sonicated.
Next, the curing agent was added, the samples were
degassed in a vacuum oven, cast to silicone moulds and
cured at 60°C for 4h and at 120°C for 4h.

RESULTS AND DISCUSSION

The influence of different kinds of surfactant on the
resin viscosity are shown in the Table 2:

Degassing time was determined by placing approxi-
mately 25g of resin in a beaker followed by mixing with
1 wt% of surfactants. The beakers were transferred to a
vacuum oven at 40°C. Experiments with high-viscosity
resin with all surfactants (B1 to B5) showed that BYK-A
550 (B4) lowered the resin viscosity to the highest extent
and facilitated release of air in the shortest time. Since the
best results were obtained for the surfactant B4, only this
surfactant was used in further studies. The surfactant
concentration was lowered to 0.1 wt% in order to avoid
deterioration in the mechanical properties of the resin.
The release of air was satisfactory at the above concentra-
tion. The viscosity of low-viscosity resin was lowered
slightly. The results are shown in Fig. 1.

The tests on the solvent effect on the nanotubes disper-
sion were performed. In the case of isopropanol, it was
difficult to obtain a uniform mixture with the resin. The

710

705

700

695

viscosity[mPas]

685

680

675
resin+B4

pure resin

Figure 1. Viscosity of the low-viscosity resin after the addi-
tion of surfactant B4

evaporation of dimethylformamide was difficult because
of its high boiling point. Acetone and ethanol appeared to
be better; there were no problems with evaporation and
the dispersion of nanotubes was good (agglomerates were
not visible). It was decided to use only ethanol in further
experiments because of a little better dispersion of
nanotubes while using this solvent.

After the choices of surfactant and solvent, tests for the
selection of resin were performed.

Firstly, pure epoxy resins were tested for their viscosity.
Araldite GY 250 has a relatively high viscosity at room
temperature (10000-12000 mPas) and the viscosity de-
creases approximately by a factor of two for every 5°C
increase in temperature. The second epoxy resin, Araldit
LY 1564 SP has much lower viscosity (n,5=1000-1200
mPas). Lower viscosity facilitates the degassing process
and results in better mechanical properties. Studies on the
influence of the ultrasonication process on the pure resin
viscosity showed that there are no changes of the resin
viscosity after this process. It was also found that
ultrasonication has no effect on resin microstructure and
mechanical properties.

Next, the samples containing nanotubes in high-viscos-
ity resin and the samples with low-viscosity resin were
prepared and their viscosity was measured. In the case of
high-viscosity resin (Table 3), viscosity measurements took
more time and the viscosity was more correlated with the
rotation speed than in the case of the samples with low-
viscosity resin (Table 4). The viscosity of the samples
ranged from 4757 to 7353 mPas for the composites with
modified nanotubes purchased from the Polish company
and high-viscosity resin. The viscosity of the samples based
on low-viscosity resin and the same type of nanotubes was
significantly lower and independent of the type of carbon
nanotubes (n;,=1080 — 1258 mPas) for all the samples
of low-viscosity resin and modified nanotubes from Nano-
Partner-Leszek. Samples with low viscosity resin were
easier for degassing and casting to the moulds. The same
tendency was observed in the case of the samples with
non-modified nanotubes and modified nanotubes from
Nanocyl. A low-viscosity resin Araldit LY 1564 SP was
selected for further studies.

Comparison of all types of carbon nanotubes used in
our study led to the conclusion that in all types of the
samples the dispersion of the modified carbon nanotubes
was worse than that of the unmodified ones. This is the
result of the strong tendency of modified nanotubes to
agglomerate with regard to interactions of their functional
groups. However, significant differences in the viscosity
and associated dispersion were observed depending on the
nanotubes producer. The viscosity of the samples contain-
ing nanotubes from Nanocyl differed from that of the
samples containing nanotubes from Nano-Partner-Leszek
(Fig. 2). The samples with 0.05 wt% of nanotubes from
the Belgian company have viscosity similar to that of the
samples with the ten times higher content of modified
nanotubes of Polish origin. The viscosity of the samples
with aminated nanotubes from Nanocyl increases with a

Table 2. Degassing time and viscosity of high-viscosity resin with different surfactants

B4 —» B5 —» B3 — B2 —p B1
degassing time [h] 1 1 2 3.5 3.5
viscosity [mPas] at 30°C 3335 3942 4056 4965 4730
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Table 3. Viscosity of samples with high-viscosity resin and functionalized nanotubes from Nano-Partner-Leszek depending on

the rotation speed at 30°C [mPas]

rpom Viscosit . .
Samples with 0.5 wt. % of CNTs i 03 06 ’ 15 Difference depending on rpm
composite with carboxylated (a) CNTs and a surfactant 5648 5477 5549 171
composite with carboxylated (b) CNTs 5900 5709 5570 330
composite with carboxylated (b) CNTs and a surfactant 5193 5155 5162 38
composite with aminated CNTs 4852 4757 4859 102
composite with aminated CNTs and a surfactant 5344 5231 5352 121
composite with hydroxylated CNTs 7353 6823 6709 644
composite with hydroxylated CNTs and a surfactant 5913 5686 5746 227
pure epoxy resin 4814 4567 4746 247

Table 4. Viscosity of samples with low-viscosity resin and functionalized nanotubes from Nano-Partner-Leszek depending on

the rotation speed at 30°C [mPas]

rpm Viscosity
Difference depending on rpm

Samples with 0.5 wt. % of CNTs 1.5 3 6

composite with carboxylated (a) CNTs 1258 1235 1196 62
composite with carboxylated (a) CNTs and a surfactant 1175 1171 1190 19
composite with carboxylated (b) CNTs 1205 1186 1190 19
composite with carboxylated (b) CNTs and a surfactant 1107 1095 1097 12
composite with aminated CNTs 1122 1118 1120 4
composite with aminated CNTs and a surfactant 1122 1114 1112 10
composite with hydroxylated CNTs 1129 1122 1131 9
composite with hydroxylated CNTs and a surfactant 1129 1080 1084 49
pure epoxy resin - 708.8 707 1.8

rise in the content of nanotubes, similarly to the viscosity
of samples with non-functionalized nanotubes, whereas
the viscosity of the samples with modified nanotubes from
Nano-Partner-Leszek remained at the same level, irre-
spective of the nanotubes content.

The type, size and purity of CNT (different for each
producer) is also very important for the comparison of the
viscosity of samples depending on a functional group.
None of the modified nanotubes supplied by Nano-Part-
ner-Leszek gave uniform dispersion. After the initial
mixing with a solvent, a large number of big aggregates
were visible. However, when ultrasonication was per-
formed, most of them broke, but dispersion remained

unsatisfactory. The largest agglomerates were found in the
case of the sample containing hydroxylated nanotubes. In
the case of the Nanocyl nanotubes the dispersion was
homogeneous. Significant differences were observed de-
pending on a functional group. The samples with ami-
nated nanotubes had higher viscosity than the samples
with carboxylated nanotubes (slightly higher for lower
nanotube contents, and significantly higher for the highest
nanotube content).

The use of surfactant in the sample with aminated
nanotubes from Nanocyl slightly increased the viscosity
(n3p=3448 mPas for sample with 0.5 wt% of CNTs with-
out a surfactant compared to m,;,=4186 mPas for the
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Figure 2. Comparison of viscosity of samples with low-viscosity resin and selected carbon nanotubes prepared by ultrasound

method
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Figure 3. Dependence of viscosity on the type of functionalization group in nanotubes prepared by combination of ultrasound
and mechanical mixing
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Figure 4. AFM images of epoxy/nanotube composite with
0.5 wt% of unmodified nanotubes

sample with the same amount of nanotubes with a sur-
factant) and the dispersion is better for this sample, which
was confirmed by SEM observation. The dispersion in the
sample with aminated nanotubes from Nanocyl with a
surfactant was the best (Fig. 7). Figure 2 shows the results
of viscosity measurements for the selected samples pre-
pared in the ultrasound method.

Figure 3 shows the differences of the viscosity of the
samples with a different content of the modified nanotubes
in the epoxy resin prepared according to the combination
method of mechanical mixing and ultrasound. The differ-
ences between nanotubes are visible. The dispersion of
modified nanotubes from Nano-Partner-Leszek depends
on the nanotube type. The highest viscosity and dispersion
was found for the sample with carboxylated (b) nanotubes
(functional groups content in the nanotubes is 5 wt%,
nanotube content in a resin is 0.5 wt%, 1;,=924 mPas),
but it was much worse than that of the modified nanotubes
from Nanocyl (n;,=3434 mPas; 0.5 wt% of aminated CNTs
and 1;,=1044 mPas; 0.5 wt% of carboxylated CNTs).

For accurate determination of the dispersion, micro-
structure observation was performed; the observations
helped to adjust mixing techniques and parameters. It was
found that by using the ultrasound method, it was possible
to obtain a uniform distribution of unmodified CNTs in
the epoxy matrix. The AFM images of epoxy/nanotube
composite with unmodified nanotubes are shown in Fig. 4. Figure 5. SEM images of non-functionalized MWCNTSs
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Figure 6. SEM images of MWCNTs functionalized with -OH
groups, supplied by the Polish company

In this case the dispersion was good and big agglomerates
were not found. Some single nanotubes dispersed in the
epoxy matrix were observed.

Modified nanotubes from Polish company form bigger
agglomerates than unmodified ones (Figs. 5, 6).

Achievement of an uniform dispersion of carbon
nanotubes in the epoxy matrix was impossible, many big
agglomerates were observed and it was difficult to crash
them in the epoxy matrix. None of the mixing techniques
or parameters, addition of surfactants or different solvents
gave satisfactory results. The addition of 5 wt% of modi-
fied nanotubes appeared to be unsuccessful, too. SEM
images of epoxy/nanotube composite with 5 wt% of
nanotubes modified with (COO"),(NH,*), groups are
presented in Fig. 7 as an illustration.

Modified nanotubes supplied by Nanocyl were more
susceptible to uniform dispersion in the epoxy matrix.
SEM (Fig. 8) and AFM (Fig. 9) images show epoxy/
nanotube composite with 0.5 wt% of nanotubes modified
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LED 1530 - WWC PAN

Mag= 100KX LED $530- WC PAN

Figure 7. SEM images of epoxy/nanotube composite with
5wt% of nanotubes modified with (COO") (NH,*),
groups supplied by the Polish company

with -NH, groups with a surfactant prepared by ultra-
sound method.

CONCLUSIONS

1. The best dispersion of the nanotubes in the epoxy
resins was obtained using:

a. low-viscosity epoxy resin;

b. ethanol in the initial step of mixing;

c. surfactant BYK-A 550;

d. two mixing methods — ultrasonic mixing or combina-
tion of ultrasound and mechanical mixing;

2. Very good dispersion is exhibited by modified
nanotubes from Nanocyl and is dependent on the
nanotubes type (functional groups) and the best for ami-
nated nanotubes.

3. Good dispersion was obtained in composites with
non-modified nanotubes prepared in the ultrasound
method.
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Figure 8. SEM images of epoxy/nanotube composite with 0.5 wt% of nanotubes modified with -NH, groups, supplied by

Nanocyl
Height Phase
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Figure 9. AFM images of epoxy/nanotubes composite with
0.5 wt% of nanotubes modified with -NH, groups
with a surfactant, supplied by Nanocyl

4. It was not possible to obtain satisfactory dispersion
of the modified nanotubes from Nano-Partner-Leszek
regardless of the method and the worst dispersion was
obtained for hydroxylated nanotubes.
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