Lithuanian Journal of Physics, Vol. 55, No. 3, pp. 191-199 (2015)
© Lietuvos moksly akademija, 2015

THERMOPHYSICAL AND MECHANICAL PROPERTIES OF
BISPHENOL A EPOXY RESIN FILLED WITH MULTIWALLED
CARBON NANOTUBES

A. Borisova, T. Glaskova-Kuzmina, and A. Aniskevich

Institute of Polymer Mechanics, University of Latvia, 23 Aizkraukles Street, LV-1006 Riga, Latvia
E-mail: Anna.Borisova@pmi.lu.lv

Received 22 May 2015; revised 11 June 2015; accepted 29 September 2015

Dilatometric tests, thermal mechanical analysis (TMA), quasistatic tensile tests, hydrostatic weighting, and scanning electron
microscopy (SEM) were performed on the multiwalled carbon nanotube (MWCNT)/epoxy nanocomposite (NC) with different
filler content (c = 0-3.8% wt.) in order to determine the influence of MWCNT content on the thermophysical and mechanical
properties of NC. The experimental results show the physical properties versus the nanofiller content and the existence of the op-
timal MWCNT content (1% wt.) in epoxy resin that maximally improves the thermophysical properties of NC in comparison
with unfilled epoxy. Thus, NC with 1% wt. filler content shows the maximal decrease of thermal expansion coefficient by 68%,
the maximal increase of glass transition temperature and tensile strength by 23 °C and 18%, respectively. Comparing the results it
can be seen that after exceeding the defined optimal filler content over 1% wt. the investigated properties get worse. The correla-
tion between the investigated mechanical and thermophysical properties is estimated and reported.
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1. Introduction

Over the last decade, nano-reinforced polymer ma-
trix composites have attracted much of attention due
to their potentially superior mechanical and physi-
cal properties. One of the important materials often
used in engineering, aerospace and other industries
is epoxy resin which has highly competitive physical
properties [EI]. The incorporation of nanofillers such
as nanoclays [f], silica nanoparticles [E], graphene
nanoparticles [H] etc. into a polymer matrix, offers
the ability to modify its mechanical properties such
as to fit the design requirements. Carbon nanotubes
(CNTs) are amongst the most promising nano-fillers
due to their unique mechanical, thermal and electrical
characteristics [CE] and have therefore been the subject
of extensive research over the last few years by differ-
ent methods []. Issues such as the effect of CNTs
volume fraction, the degree of dispersion and filler/
epoxy adhesion on the mechanical [], thermo-
mechanical [] and electrical properties [@, ]
of CNT-reinforced polymers have been addressed
by a number of researchers, and a brief summary of
the main findings is given below.

The addition of CNTs can improve important
thermomechanical properties of the polymer com-
posite. One of the most crucial characteristics of
epoxy resin is glass transition temperature Tg. It is de-
pendent on the polymer microstructure and curing
process. Epoxies with higher T have the increased
heat resistance and therefore deliver higher tensile
properties at increased temperatures. The presence of
CNTs can reduce the polymer free volume and can
impact on the structure of cured epoxy by restricting
the polymeric interaction during the cure reaction, by
influencing the polymer chain alignment, and by re-
ducing the mobility of polymer macromolecules near
the interface between nanoparticles and epoxy [,
B], thus affecting the T of NC.

Another important thermophysical characteris-
tic that can occur with changing T is the coefficient
of thermal expansion (CTE). It is used to deter-
mine the failure by thermal stresses that may occur
when a solid body is subjected to temperature vari-
ations. CNTs have low CTE due to their high bond
energy and rigidity [B]. It is therefore expected that
their presence due to reduction of a free volume of
the polymer network and reduction of thermally
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induced movements within the polymer matrix will
decrease the CTE of NC.

Since the presence of a nanofiller determines
the microstructure of the composite, it is apparent
that it will also influence its mechanical properties.
The extremely large interphase between nano-fill-
ers and polymer and high aspect ratio [@, ] offer
the opportunity for a much greater improvement
of the mechanical performance of nano-reinforced
polymers when compared to micro-reinforced
ones 16]. A number of theoretical models [E, ]
predict a significant increase in the elastic modulus
of nano-reinforced composites which is attributed to
the impressively high elastic modulus of CNTs that
can reach values up to 1 TPa [E]. In reality, however,
the achieved mechanical properties are far behind
the idealized theoretical ones due to a number of fac-
tors (e. g. homogeneity of the composite, CNT aspect
ratio, particle loading and size, test and manufactur-
ing methods) which are not taken into consideration
in the theoretical models but influence significantly
the mechanical properties of NCs [E, ]. Well dis-
persed CNTs should enhance the operation of epoxy
resin, but at high nanofiller percentages (more than
0.5-1.0% wt.) due to excess surface energy the na-
nofiller causes the appearance of agglomerates and
decreases improvement of thermophysical and me-
chanical properties of the material , @]. How-
ever, non-uniform dispersion of the filler particulates
within the matrix has been identified as one of the key
factors for deficient improvements of the physical
properties of NC [@]. High loading of nanoparticles
that usually can be compared with the statistical per-
colation threshold using the percolation theory []
affects the viscosity and homogeneity of NC. Lack of
interfacial adhesion [@] and development of the per-
colative network of nanoparticles are other factors
that bear heavily on the material physical properties
of the composite [, @]. A number of researchers
have developed methods for the estimation [ﬁ, E,
@, @, @] and improvement of the dispersion degree,
however, the optimal filler content corresponding to
the material property under investigation is still ex-
perimentally determined in most cases. It is compli-
cated to investigate the dispersion of the nanometer
scale filler directly and to predict how the real dis-
persion will affect the properties of different NCs.
The experimental results obtained in this work pro-
vided a comparable estimation of the influence of
MWCNT content on the NC mechanical and ther-
mophysical properties.

In view of numerous factors that influence the mi-
crostructure of CNT-filled polymer, reliable deter-
mination of its mechanical and thermal properties

is really possible only through experiments. Thus,
the objective of the current work is to estimate
the correlation between the thermophysical and me-
chanical properties of the MWCNT/epoxy system in
dependence on various loading content. A number of
similar studies [ﬁ, @] have been done. In this work
the correlation between the investigated properties is
outlined in order to obtain multifunctional charac-
teristics of the material and increase the applicability.
The latter is of great importance since the applicabil-
ity of such composite systems in structural and engi-
neering constructions of boats, aircrafts, automobiles,
sport equipment and other commercial sectors de-
pends on the combination of their thermal and me-
chanical properties.

2. Experiment

2.1. Materials and specimen preparation

Bisphenol A epoxy resin LH 289 and curing agent
H 289 (mixing ratio 100:33 by weight), as well as
epoxy resin masterbatch with 5% wt. multiwall CNT
were provided by Havel Composites (Czech Republic).
Masterbatch with the previously dispersed CNT was
mixed by the providing company. This type of neat
epoxy resin has low viscosity, good stability to chemi-
cals and high temperatures [R3]. NC specimens were
produced at different filler content (0, 0.2, 0.5, 1.0, 1.9,
and 3.8% wt.) by mixing epoxy resin with masterbatch
in necessary proportions.

According to provider’s data the mean length of
CNT in masterbatch was 0.2-5.0 ym, the outer diame-
ter was 10-50 nm, and the average aspect ratio was 90.
The critical percolation threshold for the MWCNTs
was calculated [@] using the formula ® = 0.5-a!
where the aspect ratio is equal to &« = L/D (L and D
are the CNT averaged length and diameter, respec-
tively). According to the averaged values and these
calculations the critical statistical percolation thresh-
old for the MWCNTs is app. 0.8% wt. Filler contents
were chosen according to the percolation threshold
value 0, 0.2, 0.5, 1.0, 1.9, and 3.8% wt. where two were
near the percolation threshold, two well above and one
well below it. NC specimens were produced by mixing
a certain quantity of neat epoxy resin with masterbatch
in the calculated proportions by weight. After the ad-
dition of the curing agent the maximal filler content
was 3.8% wt.

First of all, the high viscosity of masterbatch be-
cause of high MWCNT addition and low storage
temperature was reduced by increasing temperature
from 8 till 20 °C. Secondly, after 1 h epoxy resin and
masterbatch were manually and intensively mixed
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for 5 minutes. Then the necessary amount of a hard-
ener was added, and all mixture was degasified for 10
minutes at room temperature. The silicon moulds were
filled with mixed epoxy resin and cured for 22 hours
at 15 °C in a heat chamber, and for 2 hours at 50 °C.
Then for removing of technological stresses the speci-
mens were post cured out of moulds for 24 hours at
60 °C. At the end all the NC specimens were polished
for getting a flat surface and to minimize the influence
of surface defects on the properties investigated dur-
ing the experimental testing. The final dimensions of
the samples were 150 x 10 x 2 mm. All samples were
desorbed in desiccators with silica gel for 2 months at
room temperature (RT) and 17% of the relative humid-
ity (RH) of atmosphere before the experiments in or-
der to guarantee the same conditions of testing.

2.2. Measurements

Measurement of the density of NC samples was carried
out using analytical scales Mettler Toledo XS 205DU
at the hydrostatic weighting regime in ethanol (density
at 18 °C 0.791 g/cm®) which does not influence resin.
For each concentration of MWCNTs five NC samples
were used. The features of thermal expansion and glass
transition temperature of the NC specimens have been
studied in two cycles of dilatometric analysis without
external load. Thermophysical investigations were
performed by a dilatometer UIP-70M using small
specimens (6 x 6 x 2 mm) that were cut from dogbone
specimens. They were heated in a temperature range
from 20 to 100 °C at a heating rate of 2 °C/min with
subsequent natural cooling. Analyzing the obtained
dilatometric curves the glass transition temperature T
and the linear coefficient of thermal expansion (CTE)
of NC were determined. Quasistatic tensile tests were
performed using a universal testing machine Zwick 2.5
in a uniaxial tension regime at the constant traverse
speed 5 mm/min up to specimen failure. The tensile
strength, strain at break, and tangential elastic modu-
lus of NCs were determined from tensile stress—strain
curves. Mechanical measurements were performed at
19 °C temperature. For the most optimal filler content
scanning electron microscopy (SEM) analysis by Zeiss
EVO 50 (with output strain 20 kV and current 100 pA)
of the specimens’ fracture surface at the vacuum level
10”7 atm and optimal voltage 2.3-2.5 A was performed.
The fracture surface was previously covered with a thin
(10-20 nm) electroconductive layer of platinum and
palladium melt in the ratio 1:1 using a plasma dis-
charge chamber with a low vacuum. Images were ana-
lyzed using the software SmartSEM user interface in
order to investigate the structure of NC.

3. Results and discussion

3.1. Morphology of fracture surface

A scanning electron microscope was used to observe
fracture surface morphology and MWCNT distribution
within epoxy resin. The fracture surface shows a typical
brittle failure of NC between the MWCNT and epoxy
matrix (Fig. m(a)). The surface is rough and non-homo-
geneous. The material is fractured in various planes that
indicate strong MWCNT/epoxy resin adhesion. Such
phenomenon is explained by Srivastava’s [2(] theoreti-
cal statement that the CNT network can block crack
expansion, consequently with the increase of loading,
cracks form in the weak CNTs network area.

Distribution of MWCNT is visible on (Fig. E](b), (c).
Where micro-agglomerates are observed, it indicates
that in the nanolevel MWCNT are not perfectly dis-
tributed within the epoxy matrix, but in the micro-
level (Fig. E](c)) they have good dispersion. In general,
the pinning of cracks by MWCNT filler can be ob-
served.

Magnifying the observed surface by 560 times
a polymer structure is clearly visible, and reaching
a magnification of 20000 times CNT agglomerates can
be seen (Fig. m(b), (c)). When the magnification reaches
132000, it is possible to determine the geometrical para-
meters of a single nanotube or its visible part, the length
of which is approximately 200-400 nm and the diame-
ter is 30-50 nm (Fig. E](d)). The maximal magnification
allowed making the statement that the explored struc-
ture is indeed CNT. At reduced magnification CNT ag-
gregates are observed in multiple locations.

3.2. Density measurements

Dependence of the NC density on the filler content
was obtained by hydrostatical weighting. The densi-
ties of the unfilled epoxy-hardener mixture and those
of the NCs with different filler content were measured
following the procedure described in Section 2.2,
whereas the density of CNT was taken from the man-
ufacturer’s datasheet (p_ . = 1.4 g/cm?) [@]. In order
to estimate theoretical values the density of NCs was
also calculated by employing the rule of mixtures:

C, C
“|1-Canr |, Lo, (1
Pe ( 100)'0ep 100 enT

where p, p_and p., are the density of the com-
posite, epoxy resin and CNTs, respectively, and c
is the relative CNTs mass content in the composite.
The density of epoxy resin and hardener mixture p,
was 1.140 + 0.004 g/cm’ (data from the datasheet).
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(e)

Fig. 1. SEM micrographs showing the fracture of epoxy resin NC filled with 1% wt. of CNT in different magni-
fications: (a) X100, (b) X3260, (c) X20000, (d) X132000, (¢) X5200.

The NC density versus the filler content is shown in
Fig. @ where it is apparent that for low filler volume frac-
tions (less than 1.0% wt.) there is a deviation between
the results obtained from experimental measurements
and those from the rule of mixtures. The nonlinear in-
crease of the density at low volume fractions has also
been reported by other researchers [@] and has been
associated with the change in the free volume of epoxy

resin. Equation (1) is an approximation that implies
that the addition of the filler does not affect the free
volume of the polymeric phase. It describes the size
of space between the macromolecules that make up
the so-called free volume. According to this theory
the nanofillers do not completely occupy additional
volume since part of them occupies the free volume
of the epoxy network.
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Fig. 2. Density of NC vs filler content (=) calculated by
the rule of mixtures ().

In general, due to high density of CNTs, the density
of manufactured samples increases with the increase
in the filler content. When the concentration of CNTs
reaches 3.8% wt., the density increases by 1.2% when
compared to that of unfilled epoxy samples. The in-
crease of density is associated with a relatively high den-
sity of CNT, but this dependence on the CNT content is
not linear as expected. It can be described by CNT oc-
cupation of the free volume of epoxy resin and does not
exert any influence on the density or other properties.

3.3. Thermophysical properties

The temperature range at which a sharp change in
the thermal expansion rate of the NC specimens oc-
curs can be determined from the dilatometric curves.
It is well known that different structural changes can
occur within NCs during the first cycle which can, in
turn, lead to shrinkage and supplemental hardening of
the specimens. In order to avoid these effects, the data
of the second heating—cooling cycle were used in this
study. Typical dilatometric curves for the epoxy matrix
and the NC specimens with the maximal filler content
are presented in Fig. E where it is shown that the neat

epoxy resin is more deformable under temperature
action. The T was determined from experimen-
tal heating curves as the crosspoint of two tangents
which characterize CTE at temperature ranges before
and after Tg (Fig. @(b)). From the dilatometry curves
(Fig. E) it is obvious that the Tg of NC with the maxi-
mal filler content is approximately by 17 °C higher
than that of the neat epoxy resin.

The data obtained from the dilatometric analysis
(Fig. H) show that at the filler content 1.0% wt. Tg attains
its maximum value with the latter being 23 °C higher
than that of the epoxy matrix (Fig. H). Further increase
of the CNT loading causes a decrease in T which re-
mains, however, higher than that of the unfilled epoxy
sample. Similarly to other studies [, B], it has been
found that the neat epoxy resin has higher CTE values
compared to the loaded epoxy.

The results reported above can be explained when
taking into account the formation of filler agglomer-
ates within the material. Higher filler content results in
a low degree of filler dispersion which in turn leads to
a weak coupling between CNT and epoxy resin. Fur-
thermore, agglomeration causes reduction of thermal
stability and exerts influence on the viscoelastic behav-
iour of polymer material. This phenomenon has been

7018 °C)
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Fig. 4. Glass transition temperature vs the filler content
in NC.
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Fig. 3. Dilatometric curves for the heating-cooling cycle (a) and the T, determination (b) of epoxy resin

with 0 and 3.8% wt. CNT.
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explained in terms of the restriction of molecular
motion []. At high loadings CNT occupies the free
volume of epoxy resin which incites the decrease of
T.. Agglomerated nanofillers and pores can be con-
sidered as defects in the material, therefore the glass
transition temperature decreases with their increase.
The changes in CTE (Fig. E) can be considered negli-
gible below the glass transition temperature (T > T)).

However, above the glass transition temperature
(T < T) the CTE decreases up to 68% at the filler
content 1.0% wt. compared to that of the neat epoxy
resin (Fig. E).

o (10°-°C)
20
68% T>T,
10
I<T, c (%)
0 1 2 3 4

Fig. 5. The coefficient of thermal expansion vs the filler
content in NC defined in different temperature ranges.

The values of T, CTE and tensile strength show
g

that the increasing of the filler content from 0 till
1% wt. show improvement of material properties, but
after exceeding this optimal concentration properties
get worse in comparison with the maximal improve-
ments. The possible reason for the decrease of T and
tensile strength, and the increase of CTE at hlgher
CNT loadings can be a weak coupling between CNT
and epoxy resin.

3.4. Mechanical properties

The mechanical properties of the NC (i. e. elastic mod-
ulus E, tensile strength o and strain at break &) were
determined from quasistatic tensile tests. The tensile
stress-strain curves (Fig. E) were used in order to esti-
mate the mechanical characteristics of NC with differ-
ent CNT content. The elastic modulus was obtained in
the viscoelastic region, i. e. the region corresponding
to strains from 0.05 to 0.25% (Fig. ). The results indi-
cate that the elastic modulus does not change distinctly
and it is approximately constant, 3.14 + 0.02 GPa for
all filler contents. The effect of CNT on the modulus
is minor, and this is primarily attributed to a relatively
small filler content (in comparison to microfiller usual
addition) and probable CNT agglomeration.

g0 O (MPa)
Omax 3.8%
0%
60
40
20
0.05-0.25% € (%)
€ at break
0 1 2 3 4

Fig. 6. Typical stress-strain curves of the epoxy resin
specimen with 0 and 3.8% wt. of CNT (interval 0.05-
0.25% shows the elastic region on the curve).

In Fig. ﬁ the average values and standard devia-
tions of 0 and ¢, as obtained from testing five
different specimens for each filler content are shown.
However, it should be noted that for the CNT loading
1% wt. the average strain at break increases slightly by
0.8% and attains its maximum value. It is obvious that
the polymer has the main impact on the elastic modu-
lus and strain at break of NC and that CNTs do not
exert visible influence.

In Fig. ﬁ it is shown how the addition of CNTs influ-
ences the tensile strength (o ) of NCs. In particular,
the tensile strength reaches its maximum for 1% wt
filler content with its value being 7% higher than that of
the neat epoxy resin. A decrease of the tensile strength
is observed with further addition of CNTs with the lat-
ter reaching a plateau with strength values higher than
that of the neat epoxy resin. In general, the mechanical
properties of the nanocomposite with the maximum
(3.8% wt.) filler content deteriorate when compared
to those of the medium (1% wt.) filled epoxy. This

6 €(%) o (MPa) 80

75
4

70
2

65

¢ (%)

60

0 1 2 3 4

Fig. 7. Strain at break (-m-) and tensile strength (—@-) vs
the filler content in NC.
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could be explained by higher nanofiller contents that
cause deterioration of filler dispersion and thus reduce
the strength of the material. Well-dispersed nanotubes
should enhance the performance of epoxy resin; how-
ever, CNT agglomerations act as stress concentrators,
decreasing their mechanical properties [EI, ]. It has
been shown [E] that at higher CNT loadings the degree
of improvement of mechanical properties is limited by
the high viscosity which leads to the formation of ag-
glomerates and defects. If the concentration of agglom-
erates increases and their sizes remain approximately
constant, it could exert the influence on material like
a microfiller, not a nanofiller. This statement is con-
firmed by SEM analysis. Agglomerates that are formed
extensively with the increase of filler content and have
different size can be associated as defects in nanocom-
posites.

The elastic modulus and strain at break remain
practically constant. The practically constant elastic
modulus and elongation at break in differently filled
and unfilled epoxy resin are the result of very low filler
volume fractions in this study.

3.5. Correlation between thermophysical and
mechanical properties

Based on the results obtained for CN'T/epoxy NC ther-
mophysical and mechanical properties, some efforts
are being made to correlate them (Fig. E). As can be
observed in Figs. E, E, H, and f, the experimental curves
of T, CTE, strain at break and density have a simi-
lar nonlinear behaviour. The same CNT influence on
the material structure and, as a result, on the NC me-
chanical and thermophysical properties was obtained.

The material density correlates with the glass transi-
tion temperature Tg (Fig. E(a)) and they are increasing

proportionally; this phenomenon is also mentioned by
Montazeri et al. [@]. As the nanofiller content and den-
sity increase, the filler dispersion and the free volume
within the material decrease. As a consequence, the ag-
glomerates in the material are larger and more visible.
When the dispersion is more homogeneous, the T in-
creases and the movement of chains decreases, that im-
proves the thermal stability. CTE characterizes defor-
mation under the temperature action and this value is
also interrelated to the mechanical properties of mate-
rial. Consequently, CTE can be assumed proportional
to the strain. The correlation between the changes of
these two parameters is shown in Fig. E(b).

The T and density, CTE and strain at break can be
correlated using the Pearson’s coeflicient of correla-
tion r (or r*), which determines the positive or negative
correlation between the observed data and has values
from -1 to 1 (the highest correlation). Using the Pear-
son’s coeflicient the same values of correlations were
obtained for both cases (Fig. E(a), (b)). Thus the cor-
relation between T and density is positive, r = 0.64,
but between CTE and ¢, . it is negative, r = -0.64.
The correlation above 0.61 is defined as a strong cor-
relation between the values.

The nonlinear dependence on the filler content
can be mainly associated with the morphology and
the structure of the polymer material obtained. The re-
sults indicate the efficiency of CNT reinforcement
above and below the percolation threshold, where
it can be observed that all the experimental data ob-
tained have a nonlinear character on the filler content.
The percolation threshold identifies the boundary
filler content above which CNTs start to reduce their
effective aspect ratio and, consequently, the efficiency
of intercalations between the polymer and nanoparti-
cles []. It can be observed in the figures (Figs. @, E,

75,Tg (°C) (@) 7re(%) (b)
65f +
55t
sl 4

p (g/cm’) o (105°C1)
1.138 1.143 1.148 1.153 5 10 15 20

Fig. 8. Correlation between the glass transition temperature and density (a); between the coefficient of thermal ex-

pansion and strain at break (b) of NC.
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H, B) shown in this work that at the filler content well
above the percolation threshold (1.9% wt.) properties
get worse, but at 3.8% wt. they again get higher. This
phenomenon can be explained with consolidation of
the polymer network and nanofiller because of high
CNT loading that causes high viscosity. In high load-
ings the MWCNT aspect ratio also could be reduced
during NC processing [@, @]. Thus because of clus-
ter formation MWCNT added at high loadings could
work as microfiller particles.

The obtained optimal filler content (1% wt.) was
studied by SEM. The analysis was performed in order
to study the structure and the filler dispersion of NC.
The images at different magnifications show CNT
distribution within the epoxy matrix. Figure E] shows
that the particles are separated and have a nanometre
scale, but at higher magnification it can be observed
that the length of a single MWCNT could start ap-
proximately from 0.1-0.5 ym till several microns, but
a typical diameter is about 40-60 nm.

4. Conclusions

Based on the complex research experimental results,
it is observed that the effect of introduction of CNT
on the NC density, strain at break, tensile strength,
CTE and T, depending on the nanofiller content is
nonlinear and shows the optimal filler content 1% wt.

The main conclusion is that addition of more
CNT into epoxy resin does not mean improvement of
the NC properties. Due to high viscosity the disper-
sion of CNT is not uniform at higher loading systems.
If the filler content is exceeded over the percolation
threshold, the composite becomes defective and its
properties get worse. It happens due to agglomera-
tion of small nanoparticles which results in a bad dis-
persion of the nanofiller that generally means that
the NC has defects. The optimal percentage of the fill-
er is associated with a sufficient quantity of the na-
nofiller that can improve properties of NC and have
good dispersion and high aspect ratio of particles in
the material.

An interesting fact is observed that after exceeding
of 1% wt. CNT content the investigated properties get
worse in comparison with maximal improvements.
This phenomenon can be associated with the nanopar-
ticle agglomeration because after exceeding the certain
concentration (percolation threshold) the filler parti-
cles can work like micro- not nanofiller. As it is known,
the microfiller also improves physical properties of
the material but the improvements are minor than can
be expected from the carbon nanofiller.

The obtained results show that the improvement
of tensile strength and strain at break is quite insig-

nificant, but it is necessary to notice that CNT addi-
tion in different content certainly does not deteriorate
any characteristic of epoxy resin. The results show
that CTE and T considerably increase at the defined
optimal CNT content. Thus the range of possible ap-
plication and multifunctionality of the material con-
siderably increases.
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