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Developing polybutylene terephthalate (PBT) with high thermal stability and flame-retardant properties is crucial for automotive,
biomedical devices, electronics, and other fields. Herein, we focus on a PBT/brominated epoxy resin (BEO)/nano-Sb,0, composites
by a melt-blending method. The effects of heating rate and nano-Sb,0O; content on the thermal stability and thermal degradation
kinetics of PBT composites were studied by TG-DSC. With the increasing of heating rate, the thermal hysteresis effect of
temperature gradient is produced, which is eliminated when the temperature exceeds 400°C. With the increase of nano-Sb,0,
content, the E, of PBT/BEO/nano-Sb,0; composites increases at first and then decreases. When the content of nano-Sb,0; is
3 wt%, the E, of PBT/BEO/nano-Sb,0; is the highest, which is 66.18 kJ/mol (31.43%) higher than that of neat PBT. Also, the
exploration of the thermal degradation kinetics of PBT/BEO/nano-Sb,0; composites is expected to provide research ideas

for new high flame-retardant materials.

1. Introduction

As a semicrystalline thermoplastic polymer, polybutylene
terephthalate (PBT) possessed excellent mechanical proper-
ties and thermal property, which is widely used in engineer-
ing fields such as automobile, biomedical devices, and
electronic and electrical industry [1, 2]. But PBT is mainly
composed of carbon and hydrogen, which leads to strong
flammability and serious dripping as it burned. It is currently
in the compound use of several flame retardants to improve
thermal stability and flame retardancy for PBT composites
[3]. However, these additive flame retardants are seriously
affecting the mechanical properties and restricting the appli-
cation of PBT composite. Therefore, the development of PBT
composites with comprehensive physical and mechanical
properties, thermal stability, and flame-retardant properties
has become the keys to expand their application.
Nanometal oxide materials exhibit an unparalleled
combination of chemical, electrical, magnetic, optical, and

thermal properties [4, 5], which have potential applications
in flame retardants, electronics, and photonics industry.
Sb,0; is one of nanometal oxides with excellent perfor-
mance, which is often used as a flame-retarding additive
for various plastics, rubber, and polymer materials [6].
Wang et al. reported the effect of MnCo,0,-GNS hybrid
on PBT thermal degradation, and they concluded that
the thermal stability of MnCo,0,-GNS/PBT composite
improved greatly [7]. Feng et al. researched the thermal per-
formance for polysulfonamide-based single polymer com-
posites (PSA/SPCs) by thermogravimetric analysis (TG),
and the results showed that thermal stability of PSA/SPCs
was better than PSA resin composite [8]. Wang et al. investi-
gated that the heating oxidation behaviors for short glass
fiber reinforced nylon composite filled with brominated
epoxy resin (BEO)/Sb,0;; they concluded that the thermal
stability of the composite was improved after aging at
160°C for 50 days, but after aging at 200°C for 50 days, the
structure of the composite was seriously damaged and the
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TaBLE 1: The composite material content of the component (wt%).

Sample BEO Nano-Sb,0, PBT
Neat PBT 0 0 100
PBT/BEO 16 0 94.0
PBT/BEO/nano-Sb,05 1 wt% 16 1.0 93.0
PBT/BEO/nano-Sb,0; 3 wt% 16 3.0 91.0
PBT/BEO/nano-Sb,0; 5 wt% 16 5.0 89.0

thermal degradation behavior changed significantly [9].
Studies have shown that adding epoxy resin-coated ammo-
nium polyphosphate microcapsules into polypropylene could
increase the activation energy of polypropylene from
100.8 kJ/mol to 127.5k]J/mol [10]. Qi et al. reported that alu-
minum hypophosphite/reduced graphene oxide (AHP/RGO)
was added to the PBT matrix that could significantly reduce
the heat release of the composites and improve the thermal
stability and antidripping property of composites [11]. Many
efforts have been made to develop the PBT composites with
high thermal stability and flame-retardant properties. How-
ever, few studies focused on the effects of BEO and nano-
Sb,0; on the thermal degradation of PBT. In addition, there
is a correlation between the thermal stability and flame retar-
dancy of nanocomposites. Therefore, it is also of great signifi-
cance to study the thermal degradation kinetics of composites
for improving its comprehensive properties.

In this paper, the PBT/BEO/nano-Sb,0; composites
were prepared via methods of melt-mixing and injection
molding. The effects of heating rate and nano-Sb,0; content
on the thermal stability and thermal degradation kinetics of
PBT composites were studied. With the increase of nano-
Sb,0, particle content, the peak value of the thermal degra-
dation rate of PBT composites gradually decreases, the ther-
mal stability performance gradually improves, and the
carbon residue rate also increases significantly.

2. Materials and Methods

2.1. Materials. Poly(butylene terephthalate) (PBT, 1100-
211M), with a density of 1.31 g/cm?, was provided by Taiwan
Chang Chun Plastics Co., Ltd., Suzhou, China. Nano-Sb,0,
was prepared and modified by ball milling, as reported in
our study [12-14]. The particle size was 50-100 nm. Bromi-
nated epoxy resin (BEO, with an average weight of 20,000
and a bromine content of 53.2%) was provided by BASF
Chemical Co., Shanghai, China. Cetyltrimethylammonium
bromide (CTAB) was produced by Shanghai Zhonggin
Chemical Reagent Co., Ltd. Silane coupling agent (KH550)
was provided by Sinopharm Chemical Reagent Co., Ltd.

Powders of PBT, BEO, and nano-Sb,0, particles were
treated by ball milling at the conditions of revolving velocity
which was 400 r/min for 6 hours to maintain better disper-
sion. BEO, nano-Sb,0;, and PBT were mixed with different
mass ratios; mixtures were added into the extruder for melt
blending and then into the injection machine. Mixture melts
were injected into a model to prepare specimens. The com-
ponent contents of specimens are listed in Table 1.
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2.2. Characterization. PBT composites were treated by spray-
gold. The JSM 6700 Scanning Electron Microscope (SEM)
was used to study the microstructure of specimens. Thermo-
dynamic behavior was investigated with Mettler Toledo
Thermogravimetric Analysis (TG-DSC). In the experiments,
the range of quality was 5~10mg. Specimens were heated
from room temperature to 600°C; heating rates were
5°C/min, 10°C/min, 20°C/min, and 40°C/min.

3. Results and Discussion
3.1. Thermal Stability of PBT/BEO/Nano-Sb,0; Composites

3.1.1. Thermal Stability Effects of Heating Rates on PBT
Composites. Curves of TG and DTG for pure PBT are shown
in Figures 1(a) and 1(b), the heating rates at 5°C/min,
10°C/min, 20°C/min, and 40°C/min. As shown in Figure 1,
the temperature of initial decomposition, maximum decom-
position rate, and thermal weight loss rate of pure PBT all
move to high temperature with the increase of heating rate.
However, the heating rate has little effect on the final thermal
decomposition of pure PBT, and the TG trends of the four
curves have not changed. The main reason for this phenome-
non is that the temperature variation changes between furnace
and specimens with the increasing heating rate and the tem-
perature gradient are generated in the internal of specimens.

Figure 2 shows the TG-DSC curves of pure PBT at the
heating rate of 5°C/min (Figure 2(a)), 10°C/min (Figure 2(b)),
20°C/min (Figure 2(c)), and 40°C/min (Figure 2(d)). There
are two endothermic peaks in the TG-DSC curves of pure
PBT. The first endothermic peak appears in the range of
223~226°C. However, there is no corresponding weight loss
on the TG. The endothermic peak in this range is the phase
transition endothermic peak of neat PBT from solid to liquid,
and PBT composites do not begin to break and decompose.
Different heating rates have no effect on the phase transition
temperature of PBT. The second endothermic peak appears
at the temperature of around 400°C; there is a significant ther-
mal degradation process. The main chain of PBT begins to
break down into polymer fragments, then further produces
small molecule combustible gases, and escapes small molecule
combustible gases. As the heating rate increases, the endother-
mic peak gradually shifts to a higher temperature, which is con-
sistent with the DTG curve of neat PBT (Figure 1(b)).

The maximum degradation rate of pure PBT is about
400°C; the obvious rapid degradation process occurred. With
the increase of heating rate, the carbon residue rate increases
gradually in the range of 350°C to 400°C. This shows that
with the increase of heating rate, the thermal degradation of
PBT also has a hysteresis effect due to the thermal hysteresis
effect of the temperature gradient. When the temperature
exceeds 400°C, the thermal hysteresis effect is gradually elim-
inated. With the increase of heating rate, the thermal stability
of PBT decreases, the decomposition rate of PBT increases
correspondingly, and the residual carbon rate decreases.

3.1.2. Thermal Stability Effects of Heating Rates on PBT/BEO
Composites. The TG and DTG curves of PBT/BEO compos-
ites with 16 wt% BEO flame retardant at different heating
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FiGure 1: TG (a) and DTG (b) curves of pure PBT at different heating rates.
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Ficure 2: TG-DSC curves of pure PBT at different heating rates: (a) 5°C/min, (b) 10°C/min, (c) 20°C/min, and (d) 40°C/min.

rates are shown in Figure 3. There are two endothermic peaks
at different heating rates in all pictures. With the addition of
BEO flame retardants, the trend of thermal degradation does
not change. The DTG curves still have a symmetrical single
peak. The results show that the BEO flame retardant has
good compatibility with the PBT matrix. The addition of
BEO flame retardants reduces the thermal degradation rate
of PBT composites and improves the thermal stability of

PBT, which is beneficial to improve the flame retardancy of
PBT/BEO composites. The initial degradation temperature
of the PBT/BEO composite is reduced, and the molecular
chain of PBT/BEO composite breaks down earlier. However,
the maximum thermal degradation temperature of PBT/BEO
composites is still around 400°C. With the increase of heating
rate, the thermal degradation trend of PBT/BEO composites
is consistent with that of pure PBT.
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FIGURE 3: TG (a) and DTG (b) curves of PBT/BEO (16 wt% BEO) composites at different heating rates.
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F1GURE 4: TG-DSC curves of PBT/BEO composites at different heating rates: (a) 5°C/min, (b) 10°C/min, (c) 20°C/min, and (d) 40°C/min.

TG-DSC curves of PBT/BEO composite at four kinds of
heating rate are illustrated in Figure 4. Each of the four TG-
DSC curves at different heating rates has endothermic peak
values, and the first phase transition endothermic peak of
which appears at 221°C, indicating that the phase-change
temperature is not affected by heating rate. The second endo-
thermic peak appears at about 400°C, and the TG process is

evident at this stage. The endothermic peak temperature
gradually shifts to high temperature with the increase of heat-
ing rate, which is basically consistent with the TG-DSC curve
of neat PBT.

3.1.3. Thermal Stability Effects of Heating Rates on
PBT/BEO/Nano-Sb,0; Composites. To further improve the
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FIGURE 5: TG (a, ¢, e) and DTG (b, d, f) curves of PBT/BEO/nano-Sb,0; composites (1 wt%, 3 wt%, and 5wt% contents of nano-Sb,0,) at
different heating rates.

thermal stability and flame-retardant properties of PBT/-
BEO, 1 wt%, 3 wt%, and 5wt% contents of nano-Sb,0; syner-
gistic flame retardant were added to the PBT/BEO composites,
forming PBT/BEO/nano-Sb,05x wt% (x = 1, 3, 5) composites.
The TG and DTG curves of the three kinds of PBT/BEO/-
nano-Sb,0, composites are shown in Figure 5, at different

heating rates. The TG curves and temperature excursion
trends of PBT/BEO/nano-Sb,0, composites are similar to that
of the PBT/BEO composite. However, with the addition of
nano-Sb,0;, the peak values of TG decrease significantly.
When the content of nano-Sb,0O; reaches more than 3 wt%,
a phenomenon can be found by comparing Figures 1 and 3.
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F1gure 6: TG-DSC curves of PBT/BEO/nano-Sb,0; 3 wt% composites at different heating rates: (a) 5°C/min, (b) 10°C/min, (c) 20°C/min, and

(d) 40°C/min.

A slowing band of the thermal degradation rate appears in
DTG curves near 320°C, which prevents further thermal deg-
radation of PBT composites. It indicates that there is a syner-
gistic effect between BEO and nano-Sb,0; after the addition of
3wt% nano-Sb,0;. In the early stage of PBT/BEO/nano-
Sb,0; composite pyrolysis, coflame retardants play a role,
improving the thermal stability of PBT/BEO/nano-Sb,0,
composites and the flame-retardant properties at the initial
stage of combustion.

The representative PBT/BEO/nano-Sb,0; 3wt% com-
posite was selected to study the effect of heating rate on the
thermal stability of the PBT composite. As the heating rate
increases, the thermal degradation trend of PBT/BEO/-
nano-Sb,0; 3 wt% composite is similar to that of PBT/BEO.
The results show that the addition of nano-Sb,0; does not
change the thermal degradation process of PBT/BEO com-
posites but improves the thermal stability of PBT/BEO com-
posites, and the carbon residue rate increases significantly.
The TG-DSC curves of PBT/BEO/nano-Sb,0; 3 wt% com-
posites at different heating rates are shown in Figure 6. At
high heating rates, peak fluctuations are not obvious. The
DSC curve peak of the PBT/BEO/nano-Sb,05 3 wt% com-
posite is similar to that of the PBT/BEO composite. The
endothermic peak temperature gradually shifts to high tem-
peratures with an increase in heating rate.

3.1.4. Effect of Nano-Sb,0; Content on the Thermal Stability
of PBT Composites. To study the effect of nano-Sb,0; con-

TaBLE 2: Thermal properties of pure PBT and its composites at a
heating rate of 5°C/min.

T T 600°C carbon
No. Specimens (JCO:? f’(e:ak residue rate
(O (%)
1 Neat PBT 367.5 389.7 10.10
2 PBT/BEO 349.3 389.5 10.55
3 PBT/BEO/nano—Sb203 1wt% 341.7 389.6 13.92
4 PBT/BEO/nano-Sb,0; 3wt% 336.6 386.8 16.42
5 PBT/BEO/HanO-SbZO3 5wt% 3234 382.8 17.23

tent on the thermal stability of PBT composites, the thermal
stability properties of neat PBT and its composites were
tested at 600°C with a heating rate of 5°C/min; the corre-
sponding thermal performance data are summarized in
Table 2. TG and DTG curves of neat PBT and its composites
at a heating rate of 5°C/min are presented in Figure 7. The
results show that the PBT composites still have a single
weight-loss stage, and the DTG curves have only one large
weight loss peak after adding BEO and nano-Sb,0Oj; particles
from Table 2 and Figure 7. This indicates that the thermal
degradation process of PBT composite is mainly the catalytic
fracture of the primary key. However, the thermal degrada-
tion of neat PBT and its composites can be divided into two
stages: a rapid decomposition stage and a slow degradation
stage of a stable carbon layer.
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The first stage mainly occurs between 320°C and 430°C.
The initial decomposition temperature of nano-Sb,0, parti-
cles occurs during the slow degradation stage of the PBT sta-
ble carbon layer. After adding the BEO flame retardant, the
thermal decomposition temperature of the PBT composite
is increased, and the carbon residue rate is improved. With
the addition of nano-Sb,0; in different contents, the initial
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decomposition temperature (T,y,) of PBT/BEO/nano-
Sb,0; composites is decreased by 25.8°C (1wt%), 30.9°C
(3wt%), and 44.1°C (5wt%) compared to the pure PBT,
respectively (Table 2). With the increase of nano-Sb,0; con-
tent, the maximum thermal decomposition peak temperature
and thermal decomposition rate of PBT/BEO/nano-Sb,0,
composites decreased gradually. This may be due to the cat-
alytic effect of metal oxides on macromolecular chain cleav-
age, which promotes the rapid oxidation of PBT matrix
materials [15]. The interaction between nano-Sb,O; and
BEO flame retardants and PBT matrix materials promotes
the thermal decomposition of PBT composites at lower tem-
peratures, resulting in the formation of some high-quality
carbon residue layers. At this stage, the high-temperature
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TaBLE 3: Activation energy E, and frequent factors InA are calculated by the Kissinger method.
. T  (°C/min) . . L
Specimens 5 TO 20 40 Correlation coeflicient Activation energy E, (kJ/mol) Frequent factors InA
Neat PBT 389.7 402.8 421.5 431.8 0.9802 210.56 234
PBT/BEO 389.5 4163 431.1 448.1 0.9909 233.28 23.6
PBT/BEO/nano-Sb,05 1wt% 388.5 400.7 415.5 424.0 0.9788 264.21 25.1
PBT/BEO/nano-Sb,05 3wt% 387.3 3982 416.1 432.5 0.9898 276.74 24.2
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F1Gure 10: In (B/T2) and (1/T,,) * 10° relationship diagram of pure PBT and its composites. (a) Neat PBT; (b-d) PBT/BEO/nano-Sb,05

composites (1 wt%, 3 wt%, and 5wt% contents of nano-Sb,05).

heat energy promotes the cleavage of various bonds in the
molecular chain of PBT materials. As a result of the degrada-
tion of bond cleavage, the mass loss of polymers increases
rapidly, which is reflected in the TG and DTG curves.

In the second stage, with the increase of pyrolysis tem-
perature, the initial carbon layer of PBT composites is
gradually decomposed, but the residual amount of PBT
composites is still higher than that of neat PBT material.
Studies show that the effective carbonization process of

flame-retardant polymer materials occurs at a temperature
higher than the processing temperature, but much lower than
the decomposition temperature of the polymer matrix mate-
rial [16]. Therefore, in the first stage of degradation, the effec-
tive carbonization layer is formed by the early pyrolysis of
PBT composites. It is beneficial to delay the thermal degrada-
tion of PBT matrix materials in a higher temperature range
and improve the thermal stability and flame-retardant prop-
erties of PBT composites. Table 2 indicates that the carbon
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TaBLE 4: Reaction kinetic parameters are calculated by the
Friedman method.

Specimens Correlation  Activation energy Reaction
P coefficient E, (kJ/mol) order

Neat PBT 0.9934 195.98 0.89

PBT/BEO/nano-

$b,0, 1 wt% 0.9942 253.72 0.92

PBT/BEO/nano-

$b,0, 3 wt% 0.9953 267.94 0.95

PBT/BEO/nano- 0.9952 258.97 091

Sb,0, 5 wt%

residue rate of neat PBT is 10.1 wt% at 600°C, while the car-
bon residue rate of neat PBT increased significantly 0.45%
after adding 16wt% BEO flame retardant. After adding
nano-Sb,0; particles, the residual carbon rate increased sig-
nificantly. The results show that there is a synergistic effect
between BEO and nano-Sb,0; particles, and nano-Sb,0,
particles change the thermal degradation mechanism of
PBT. With the increase of nano-Sb,0, content, the peak
value of the thermal degradation rate of the PBT composite
decreases gradually. The results show that bromine antimony
synergistic flame retardant effectively delays the thermal deg-
radation of PBT matrix materials. BEO and nano-Sb,0; can
promote the carbonization of PBT during the combustion
process, resulting in a significant increase in the residual car-
bon rate.

To further analyze the relationship between nano-Sb,0,
content and thermal stability of PBT/BEO/nano-Sb,0; com-
posites, the surface morphology SEM images of solid residues
of neat PBT (Figure 8(a)) and PBT/BEO/nano-Sb,0; 3 wt%
(Figure 8(b)) after combustion are shown in Figure 8. Com-
pared with neat PBT, a large number of lamellar and agglom-
erate structures appear on the surface of solid residue after
the combustion of PBT/BEO/nano-Sb,0; 3 wt%, forming a
protective film with a network structure. This kind of net-
work barrier structure can hinder the conduction of combus-
tible volatiles and heat produced in the thermal degradation
process of PBT composites and protects the thermal degrada-
tion of PBT.

3.2. Kinetic Parameters of Nano-Sb,0;/BEO/PBT Composites.
The Kissinger method and Friedman method were used to cal-
culate the thermal degradation kinetic parameters of the com-
posites. The straight lines of composite materials calculated by
the Kissinger method are demonstrated in Figure 9. The acti-
vation energy E, and frequent factors InA were calculated
according to the slope and intercept of the straight line which
are summarized in Table 3. At the heating rate of 10°C/min
and 40°C/min, the critical transition temperature of the neat
PBT is 402.8°C and 431.8°C, respectively. After adding 3 wt%
nano-Sb,0; particles into PBT/BEO, the critical transition
temperature of PBT/BEO/nano-Sb,0; 3wt% is 398.2°C at
the heating rate of 10°C/min, and the transition temperature
is reduced by about 5°C. Here, nano-Sb,0; particles have a
catalytic effect on the molecular chain of PBT. It can be seen
from Figure 9 and Table 3 that the addition of nano-Sb,0,
particles has a certain effect on the thermal stability of PBT.

With the increase of nano-Sb,0; content, the E, of PBT com-
posites increases at first and then decreases. When the content
of nano-Sb,0; is 3wt%, the E, is the highest, which is
66.18 kJ/mol (31.43%) higher than that of pure PBT. At this
time, the thermal degradation of PBT composites is the most
difficult, which indicates that the addition of nano-Sb,0O, par-
ticles hinders the movement of molecular chains and enhances
the thermal stability of PBT.

The degradation kinetic parameters E, and reaction
order n obtained by the Friedman method are shown in
Figure 10 and Table 4. It can be seen from Table 4 that the
thermal degradation of the PBT composites belongs to the
first-order reaction. With the increase of nano-Sb,0, con-
tent, the activation energy of thermal degradation first
increases and then decreases, which is consistent with the
change rule of activation energy obtained by the Kissinger
method. When the content of nano-Sb,0; is 3 wt%, the acti-
vation energy E, increased by 71.96 kJ/mol (36.72%) com-
pare with neat PBT. From the increase of activation energy
E, value, it can be seen that there is an interaction between
nanofiller and PBT matrix material, which reduces the move-
ment of distal chain in PBT nanocomposites and improves its
thermal stability [17].

The thermal degradation reaction of PBT can be regarded
as zero order in the early stage, and the degradation reaction
under a high weightlessness rate can be regarded as the first
order [18-24]. The thermal degradation of pure PBT and
its composites can be divided into two stages. In the early
stage of the reaction, the reaction order is zero. With the
increase of thermal degradation temperature, the reaction
order changes from zero to the first order in the second stage.

4. Conclusions

With the increase of heating rate, the thermal hysteresis effect
of the temperature gradient is produced, and the thermal
degradation of PBT composite also has a hysteresis effect.
When the temperature exceeds 400°C, the thermal hysteresis
effect is gradually eliminated. With the increase of nano-
Sb,0; particle content, the thermal degradation activation
energy E, of PBT/BEO/nano-Sb,0; increases at first then
decreases, and its maximum value at 3wt% nano-Sb,0,.
The results indicate that the addition of nano-Sb,0, particles
hinders the movement and regular stacking of molecular
chains. Therefore, the BEO and nano-Sb,0; particles can
enhance the thermal stability of PBT and increase the maxi-
mum activation energy of thermal degradation.
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