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Poly(butylene terephthalate/carbon nanotubes
nanocomposites
Part II. Structure and properties
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Abstract: The properties of poly(butylene terephthalate) (PBT) based nanocomposites filled with
MWCNTs (multiwall carbon nanotubes) and epoxy peroxide functionalized MWCNTs (EpMWCNTs)
have been studied. The analysis was focused on the influence of EpMWCNTs on the phase structure, ther-
mal, mechanical and electrical properties of synthesized materials. Functionalized MWCNTs were obser-
ved to be highly dispersed and well integrated in the PBT matrix. Obtained results demonstrate that the
incorporation of EpMWCNTs into the PBT matrix yields materials of enhanced thermo-oxidative stabili-
ty. It was found that the crystallization temperature for all the obtained nanocomposites is slightly higher
than that for the neat polymer. Increasing the concentration of nanofiller in both MWCNT and
EpMWCNT systems improved the mechanical properties Young’s modulus, tensile strength and fracture
strain. The electrical conductivity of nanocomposites decreased due to the functionalization of MWCNTs
with epoxy peroxide.
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Nanokompozyty poli(tereftalan butylenu)/nanorurki weglowe. Cz. II. Struk-
tura i wlasciwosci

Streszczenie: Scharakteryzowano, otrzymane w Cz. I, nanokompozyty na osnowie poli(tereftalanu bu-
tylenu) (PBT) napelnionej wielo$ciennymi nanorurkami weglowymi, niemodyfikowanymi (MWCNT)
lub funkcjonalizowanymi epoksynadtlenkiem (EpMWCNT). Zbadano wptyw EpMWCNT na strukture
fazowa, wlasciwosci termiczne, mechaniczne i elektryczne otrzymanych materiatéw. Potwierdzono do-
bra dyspersje i integracje EpPMWCNT w matrycy PBT. Otrzymane wyniki §wiadcza o korzystnym wpty-
wie funkgjonalizowanych nanorurek weglowych na stabilnos$¢ termooksydacyjng materiatu. Temperatu-
ra krystalizacji kazdego z wytworzonych nanokompozytéw jest wyzsza niz nienapetnionego polimeru.
Zaobserwowano poprawe wiasciwosci mechanicznych nanokompozytow zaréwno z MWCNT, jak i z
EpMWCNT ze zwiekszeniem zawartosci nanonapetniacza. Nanokompozyty z udziatem nanorurek
sfunkcjonalizowanych epoksynadtlenkiem wykazaty gorsze przewodnictwo elektryczne niz nanokom-
pozyty z udziatem nanorurek niemodyfikowanych.

Stowa kluczowe: nanokompozyty, poli(tereftalan butylenu), nanorurki weglowe, wlasciwosci.

Poly(butylene terephthalate) (PBT) is a semicrystal-
line thermoplastic polyester with high stiffness, hard-
ness, dimensional stability, good resistance to chemicals
and excellent processability. PBT applications include
electronic and communication equipment [1—3]. PBT
can be tailored to suit numerous applications by blending
it with other polymers or by using different nanofillers.
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In recent years many experiments were devoted to obtain
enhanced thermal and mechanical properties of PBT.
For instance, Xiao et al. [4] found that the incorpora-
tion of organic-modified montmorillonite (cethyl pyri-
dium chloride modified) increase the melting tempera-
ture, crystallinity and crystallization rate in PBT nano-
composites, but the thermal stability does not remark-
ably increase. Rejisha et al. in their recent studies [1]
showed improved thermal and mechanical properties of
PBT/PC (PC — polycarbonate) blends due to the incorpo-
ration of MWCTNs (multi-walled carbon nanotubes).
Kim et al. [2] in their work presented improved mechani-
cal properties, heat distortion temperature and the ther-
mal stability of PBT/CNTs (CNTs — carbon nanotubes)
nanocomposites prepared by simple melt blending.
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Avoiding agglomeration of CNTs in the polymer mat-
rix and forming a strong interactions between the nano-
tube and the polymer matrix are a key issues in maximi-
zing the advantage of CNTs reinforcements [5-9]. Many
efforts have been made to obtain homogenous dispersion
of CNT in polymer matrix, including the introduction of
functional groups onto CNT surface [9-12]. Tseng et al.
[13] presented improved compatibility between CNTs
and polymer matrix due to CNT functionalization. In ad-
dition it has been proved that in situ polymerization is a
very effective method to achieve a homogenous distribu-
tion of a nanofiller in the polymer matrix [6, 7, 14, 15].

The epoxy peroxide was successfully grafted onto to
the MWCNTSs, forming functionalized carbon nanotubes
— EpMWCNTs. MWCNT and EpMWCNTs were incor-
porated into PBT matrix, with the aim of improving the
thermal stability of PBT. The CNT functionalization pro-
cedure and the in situ synthesis of PBT/CNT nanocompo-
sites are reported in a companion paper [16].

The purpose of this paper is to show the effects of un-
modified and modified (epoxy peroxide) multiwall car-
bon nanotubes on the morphology, thermal, mechanical,
and electrical properties of PBT.

EXPERIMENTAL PART
Synthesis of polymers and polymer composites

The in situ polymerization method was applied to ob-
tain PBT nanocomposites with MWCNTs/EpMWCNTs
weight concentration from 0.1 % to 0.3 %. Materials used
for the preparation of a polymer nanocomposites and
procedure of the synthesis are described in more detail in
Part I. CNTs functionalization and in situ synthesis [16].

Sample preparation

The dumbbell shape samples used in DMTA analysis,
tensile tests and SEM investigations were obtained by
using an injection molding machine (Dr. Boy GmbH &
Co., Germany). The injection pressure was around
50 MPa and the temperatures were 15 °C higher than the
melting point of the polymer determined by differential
scanning calorimetry (DSC). The round shaped films
(0.6 mm thick and 50 mm in diameter) used in electrical
conductivity studies were prepared by compression mol-
ding at 245 °C for 5 min and cooled down in a mix of ethy-
lene glycol and water (60:40).

Methods of testing

— The morphology and phase structure of the PBT
and its nanocomposites were characterized by scanning
electron microscopy (SEM, JEOL JSM 6100) at accelera-
tion voltage 5 kV. All samples were cryo-fractured in li-
quid nitrogen and coated with a thin homogenous gold
layer by ion-sputtering to facilitate the measurements.

— Thermal behavior of all samples was examined
using differential scanning calorimetry (DSC). Measure-
ments were carried out on the TA Q 100 (TA Instruments),
at a heating rate of 10 °C/min, from 0 °C to 250 °C. Each
DSC testing cycle consisted of heating, cooling and re-
peating the scans. Samples weighing approximately
10 mg were used. The crystallization and melting tem-
peratures (T, and T,,) were determined from the maxi-
mum of the exothermic and endothermic peaks, respec-
tively. The heat of fusion (AH,,) and crystallization (AH,)
were determined from the areas under melting and crys-
tallization peaks. The degree of crystallinity (x,) was
calculated as the ratio x. = (AH,,/AH )-100 %, where AH,,
and AH_ denote, respectively, heat fusion of a sample es-
timated from the second heating scan and the theoretical
value of enthalpy for 100 % crystalline PBT AH, =140]/g
[18].

— Thermal properties of obtained nanocomposites
were measured by dynamic mechanical thermal analysis
(DMTA) with a Polymer Laboratories MK II dynamic me-
chanical thermal analyzer working in a bending mode.
The tensile storage modulus (E") and loss modulus (E”)
were measured with a frequency of 1 Hz and a heating
rate of 3 °C/min. The temperature dependence of storage
modulus and loss modulus was measured from -20 °C to
230 °C.

— Thermogravimetric analysis (TGA) was conducted
to determine the decomposition temperature of the func-
tionalized MWCNTs and nanocomposites. TGA was car-
ried out using an SETARAM TGA 92-16 thermal analyzer
under an atmosphere of argon and air (the flow rate was
20 Cm3/min), with a hating rate of 10 °C/min.

— Electrical resistance of samples was measured at
100 V according to IEC 93:1980, using a high resistance
meter (Model 6519A) connected to an 8009 resistivity test
fixture (Keithley Instruments, Inc.). Each reported value
is an average of six test specimens.

— The tensile properties of the samples were measu-
red with an Instron testing machine (model 4206-006) at a
constant crosshead speed of 5 mm/min. Measurements
were performed at room temperature. Each reported va-
lue is an average of seven measurements.

— Shore D hardness was measured using a Zwick
3100 Shore D tester (Zwick GmbH, Germany).

RESULTS AND DISCUSSION

The poly(butylene terephthalate) based nanocompo-
sites filled with MWCNTs and epoxy peroxide functiona-
lized MWCNTs have been prepared by a two-step melt
polycondensation method (in situ synthesis). The pre-
pared nanocomposites of PBT/MWCNT and
PBT/EpMWCNT contain 0.1, 0.2, 0.3 wt % of nanotubes.
The unreinforced PBT polymer was synthesized as refe-
rence. The obtained materials have a relatively high mo-
lar mass, confirming the correct selection of synthesis
parameters [16].
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Morphology and phase behavior of PBT/MWCNT
nanocomposites

The morphology of the polymer matrix in obtained
materials was studied by SEM (Fig. 1). PBT matrix exhi-
bits a relatively smooth fracture surface (Fig. 1a). SEM
studies were focused on the 0.3 % loading samples for
PBT/MWCNT and PBT/EpMWCNT nanocomposites.
The SEM images of the composite fracture surface, show
that MWCNTs are well dispersed in the PBT matrix (Fig.

2 um

1b). Good CNT distribution was also achieved for the
functionalized MWCNTs. The fracture surface of
PBT/MWCNTs (Figs. 1c and 1d) shows considerably dif-
ferent features than PBT/EpMWCNT (Figs. 1e and 1f). On
the PBT/MWCNT nanocomposite fracture surface
a number of pull-outs of the CNTs from the surrounding
matrix can be observed (Figs. 1c and 1d). The presence of
pull out nanotubes on the fracture surface of
PBT/EpMWCNT nanocomposites was not observed, ad-
ditionally CNTs seem to be wrapped by the PET matrix,

1 um

Fig. 1. SEM micrographs of: a) the neat PBT, b, ¢, d) PBT/MWCNTs, e, f) PBT/EpMWCNT at different magnifications
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Table 1. Thermal properties and crystallinity of PBT, PBT/MWCNTs and PBT/EpMWCNTs nanocomposites

Sample T, °C T, (E”), °C T, °C AH,, J/g T, °C AH,, J/g X %o
PBT 52.9 55.55 223.1 46.8 185.3 52.7 33.4
PBT/0.1 MWCNT 53.1 54.63 2229 46.9 202.4 459 36.9
PBT/0.2 MWCNT 53.0 54.74 223.3 46.9 203.7 459 36.2
PBT/0.3 MWCNT 52.6 54.79 223.7 48.6 205.3 48.0 38.3
PBT/0.1 EpMWCNT 52.4 54.21 222.5 48.0 202.3 47.9 36.4
PBT/0.2 EpMWCNT 529 56.11 223.0 46.7 204.0 45.5 32.5
PBT/0.3 EpMWCNT 53.9 55.01 222.7 48.0 204.4 46.4 36.6

Tg — glass transition temperature (determined from 1t heating of PBT and PBT/CNT nanocomposites);

T

o (E”) — temperature of B-relaxa-

tion corresponding to the glass transition temperature determined from maximum of loss modulus (E”), T,, AH,, — temperature and en-

thalpy of melting of polymer, respectively; T, AH, — temperature and enthalpy of crystallisation of polymer, respectively; x, — degree of

crystallinity.
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Fig. 2. DSC thermograms of the PBT, PBT/MWCNTs and

PBT/EpMWCNTs nanocomposites: a) cooling scans, b) heating

scans

suggesting that a strong interaction exist between the
PBT matrix and functionalized MWCNTs (Figs. 1le and

1f). The presence of a modified epoxy resin seems to sta-
bilize the MWCNTs dispersion by interaction with the
PBT matrix.

The effect of the presence of functionalized MWCNTs
on the phase structure of PBT/MWCNT nanocomposites
was studied using DSC and DMTA analysis. The results
of the second DSC heating and cooling scans for PBT,
PBT/MWCNT and PBT/EpMWCNT nanocomposites are
shown in Fig. 2. The thermal parameters of melting tem-
perature (T,,), crystallization temperature (T,), melting
enthalpy (AH,,), crystallization enthalpy (AH,) and the
degree of crystallinity (x,) determined from DSC thermo-
grams are given in Table 1.

It was found that the presence of nanoadditives in the
polymer phase has a significant influence on its ability to
form the crystalline phase [5, 6]. It was also reported that
CNTs distributed in the PBT matrix assist the nucleation
and growth of crystallites [6]. The crystallization peaks of
DSC curves shift to about 7-10 °C higher temperature
with comparison to neat PBT. The crystallization tempe-
rature of the nanocomposites also increased with the con-
centration of CNTs, indicating their efficiency as the nuc-
leating agent for PBT crystallization. The degrees of crys-
tallinity of the prepared nanocomposites increased
(34 %) in comparison to neat PBT. The temperature of
melting (Fig. 2b) of the obtained materials seem not to be
affected by the presence of the nanofillers. However, rele-
vant differences can be observed in the widths of thermal
effects connected with melting of nanocomposites crys-
talline phase in comparison with neat PBT. The multiple
melting peak of neat PBT appeared, possibly due to the
presence of more than one crystal modification [19]. The
occurrence of small peaks at a slightly lower temperatu-
res may be also attributed to the changes in crystalline
size or perfection, or the variation of crystal thickness
[20]. Only one melting endothermic peak was recorded
during second heating for both PBT/MWCNT and
PBT/EpMWCNT nanocomposites. Moreover, with an in-
crease in content of both MWCNT and EpMWCNT the
endothermic peak shape became more regular, sugges-
ting overlapping the two possible structures. The thermal
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Fig. 3. a) The storage modulus, b) loss modulus as a function of temperature for PBT and nanocomposites with different weight concen-

tration of MWCNT or EpMWCNT

parameters determined for PBT/MWCNT are compar-
able to those determined for PBT/EpMWCNT nanocom-
posites.

Figure 3 shows the results of DMTA analysis: a stor-
age modulus (E’), loss modulus (E”’), for neat PBT,
PBT/MWCNTs and PBT/EpMWCNT nanocomposites as
a function of temperature.

Figure 3a shows the DMTA plots of storage modulus
versus temperature as a function of CNTs loading for
MWCNT and EpMWCNT based nanocomposites. It can
be observed that the storage modulus of nanocomposites
is higher than that of neat PBT. The variation of storage
modulus is similar for both types of MWCNTs — based
composites. The storage modulus of PBT/CNT nanocom-
posites is increased by the stiffening effect of the CNTs.

Figure 3b shows the dependence of loss modulus (E”)
on temperature for PBT, PBT/MWCNTs and
PBT/EpMWCNTs nanocomposites. The loss modulus
peaks of PBT nanocomposites were not significantly af-
fected in the presence of CNTs. The maximum of loss mo-
dulus peak was commonly taken as glass transition tem-
perature (T,) and it is similar for all the tested samples
~55 °C (determined at the maximum of B-relaxation
peak). No significant change in T, was also confirmed by
DSC studies (Table 1).

Thermal stability of PBT/MWCNT nanocomposites

To analyze the influence of the MWCNTs and the
compatibilizer on the thermal stability of PBT/MWCNT
nanocomposites, TGA was carried out in oxidative and
inert atmospheres. The mass loss (TG) and DTG curves
under oxidative and inert atmosphere are shown in
Fig. 4.

In Table 3 temperatures corresponding to the 10 %,
50 % and 80 % mass loss under oxidative and inert atmo-
sphere are presented. PBT polymer decomposes in a sin-
gle step beginning at approximately 350 °C. For both
types of MWCNT — based composites the Ty o, Tsg o,
Tgg o, and the temperature at the maximum of mass loss
rate (DTG peak) are shifted to higher temperatures, espe-
cially in air atmosphere. For MWCNT/PBT nanocom-
posites the total mass loss was 98 %, while for
EpMWCNT/PBT nanocomposties it was 91 %. Obtained
results suggest that the modification of CNTs with epoxy
peroxide enhanced the thermo-oxidative stability of
PBT/CNT nanocomposites.

T a b 1e 3. The tensile properties of PBT, PBT/MWCNT and
PBT/EpMWCNT nanocomposites

Sample E, MPa | R,, MPa g, % ShD

T a b 1e 2 Thermal properties of PBT, PBT/MWCNTs and BT 2268 4 38 57

PBT/EpMWCNTs nanocomposites PBT/0.1 MWCNT 2492 47 102 8

Tyo e °C sy °C Teo 0, °C PBT/0.2 MWCNT 2515 48 12.0 82

Sample air | Ar | air | Ar | air | Ar PBT/0.3 MWCNT 2565 49 154 85

PBT 380 | 384 | 403 | 405 | 420 | 421 PBT/0.1 EpMWCNT 2469 45 9.0 83

PBT/0.3 MWCNT 384 | 386 | 407 | 408 | 421 | 423 PBT/0.2 EpMWCNT 2500 47 10.0 84

PBT/0.3 EpMWCNT | 391 | 384 | 413 | 407 | 427 | 419 PBT/0.3 EpMWCNT 2568 49 11.8 86
Ty 0y Ts oy Tggo, — decomposition temperatures at 10 %, 50 % and ~ E — Young’s modulus; R,, — tensile strength; ¢ — fracture strain;

80 % mass loss under air and argon atmosphere.

Sh D — Shore hardness.
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Electrical properties

The round shaped films (0.6 mm thick and 50 mm in
diameter) manufactured by compression moulding at
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Fig. 5. Effect of MWCNT and EpMWCNT weight concentration
on volume resistivity of PBT nanocomposites

245 °C were used in electrical conductivity studies. The
volume resistivity is plotted as a function of weight con-
centration of MWCNT or EpMWCNT in Fig. 5. As expec-
ted, the electrical resistivity of PBT/MWCNT and
PBT/EpMWCNT nanocomposites decreased in compari-
son to neat PBT. Nanocomposites with 0.2 wt % and
0.3 wt % of MWCNTs exhibited volume resistivity values
at 107 Q-m and 10° Q-m, respectively. For the same filler
content, the resistivity of nanocomposites containing
EpMWCNTs increased by one order of magnitude in
each case. The higher electrical resistivity of
PBT/EpMWCNT compared to the untreated MWCNT
was expected. The electrical conductivity of nanocompo-
sites containing EpMWCNT decreased due to the wrap-
ping of nonconductive epoxyperoxide. The wrapped
polymer perturbs the n electron system of the CNT walls.
Similar phenomena occur for other nanocomposites con-
taining functionalized CNT [21].

Tensile properties of nanocomposites

Tensile testing was performed to evaluate the effect of
MWCNT and functionalized MWCNT on the mechanical
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properties of PBT. Table 3 demonstrates a summary of the
obtained mechanical properties: Young modulus, tensile
strength, fracture strain and Shore D hardness. The ten-
sile test results showed that obtained nanocomposites
have improved mechanical properties in comparison to
the neat PBT. After adding MWCNTs the Young modulus
increased by approximately 10 % (based on averages) in
both systems PBT/MWCNTs and PBT/EpMWCNTs. With
respect to the neat PBT, the obtained nanocomposites
showed also an increase in the strength and fracture
strain. Itis observed that Young modulus, tensile strength
and fracture stress was improved with CNT reinforce-
ment in both PBT/MWCNT and PBT/EpMWCNT sys-
tems. The obtained mechanical properties are similar for
PBT/MWCNT composites in which MWCNTs were used
as received to those in which functionalized MWCNTs
were applied. In none of the studied nanocomposites a
significant increase in Shore D hardness can be observed.

In general, the tensile strength and modulus of semi-
crystalline polymer increase with the degree of crystalli-
nity [5]. The DSC measurements indicate that the addi-
tion of both MWCNTs and functionalized MWCNTs re-
sulting in a slight increase in the degree of crystallinity,
but the difference between neat PBT and obtained nano-
composites is lower than 4 % (Table 1). Due to a slight in-
crease of crystallinity, improvement in tensile strength
and modulus can be attributed to the presence of CNTs.

CONCLUSIONS

Nanocomposites consisting of poly(butylene tere-
phthalate) and multi-walled carbon nanotubes or epoxy
peroxide functionalized multi-walled carbon nanotubes
were prepared by in situ polymerization method. SEM
micrographs confirmed that this method leads to the uni-
form dispersion of CNTs in the PBT matrix. There was no
significant change in the melting point and the glass tran-
sition temperature due to MWCNT or EpMWCNT incor-
poration. The degree of crystallinity for all obtained
nanocomposites was slightly higher than that of neat
PBT. The incorporation of low concentration
MWCNTs/EpMWCNTs enhances the nucleation process
in PBT crystallization. The presence of EpMWCNTs im-
proves the thermal stability of PBT under air, but has little
effect on the thermal degradation behavior of PBT under
nitrogen atmosphere. The results seem to indicate that
the addition of MWCNTs/EpMWCNTs enhances the
mechanical properties of PBT (Young modulus, tensile
strength and fracture stress) but fails to significantly in-
crease Shore D hardness. The electrical conductivity of
nanocomposites containing EpMWCNT decreased in
comparison to pristine MWCNT due to the wrapping of
nonconductive epoxy peroxide.
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