Applied Polymer

SCIENCE

Effect of Carbon Nanotube Surface Treatment on the Morphology,
Electrical, and Mechanical Properties of the Microfiber-Reinforced
Polyethylene/Poly(ethylene terephthalate)/Carbon Nanotube
Composites

Sertan Yesil,” Goknur Bayram

Department of Chemical Engineering, Middle East Technical University, Ankara 06800, Turkey
*Present address: Department of Chemical Engineering, Kocaeli University, Kocaeli, 41380, Turkey
Correspondence to: S. Yesil (E-mail: sertan_yesil@yahoo.com)

ABSTRACT: The aim of this study is to investigate the effects of carbon nanotube (CNT) chemical properties, CNT content, and
molding temperature on the morphology, electrical, and mechanical properties of the microfiber-reinforced polymer composites.
These composites were prepared by extrusion and hot stretching the poly(ethylene terephthalate) (PET)/CNT phase in high density
polyethylene (HDPE) matrix. Surfaces of the CNT were modified by purification with strong acid mixture (HNO; : H,SO, mixture 1
: 1 by volume) followed by treatment with poly(ethylene glycol) (PEG). In situ microfibrillar composites were prepared with untreated
and modified CNT. Scanning Electron Microscopy (SEM) analyses indicated that CNT were preferentially located in PET phase of the
composites. SEM micrographs of the hot-stretched composites pointed out the existence of PET/CNT microfiber structure in HDPE
phase up to 1 wt % CNT loadings and the electrical resistivities of these composites were lower than 10’ ohm/cm. Tensile strength
values of the composites containing 0.75 wt % CNT increased from 44 to 52 MPa after PEG treatment due to the improved mechan-

ical strength of PET/CNT phase. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Polymer blends are the combination of homopolymers or
copolymers, which are, in most cases, thermodynamically im-
miscible." It has been established that fibrillar morphology can
greatly improve the mechanical properties of the polymer
blends when the mechanical properties of the dispersed fiber
phase is higher compared with polymer matrix.” In situ formed
microfibrils in polymer blends can be generated, by using the
microfiber-reinforced composites concept, which was proposed
by Evstatiev and Fakirov.” To form a microfiber structure in a
polymer blend, two polymers with different melting point tem-
peratures should be used. Polymer with higher melting point
temperature forms the dispersed microfibers in the polymer
matrix with lower melting point." An elongational flow field
and lower melt viscosity of the dispersed microfiber phase can
accumulate the microfiber formation.” In previous works, two-
step strategy was used to prepare the in situ microfibrillar
blends. During the first melt mixing and hot-stretching step at

the processing temperature of the higher melting temperature
polymer, the microfibrillar morphology of this polymer is devel-
oped. Then during the second step, the blend containing micro-
fibrils is processed through injection molding at the processing
temperature of the lower melting temperature polymer and the
microfibrillar structure of the dispersed phase is maintained in
the structure.”®

High-performance polymer blends can be formulated by intro-
ducing particulate fillers such as titanium dioxide and carbon
black into microfiber-reinforced polymer blends.”™'* Carbon
nanotubes (CNT) can also be a good candidate as conductive
filler and reinforcement material for microfibrillar polymer
composites due to their unique properties such as high aspect
ratio, low density, and high mechanical, thermal, and electrical
properties.'>'® Li et al. produced CNT filled microfibrillar poly-
mer composite based on polycarbonate and HDPE by using a
shear controlled orientation in injection molding. Tensile prop-
erties of the samples were considerably increased compared to

Additional Supporting Information may be found in the online version of this article.
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Table I. Physical Properties of Composite Constituents
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Material

Trade name and supplier

Specifications

High density polyethylene (HDPE)

Petilen S0464; PETKIM (Turkish

Melting temperature: 140°C

Petroleum Product Producer) (Turkey)

Poly(ethylene terephthalate) (PET)

Multiwalled carbon nanotubes (MWCNT)

Melinar; AdvanSA (Turkey)

Nanocyl 7000; Nanocy! (Belgium)

Electrical resistivity: 108 ohm/cm

Density: 0.964 g/cm®

Melt flow index (2.16 kg; 190°C):
0.25-0.45 g/10 min

Melting temperature: 255°C

Electrical resistivity: 20%* ohm/cm

Density: 1.4 g/ecm®

Melt flow index (2.16 kg; 260°C):
20 g/10 min

Average diameter: 10 nm

Electrical resistivity: 20~* ohm/cm

Surface area: 250 m?/g

Bulk composition: 90 wt % Carbon,
10 wt % metal oxides

their conventional samples, especially in the presence of 0.5 wt
% of CNT."” Moreover, microfiber-reinforced HDPE/PET/CNT
composites were prepared by using untreated CNT in one of
our previous studies.'® In this study, effects of PET content and
molding temperature on the morphology, electrical, and me-
chanical properties of the composites were investigated at a
fixed CNT composition (0.5 wt %). This study showed us that,
microfiber reinforcement improved the tensile and impact
strength of the samples, when compared with those of blend
and conventional composite systems, up to 30 wt % PET load-
ing. However, effective improvement in mechanical properties
of the composites can only be accomplished after solving the
dispersion and interfacial adhesion problems of the CNT." In
the literature, different chemical functionalization techniques
have been used to improve the CNT dispersion and interfacial
adhesion between the CNT and polymer matrix.**** One of
these methods is the purification of CNT by using strong acid
mixtures.”> Poly(ethylene glycol) (PEG) treatment of the puri-
fied CNT (pCNT) is also a preferred method for further func-
tionalization of the CNT surface.’*® Surfaces of pCNT can
interact with the hydroxyl end groups of PEG and this enhances
the adhesion of PEG on the surface. However, according to the
knowledge of authors there is not any study in the literature
deals with the usage of surface treated CNT during the prepara-
tion of the microfiber-reinforced HDPE/PET/CNT composites;
observes and explains the effects of the CNT chemical, physical
structure on the properties of the microfiber-reinforced
composites.

In this study, effects of CNT purification, PEG treatment, and
CNT amount in the composite on the morphology, electrical,
mechanical properties of the microfiber-reinforced polymer
composites prepared with untreated, and modified CNT were
investigated. Composites with in-situ microfiber network were
prepared through extrusion and hot stretching the PET/CNT
phase in HDPE matrix. Possible reasons for the differences in
the morphology and properties of the composites were
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explained in terms of distinctions in CNT surface properties,
physical structure, and interactions between CNT and PET after
the chemical treatment.

EXPERIMENTAL

Materials

In this study, poly(ethylene terephthalate) (PET) and high den-
sity polyethylene (HDPE) were used as the polymer matrices.
Multiwalled CNTs (MWCNT) were used as the conductive filler.
Suppliers and some physical properties of the materials are
given in Table I. CNT were purified by using nitric acid (HNOs3;
JT Baker 65%), sulfuric acid (H,SO,4; JT Baker 95%) and their
surfaces were treated with PEG with 1000 g/mol molecular
weight (Sigma Aldrich).

Purification of CNT

In this step, 5 g portions of as-received multiwalled CNT
(ASCNT) were treated with 200 mL of HNO5 : H,SO, mixture
(1 : 1 by volume) in an ultrasonic bath (Bandelin Sonorex) at
80°C for 30 min. After the sonication, acid mixture was diluted
with distilled water and the CNT were recovered from the solu-
tion by filtering them with the 0.2 um pore sized filter paper.
Next, hot and cold distilled water were used to wash out the re-
sidual acid on CNT. Finally, pCNT were dried in the oven for
24 h at 100°C.

Surface Treatment of CNT with PEG

During surface treatment with PEG, pCNT were dispersed in
200 mL 0.04M NiCl,/water and 10 mL PEG were added to the
solution. This mixture was sonicated in ultrasonic bath for 4 h
at 80°C. At the end of the sonication, modified CNT (mCNT)
were filtered, washed with distilled water, and dried at 100°C
for 24 h.

Preparation and Molding of Composites

Before composite preparation, HDPE and PET pellets were
dried in a vacuum oven at 60°C for 4 h and at 90°C for 24 h,
respectively. During the preparation of the composites, first,
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HDPE and PET were blended in a corotating twin-screw ex-
truder (Thermoprism TSE 16 TC, L/D = 24) at a fixed HDPE/
PET ratio (80/20 by weight), since this ratio resulted in better me-
chanical properties according to our previous study.'® During sec-
ond extrusion HDPE/PET blends were mixed with ASCNT,
PCNT, and mCNT at 0.25, 0.5, 0.75, 1, and 1.5 wt % concentra-
tions. The HDPE/PET part was (100-x)% of the composites,
where x was the CNT amount in the composites. The extrudate
from the extruder die was hot stretched by using a speed adjusta-
ble engine (Siemens Micromaster 440) at a hot stretching speed
of 5.8 m/min. The cross-sectional area of the extruder die was 5.7
mm? and that of the hot stretched samples were 0.3 mm?, which
corresponds to a hot stretching ratio (the ratio of the area of
extrudate to hot stretched sample which was drawn by the
engine) of 19.6."® The stretching was performed at the room tem-
perature, as the hot extrudate came out of the extruder die. Dur-
ing this procedure, no additional heating was applied. All the hot
stretched samples were pelletized by using a commercial pelletizer
(Thermoprism) before the molding processes. Extrusion proc-
esses were performed at a barrel temperature profile of 190-210—
230-250-270°C and a screw speed of 120 rpm.

Injection and compression moldings of the composites were
performed at 210°C. Furthermore, the effect of molding tem-
perature on the composite properties was investigated by mold-
ing the microfibrillar composites at 280°C. During compression
molding, samples were preheated and molded at 50 bar oil pres-
sure for 1.5 min. and 150 bar oil pressure for 1 min, respec-
tively. Compression molded samples were quenched to room
temperature by tap water. Injection moldings (DSM Micro 10
cc Injection Molding Machine) of the samples were conducted
under 15 bar pressure and at 30°C mold temperature.

Characterization of Composites

Surface energy components (}q: total surface energy, y‘siohd:
dispersive component of total surface energy, yfohd: polar com-
ponent of total surface energy, y,.;: acidic component of polar
surface energy, and 75 .,: basic component of polar surface
energy) of the HDPE, PET, CNT, and PET/CNT composites
were determined by measuring the contact angles of probe
liquids on sample surfaces. Details of surface energy measure-
ment procedure and calculations were discussed in supporting
information file which may be found in the online version of
this article and in our previous studies.'®* The interfacial ten-
sions between the composite constituents (y;_,) can be deter-
mined by using the general equation with harmonic mean.

Y12 =71 + 72 = AT/ F + D) + ((570)/ (0 +95))]
1)

Sumita et al. proposed that the selective localization of the filler
in a polymer blend can be estimated by the wetting coefficient
(w), which is defined by the following equation®’;

W= (7ffB - Vf—A)/vA—B (2
where 7., is the interfacial tension between the polymer A

and filler, 7. is the interfacial tension between the polymer B
and filler, and y,4_p is the interfacial tension between two poly-
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mers. If w is >1, the filler particles locate within polymer A.
If wis <—1, the filler particles locate within polymer B. Other-
wise the filler particles distribute at the interface.?®

Melt viscosities of the HDPE, PET, and PET/CNT composites
including 1.25, 3.75, and 7.5 wt % ASCNT, pCNT, and mCNT
were determined with Dynisco LCR-7001 (Capillary Viscometer)
at 260°C in a shear rate range from 10 to 600 1/s. These tests
were performed to demonstrate the melt viscosities of the
HDPE, PET, and PET/CNT samples during the extrusion and
hot stretching processes. Although HDPE/PET ratio of the
HDPE/PET/CNT composite systems is constant (80/20 by
weight), the CNT amount in PET phase differs as CNT compo-
sition changes from 0.25 to 1.5 wt %. Hence, the melt viscos-
ities of PET/CNT composites containing 1.25, 3.75, and 7.5 wt
% CNT were measured and illustrated. The morphological anal-
yses of the composites were performed by using a Scanning
Electron Microscope (JEOL JSM-6400). Before the morphologi-
cal analyses, HDPE phase of the selected samples were etched
away in hot xylene at 135°C for 45 min to observe microfibrillar
morphology easier. Moreover, PET/CNT phases of some of the
samples were etched away in trifluoroacetic acid at room tem-
perature for 6 h, to determine the size of this phase. Since tri-
fluoroacetic acid etching removes the PET/CNT phase from the
composites, these phases are observed as hollow spherical par-
ticles dispersed in HDPE phase in the Scanning Electron Mi-
croscopy (SEM) micrographs. Domain sizes of the PET/CNT
phases in the composites were determined from the SEM micro-
graphs by using image analysis software (Image J)."®

The electrical resistivities of the PET/CNT composites were
measured with two-point probe method, which was connected
to a Keithley 2400 constant current source meter. The volume
resistivity, p was calculated from the relationship:

p=(V/I)x (S/L) )

in which V was the voltage drop, I was the current, L was the
length, and S was the cross sectional area of the sample.

The mechanical properties were investigated by using a Shi-
madzu Autograph AG-100 KNIS MS universal tensile testing
instrument, according to ISO 527-2 5A standards. Tensile speci-
mens had a thickness of 2 mm, a width of 4 mm, and a gauge
length of 20 mm. According to the gauge length and a strain
rate of 0.1 min "', the crosshead speed of testing instrument was
selected as 2 mm/min. Impact strength of the samples were
determined by using a Ceast Resil Impactor 6967 impact testing
device equipped with a charpy apparatus according to ASTM D
5942 standards, instrumented with a 7.5 J hammer. The impact
specimens had a thickness of 4 mm, a width of 10 mm and a
length of 80 mm. Five specimens of each sample were tested
and the average of these tests were reported with standard devi-
ations in both tensile and impact characterizations.

RESULTS AND DISCUSSION

Location of CNT in the Composites
Surface energies of the polymers and conductive filler; mainly
determine the location of the conductive filler in the composite.

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37518
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Figure 1. SEM micrographs of the HDPE/PET/CNT composite systems (molded at 280°C and show the selective localization of pCNT and mCNT in
PET phase); (a, b, and ¢) composite containing 0.5 wt % pCNT [(b) is the magnified micrograph of the rectangular region in (a); (c) is the magnified

PET/pCNT phase in (b)], (d, e, and f) composite containing 0.5 wt % mCNT [(e) is the magnified micrograph of the rectangular region in (d); (f) is

the magnified PET/mCNT phase in (e)].

Surface energy components of the composite constituents are cal-
culated in our previous studies.'®** After the determination of
the surface energy components for each material, surface tensions
between the composite constituents are calculated by using eq. 1.
Wetting coefficient (w) calculations were performed by using the
surface tensions between the composite constituents, to deter-
mine the location of CNT in the composites theoretically. The
wetting coefficients for HDPE/PET/ASCNT, HDPE/PET/pCNT,
and HDPE/PET/mCNT composites are calculated as 1.27, 1.46,
and 1.37, respectively, from eq. 2. It is observed that CNT par-
ticles should disperse in PET phase theoretically since the wetting
coefficients for the composites prepared with all types of CNT are
>1. Wetting coefficients for pCNT and mCNT are greater than
that of ASCNT due to the enhanced interactions between CNT
and PET after the surface treatment. Because of the possible
chemical affinity between PEG and HDPE due to the common
ethylene parts in their chemical structures, the wetting coefficient
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of mCNT is lower than that of pCNT. Moreover, the incorpora-
tion of the nanoparticles into polymer blends can increase the
compatibility of polymer phases by decreasing the interfacial ten-
sion between the phases.” Interfacial tensions between the HDPE
and PET/CNT phases in HDPE/PET/ASCNT, HDPE/PET/pCNT,
and HDPE/PET/mCNT composites are calculated as 5.82, 5.04,
and 4.03 mN/m, respectively. The interfacial tensions between the
PET/CNT phases and HDPE are lower in the composites pre-
pared with surface treated CNT when compared with ASCNT
based composite, which might show the enhanced miscibility
between these phases.

The preferential distribution of the pCNT and mCNT in PET
phase of HDPE/PET/CNT composites can also be observed in
Figure 1. In these micrographs, CNT particles are located on
the surfaces of the PET phases as fibrillar nanoparticles. These
results are also coherent with the theoretical wetting coefficient
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Figure 2. Shear viscosity versus shear rate graphs for HDPE, PET, and PET/CNT composites; (a) HDPE and PET and (b) PET and PET/CNT composites con-
taining 1.25 wt % CNT, (c) PET and PET/CNT composites containing 3.75 wt % CNT, and (d) PET and PET/CNT composites containing 7.5 wt % CNT.

calculations and previous findings, which suggest that carbon
based conductive filler particles, prefer to locate in the phases
with lower melt viscosity of polymer blends.”® Capillary viscom-
eter analyses show that PET has much lower melt viscosity than
HDPE at the composite mixing temperature (Figure 2), which
is also a requirement for the formation of the satisfactory
microfibers in an immiscible blend. The selective dispersion of

ASCNT in PET phase of HDPE/PET/CNT composites was
shown in one of our previous study.'®

Morphology Studies

The distribution and average domain sizes (d,,) of the PET/
CNT phases in HDPE matrix for HDPE/PET/CNT composites
can be observed in Figure 3. Micrographs exhibit that the PET/

d,,,=0.25um

(d) d,,o= 0.32um

1 ()_|tn1

d,. =035um

avg

(f)

10 pm

Figure 3. SEM micrographs of the HDPE/PET/CNT composites (a) 0.25 wt % ASCNT, (b) 1.5 wt % ASCNT, (c) 0.25 wt % pCNT, (d) 1.5 wt % pCNT, (e)
0.25 wt % mCNT, and (f) 1.5 wt % mCNT (samples were directly taken from the extruder die without hot-stretching and etched with trifluoroacetic acid).
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Figure 4. SEM micrographs of the hot-stretched HDPE/PET/CNT composites (a) 0.25 wt % ASCNT, (b) 0.5 wt % ASCNT, (c) 1 wt % ASCNT, (d)1.5
wt % ASCNT, (e) 0.25 wt % pCNT, (f) 0.5 wt % pCNT, (g) 1 wt % pCNT, (h) 1.5 wt % pCNT, (i) 0.25 wt % mCNT, (j) 0.5 wt % mCNT, (k) 1 wt %

mCNT, and (1) 1.5 wt % mCNT (etched with hot xylene).

CNT phase is dispersed in the HDPE phase. As a result of the
reduction in the coalescence of the PET phase in the presence
of the higher amount of rigid CNT particles,”’ the average
sizes of PET/CNT phases in 1.5 wt % CNT containing compo-
sites are lower than those of 0.25 wt % CNT containing
composites for all types of CNT. PET/CNT phases seem to be
dispersed more homogeneously for pCNT and mCNT based
composites when compared with ASCNT based composites
(Figure 3). However, the average PET/CNT phase sizes of the
PCNT and mCNT based composites are larger than that of
ASCNT based composite at the same CNT loadings. The rea-
son for this might be the lower melt viscosity of the PET/CNT
phase filled with the surface treated CNT (Figure 2),** which

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37518
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causes a decrease in the PET/CNT phase coalescence, during
processing of composites.”'

Deformation of PET/CNT phase into microfibers during elon-
gational flow strongly depends on the melt viscosity of the dis-
persed phase. Moreover, the fibrillation of the PET phase in the
presence of CNT particles also depends on the concentration of
CNT in this phase. Micrographs of the hot-stretched HDPE/
PET/CNT composites [Figure 4(a—d)] show the in situ PET/
ASCNT microfiber structure in HDPE phase up to 0.75 wt %
CNT composition (3.75 wt % CNT loading in PET phase). Af-
ter this amount of CNT loading, increase in the melt viscosity
of PET/ASCNT phase limits the microfiber formation due to
the restrictions during deformation of the PET/CNT phase into
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Figure 5. SEM micrographs of the microfibrillar HDPE/PET/CNT composites (a) 0.25 wt % ASCNT, (b) 1.5 wt % ASCNT, (c) 0.25 wt % pCNT, (d) 1.5
wt % pCNT, (e) 0.25 wt % mCNT, and (f) 1.5 wt % mCNT (molded at 210°C and etched with hot-xylene).

microfibers in the presence of rigid CNT particles. However,
hot-stretched HDPE/PET/CNT composites prepared with surface
treated CNT show the successful formation of PET/CNT microfi-
brillar structure in HDPE phase up to 1 wt % CNT loading
[Figure 4(e-1)]. Melt viscosities of the composites including
pCNT and mCNT are lower than those of ASCNT containing
composites at all compositions (Figure 2). The formation of
microfibers are more effective at higher concentrations of pCNT
and mCNT when compared to ASCNT due to the remarkable
melt viscosity difference between the PET/pCNT, PET/mCNT
composites, and PET/ASCNT composite for all CNT loadings.
The smaller PET/CNT phase sizes of the 1.5 wt % CNT contain-
ing composites for all types of CNT with respect to the lower
amount of CNT loadings (0.25 wt %; Figure 3), restrict the lon-
ger microfiber formation since narrower PET/CNT droplets
deform into shorter microfibers during hot-stretching and a suc-
cessful microfibrillar network can not be obtained inside the
composite [Figure 4(d,h,1)]. The SEM micrographs of the injec-
tion molded (210°C) specimens of the microfiber-reinforced
composites [Figure 5(a,c,e)] reveal that the well defined micro-
fibrillar structure is preserved for the composites in which the
microfiber formation was successful. However, micrographs of
the molded (210°C) composites with inefficient microfiber
formation (1.5 wt % CNT composition) display only a few
microfibers in their micrographs [Fig 5(b,d,f)].

FElectrical Resistivity Measurements

In the microfibrillar HDPE/PET/CNT system, the percolation
threshold depends on the percolation threshold of CNT par-
ticles in PET phase and the percolation threshold of PET/CNT
phase in the HDPE matrix.’® It is known that PET/CNT com-
posites have very high electrical conductivity and low percola-
tion threshold concentration. The electrical resistivity values of
the PET/CNT composites prepared with ASCNT, pCNT, and
mCNT are <10° ohm/cm at 0.25 wt % CNT loading, which
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shows that the percolation threshold concentration of these
composite systems are lower than this CNT concentration.
Thus, electrical resistivity values of the composites pass from in-
sulator range to semiconductor range (<10® ohm/cm)
[Figure 6(a)], when PET/CNT phase forms a continuous micro-
fibrillar structure in HDPE matrix. The current conduction is
easier since the microfibers with high electrical conductivity can
contact with each other directly when the continuous microfiber
network is formed in the composite. Moreover, electrical resis-
tivities of the composites decrease with the increasing amount
of conductive filler until the microfiber network is present in
the composites. However, microfiber-reinforced composites,
which do not have a successful microfiber structure have higher
electrical resistivities than those of the ones with microfibrillar
morphology. The electrical resistivity value of the HDPE/PET/
ASCNT composite is between 10° and 10° ohm/cm at 0.75 wt
% ASCNT composition. However, it increases to 10° ohm/cm
when ASCNT content in the composite is 1 wt % due to the
lack of well defined conductive microfiber network inside the
composite (Figures 4 and 5). The same characteristic is also
observed for pCNT and mCNT based composites. There is a
remarkable change in the electrical resistivity values of these
composites between 1 and 1.5 wt % CNT loadings. The exis-
tence of the well-defined microfibers at higher CNT contents
for the surface treated CNT results in lower electrical resistivity
values at higher CNT compositions when compared with those
of the ASCNT filled composites (Figures 4 and 5).

ASCNT based composites generally have lower electrical resistiv-
ity values than those of the composites based on the other two
CNT up to 1 wt % CNT loading. The higher intrinsic electrical
resistivities of the purified and modified CNT when compared
with ASCNT causes a decrease in the electrical conductivities of
PET/CNT phases prepared with surface treated CNT. Because of
the surface treatment, oxygen containing functional groups and
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Figure 6. Electrical resistivity values of the microfibrillar HDPE/PET/CNT
composites; (a) effect of CNT surface treatment and amount (molded at
210°C), and (b) effect of molding temperature at 0.75 wt % CNT con-
taining microfibrillar composites.

defects on the surface of CNT (check the results of the Fourier
Transformed Infrared Spectroscopy (FTIR), X-Ray Diffraction
(XRD), Scanning Electron Microscopy (SEM) and Thermal Gravi-
metric (TGA) analyses of the CNT samples, given in the supporting
information file) might damage the perfect electronic structure of
the CNT. Insulating oxide and PEG region on the surface does not
allow the transportation of electrons effectively and this decreases
the electrical conductivity of the individual CNT aggregates.”>*
The electrical resistivity value of the 0.75 wt % ASCNT containing
microfibrillar composite is approximately two times lower than
that of the mCNT based composite [Figure 6(b)]. Molding temper-
atures above the melting point of PET (255°C) cause PET/CNT
phase to melt and loose the microfiber characteristics since, as the
microfiber phases melt, they have a spherical shape thermodynami-
cally. Because of this, PET/CNT phases are dispersed in the HDPE
phase and a co-continuous morphology cannot be obtained (Fig-
ures 1 and 3). Composites molded at higher temperature do not
have a continuous PET/CNT network in their structures at 80/20
(HDPE/PET) ratio and microfiber-reinforced composites molded
at 210°C have lower electrical resistivity values than those of the
composites molded at 280°C for all CNT types [Figure 6(b)].

Mechanical Properties

The intrinsic mechanical properties of the matrix and micro-
fiber phase; shape of the PET/CNT phase; degree of interfacial
adhesion between the HDPE matrix and microfibrillar PET/
CNT phase mainly determine the mechanical properties of the
microfiber-reinforced HDPE/PET/CNT composites. Reinforcing

J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.37518

WILEYONLINELIBRARY.COM/APP

Applied Polymer

IENCE

effect of the microfibers with advanced mechanical strength can
enhance the mechanical properties of the microfibrillar compo-
sites more effectively. Microfiber formation in the presence of
CNT particles improves the tensile strength and modulus when
compared with those of the microfibrillar HDPE/PET blend
(Figure 7). However, this reinforcement is limited for the
ASCNT based composites due to the lower tensile properties of
PET/ASCNT phase than PET/pCNT and PET/mCNT phases.
PET/ASCNT composites generally suffer from the weak me-
chanical properties due to the weak interfacial adhesion between
PET and CNT, which causes debonding and pull outs of CNT
from the surrounding matrix.’> After purification, carboxyl and
hydroxyl groups formed on the CNT surface (check the results
of the FTIR and TGA analyses of the CNT samples, given in the
supporting information file) can react with the carboxyl end
groups of PET and increase the chemical compatibility in the
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Figure 7. Mechanical properties of the microfibrillar HDPE/PET/CNT
composites and HDPE/PET blend; (a) tensile strength values, (b) tensile
modulus values, and (c) impact strength values.
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composites containing 0.75 wt % CNT and HDPE/PET blends (effect of
molding temperature); (a) tensile strength values, (b) tensile modulus val-
ues, and (c) impact strength values.

composite. Moreover, defect sites on the CNT surface can
increase the mechanical interlocking and covalent bonding
between CNT and PET matrix. PEG treated CNT also has differ-
ent modes of reaction patterns with PET. The hydroxyl end
groups of PEG can interact with the carboxyl end groups and
aromatic group of PET. These interactions between composite
constituents improve the efficiency of load transfer from the
PET to CNT’® and mechanical strength of the composites pre-
pared with pCNT and mCNT might be higher than those of
PET/ASCNT composite. As a result of these effects, tensile
strength values of the pCNT and mCNT based composites are
higher than those of the ASCNT containing composites for all
CNT compositions.

Similar with the electrical resistivity results, generally a sharp
decrease is observed for tensile modulus and impact strength

MAh\‘.F‘fﬂ)s WWW.MATERIALSVIEWS.COM
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values of the microfiber-reinforced composites after 0.75 or 1
wt % CNT loading due to the limited microfiber formation in
these composites (Figures 4 and 5) and this decrease in the
amount of microfibers in the structure diminishes the reinforc-
ing effect of this phase. Tensile modulus values of the 0.75 and
1 wt % pCNT containing composites are 1130 and 870 MPa,
respectively. Microfibers present in the composite, decreases the
crack formation and propagation in the sample during the
impact test.’” So, when the microfiber concentration in the
composite decreases, a sudden decrease in the impact strength
is also observed for all types of CNT. Impact strength values of
the 0.75 and 1 wt % ASCNT containing composites are 135 and
30 kJ/m?, respectively (Figure 7). Molding temperature incre-
ment decrease the mechanical properties of the microfiber-rein-
forced composites due to the melting of PET/CNT phase (Fig-
ure 8). During the molding of the composites at 280°C, PET/
CNT microfibers with high aspect ratio transform into spherical
particles with lower aspect ratio (Figure 1), and the reinforcing
effect of this phase descends.

CONCLUSIONS

Preferential localization of all types of CNT in PET phase of the
HDPE/PET/CNT composites, which was shown by the wetting
coefficient calculations and SEM micrographs of the composites
resulted in enhanced electrical conductivity values due to the
co-continuous morphology induced by the well defined microfi-
brillar network. Sharp decreases in electrical conductivity, tensile
modulus, and impact strength values of the composites were
observed after 0.75 and/or 1 wt % CNT contents for ASCNT
and pCNT, mCNT, respectively, owing to the limited microfiber
formation which was revealed by the SEM micrographs of the
hot stretched composite samples. The increase in the melt vis-
cosity of the PET/CNT phase at higher CNT compositions
inhibited the efficient formation of PET/CNT microfibers in the
composites. Electrical resistivity and tensile strength values of
the composites prepared with pCNT and mCNT were higher
than those of ASCNT based composites due to the lower melt
viscosity and better intrinsic properties of the PET/CNT phase
containing surface treated CNT.
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