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ARTICLE INFO ABSTRACT

Keywords: Super-tough and antistatic poly (butylene terephthalate) (PBT) composites from recycled sources with carbon

Poly (butylene terephthalate) nanotubes were prepared by a multistep reactive compounding process. The PBT-modification was accomplished

zupzr-to'ug'h using epoxidized elastomers (EVMG), epoxidized multi-walled carbon nanotubes (e-CNTs) and epoxidized
onductivity

rheology modifiers (ADR). The reaction between epoxy and PBT-COOH (or -OH) groups enhanced the interfacial
bonding between the PBT matrix and the dispersed EVMG and CNTs phases. Moreover, the distribution of CNTs
is exclusively in the PBT phase. The presence of ADR resulted in a larger viscosity ratio of the PBT phase to the
EVMG phase due to the PBT chain extension and branching, which led to a smaller EVMG particle size and a
shorter inter-particle distance. Consequently, both the mechanical properties and the electrical conductivity of
the PBT composites were considerably improved due to a synergistic effect of the EVMG and the ADR, e.g., the
notched impact strength of the PBT composites reached up to 88 kJ/m? and the percolation threshold value for
conductive network was reduced by 27%. The super-tough and antistatic PBT composites designed in this study

Rheological modification

may broaden the application range of PBT in automotive and electrical applications.

1. Introduction

Poly (butylene terephthalate), PBT, as one of the engineering plas-
tics, is widely applied in electrical applications, automotive parts, ma-
chinery and also some other fields due to its solvent resistance, high
strength, fatigue resistance, processing stability etc [1,2]. However, PBT
is a typical notch-sensitive material with poor impact strength of
approximately 4 kJ/m? [2-4], which is one of the major obstacles for its
application in automotive electrical areas. Another disadvantage is the
accumulation of electrical charges on the surface of PBT articles and
these articles will release static electricity especially in dry environment,
which might be harmful to the human body and electrical equipment
[5]. Therefore, it is important to simultaneously increase the toughness
and conductivity to broaden the application range of PBT materials.

Many routes have been explored to toughen PBT such as copoly-
merization [6-8], plasticization [9], chain extension [10] and blending
[11-13], in which blending with elastomers is an effective and economic
method for initiating brittle-to-ductile transition. In the presence of
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external forces, elastomer particles in PBT/elastomer blends may cause
a large amount of crazing and/or shear bands in the matrix, which can
absorb ample energy and prevent crack propagation, thereby exerting a
toughening effect. Meng et al. [13] increased the notched impact
strength of PBT to 8 kJ/m? by compounding PBT with ethylene-vinyl
acetate copolymer (EVA) where the EVA particle size is nearly 6.5 pm.
Yang et al. [14] blended PBT with polyolefin elastomer using
ethylene-butylacrylate-glycidyl methacrylate (PTW) as a reactive com-
patibilizer which reduced the particle size of elastomer from 3.0 to 0.8
pm. Consequently, the notched impact strength of PBT increased from 5
to 50 kJ/m? while the tensile strength remained at 30 MPa. These
studies have shown that a uniform dispersion of elastomer particles and
a strong interfacial bonding between the dispersed elastomer particles
and the PBT matrix are essential for property improvement.

PBT can be made antistatic or even conductive by incorporating
conductive fillers such as carbon black [15], multi-walled carbon
nanotubes (MWCNTS) [16,17] or graphene [18,19], and this modified
PBT can be used as an antistatic and electromagnetic shielding material.
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The conductive behavior of polymer composites is dependent on the
loading and dispersion of conductive fillers in the matrix. For example,
controlling the selective dispersion of conductive fillers at the interface
or uniformly in a co-continuous phase could improve the conductivity
efficiency of the fillers [20-22]. Choi et al. [17] prepared
PBT/MWCNTs-g-PBT composites with higher conductivity and me-
chanical properties than PBT/MWCNTSs composites, which is related to a
better dispersion of MWCNTs and stronger interfacial adhesion between
the MWCNTs and the PBT matrix by grafting PBT onto the carbon
nanotubes. Wen et al. [23] found that graphite nanoplatelets (GNPs) in
PBT/polycarbonate (PC) blends preferred to stay in the co-continuous
PBT phase due to thermodynamic reasons. As a result, the conductiv-
ity of the ternary PBT/PC/GNPs composites with 3 vol% GNPs increased
by 8 orders of magnitude compared with PBT/GNPs or PC/GNPs binary
composites.

Although both toughness and conductivity of PBT can be improved,
the routes to simultaneously enhance its toughness and conductivity
have not been well reported. Li et al. [16] made PBT/PC composites with
improved toughness and conductivity by adding elastomers and CNTs,
whereas the CNTs exhibited nonselective dispersion in both polymeric
phases, consequently a large(r) loading of CNTs was required to form a
conductive network. The primary objective of this work is to simulta-
neously enhance the toughness and the conductivity of PBT by the
synergetic effect of epoxidized elastomer as a toughening modifier and
epoxidized CNTs (e-CNTs) as selectively dispersed conductive fillers.
The synergetic effect was Dbetter realized through PBT
chain-extension/branching which varied the viscosity ratio of
PBT-to-elastomer, and in turn led to a significant decrease in
inter-elastomer-particle distance. In addition, following the environ-
mental protection and sustainable development strategies, recycled PBT
was used as a raw material in this study. Therefore, this work provides a
sustainable route, as schematically shown in Fig. 1, to make super-tough
and antistatic PBT composites that can be (re-)used in automotive and
electrical applications.

2. Experimentsexperiments
2.1. Materials

Recycled poly(butylene terephthalate) (PBT) with a melt flow rate of
27 g/10min (250 °C, 2.16 kg) and a melting temperature of 223 °C was
received from Dongguan Zhangmutou Co., Ltd. Epoxy-groups contain-
ing elastomer, i.e., ethylene-vinyl acetate-glycidyl methacrylate copol-
ymer (EVMG) containing 0.022 mol epoxy groups per 100 g and a vinyl
acetate content of 60 wt%, is supplied by Arlanxeo (GER) GmbH.
Styrene-acrylic-glycidyl methacrylate oligomers as rheology modifier
(Joncryl®ADR4370) was provided by BASF. Hydroxyl multi-walled
carbon nanotubes (h-CNTs) with a hydroxyl content of 1.0%, an
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Fig. 1. Schematic diagram of recycling, functionalization and reuse of
PBT materials.
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average diameter of 8 nm and a length of 10-30 pm were purchased
from Beijing Dekedao Gold Technology Co., Ltd. A silane coupling agent
(y-(2,3-epoxypropoxy) propyltrimethoxysilane, KH560, 98%) was ob-
tained from Sinopharm Group Co., Ltd.

2.2. Sample preparation

Synthesis of epoxidized CNTs (e-CNTs). Epoxidized CNTs (e-CNTs)
were prepared by grafting KH560 onto the surface of h-CNTs [24], as
illustrated in supporting information (Fig. S1). First, a KH560 solution
(0.05 g/mL) with deionized water (10 mL) and ethanol (180 mL) was
prepared. After adjusting the pH of the solution to be 4.0 with dilute
hydrochloric acid, it was maintained at 40 °C for 2 h to complete the
hydrolysis of -Si(O(CHs))3 of KH560. At the same time, the h-CNTs
suspension in ethanol (0.04 g/mL) was prepared by ultrasound treat-
ment. Subsequently, the h-CNTs suspension was added to KH560 solu-
tion and the mixture was stirred at 70 °C for 16 h to make sure the
complete coupling reaction between the h-CNTs and the KH560. The
e-CNTs, i.e., CNTs-g-KH560 nanohybrids, were finally obtained after
purification with ethanol by 3 times to remove the unreacted KH560.

Preparation of PBT composites. After complete drying of the
starting materials, PBT/EVMG/e-CNTs/ADR composites were prepared
using the following procedures: 1) PBT and e-CNTs were first blended
for 3 min in a Polylab-OS mixer (Haake, Germany) to create a grafting
reaction between the PBT and the e-CNTs; 2) Subsequently, EVMG was
added with an additional 3 min mixing to generate a reaction between
the PBT and the EVMG; 3) ADR was finally fed into the Haake mixer
followed by another 3 min mixing to achieve PBT chain extension/
branching. The above-mentioned process is concisely monitored by the
torque variation of PBT composite during blending, as shown in Fig. 2.
The prepared PBT/EVMG/e-CNTs/ADR composites were denoted as
PECxAy, wherein P, E, C and A represent PBT, EVMG, e-CNTs and ADR,
respectively, while x and y represent the weight percentage of e-CNTs
and ADR in the composites, respectively. The mass ratio of PBT to EVMG
was fixed at 80/20. All composites were prepared at 235 °C with a rotor
speed of 60 rpm, including PBT/EVMG composite (P/E) for comparison.
After compounding, specimens were prepared by compression molding
at 240 °C for further characterization.

2.3. Characterization

Fourier transform infrared (FT-IR). The h-CNTs and e-CNTs were
analyzed by FT-IR spectrometer (Nicolet 6700, Thermo Fisher Scientific,
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Fig. 2. The torque values of PBT-based composites (taking PEC;A; as an
example) as a function of time during preparation process. The red arrows
indicate the addition of corresponding components. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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US) in attenuated total reflection (ATR) mode. The final spectrum of
each sample was an average of 32 scans at a resolution of 4 cm ™! in the
wavenumber range of 400-4000 cm .

Thermogravimetric analysis (TGA). The decomposition behavior
of CNTs before and after epoxidation was detected by a TGA instrument
(1100SF, MettlerToledo, Switzerland) from 50 to 600 °C at 10 °C/min in
a nitrogen atmosphere.

X-ray photoelectron spectroscopy (XPS). The XPS data of h-CNTs
and e-CNTs were carried out with an electron spectrometer (Axis supra,
Kratos, England) using monochromatized Al Ka radiation (hv =
1486.6eV, 225 W) as X-ray source.

Rheological behavior. The dynamic rheological behavior of PBT-
based composites were investigated by a DHR-2 rheometer (TA, USA)
at 240 °C with a constant strain of 3% in a frequency-sweep mode (from
100 to 0.01 Hz). The strain of 3% was pre-determined from a strain-
sweep experiment to make the measurements in a linear viscoelastic
strain range.

Mechanical properties. The tensile properties of the PBT-based
composites were measured using a tensile tester (Instron 5967, USA)
and the notched Izod impact tests were carried out according to ISO 180
using an impact tester on the standard sized rectangular bars at room
temperature. Five measurements of each sample were tested to present
the averaged values.

Scanning electron microscopy (SEM). The cross-sections of PBT-
based composites after fracture in a liquid nitrogen environment and
etching away the EVMG phase with xylene was observed by SEM (S-
4800, HITACHL, Japan). The impact sections of samples were charac-
terized by the same SEM. All the samples were sputtered with gold
before observation.

Transmission electron microscopy (TEM). The micro phase-
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distribution of PBT-based composites was observed on a TEM instru-
ment (JEM-2100plus, Japan) at an accelerating voltage of 200 kV. The
specimens were microtomed to an ultrathin section (~80 nm thick) at
—120 °C.

Electrical conductivity measurement. Electrical conductivity of
PBT-based composites was tested on a digital high-resistance instrument
(PC68, China). The samples with a diameter of 100 mm and a thickness
of 0.5 mm were prepared through compression-molding processing at
240 °C and 10 MPa. Measurements of each sample repeated five times to
obtain the average value.

3. Results and discussion
3.1. Characterization of e-CNTs

CNTs-g-KH560 nanohybrids (e-CNTs) were prepared by grafting
epoxy-silane (KH560) on to hydroxyl CNTs (h-CNTs). FT-IR, TGA and
XPS were used to characterize the chemical structures of the e-CNTs, as
shown in Fig. 3. Compared with h-CNTs, the FT-IR spectra of e-CNTs in
Fig. 3a/3b show new stretching vibration peaks corresponding to Si-O
bond (1100 cm ') and C-H bond (2945 em™! and 2840 cm ™),
respectively [25]. KH560 contains Si-O and ~CHy— groups while CNTs
do not. Therefore, the new stretching vibration peaks of e-CNTs
confirmed that the KH560 was grafted onto the surface of CNTs.

The modification of CNTs by KH560 is further evidenced by the
appearance of a silicon element on the surface of e-CNTs nanohybrids as
detected via X-ray photoelectron spectra, i.e., only peaks of C1s and O1s
are detected for h-CNTs, whereas typical Si 2p and Si 2s peaks [26] at
around 102 eV and 153 eV appear in the XPS spectra of e-CNTs (Fig. 3c).
Furthermore, the quantitative characterization of the grafting of KH560
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Fig. 3. (a), (b) FT-IR spectra of h-CNTs, e-CNTs and KH560, (c) XPS spectra and (d) TGA curves of h-CNTs and e-CNTs. The CPS (i.e. counts per second) in XPS

spectra represents the relative intensity of photoelectron flow.
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was also performed by TGA, and the curves were shown in Fig. 3d. It can
be seen from the TGA curves that h-CNTs exhibit unobvious weight loss
(<1 wt%) until 550 °C, in contrast with an apparent weight loss (6.3 wt
%) in the case of e-CNTs nanohybrids. The extra weight loss is regarded
as the thermal degradation of grafted KH560. Therefore, the grafted
amount of the reacted KH560 was roughly calculated to be 5.6 wt%
through the differences in final weight residuals [27].

3.2. Rheological behavior of PBT-based composites influenced by multi-
reactions

In this study, multi-reactions between the terminal carboxyl/hy-
droxyl groups of PBT and the epoxy groups of other components (EVMG,
ADR and e-CNTs) could occur in situ during the sample preparation
process, as illustrated in Fig. 4.

The reaction between e-CNTs and PBT is confirmed by the appear-
ance of carbonyl stretching vibration peak in FT-IR spectra of e-CNTs/
PBT blends after removing unreacted PBT, as shown in Fig. S2. Such a
reaction is purposely designed to facilitate the selective dispersion of e-
CNTs in the PBT phase only, see discussion latter. The reactions between
EVMG (or ADR) and PBT are confirmed by the torque changes of the
rheometer after addition of EVMG and ADR, as shown in Fig. 2. The
increase in torque indicates an increase in viscosity of the PBT phase due
to PBT branching/coupling/crosslinking in the presence of EVMG and
ADR, because only PBT is reactive with the epoxy groups of the rubbery
EVMG and the ADR oligomers.

It can be inferred from the dominate structures proposed in Fig. 4
after each reaction that all these reactions play an important role in
making long-branched chains and even partially cross-linked network
structures. To better understand the microstructural evolution of PBT
with these reactions, the dynamic rheological behaviors of the PBT-
based composites were investigated to show the storage modulus (G')
and complex viscosity (1) as a function of frequency (Fig. 5).

It is shown clearly that the PBT-based composites exhibit a higher
storage modulus and complex viscosity in the used frequency zone

Composites Science and Technology 190 (2020) 108043

compared with neat PBT. Neat PBT exhibits a more Newtonian-like
behavior at low frequency region as shown in Fig. 5. However, the
melt viscosity (1) and storage modulus (G’) of PBT increase significantly
after incorporation of EVMG and the P/E composite exhibits a shear-
thinning behavior, indicating enhanced melt elasticity. This variation
in rheology is related to the long-branched chain structure with longer
relaxation time resulting from the reaction between PBT and EVMG, as
shown in Fig. 4. In the presence of 1 wt% e-CNTs, the PEC; composite
shows similar rheological behavior as the P/E composite, indicating that
the low content of e-CNTs with small amount of epoxy groups could not
significantly modify the chemical structure of PBT. However, both n and
G’ increased strongly after the addition of ADR into the PEC;, as shown
in Fig. 5. This is attributed to the growth of PBT molecular chains with
larger molecular weight after chain extension [28]. And additionally,
the PEC;A; composite exhibits a more obvious shear-thinning behavior
and shows a platform at the low frequency region, i.e., indicative of the
presence of network structures in this system [29,30]. The network
structure here contains a continuous network, either physical (entan-
glements) or chemical (partially chemical crosslinks of long-branched
PBT chains) and a dispersed network structure formed by overlapping
e-CNTs, which is to be discussed in detail later. By the way, the increase
of viscosity by chain extension has an acceptable effect on processing
properties of composites in the higher shear regime. Thus, the reactions
between PBT and other components (EVMG, e-CNTs, ADR) introduced
both long-branched chains and cross-linked network into PECA com-
posites as proven by the rheological experiments.

3.3. Morphology evolution of PBT-based composites

The melt-rheological behavior of the PBT-based composites was
influenced more significantly by chain extension according to the dis-
cussion above. Consequently, SEM was used to examine the morphology
evolution of the composites as a function of ADR content, as shown in
Fig. 6.

In Fig. 6, EVMG is dispersed as spherical particles in the PBT matrix

4
2

HO-4 W )-0oH
N

0
o
L& ADR
0
0
+ADR

(I s e e
: 1
' 1
" 1
' 1
' 1
4 W 1
. 0 <0 “, & o0 1

1 Q5 : ‘$
‘8 \N\N\N g o o \
:“’d' o, S, A P B8 .
' > 1
i 1
1

1
N

! o 7, :
] 1037 Oy O
: a9, o® % 1
- o0 . [} |
1 A, ~ 1
: v « \ 1
1 ! / x
. \ / 1
" o G 1

Fig. 4. Schematic diagrams of chemical reactions between the PBT and other components during processing.
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Fig. 5. (a) Complex viscosity and (b) storage modulus of the PBT-based composites as a function of scanning frequency.

in all composites. An obvious decrease in number-averaged particles size
(Dy) from 0.40 pm to 0.16 pm was observed with increasing the ADR
content from O up to 1.0 wt%, as shown in Fig. 6. The higher ADR
content is, the smaller the EVMG particles are. It is well-known in the
physics of polymer blending that the D, in polymer blends is related to
the viscosity ratio of both matrix (17,) and the dispersed phase (374), the
interfacial tension () and the shear rate (y), as correlated below:
D, = Kr(n,)"

= (@)
()"

Where, the constants K and n depend on the volume fraction of the
dispersed phase (¢,). It is reported that K = 4.0 and n = 0.84 for rubber/
polyester blends at ¢q= 0.15 [31]. It can be understood that the
reduction in EVMG particle size is mainly attributed to the change in
viscosity ratio of PBT to EVMG since ADR could solely react with PBT
leading to higher viscosity of PBT matrix. This remark is confirmed by
the increase in processing torque (Fig. 2) and complex viscosity (Fig. 5a)
of PECA composites after addition of ADR. Consequently, a greater shear
force would be applied to the EVMG domains leading to a smaller size
and denser dispersion. According to the rheology data in Fig. 5a and
equation (1), the viscosity of PBT matrix with ARD is more sensitive to
shear rate, and thus smaller D, are expected at lower shear rates as well.
Moreover, even a local interconnection of EVMG particles in the PECA

compounds is observed at the ADR content of 1 wt% due to the
considerable decrease of inter-particle distance, as shown more clearly
in Fig. S3. Such evolution in morphology can be beneficial to the me-
chanical and conductivity properties of the PECA composites.

3.4. Mechanical properties of PBT-based composites

The mechanical properties of PBT and PBT-based composites with
different ADR contents were studied by tensile and notched impact tests,
as shown in Fig. 7.

The tensile strength of neat PBT is 45 MPa, which was reduced to 26
MPa after addition of the 20 wt% EVMG and 1 wt% e-CNTs. However,
the tensile strength of the PEC; A composites was regained up to 34 MPa
with 1 wt% ADR (Fig. 7a) because of the extension/branching of PBT
chains. On the other hand, the toughness of neat PBT was improved
dramatically by incorporation of EVMG, i.e., the notched impact
strength increased from 4 kJ/m? to 65 kJ/m> (Fig. 7b). Moreover, the
notched impact strength of the PEC; Ay composites was further enhanced
to 88 kJ/m? and the elongation at break was increased from 150% to
>310% after addition of 1.0 wt% ADR (Fig. 7c). The toughening
mechanism is discussed below. To summarize, super-toughed PBT
composites with good tensile strength can be obtained applying a chain
extension/branching concept.
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Fig. 6. SEM images (a/b/c) of the PEC; A, composites and the diameter distribution EVMG phase (a’/b’/c’) as a function of ADR content: (a/a’) 0 wt%, (b/b’) 0.5 wt
% and (c/c’) 1.0 wt%. The red and yellow arrows indicate the PBT phase and cavities left by the EVMG phase after selective dissolution (see experimental section),
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3.5. Toughening mechanism analysis

In order to understand the toughening mechanism of PBT in the
presence of EVMG and chain extension/branching, the impact-fractured
surfaces of corresponding composites were studied using SEM, as shown
in Fig. 8. PBT shows smooth surface after impact fracture (Fig. 8a),
whereas both PEC;A¢ and PEC;A; exhibit significant band-like plastic
deformation on the fractured surface which is mainly responsible for the
improved toughness (Fig. 8b/c).

The special band-like patterns, taking the PEC;Ay composite as an
example, are explained by the novel distribution of EVMG particles in
the PBT matrix, as illustrated in Fig. 8d. The EVMG particles are overall
uniformly dispersed in the PBT matrix (inset of Fig. 8d), but locally
aggregated because PBT chains that grafted with EVMG could bond the
adjacent EVMG particles together forming self-assembled EVMG-rich
domains (yellow mark in Fig. 8d) and PBT-rich domains (blue mark in
Fig. 8d). During the impact test experiment, the EVMG domains could
absorb the impact energy by generating large deformation to terminate
the shear bands of neighboring PBT-rich domains, and subsequently as
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Fig. 8. SEM images of impact fractured surfaces of (a) PBT, (b) PEC;A( and (c)
PEC;A; composites. (d) SEM images of cryo-fractured surface of PEC;A, com-
posite after etching away EVMG, while the inset image at right bottom of
Fig. 8d is from the same sample but with larger area showing overall homo-
geneous morphology.

stress concentrator initiate new shear bands. These processes repeat
continuously to dissipate impact energy entirely. Thus, the novel band-
like stripes are resulted from sequential deformation of the alternate
PBT-rich and EVMG-rich domains along the impact directions, leading
to super toughness of the PECA composites.

It is worth noting that the width between band-shaped stripes
become much smaller after chain extension/branching (green marks in
Fig. 8b/c). This is well related to the reduced inter-particle distance (z)
of EVMG, which can be calculated by formula below assuming EVMG
particles as spheres [32,33], i.e.,

— V4 1,
=D,|[—)"-1 2
f DK@) } @

Wherein the D, and ¢, have the same physical meanings as formula 1.
According to calculation, the inter-particle distance of EVMG is reduced
from 910 nm to 360 nm after chain extension. Since smaller inter-
particle distance facilitates superposition of stress fields around the
EVMG particles, the band-like plastic deformation can penetrate the
entire PBT matrix greatly improving the toughness of the PECA
composites.

This argument is further proved by etching away the EVMG phase
from the impact fractured surfaces, as shown in Fig. 9. Clearly, two
phenomena could be observed, i.e., i) the cavities left by the EVMG
domains in Fig. 9b’ are much smaller than those in Fig. 9a’, which is
consistent with above morphology discussion (Fig. 6); ii) the cavities are
dominantly located at the boundary of the band-like stripes that sup-
ports the above “propagation-termination-repropagation” hypothesis.
Since the inter-particle distance of EVMG is significantly reduced after
chain extension, the shear bonds encounter the EVMG-rich domains
with a shorter distance, resulting in narrower and denser band-like
morphology of the PEC;A; than that of the PEC;A( composite.

3.6. Conductive behavior of PBT-based composites

The electrical conductivity of the PECA composites was investigated
as a function of e-CNTs content and the results are shown in Fig. 10a.

It is known that CNTs are ideal functional fillers to impart conductive
and/or antistatic performance to polymeric materials [34,35]. As ex-
pected, the electrical conductivity of both PECA( and PECA; composites
increased with increasing the content of e-CNTs (Fig. 10a). However, it
is interesting to observe that the electrical conductivity of PECA; is
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Fig. 9. SEM images of impact fracture surfaces of samples after etching EVMG
away: (a/a’) PEC;Aq and (b/b’) PEC;A;. The yellow arrows indicate the cavities
left by EVMG phase. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

higher than that of PECAy composites at the entire studied e-CNTs
content range. Moreover, the conductivity of both PECAy and PECA;
composites increases abruptly within a certain content range of e-CNTs,
showing insulator-to-conductor transitions (ICT), and the ICT of PECA;
composites occurs at lower e-CNTs content. The abrupt increase of
electrical conductivity generally means a formation of conductive
network [21,36]. The loading of conductive filler at the ICT point is
called the percolation threshold. According to classical percolation
theory [37], the conductivity of polymer composites is related to the
concentration of conductive filler (¢) and the structure of the conductive
network, namely:

6 =60 (p-Po)' 3

Wherein the ¢ represents the percolation threshold of the system. o is a
constant assigned to the plateau conductivity of completely loaded
composites and the exponent t is used to predict the mechanism of
network formation.

The percolation thresholds of the PECA, and PECA; composites
calculated via equation (3) are inserted in Fig. 10a. Obviously, the
percolation threshold of the PBT-based composite is reduced by 27%
after chain extension by 1 wt% ADR. Although the percolation threshold
is still higher than some reported values in other systems [34,38-40],
this work provide an interesting route to form conductive networks at
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much lower filler loadings. To better visualize the evolution of e-CNTs
network in the PECA composites, the rheological behaviors of PECxAg
and PEC4A; composites were investigated respectively as a function of
e-CNTs contents, as shown in Fig. 11.

Rheological parameters such as storage modulus (G’) are very sen-
sitive to a dispersion of filler in polymer composites [41], e.g., the for-
mation of conductive network usually can be indicated by a platform in
the G’ curves as a function of frequency [42]. As shown in Fig. 11, the G’
of both PEC4A( and PEC4A; composites increase with the e-CNTs content
at low frequency regions and the G’ ~ frequency curves gradually
exhibit platforms, whereas, the platform of PECyA; composite appears at
a lower content of e-CNTs (1.0 wt%). The slopes of G* ~ frequency
curves at low frequency region are plotted in Fig. 10b with further fit-
tings of starting and ending points of the e-CNTs networks as a function
of e-CNTs content. The starting and ending points of PECyA; composites
are 0.7 wt% and 1.1 wt%, respectively, which are 21% and 30% lower
than those of PECyAg composites. Obviously, these rheological analyses
are well consistent with the above conductivity results and theoretical
calculations (Fig. 10a).

3.7. Chain extension assisted networking of e-CNTs

The mechanism of chain extension/branching brought by rheology
modifiers assisting mechanical property improvement and CNTs
network formation is shown in an artist view in Fig. 12.

After epoxidation of CNTs, the interfacial reaction between e-CNTs
and PBT during the premixing process would lead to a chemical bonding
between the CNTs and the PBT matrix. And thus, e-CNTs are selectively
distributed in the PBT matrix, which is confirmed by the TEM images in
Fig. 13. It means that the EVMG not only acts as a toughening modifier
for PBT but also exhibits volume exclusion effect for e-CNTs. Since the
inter-particle distance of EVMG is large in the PECA( composites (910
nm), the majority of CNTs has sufficient space forming coil-like struc-
tures (Figs. 12a and 13a). According to SEM and TEM observations
(Figs. 6 and 13), the inter-particle distance of EVMG reduced from 910
to 360 nm after PBT chain extension/branching, consequently the CNTs
are confined in the inter-particle areas in a more extended form
(Figs. 12b and 13b). Thus, the e-CNTs are easier to interconnect with
each other forming conductive networks at a lower percolation
threshold. Furthermore, it remarked that the significant reduction in
EVMG particle size and the finer dispersion of CNTs after PBT chain
extension lead to both super toughness and high(er) tensile strength of
the PBT-based composites. In summary, tough and antistatic PBT-based
composites can be designed via a multistep reaction protocol using
recycled resources.
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Fig. 10. (a) Electrical conductivity and (b) slope of storage modulus~frequency curves at low frequency regions of the PBT-based composites with different e-

CNTs contents.
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Fig. 13. TEM images of (a) PEC1A¢ and (b) PEC;A; composites with 1.0 wt% of e-CNTs. EVMG and e-CNTs have been marked by arrows for better visualization.

4. Conclusion

Highly modified composites, using recycled PBT as a matrix, were
prepared by compounding with EVMG and a small quantity of e-CNTs

and ADR. A continuous processing technique with multistep reactions
was designed to achieve super toughness and antistatic PBT-based
composites with low(er) CNTs loadings. Rheological measurements
demonstrate that long-branched or even partially cross-linked structures
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are formed in the composites after rheological modification of PBT,
which eventually leads to smaller elastomer particle size and shorter
inter-particle distance of the elastomer domains. On the one hand, the
conductivity and rheological measurements confirmed that the
conductive network of e-CNTs in the PBT phase is easier to form due to
the volume exclusion effect of EVMG and further morphological opti-
mization by ADR. On the other hand, the impact measurements
demonstrate that EVMG and ADR exhibit synergistic toughening effect
on the PBT materials. The toughening mechanism is related to the
overall homogeneous dispersion of EVMG particles with smaller diam-
eter and shorter inter-particle distance and the local interaction of
EVMG particles. Therefore, this work not only provides an interesting
route for super-tough and antistatic PBT-based composites but also
opens an effective way to prepare high performance polymeric materials
for automotive and electrical applications.
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