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a b s t r a c t

Flame-retardant-free and thermo-cross-linkable copolyesters have been synthesized, and their flame
retardation and anti-dripping behavior as a consequence of cross-linking during combustion were
investigated in detail. TG-DSC simultaneous thermal analysis, rheological analysis, and TGA established
the extent and rate of the cross-linking reaction. The extent of cross-linking depends on the content of
cross-linkable monomer, PEPE, and the higher the extent of the cross-linking, the better the flame
retardance and anti-dripping performance of copolyesters. The large melt viscosity caused by cross-
linked networks at high temperature played the most important role in anti-dripping of copolyesters.
TG-FTIR results confirmed that the flame-retardant activity of copolyesters mainly took effect in the
condensed phase, and XPS results indicated that the carbonization process was aromatization-dominant.
SEM and Raman analysis suggested that the char layers were constituted mainly of polyaromatic species
with small and uniform microstructures at the surface. Consequently, both the large melt viscosity and
the formation of an especially compact char with fine microstructure resulting from cross-linking were
considered as the key to the flame retardance and anti-dripping performance of the polymer when
subjected to the flame.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In the modern polymer industry, a variety of polymerization
methods are used to fabricate sundry and specialty plastics, foams,
fibers and rubbery materials. These polymers change society and
bring great convenience to human life. Despite many benefits from
these polymers, many imperfections remain problematic, and the
fire risk from use of polymers may seriously threaten lives and
property of humans. Due to the widespread use of polymer mate-
rials, it is necessary and important to make most polymers non-
flammable. Fire-related issues continue to drive the development
of polymers that reduce fire risk to save lives and protect property
[1]. To flame-retard those polymeric materials, conventional
methods are to incorporate some flame-retardant elements into
their main chains or side chains, or to add some flame retardants to
their matrices [2]. However, any flame retardants used to reduce
fire risk must conform to various safety standards to prevent harm
to the ecological environment and human health. Based on this
5.
Chen), yzwang@scu.edu.cn,
concept, some traditional halogenated flame retardants are banned
in many countries [3]. World-wide interest in halogen-free flame
retardants has been increasing, and many other flame retardant
materials containing elements such as P, N, S and Si are being used
to flame-retard polymer materials [4e9]. These flame retardants
are considered to be of relatively low toxicity. Whether or not they
canmeet future environmental and health standards is uncertain. If
a polymer could display flame resistance despite the absence of any
flame retardant element (say, bromine, chlorine, phosphorus, or
nitrogen, etc.), it may be truly green and environment-friendly.
However, there have been few reports of flame-retarded polymers
containing no flame-retardant elements [10,11].

Recently, a smart cross-linkable PET-based copolyester P(ET-co-
P) formed with only carbon, hydrogen, and oxygen had been syn-
thesized [12]. This copolyester exhibited no reactivity at the tem-
perature of synthesis and processing but could cross-link rapidly at
higher temperature before burning. The self-extinguishment and
anti-dripping behavior of the polyester could be achieved through
cross-linking during burning. Despite the absence of any traditional
flame-retarding element, this high-temperature cross-linking may
provide a new strategy for the formation of a flame-retardant
system without the need for the presence of any flame-retardant
element. Thus, it is important to understand the specific
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relationship between cross-linking and flame retardation as well as
anti-dripping. The flame retardance affected by cross-linking has
been investigated in detail. Simultaneously, to highlight the flame-
retardant effect of cross-linking, more functional cross-linkable
monomers (PEPE) were incorporated into the copolyesters via
melt polycondensation, and the flame-retardant properties of those
more highly cross-linkable polymers were investigated [13].

2. Experimental

2.1. Chemicals and substrates

4-Phenylethynylphthalic anhydride (PEPA) was purchased from
Changzhou Sunlight Pharmaceutical Co., Ltd. (Changzhou, China).
Antimony trioxide (Sb2O3, AR), ethylene glycol (EG), dimethyl tere-
phthalate (DMT), methanol, phenol, tetrachloroethane, hexafluoro
isopropanol, zinc acetate (CP) were all manufactured by Chengdu
Chemical Industries Co. (Chengdu, China) and used as received.

2.2. Sample preparation

Poly(ethylene terephthalate-co-4-phenylethynylphthalate)
abbreviated as P(ET-co-P)s were synthesized using established
procedures [12]. Thepreparationof P(ET-co-P)40 is presentedhere as
a representative example, where the number 40 denotes the molar
parts of PEPE perhundredofDMT (say, PEPE:DMT¼40: 100 inmol).
44.4 g (0.229 mol) DMT, 35.5 g (0.573 mol) EG and 0.0799 g
(4.35 � 10�4 mol) zinc acetate were added to a 250-mL bottle
equipped with a DeaneStark trap with a condense. The reaction
systemwasfirstlyheated to 180 �C for 3h. As the reactionproceeded,
methanol was released. After a stoichiometric amount of methanol
was removed, themixturewas poured into an excess ofwarmwater,
and the precipitate bis(2-hydroxyethyl) terephthalate (BHET) was
obtained. The precipitate was filtrated, washed by water, and dried
overnight. Then, stoichiometric BHET (0.229 mol) was added to a
250mL polymerization bottle. And ethylene glycol solution of PEPE/
PEPA (0.0916 mol) and antimony trioxide (3.43� 10�4 mol, 0.100 g)
was also added. The mixture was heated to 240 �C for 2 h under a
steady stream of nitrogen. Finally, the pressure in the vessel was
reduced to lower than 60 Pa and the temperature was raised to
270 �C over 0.5 h and maintained for 2e4 h. Other examples were
obtained in a similar way. IR (KBr): 2882e2997 (w), 1722 (s), 2210
(m).1HNMR (CF3COOD, d): 7.7 (AreH in terephthalic and isophthalic
structural units), 6.7w7.4 (AreH in the 4-phenylethynyl structural
unit) and 4.1w4.4 (eCH2O). Basic characteristics of the copolyesters
are listed in Table 1.

Cross-linked specimens for testing were obtained from the copo-
lyester heated in a muffle furnace at 320 �C (�3 �C) for 60 min in air.

Samples were prepared at different temperatures for XPS tests
in a tube furnace in nitrogen. The samples were heated to each
specific temperature at a heating rate of 10 �C min�1, and the
samplewas held isothermal for 10min at each temperature: 330 �C,
380 �C, 430 �C and 550 �C (�3 �C), respectively.
Table 1
Basic characteristics, LOI and UL-94 for neat PET and P(ET-co-P) copolyesters.

Samples PEPE content (mol%) [h] (dL g�1) LOI UL-94

Calculated Testa

PET e e 0.68 22.0 NR
P(ET-co-P)20 16.7 16.3 1.17 24.5 V-2
P(ET-co-P)40 28.6 28.0 1.24 28.0 V-2
P(ET-co-P)60 37.5 36.7 1.49 29.0 NR
P(ET-co-P)80 44.4 44.7 1.87 30.0 V-0

a Testing results were calculated from NMR.
2.3. Characterization

NMR spectra (1H, 400MHz) were obtained at room temperature
using a Bruker AVANCE AVII 400 NMR instrument, with CF3COOD
as the solvent, and tetramethylsilane as the internal reference.
Fourier transform infrared spectroscopy (FTIR) was performed us-
ing a Nicolet 6700 spectrometer. The intrinsic viscosities of copo-
lyesters were determined with an Ubbelodhe viscometer with a
concentration of 0.5 g/dL at 25 �C in 1:1 (v/v) phenol-1, 1, 2, 2-
tetrachloroethane solution.

Cross-linking behavior was examined using a NETZSCH simul-
taneous TGA-DSC (449C) with �0.1 �C temperature error at a
heating rate of 10 �C min�1 in N2.

Dynamic oscillatory rheological measurements for neat PET and
copolyesters were preformed with a parallel-plate fixture (25 mm
diameter and 1 mm thickness) using an Advanced Dynamic
Rheometric Expansion System (ARES, Bohlin Gemini 200) in an
oscillatory shear mode. Temperature scanning tests at a fixed fre-
quency of 0.1 Hz were in the range from 230 �C, 170 �C, 170 �C, and
260 �C to 330 �C for P(ET-co-P)20, P(ET-co-P)40, P(ET-co-P)80, and
neat PET, respectively. The temperature error is about �1 �C. Time
scanning tests at a fixed frequency of 0.1 Hz were performed at a
fixed 300 �C for 550 s.

Thermal decomposition behavior of the copolyesters was con-
ducted using a NETZSCH TGA (209 F1) with �0.1 �C temperature
error at a heating rate of 10 �C min�1.

Thermogravimetric analysis-infrared spectrometry (TG-IR) was
performed using the NETZSCH TGA (209 F1) thermogravimetric
analyzer that was linked to the Nicolet 6700 FTIR spectrophotom-
eter. The heating rate was 10 �C min�1 from 40 �C to 700 �C (ni-
trogen atmosphere, flow rate of 50 ml/min).

Heat release rate (HRR), total heat release (THR), and the
burning residues were measured using an FTT cone calorimeter
according to ISO 5660-1 at a heat flux 50 kW/m2. The samples were
molded to size of 100 � 100 � 3 mm3. The molding temperature
was 260 �C, 210 �C, 200 �C, 200 �C, 200 �C for PET, P(ET-co-P)20,
P(ET-co-P)40, P(ET-co-P)60, P(ET-co-P)80 respectively. The experi-
ment error of cone is about �10%.

The limiting oxygen index (LOI) values (�0.5) were performed
using an HC-2C oxygen indexmeasurement (Jiangning, China) with
sheet dimensions of 130 � 6.5 � 3.2 mm3 according to ASTM D
2863-97. The samples were compression molded at 10 MPa and
then cut to a size of 130 � 6.5 � 3.2 mm3.

The UL-94 vertical test was performed using a vertical burning
test instrument (CZF-2) according to ASTM D 3801. The samples
were compression molded at 10 MPa and then cut to a size of
125 � 12.7 � 3.2 mm3.

X-ray photoelectron spectroscopy (XPS) was carried out with
XSAM 800 spectrometer (Kratos Co., UK), using Al Ka excitation
radiation (1486.6 eV), operated at 12 kV and 15 mA. Bing energies
were referenced to the carbonaceous carbon at 285.0 eV.

The microstructures of the residual char collected after the cone
calorimeter testswereobservedusing scanningelectronmicroscopy
(JEOL JSM5900LV)with an acceleration voltage of 10 kV. A thin layer
of gold was sprayed at the surface prior to SEM observation.

Raman spectroscopy measurement was carried out at room
temperature with LabRAMHR800 laser Raman spectrometer (SPEX
Co., USA) using a 532 nm helium-neon laser line.

3. Results and discussion

3.1. Flammability and anti-dripping behaviors

The flammability of copolyesters has been widely evaluated by
cone calorimeter testing [14,15]. Fig. 1 contains cone calorimetric



Fig. 1. Cone calorimetric results for PET and P(ET-co-P) copolyesters at an external heat flux of 50 kWm�2 as function of burning duration: (a) heat release rate, (b) total heat release
and (c) residue mass.
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results for PET and P(ET-co-P) copolyesters, and the detailed data
were summarized in Table 2. The evolution of heat release rate
(HRR), especially its maximum value (PHRR) is a very important
parameter, indicating the rate of fuel feeding during the combus-
tion and the rate of further flame spread [16,17]. Lower PHRR de-
notes a slower flame spread and minor fire hazard. From Fig. 1, the
introduction of PEPE significantly reduced both the peak and
average values of HRR of the copolyesters: PHRR of P(ET-co-P)20
was about 376 kW m�2, decreased to 32% of that of PET; while for
P(ET-co-P)80, PHRR was only 198 kW m�2. Thus, it was clear that
PEPE could effectively reduce the HRR of copolyesters and slow the
flame propagation. Also, with the incorporation of the functional
monomer, the total heat release (THR) of the copolyesters
decreased with the increase of PEPE content: the value for neat PET
was 63.5 MJ m�2; while the values for P(ET-co-P)20, P(ET-co-P)40,
P(ET-co-P)60 and P(ET-co-P)80 were 39.0, 38.6, 36.7 and 35.5 MJ
m�2, respectively. Slow burning of copolyesters could also be
observed from the mass loss rate curves (Fig. 1(c)), which were
similar to the THR ones. It was noteworthy that with an increase in
PEPE content, further suppression of the heat release was not as
great as the copolyester with low content of the functional mono-
mer did. We can image that the relatively high combustion in-
tensity during cone calorimetry, which resulted in variables such as
heat, onsite temperature, volatile free radicals, etc., could accelerate
the cross-linking reaction between the phenylethynyl moieties;
PEPE was very reactive after ignition, and an expected flame-
retardant effect could be achieved at a comparatively low content
of PEPE.
Table 2
Detailed combustion results for neat PET and P(ET-co-P) copolyesters obtained from
cone calorimetry.

Samples PET P(ET-co-P)20 P(ET-co-P)40 P(ET-co-P)60 P(ET-co-P)80

TTI (s)a 48 38 23 24 28
PHRR (kW m�2) 1167 376 329 232 198
Time to PHRR (s) 120 70 60 65 65
FIGRA

(kW m�2 s�1)b
9.7 5.4 5.5 3.6 3.0

Averaged HRR
(kW m�2)

205 126 119 108 94

THR (MJ m�2) 63.5 39.0 38.6 36.7 35.5
Residue (wt%) 11 23 24 26 28

a TTI stands for the time to ignition.
b FIGRA is calculated by dividing the value of PHRR by the time to PHRR.
Limiting oxygen index (LOI) and vertical burning rate (UL-94), as
classical flame-retardant tests, are simple and important methods
to evaluate the flammability of polymeric materials, and also pro-
vide information about melt dripping of the testing materials [18].
Generally speaking, materials exhibiting LOI values above 26 would
show self-extinguishing behavior in air and be considered to
possess high flame retardance [19,20]. From LOI data shown in
Table 1, it could be easily concluded that the incorporation of PEPE
considerably increased the LOI values of copolyesters: the value for
neat PET was only 22.0; while the values for P(ET-co-P)20, P(ET-co-
P)40, P(ET-co-P)60 and P(ET-co-P)80 were 24.5, 28.0, 29.0 and 30.0,
respectively. After combustion, the residue of pure PET was almost
all the melting matrix rather than char at the surface; while P(ET-
co-P)s showed no melts but compact char, which played a positive
role on anti-dripping.

The UL-94 vertical burning test is another important mea-
surement to investigate flammability and melt-dripping behaviors
of materials. Different from the behavior in cone and LOI tests, the
copolyesters showed great flame retardance only at high content
of PEPE in the UL-94 test. As shown in Table 1, P(ET-co-P)s with
relatively low content of PEPE failed to pass UL-94 tests, although
the tendency of melt dripping during combustion was much
depressed with the incorporation of PEPE. However, when more
PEPE was copolymerized, an exciting results were found: P(ET-co-
P)80 could reach V-0, and no droplet was found throughout the
testing process. The combustion processes for PET and P(ET-co-
P)80 during the UL-94 vertical burning testing are recorded in
Fig. 2. For neat PET, the cotton was ignited by melt dripping after
the first ignition, and the sample continued to burn with serious
dripping and no extinguishing after the second ignition. By
contrast, P(ET-co-P)80 was seen to extinguish quickly following the
removal of the igniter (extinguished within 5s for twice ignition),
and no dripping was found during the course of the test. After
testing, P(ET-co-P)80 left compact and intumescent char on the
bottom of the sample, which prevented dripping and maintained
its shape effectively.

It is noteworthy that there are different performances in cone
calorimetric, LOI and UL-94 tests for copolymers with various PEPE
content. This could be caused by the different combustion intensity
and test methods used. In cone calorimetric analysis, the testing
samples are supported by a platform, and the effect of gravity on
the combustion is weak. Also, the samples are ignited by the
persistent external heat irradiation and are under irradiation for a
long time, which would keep samples for a long-term cross-linking.



Fig. 2. Combustion processes of PET and P(ET-co-P)80 during the UL-94 testing at different time.
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Thus, 16.3 mol% of PEPE (P(ET-co-P)20) can lead to a considerable
improvement by decreasing the PHRR from over 1000 to 376 kW
m�2. In the LOI test, the testing samples are placed vertically by a
fixture and ignited at the top. It would be ignited in a very short
firing time, while the weight of sample is supported by itself during
combustion. For the short cross-linking time, 28.0 mol% of PEPE
(P(ET-co-P)40) is needed to improve the LOI value of the copolyester.
However, in the UL-94 test, the testing samples are ignited at the
bottom for 10 s, very close to the firing time of LOI test but much
shorter than that of cone calorimetry. Furthermore, the gravity of
the sample would trigger the occurrence of melt dripping and
promote the spread of fire. As a result, in a short cross-linking time,
44.7mol% of PETE (P(ET-co-P)80) is needed to preventmelt dripping
and extinguish fire within an expected time.
Fig. 3. TG-DSC thermograms for PET and P(ET-co-P) copolyesters at a heating rate of
10 �C min�1 in N2.
3.2. Cross-linking behaviors

To elucidate clearly the course of cross-linking towards flame
retardance, first of all, cross-linking behaviors of P(ET-co-P)s were
characterized using simultaneous Thermogravimetrye Differential
Scanning Calorimetry (TG-DSC) in N2 (Fig. 3). Detailed data are
presented in Table 3. The behavior of PET was also measured for
comparison. From the DSC thermogram for P(ET-co-P)20, the cross-
linking reaction is apparent as a notable exothermal process
starting at 340 �C, just between the melting (c.a. 220 �C) and the
decomposition peak (c.a. 440 �C) [21e25]; while contrarily, neat
PET directly decomposes after melting. It is clear that the cross-
linking temperature is much higher than the melting point,
which provides a broad temperature window for processing. For all
the P(ET-co-P)s, these obvious cross-linking peaks could be
observed and the size of the exothermal peaks increased gradually
with the increase in the content of PEPE in the copolyester, indi-
cating that the cross-linking effects were becoming more promi-
nent. Also, as more PEPE was incorporated, the earlier cross-linking
of copolyester occurred: the onset temperatures for the cross-
linking exothermal peaks for P(ET-co-P)20, P(ET-co-P)40 and P(ET-
co-P)80 were 340 �C, 314 �C and 300 �C, respectively. At the same
time, the melting peak for P(ET-co-P)20 shifted to the much lower
temperature (the endothermal enthalpy attenuated as well); and
the melting behavior could not be observed with a further increase
in concentration of the functional monomer, reflecting the
considerable diminishment of the crystalline phase of the copo-
lyesters due to the bulky pendent phenylethynyl groups along the
molecular chains [26,27]. Meanwhile, P(ET-co-P)40 and P(ET-co-P)80
both exhibited relatively low glass transition temperatures (Tg),
and their cross-linking temperatures were far above the processing
temperature of a polyester. TGA curves showed the initial decom-
position temperature (T5%, defined as the temperature of 5 wt%
weight loss) of P(ET-co-P)s was always higher than the cross-
Table 3
TG-DSC data for PET and P(ET-co-P) copolyesters.

Samples PET P(ET-co-P)20 P(ET-co-P)40 P(ET-co-P)80

Tg (�C) 76 76 80 82.1
Tm (�C) 251 208 e e

Tc (�C)a e 340 314 300
T5% (�C)b 417 407 406 393

a Tc defined as the temperature at which the exothermal peak started.
b T5% defined as the temperature at which 5 wt% weight loss occurred.
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linking temperature, indicating that the cross-linking reaction
occurred prior to the decomposition. Taken together, this unique
thermal property confirmed P(ET-co-P)s would conduct cross-
linking reaction in the proper temperature range lower than the
decomposition temperature but much above its processing
temperature.

The cross-linking reaction of the phenylethynyl groups and the
corresponding mode of action have been widely investigated. It is
generally believed that the acromatization process occurs through
a radical process. Reactions proposed include the formation of two
phenylethynyl groups to one triphenylnaphthalene cross-links [28],
which could play a positive effect on viscosifing and further on anti-
dripping.

It is easy to understand that the low melting viscosity is one of
the direct causes of melt dripping: during combustion, a weak and
thin melt couldn’t support its own weight at the high temperature,
thus melt dripping occurs. Moreover, a strong melt with large
melting viscosity and strength could inhibit the proliferation of
combustible gases, further to slow the combustion process [29e
31]. As the most significant effect of such cross-linking, the
increased complex viscosity (jh*j) of the copolyesters during the
heating process was investigated by temperature-dependent dy-
namic oscillatory rheological measurements.

The temperature dependence on jh*j for P(ET-co-P) copolyesters
and neat PET is shown in Fig. 4. For neat PET, jh*j singly showed a
linear decrease during the heating process, which lead to serious
melt dripping. However, the jh*j of P(ET-co-P)s experienced a
decrease firstly, then subsequently increased sharply from Tc
(where jh*j starts to increase, and the cross-linking reaction occurs
[32,33]), and the ‘U-shape’ change could be clearly observed over
the whole temperature range. This unusual rheological behavior
could be explained as follows. Upon heating, the easier movement
of polymer chains resulted in a decrease in jh*j of the sample;
however for P(ET-co-P)s, the abnormal increase of jh*j was due to
the occurrence of a cross-linking reaction or the reaction over-
whelming the decomposition of the copolyester [34]. With the
increase of PEPE content, the jh*j of P(ET-co-P)s at 330 �C increased.
According to the TG-DSC results, the content of PEPE directly
determined the onset temperature (Tc) and the degree of cross-
linking reaction. However, different from the cross-linking reac-
tion in nitrogen (TG-DSC), the initial cross-linking in air occurred
earlier (still much higher than the processing temperature), which
might be attributed to the participation of oxygen in cross-linking
reaction. Consequently, the high jh*j caused by cross-linking
could effectively reduce the flammability of the copolyesters by
suppressing the vigorous bubbling process in the course of
Fig. 4. Dynamic oscillatory rheological results for PET and P(ET-co-P) copolyesters in air at
10 �C min�1; (b) Complex melt viscosity plotted against time at a fixed temperature of 300
degradation during combustion, and simultaneously inhibit the
melt dripping effectively as previously mentioned [29e31,34].
Thus, P(ET-co-P)s with higher content of PEPE exhibited a bigger
jh*j, leading to better flame-retardant and anti-dripping effects,
which was in agreement with the result of the flammability tests.

The increasing rate of jh*j (vh) at a constant temperature, as
reflected to the cross-linking rate, was also investigated in detail, as
summarized in Table 4. Fig. 4(b) contains jh*j plots for PETand P(ET-
co-P)s with different content of PEPE against time at 300 �C in an air
atmosphere, and the effects of the content of PEPE on the cross-
linking rate were studied. PET showed no increase in jh*j over
time; but all tested P(ET-co-P)s exhibited a good linear relationship
between viscosity and time, and the rate of the complex viscosity
increased with the increase of PEPE content. The different
increasing rates of the complex viscosity reflecting to the rate of
cross-linking should correlate with the relative concentrations of
reactive phenylethynyl groups, and thus account for the different
flame-retardant properties [25]. That is to say, time is a critical
parameter for the increase of jh*j, and P(ET-co-P)s with lower
content of PEPE need longer time to reach the large melt viscosity.
Consequently P(ET-co-P)s showed different flame-retardant effects
using different burning tests, for each testing environment and
combustion intensity were widely different. Therefore, P(ET-co-P)s
even with very low content of PEPE exhibited a considerable flame
retardance in cone calorimeter tests with the persistent external
heat irradiation and attendant long heating duration, but showed
poor effect in the UL-94 tests due to the short heating time.

A melt viscosity was the most important factor for facilitating
anti-dripping, while it also played an important role in flame
retardance of materials. But for extinguishment of materials, melt
viscosity alone was not enough. The flame-retardant mode of ac-
tion required further investigation.

3.3. Thermal stability and degradation

The thermal degradation behavior of the copolyesters was
investigated in hope of finding the potential flame-retardant mode
of action. Fig. 5 contains the thermogravimetric curves of PET and
P(ET-co-P) copolyesters under nitrogen atmosphere before and
after cross-linking. The T5%, Tmax, and residue for all samples after
the tests are presented in Table 5. For PET and P(ET-co-P) copo-
lyesters before cross-linking (Fig. 5a), all of the curves contain a
similar major break. Incorporation of PEPE decreased the initial
decomposition temperature: T5% of P(ET-co-P)s decreased from
372.5 �C to 369.2 �C (still much higher than the cross-linking
temperature) with increase of PEPE content. More importantly,
mosphere: (a) Complex melt viscosity plotted against temperature at a heating of rate
�C.



Table 5
TGA data for PET and P(ET-co-P) copolyesters before and after cross-linking.

Sample Before cross-linking After cross-linking

T5% (�C)a Tmax (�C)b Residue
at 700 �C
(wt%)

T5% (�C) Tmax (�C) Residue
at 700 �C
(wt%)

PET 396.7 432.5 11.5 387.5 435.0 8.9
P(ET-co-P)20 372.5 435.2 15.2 384.1 435.4 26.3
P(ET-co-P)40 364.7 436.2 19.6 391.0 436.6 30.6
P(ET-co-P)60 365.8 436.2 23.9 395.2 437.3 36.1
P(ET-co-P)80 369.2 436.2 28.5 390.0 434.9 38.0

a T5% defined as the temperature at which 5 wt% weight loss occurred.
b Tmax defined as the temperature at maximum weight loss rate.

Table 4
Rheological data for PET and P(ET-co-P) copolyesters.

Samples PET P(ET-co-P)20 P(ET-co-P)40 P(ET-co-P)80

r2 0.967 0.997 0.993 0.990
vh (Pa) 0.01 21.6 31.7 62.8

r2 stands for the correlation coefficient of the linear relationship between complex
melt viscosity and time.
vh stands for the increasing rate of jh*j at 300 �C, as reflected to the cross-linking rate.
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residual char from decomposition of P(ET-co-P)s increased
considerably with an increase in PEPE content, which might be
ascribed to an in situ cross-linking reaction (further aromatization
to char formation) in competitionwith thermal degradation during
the TGA testing process. Before massive thermal degradation, the
cross-linking reaction of the copolyesters was dominant, and the
cross-linked networks formed from this stage determine the final
carbon residue (Fig. 6). P(ET-co-P)s with greater PEPE content had
more efficacious cross-linking structures with faster cross-linking
rates, consequently more residual char was obtained.

For better understanding, P(ET-co-P)s were first cross-linked at
320 �C for 60 min in air prior to the TGA tests, and the resulting
thermograms are shown in Fig. 5(b). PET was also heat treated for
comparison.

Compared with the decomposition of the original copolyesters,
T5% for the cross-linked P(ET-co-P)s is significantly higher, sug-
gesting the formation of the thermostable cross-linked structure
which prevents early decomposition [35]. Furthermore, decompo-
sition of the cross-linked P(ET-co-P)s produced much higher re-
sidual char than the original ones did, indicating that pre-formed
cross-linked networks are thermally stable even at extremely high
temperature, as previously reported [36,37]. These stable cross-
linked networks might play a positive role in both flame retard-
ance and anti-dripping of the copolyester. However, it’s worthwhile
to notice that, comparing the TGA thermograms for the copo-
lyesters before and after pre-treated cross-linking, the in situ
formed cross-linked structures exhibited limited efficiency on both
thermal stability and flame retardance, due to the unsatisfied cross-
linking rate, particularly for the copolyester with smaller amount of
phenylethynyl group.

To further investigate the thermal degradation behavior of the
resulting materials, TG-FTIR was used to study the gaseous prod-
ucts, which provided insight into the thermal degradation process.
The gaseous products from the decomposition of PET and P(ET-co-
P)40 at different temperature are shown in Fig. 7. First of all, it is
noteworthy that both FTIR spectra for volatile products up to 330 �C
Fig. 5. TGA thermograms for PET and P(ET-co-P) copolyesters before (a) and after cross-linkin
was thermally treated in the same way) in nitrogen atmosphere at heating rate of 10 �C m
contain no absorption other than those traces of H2O and CO2. This
suggests that decomposition did not occur and the cross-linking of
the copolyester was the major reaction to this point. For further
degradation at higher temperature, there was no significant dif-
ference in products formed between P(ET-co-P)40 and PET. The
spectra for the evolved gaseous products, in both cases, exhibited
characteristic bands for aliphatic ethers (1100e1250 cm�1), benzoic
acid and RCHO (1760 and 2734 cm�1), CO (2108 cm�1), CO2 (2357
and 668 cm�1), hydrocarbons (2820e2980 cm�1 and 1300e
1450 cm�1) and H2O. The decomposition products were in accor-
dance with those observed previously for the decomposition of PET
[38,39]. Consequently, the cross-linked structure and pre-formed
cross-linked networks did not fundamentally change the compo-
sition of evolved products in the gaseous phase, P(ET-co-P)s
exhibited similar chain scission and decomposition process as did
PET after cross-linking, and the flame-retardant action of copo-
lyesters was mostly a condensed phase phenomenon.

Even if the composition of gaseous products from the decom-
position of P(ET-co-P)s was almost the same as that from PET, the
carbonization process of the copolyester was rather complicated
and was tracked by XPS in this paper. The C1s XPS results for the
heat treated P(ET-co-P)40 were presented in Table 6. With the in-
crease of temperature, the C/O ratios for P(ET-co-P)40 gradually
increased, suggesting that the carbonization process was decar-
boxylation process or aromatization process. The extent of aroma-
tization was different at different temperature. Cox stands for the
oxidized carbons, while Ca denotes the aliphatic and aromatic
carbons, which represents more contacts between carbon atoms.
The smaller Cox/Ca means the bigger condensation degree of the
aromatic species [40]. From Table 6, Cox/Ca decreased with the in-
crease of temperature during the degradation process, which
further indicated that the carbonization process was the
g (b) (cross-linked at 320 �C for 60 min for P(ET-co-P) copolyesters, for comparison, PET
in�1.



Fig. 6. Thermal degradation and carbonization process for P(ET-co-P) copolyesters.

Fig. 7. FTIR spectra for pyrolysis products from the decomposition of neat PET (a) and P(ET-co-P)40 (b) at different temperatures.
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aromatization-dominant process. Thus, carbonaceous materials of
the copolyester are composed mainly of polyaromatic species
formed during the thermal degradation process, which would play
an important role in self extinguishment and flame inhibition
during combustion.

3.4. Char formation

As for the typical action of the charring flame retardant, the
compact char layer formed during burning is very important for
material self-extinguishing. This critical layer prohibits the
combustible volatiles generated from decomposition of polymers
entering the flame zone, and also prevents the transfer of heat and
oxygen [41]. Therefore, in order to investigate the relationships
between the cross-linked structure and char formation, as well as
the flame-retardant mode of action, the structures and morphol-
ogies for the residue char from composites after cone calorimeter
tests were studied in detail [42,43].
Table 6
Results of C1s XPS for the heat treated P(ET-co-P)40 at different temperatures.

Temperature
(�C)

CeC area
(%)

CeO area
(%)

C]O area
(%)

C(O)O area
(%)

C/O Cox/Caa

330 64.5 24.8 0 10.7 3.8 0.55
380 66.1 19.9 5.5 8.5 5.5 0.51
430 67.0 19.9 5.5 7.5 10.0 0.49
550 67.7 20.9 6.2 5.2 10.9 0.47

a Cox stands for the oxidized carbons; Ca denotes the aliphatic and aromatic
carbons.
The chemical constitution of the charring residue after cone
calorimetric tests for PET, P(ET-co-P)40 and P(ET-co-P)80 were
investigated by XPS. The detailed data are presented in Table 7.
Compared with neat PET, P(ET-co-P)s have lower C/O ratios, which
may be caused by that oxygen participated in the cross-linking of
the phenylethynyl at early stage of combustion; but the specific
reason is not fully understood. However, it is interesting that Cox/Ca
ratios for P(ET-co-P)s are also lower than that of neat PET, which
indicates that P(ET-co-P)s had more polyaromatic species from
their cross-linked structures. More polyaromatic species mean
denser morphology, better barrier effect and flame retardance. The
polyaromatic cross-linked networks are the foundations that make
materials extinguish in the fire.

The surface morphology, as an important criterion to define the
efficacy of a flame retardant to the char formation, was investigated
by SEM. The detailed images are shown in Fig. 8. For neat PET, it
could be seen that the residue was a fractured char with lots of
flaws and pores on its surface, and was susceptible to cracking in
burning. But for P(ET-co-P)s, the SEM images (Fig. 8bed) showed
that very compact char residue was formed just like rough
Table 7
Results of C1s XPS for residual char after cone for neat PET and P(ET-co-P)
copolyesters.

Temperature
(�C)

CeC area
(%)

CeO area
(%)

C]O area
(%)

C(O)O area
(%)

C/O Cox/Ca

PET 63.5 21.9 8.2 6.5 7.6 0.58
P(ET-co-P)40 65.6 23.9 5.7 4.8 5.8 0.52
P(ET-co-P)80 65.6 21.8 7.6 5.0 6.7 0.52



Fig. 8. SEM images for the char residue after cone calorimeter tests for PET and P(ET-co-P) copolyesters: (a) neat PET, (b) P(ET-co-P)20, (c) P(ET-co-P)40, (d) P(ET-co-P)80.
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“carbonaceous clothes” coated at the surface; and these char
became more compact with an increase in PEPE content, corre-
sponding to better flame retardance and self extinguishing
behavior. Especially for P(ET-co-P)80 from Fig. 8d, an acicular
“carbonaceous cloth” with few pores was found, which could
provide a best barrier to avoid the transfer of heat and combustible
gases. Interestingly, these closely packed acicular chars had regular
cylindrical shape with very uniform sizes about 2 mm (Fig. 8d).
Other P(ET-co-P)s also possessed special and fine surface mor-
phologies for residue char, while these morphologies were very
different depending on the PEPE content. Compared with the reg-
ular cylinder for P(ET-co-P)80, a spherical cell structure with uni-
form sizes was observed for P(ET-co-P)20 and P(ET-co-P)40, and
their sizes were 500 nm and 1 mm respectively. The granular surface
of the residual char for P(ET-co-P)s exhibited more independent
arrangement with an increase in PEPE content, and each inde-
pendent granule got much bigger. But overall, the number of cav-
ities and pores on the charring surface decreased with an increase
in PEPE content. Thus, the copolyester with higher content of the
cross-linkable monomer exhibits better flame-retardant and self-
extinguishing effect, as well as anti-dripping performance.

Raman spectroscopy provides a suitable method to characterize
the different types of carbonaceous materials, particularly for the
carbonaceous materials formed during combustion [44,45]. In this
manuscript, the residual chars for neat PET, P(ET-co-P)40, and P(ET-
co-P)80 after cone calorimetric analysis were inspected. As shown in
Fig. 9, the spectra for all testing samples exhibited overlapping
peaks with intensity maxima at about 1580 cm�1 and 1360 cm�1,
which were the typical polyaromatic species or so-called graphitic
structures. The first band (called the G band) corresponds to the
stretching vibration mode with E2g symmetry in the sp2 hybridized
carbon atoms in a graphite layer, whereas the latter one (called the
D band) represents disordered graphite or glassy carbons [46].
More importantly, according to the statement of Tuinstra and
Koening, the relative ratio of the integrated intensities of D and G
bands (ID/IG) was inversely proportional to an in-plane microcrys-
talline size, where ID and IG were the integrated intensities of D and
G bands, respectively [47,48]. As shown in Fig. 9, each spectrumwas
subjected to peak fitting using the curve fitting software Origin 8.0/
Peak Fitting Module to resolve the curve into 2 Gaussian bands.
Basically, the bigger the ratio of ID/IG is, the smaller size of carbo-
naceous microstructures is, which means better flame retardance,
as the report elsewhere [49]. From Fig. 9, the ID/IG ratio followed the
sequence of PET (1.26) < P(ET-co-P)40 (1.88) < P(ET-co-P)80 (2.50),
indicating the copolyester with the highest cross-linked density
possessed the smallest carbonaceous microstructure, the best
flame retardance and anti-dripping performance. The results of
Raman, XPS, and SEM are further in agreement with the fire test
results.

3.5. Description of the flame-retardant process

Overall, the flame-retardant processes for P(ET-co-P)s could be
speculated as follows (Fig. 6): firstly, P(ET-co-P)s underwent quick
cross-linking process when the materials were ignited; then, the
formed stable cross-linked networks resulted in the increase of
melt viscosity. On the one hand, the huge melt viscosity prevented
the melt-dripping to occur, meanwhile the proliferation of
combustible gases were also inhibited by the large melt viscosity,
further to slow the combustion process. On the other hand, the
cross-linked networks would not change the evolved products in
the gaseous phase but make a great contribution to the residual
char of which the content, chemical composition and the surface
morphology were all affected. At last, the residual char constituted



Fig. 9. Raman spectra for the char residue after cone calorimeter tests analyses for PET and P(ET-co-P) copolyesters.
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mainly of polyaromatic species was formed, and its microstructural
size was extremely small, which made the char very dense and
compact. The char layer prevented the transfer of heat, oxygen and
combustible volatiles, and finally made fire go out.

4. Conclusion

The novel high-temperature crosslinkable copolyesters with
high content of cross-linking monomers have been synthesized,
and their flammability, anti-dripping performances, especially the
corresponding mode of action was investigated in detail. The
flammability results suggested P(ET-co-P) copolyesters with high
content of PEPE not only had good performance in the cone, but
also passed the traditional flame retardance tests such as UL 94 (V-
0) and LOI tests, while the melt-dripping was totally inhibited. TG-
DSC, TGA and rheological analysis were used to investigate the
thermal cross-linking behavior of copolyester, and proved that the
degree and rate of cross-linking reaction were determined by the
content of functional monomer PEPE. The rheological analysis
showed that the melt viscosity of P(ET-co-P)s increased sharply
during the heat process, and the huge melt viscosity played an
important role in inhibiting the combustion and avoiding the melt-
dripping. Consequently, cross-linking rate of copolymer and the
extent of cross-linking reaction together determined the flame-
retardant effect of copolyesters during burning.

The results of the thermal degradation analysis indicated that
the formed cross-linked networks did not change the composition
of evolved products in the gaseous phase but promoted the further
formation of residual char, indicating the flame-retardant action of
copolyesters was condensed phase-dominant. XPS, SEM and
Raman analysis suggested that the char layers were constituted
mainly of polyaromatic species with small and uniform micro-
structures at the surface. Both the large melt viscosity and the
formation of an especially compact char with fine microstructure
resulting from cross-linking were considered as the key points to
the flame retardance and anti-dripping performance of the poly-
mer when subjected to the flame.
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