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In order to improve the flame retardancy of poly(ethylene terephthalate) (PET) and maintain its excellent foamability, nanosilica
(nano-Si0,), and zinc diethyl hypophosphite (ZDP) were selected as synergistic flame retardants, and pyromellitic dianhydride
(PMDA) was used as a chain extender to carry out flame retardant and chain extension modification of PET simultaneously.
The flame retardancy and flame-retardant mechanism of modified PET were characterized by limiting oxygen index, vertical
combustion test, thermogravimetric analysis, and SEM. Dynamic rheological test and DSC were used to analyze the rheological
and thermal properties. The foaming ability was also studied by batch foaming experiments. The test results indicated that
nano-SiO, and ZDP had a synergistic effect, which could significantly improve flame retardancy of PET. The vertical
combustible grade of modified PET reached V-0 grade, and the limiting oxygen index increased from 21% to about 30%. The
role of nano-SiO, on the flame retardancy of PET was mainly to increase compactness and strength of the carbon layer, which
could block combustible gas produced by the pyrolysis of PET and resist dripping behavior. At the same time, the addition of
nano-SiO, increased the crystallization temperature and crystallinity of PET. Otherwise, nano-SiO, could act as a bubble-
nucleating agent and improve the foaming ability of modified PET. When the addition amount was 1 wt%, not only did the
maximum foaming ratio increase but the foaming temperature zone was also widened from 225°C-235°C to 225°C-250°C.
Finally, a flame-retardant PET system with good foaming property was proposed.

1. Introduction

Poly(ethylene terephthalate) (PET) foam has been widely
used in power blades, electronic packaging, solid-state light-
ing reflective material, and other fields [1-3], due to its
excellent mechanical properties, high temperature dimen-
sional stability, good chemical resistance, and recyclability.
With the development of PET foaming technology, PET
foam with more density specifications has been developed.
As a result, PET foam has widespread application in con-
struction, automobiles, and other fields, which require
higher flame retardancy. However, due to its low charring

capacity, the limiting oxygen index of PET is only 21%.
And it is easy to drip and cause secondary combustion dur-
ing a fire. Many flame retardants and processing technolo-
gies suitable for PET have been proposed [4-7].

Flame retardants used in PET can be divided into two
kinds: additive and reactive. Reactive flame retardants are
copolymerized with terephthalic acid and glycol, and
flame-retardant elements are embedded into the molecular
chain through polymerization. Therefore, they have little
impact on the mechanical properties of PET, and the
flame retardant molecules are not easily precipitated [8].
Nevertheless, reactive flame-retardant polyester is difficult
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to synthesize, resulting in poor economics [9]. Moreover,
flame retardant polyester has low reactive activity, making
it difficult to improve viscoelastic properties through melt
chain extension [10]. However, high viscoelasticity is the
decisive factor that affects the success of foaming. Additive
flame retardants are directly blended with PET at high
temperature. This method is simple, fast, and cheap. How-
ever, blending flame retardants has a great impact on the
mechanical properties of PET, which also reduces the melt
strength and foaming properties [11].

Halogen flame retardants have excellent flame retar-
dancy, but their combustion products such as dioxins will
accumulate in the environment and eventually be absorbed
or ingested by humans and animals. These products can
produce great harm to the human body and environment
[12], so they have been gradually abandoned around the
world [13]. Relatively speaking, flame retardants containing
phosphorus also have high flame-retardant efficiency.
Groups containing phosphorus will decompose during the
combustion to form phosphoric acid or anhydride during
combustion, which can act as a dehydrating agent of the
polymer. Phosphoric acid draws H,O from PET and stimu-
lates formation of char. At the same time, phosphorus flame
retardants also have a certain effect on reducing melt viscos-
ity, so they can take away a large amount of heat released
during combustion through melt dripping [14]. Melt drip-
ping is beneficial to the self-extinguishing of PET, but it will
be easier to cause secondary combustion. In order to sup-
press this effect, Zhao and Wang [5] copolymerized the
ionomer monomer SHPPP/DHPPO-Na onto the PET chain.
They hoped to improve the melt viscosity of PET through
physical cross-linking network formed by ion aggregation.
Nevertheless, the disadvantage of the copolymer was a
reduction of crystallinity, which would decrease the mechan-
ical properties and heat resistance of PET.

Zinc diethyl hypophosphite (ZDP), which melts at about
220°C, can be blended with PET at high temperature. There-
fore, ZDP can disperse well and has excellent compatibility
with PET [15]. Salaun et al. [16] selected Exolit OP950 and
nanosilica particles to improve the flame retardancy of
PET textiles. They found that pkHRR was reduced signifi-
cantly when Exolit OP950 was added alone, but it would
promote the release of smoke from the polymer, which
might cause potential risks for people in a fire [17]. Its flame
retardant efficiency was not satisfactory, and it could not
suppress the melting dripping phenomenon, even if the load
reached 20 wt%. Nanosilica had synergy with Exolit OP950
on flame retardancy, which could improve the viscosity of
PET textiles at high temperature to suppress melt dripping.
Additionally, it could also have an effect on smoke
suppression.

Many studies have shown that nano-fillers can play a
role in flame retardant science as a synergist of phosphorus
flame retardants [18, 19]. Nizar et al. [4] added POSS with
different chemical structures to zinc phosphate to improve
the flame retardancy of PET. They found that POSS can
effectively reduce HRR and form a denser carbon layer
structure. Wang et al. [20] measured the activation energy
of the thermal oxidative degradation of PET/MMT nano-
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composites by Kissinger and Flynn-Wall-Ozawa methods.
They believed there was a higher activation energy after add-
ing nano-MMT.

Nano-SiO, also has a certain effect on the flame retar-
dancy of polymer materials. Zheng et al. [21] found that
the addition of nano-SiO, increased the thermal decomposi-
tion activation energy of PET when the mass loss was 0-
20 wt% by analyzing the thermal decomposition kinetics of
PET/nano-SiO, nanocomposites. The results indicated that
nano-SiO, could improve the thermal stability of PET very
well. Gao et al. [22] used nano-SiO, and an intumescent
flame retardant to improve the flame retardancy of epoxy
resin. By observing SEM images, they found that carbon
layer of EP/IFR was fragile and fragmentary without nano-
SiO,, which could not protect the underlying material from
fire. The carbon layer was more solid after adding nano-
SiO,. Besides, it became continuous and compact, which
could prevent combustible gas from coming into contact
with fire.

Nano-SiO, can also be used as a nucleating agent for
PET to improve the foaming performance of PET. Xu [23]
found that nano-SiO, could affect growth of cells by improv-
ing the viscoelasticity of PS. It could also be used as a nucle-
ating agent to improve cell density of PS. Wang et al. [9]
studied the effect of nanoclay on supercritical CO,-foamed
polypropylene and found that it increased the cell density
of the composites. When the content of nanoclay was high,
it also increased the tensile melt strength and shear complex
viscosity of PP.

In this study, an environmentally friendly phosphorus
flame retardant, diethylzinc hypophosphite (ZDP) was
selected as the main flame retardant. Its good compatibility
with PET could reduce the damage of melting viscoelasticity
and mechanical properties. In order to increase the flame-
retardant efficiency of ZDP and inhibit dripping during a
fire, nano-SiO, was added as a synergist to improve thermal
stability of PET/ZDP composites and the compactness of the
charred layer. Meanwhile, the ZDP/SiO, synergistic flame-
retardant mechanism was analyzed through thermogravi-
metric tests and micromorphology analysis of the residual
carbon layer. Additionally, the influence of SiO, on the
foaming performance of flame-retardant PET was analyzed
by dynamic rheological testing and DSC.

2. Experiment

2.1. Materials. Poly (ethylene terephthalate) (PET) used in
this study was provided by Sinopec Yizheng Chemical Fiber
Co., Ltd. Its intrinsic viscosity was 0.8dl/g. ZDP, used as
flame retardant, was bought from Qingdao Opry New Mate-
rial Co., Ltd. Its phosphorus mass fraction was 19.5%-
21.0 wt%. The type of nano-SiO, was SWHT-107, purchased
from Beijing Siweihaote New Material Technology Co., Ltd.
Its particle size is 50-300 nm, and the surface is treated with
hydrophobic groups. Pyromellitic dianhydride (PMDA) was
supplied by Aladdin Reagent (Shanghai) Co., Ltd.

2.2. Reactive Blending. The process of reaction between
PMDA and PET/ZDP/nano-SiO, composites could be
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detected by the HAAKE Polylab OS, which could record the
variation of torque versus time. The processing conditions
were 270°C and 60 rpm. All virgin materials should be dried
at 120°C for 12 h in vacuum oven before blending. The sam-
ples obtained from Haake Polylab OS would be used to carry
out thermogravimetric analysis, rheological characterization,
DSC, and batch foaming processes.

Reactive extrusion processing and injection molding
were used to obtain standard samples for combustible per-
formance tests. They were carried out using a twin-screw
extruder (ZSK25-WLE type), manufactured by W&P Com-
pany, and injection molding machine (HTF120X2 type),
provided by Haitian Group Co., Ltd. The temperature of
each part of the extruder was 200°C, 245°C, 250°C, 255°C,
260°C, 265°C, 265°C, 265°C, and 265°C, respectively. And a
screw speed of 100rpm was used. The injection molding
machine had 5 parts for adjusting temperature, set at
240°C, 250°C, 265°C, 265°C, and 250°C, respectively.

The formula has been listed in Table 1.

2.3. Characterization of Samples. Dynamic rheological test-
ing, The Haake Mars III rheometer (Thermo Fisher Scien-
tificc, USA) was used to measure shear rheological
properties. The samples, which were dried at 120°C in vac-
uum oven for 12 hours, were placed on steel parallel plate
that was heated to 270°C. The samples were then pressed
into a 1 mm thickness in an inert environment, and the fre-
quency sweeps changed from 100 to 0.1 rad/s after starting

Thermogravimetric analysis. Samples weighing about
10 mg were placed in an alumina crucible. A thermogravi-
metric analyzer (ZCT-B type), manufactured by Beijing Jin-
gyi Hi-Tech Instrument Co., Ltd., recorded the quantity
variation as the temperature rose from 100°C to 800°C in
an inert environment or oxidation conditions. The curve of
DTA, which represents the heat flow variation, was drawn
at the same time. The differential curve of TG would be
obtained through the analysis software

Differential scanning calorimetry. The differential scan-
ning calorimeter (Q2000) was manufactured by TA Instru-
ment in America. Samples weighing about 6-8 mg were put
into the aluminum crucible. The test would be carried out
in an inert environment and proceeded as follows: First,
the temperature was rapidly raised to 300°C and maintained
for 3min. Then, it was lowered to 30°C at a speed of 10°C/
min and maintained for 3min. Finally, the temperature
was raised to 300°C again at a speed of 10°C/min.

Vertical combustion and the limiting oxygen index test.
The standard size of the splines for vertical combustion
was 125 % 13 x 3.2 mm. The combustible time and whether
the cotton was ignited by dripping were recorded. The stan-
dard size of the splines for LOI testing was 80 x 10 x 4 mm.
The oxygen content was continuously adjusted to find a suit-
able ratio to sustain the samples to burn steadily. The verti-
cal combustion test followed the standard GB/T
2408—2021, while limiting oxygen index test followed the
standard GB/T 2406.2—2009

Scanning electron microscopy. Samples of the carbon
layer should be treated with gold sputtering. As for foams,
they should be cut to expose their cross-section before gold

TaBLE 1: Formula.

Sample PET ZDP Nano-SiO, PMDA Antioxidant 1010
10Z 90% 10% 0% 0.6% 0.1%
10Z/1S  89% 10% 1% 0.6% 0.1%
10Z/3S  87% 10% 3% 0.6% 0.1%
10Z/5S  85% 10% 5% 0.6% 0.1%

TABLE 2: limiting oxygen index and vertical combustion test of Pet/
Zdp/nano-Sio, composites.

Materials LO1/% t +t,/s Dripping UL9%4
Pure PET 21.6 >30 Yes NR
10Z 28.5 5.95 Yes V-2
10Z/1S 29.3 5.125 Yes V-2
10Z/3S 29.1 6.53 Yes V-2
110Z/5S 30.9 2.72 No V-0

sputtering. Then the samples will be observed under scan-
ning electron microscopy (TM4000), which was manufac-
tured by Hitachi, Japan.

Batch foaming experiment. Foaming experiments were
performed in a high-pressure vessel using a procedure that
simulated extrusion foaming techniques, as follows: The
sample was placed into an autoclave (self-made) that was
heated to 280°C, then filled with CO, until the pressure
reached 15 MPa, and maintained for 20 min. Then, the auto-
clave was cooled to the foaming temperature and kept for
40 min, and the pressure was finally relieved quickly.

Determination of foaming ratio. A sponge densitometer
(PMMD-A, Guance Test Instrument Co., Ltd, Beijing)
was used to determine the density of samples before and
after foaming, and the foaming ratio could be calculated
according to

Foaming ratio = P (1)

P2

p, is the density of sample before foaming, and p, is
the density of sample after foaming.

3. Results and Discussion
3.1. Flame Retardant Performance

3.1.1. Effect of Nano-SiO, as Synergist of ZDP on Flame
Retardance of PET. LOI and vertical combustion test were
used to estimate the flame retardancy of modified PET with
different contents of nano-SiO,. The results are shown in
Table 2. It was found that the addition of ZDP improved
the LOI of PET from 21% to 28.5%, which indicated that
PET had changed from a flammable material to a refractory
material. However, the melt-dripping phenomenon still
existed. The LOI of PET increased with the addition of
nano-SiO,. When the amount was 5wt%, LOI reached
30.9% and the vertical combustion grade also reached the
V-0 level due to the inhibition of melt dripping by nano-
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FIGURE 1: The thermal weight loss curve of modified PET in N, atmosphere (a) TG curve. (b) DTG curve.

SiO,. However, nano-SiO, did not have a significant effect at
low concentrations. Regarding the reduction in LOI with a
load of 3 wt% nano-SiO,, this may be because nanoparticles
agglomerate in the PET matrix and form aggregates. Mean-
while, the PET matrix flows along the particle aggregates
to the heat source after being heated and melted and
decomposes to provide fuel for the combustion reaction
at high temperatures, leading to the formation of the
“wick effect” [24, 25]. As for the increase in LOI after add-
ing 5wt% nano-SiO,, its the result of the competition
between the improvement of thermal stability by nano-
SiO, and the enhancement of carbon layer quality after
combustion and the “wick effect.” Moreover, the thermal
decomposition kinetics analysis in Section 3.1.3 supports
this conclusion. The activation energy decreased when
the load of nano-SiO, was 3wt% and increased again
when the load was 5wt%.

3.1.2. Thermogravimetric Analysis. Flame retardancy of
polymer is directly related to the thermal decomposition
step [22], so the thermogravimetric behavior can be used
to analyze the mechanism of combustion. Thermal oxidative
degradation occurs on the surface of the polymer during
ignition with the participation of air. A stable fire can pre-
vent air from getting in touch with the polymer after igni-
tion, so pyrolysis in the condensed phase is essentially
anaerobic at this stage. In order to further reveal the flame-
retardant mechanism, it is necessary to study and compare
the thermal decomposition behavior of modified PET in
air and nitrogen.

Thermogravimetric curves of modified PET in an N,
atmosphere are shown in Figure 1, and the detailed character-
istic data are listed in Table 3. It could be found that the initial
decomposition temperature Ty, of PET reduced to 387°C
from 395°C after adding 10wt% ZDP. The reason was that
phosphoric acid, pyrophosphoric acid, and other substances
that could strengthen the dehydration and charring of PET

TaBLe 3: Characteristic data of modified PET Tg in N,
Atmosphere.

Sample T50/'C  Ts0/'C  Copol%  Tpay%  by/°C
Pure PET 395 434 15.53 431 28.7
10Z 387 425 16.25 422 34.8
10Z/1S 389 423 17.69 418 42.8
10Z/3S 390 423 18.68 420 42.1
10Z/5S 389 423 20.25 419 40.9

to promote the formation of the carbon layer [26] are formed
by the decomposition of phosphate flame retardants at high
temperature. On the contrary, the addition of nano-SiO, could
increase Ts,, implying that nano-SiO, could improve the
thermal stability of PET/ZDP composites.

With the increase in nano-SiO, content, thermal decom-
position rate peak of the samples widened (Figure 2(b)), indi-
cating that the maximum thermal decomposition rate of PET
reduced. The half-peak width b,,, of each sample was calcu-
lated for comparison (Table 2). b,, of pure PET is only
28.7°C. After adding 10 wt% ZDP, it increased to 34.8°C. There
was an additional raise of b,,, when 1wt% nano-SiO, was
added in PET/ZDP blends. Nevertheless, if the content of
nano-SiO, continued to increase, b,,, would no longer be
affected. These changes revealed that ZDP and nano-SiO,
could delay the thermal decomposition of PET.

Thermogravimetric curves of modified PET in an air
atmosphere are shown in Figure 2, and the detailed charac-
teristic data are listed in Table 4. There were two stages in
the thermal oxidative degradation of the air. The first stage
represented the thermal oxygen decomposition of the PET
matrix and the formation of char. The second stage was
the oxidation of residual carbon. The first peak of modified
PET at 400-450°C decreased after adding ZDP and nano-
SiO,. The rise of T, with nano-SiO, content showed that
nano-SiO, could improve the thermal oxygen stability of the
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F1GURE 2: Thermal weight loss curve of adding nano-Sio, with different content in air environment. (a) TG curve. (b) DTG curve.

TaBLE 4: TG analysis data of each sample in air atmosphere.

TS% TSO% Tmaxl Tmaxz C600
Pure PET 385 431 420 532 1.70
10Z 377 419 418 533 4.99
10Z/18 380 421 417 532 6.27
10Z/3$ 383 422 418 533 8.59
10Z/5S 384 423 421 535 10. 13

carbon layer. In the second thermogravimetric stage, the
residual mass of pure PET decreased rapidly in a narrow
temperature range, while the thermooxidative decomposi-
tion temperature range was significantly widened after add-
ing ZDP and nano-SiO,.

The residual mass difference curves (ATG) could be
obtained by subtracting the TG curve of the 10Z sample from
the TG curves of nano-SiO, samples with different contents
(Figure 3). These curves are used to analyze the impact of
nano-SiO, on the residual mass and thermal decomposition
rate of PET in comparison to the 10Z samples.

There were two peaks in the ATG curves in the N, atmo-
sphere (Figure 3(a)). There was a convex peak at about
400°C. At this temperature, ATG is greater than 0, which
indicated that the residual mass of samples after adding
nano-SiO, was higher than that of the 10Z sample. This also
reveals that nano-SiO, can improve the thermal stability of
PET/ZDP composites at the initial decomposition stage.
ATG decreased rapidly between 390°C and 420°C, which
indicated that nano-SiO, made PET decompose at a faster
thermal decomposition rate after starting decomposition.
And ATG had a significant rise after 420°C, corresponding
to T,.x in the N, environment. The reason might be that
nano-SiO, did not volatilize and could remain in the carbon
layer. It would cover the surface of the char to lower the
thermal decomposition of PET.

The ATG curves in the air atmosphere illustrated in
Figure 3(b) had a completely different trend from those in
the N, atmosphere. It was always above the zero line, repre-
senting that nano-SiO, had a better promoting effect on the
formation of the carbon layer in the air environment. ATG
curves appeared with multiple peaks from the beginning of
decomposition to 600°C, showing that nano-SiO, had differ-
ent effects on the thermooxidative decomposition of PET in
various temperature ranges. The rise after 550°C indicated
the thermal decomposition rate of samples with nano-SiO,
was lower than that of the 10Z sample. At the same temper-
ature, the carbon layer had started thermal oxidation, mean-
ing that nano-SiO, reduced the thermal decomposition rate
of the carbon layer and improved its thermal stability.

3.1.3. Thermal Decomposition Kinetics. The flammability of
PET is related to its thermal degradation behavior at high
temperature. ZDP and nano-SiO,, as flame retardants, will
change the pyrolysis process of polymers. In order to under-
stand the impact of ZDP and nano-SiO, on PET, the differ-
ential isoconversional method is used to determine the
impact of thermal decomposition kinetics. This method
can determine the thermal degradation stability of different
products without knowing the specific reaction model. The
model of the differential isoconversional method is shown
in equation (2) [27]. And it can also be used to determine
whether the single-step kinetic assumption is correct.

The activition energy (E,) of each conversional rate («)
is determined by the slopes of In (f;(da/dT),;) vs. 1/T ;. i
represents the heating rate under linear heating conditions.
R is the gas constant (R=8.314J-mol .K™"), and T is the
temperature (unit is K). In [f(«)A,] is the reaction model,
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which is independent of temperature in the kinetic calcula-
tion of single-step thermal decomposition.

Figure 4 shows the thermogravimetric curves of each
sample at different heating rates. Taking into account the
“thermal hysteresis effect” caused by high heating rates and
the need to minimize errors, three heating rates of 10, 20,
and 40°C/min are selected.

According to the calculation and fitting of the differential
isoconversional model, the diagram of relationship between
In (B;(da/dT),;) and 1/T; for different conversion rates is
shown in Figure 5. The thermal decomposition activation
energy of each sample at different o was calculated through
the slope of lines, and the results are listed in Table 5 and
Figure 6. Since the highest conversion rate of PET/ZDP/SiO,
composites is 80-85% and there is a large error when the con-
version rate approaches 0 or the maximum conversion rate,
the calculation interval of the activation energy is selected in
10%-75%. All the activation energies Ea at different conver-
sion rates have a good fit with R* values greater than 0.900.
Meanwhile, the difference between the maximum and mini-

mum values of E, is approximately 20% of the average activa-
tion energy E,,. So the influence of different conversion rate on
activation energy is little, and the thermogravimetric process
of each sample in a nitrogen atmosphere can be considered a
single-step thermal decomposition process [28].

It can be found that the change trend of average activa-
tion energy is the same as that of LOI compared E, of sam-
ples. This is because nano-SiO, can improve the thermal
stability of PET, so the E, has risen from 245KJ/mol to
251K]J/mol after adding 1 wt% nano-SiO,. However, higher
nano-SiO, addition will cause agglomeration, which will
lead to the occurrence of the “wick effect” and reduce the
thermal stability of PET/ZDP/SiO, composites. With the
increase of nano-Si0O,, its influence on the thermal stability
of PET is greater than the “wick effect”, so the average acti-
vation energy E, improves again.

3.1.4. Micromorphology of Carbon Layer. Micrographs of the
carbon layer on the sample surface after the limiting oxygen
index test were observed with a scanning electron microscope,
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TABLE 5: Activation energy of various products during thermal decomposition calculated by isoconversional method.
10Z 10Z/1S 10Z/3S 10Z/5S

W% p (mo) R P(®) E, (Kjmo) R P(%) E (Kmo) R P(%) B, (K/mo) K P (%)
10 265 0.99 7.9 228 0.99 -9.0 218 0.99 -6.8 221 0.98 -7.9
15 251 0.97 2.3 238 0.96 -5.2 221 0.93 -5.4 224 0.96 -6.5
20 230 0.98 -6.3 278 0.90 10 227 0.97 -3.1 237 0.99 -1.0
25 215 0.99 -12 265 0.93 5.8 252 0.99 7.9 250 0.98 44
30 254 0.99 3.6 263 0.96 4.7 256 0.99 9.6 257 0.99 7.4
35 234 0.99 -4.6 262 0.99 4.5 239 0.99 2.3 241 0.99 0.4
40 241 0.99 -1.7 259 0.99 3.3 230 0.99 -1.5 259 0.99 8.3
45 259 0.99 57 253 0.99 0.7 251 0.99 7.2 234 0.99 -2.5
50 247 0.97 0.8 254 0.99 1.4 233 0.99 -0.2 250 0.99 44
55 245 0.99 -0.2 238 0.95 -5.2 234 0.98 0.1 251 0.99 4.7
60 254 0.97 35 255 0.99 1.7 217 0.99 -7.1 227 0.99 -5.4
65 251 0.98 2.3 234 0.94 -6.6 254 0.92 8.6 236 0.93 -1.6
70 246 0.99 0.2 225 0.99 -10 211 0.99 -9.8 228 0.95 -4.7
75 242 0.99 -1.5 260 0.98 3.6 230 0.99 -1.7 — — —
Ea 245 251 234 240

“P” represents the percentage error between the activation energy and the average activation energy.
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FIGURE 6: Activation energy of each samples vs. conversion rate.

as shown in Figure 7. It can be seen from SEM images that
there were many cracks on the surface of 10Z/1S, and some
of them had large holes. Cracks on the carbon layer of 10Z/
3S had disappeared, but there were still many small holes.
When the nano-SiO, content reached 5wt%, the pores on
the carbon layer completely disappeared, and the surface of
the carbon layer bulged. The surface of the carbon layer was
smooth and dense with a high load of nano-SiO, and covered
with white particles. This was because nano-SiO, would not
volatilize and migrate to the char during the combustion of

the PET matrix, which would fill into the char. In addition,
nano-SiO, was easy to form silicon phosphate with phospho-
ric acid [22, 29], which would fix the carbon layer and improve
its thermal stability. A stable carbon layer could effectively iso-
late the heat generated by combustion from being transferred
to the PET matrix. The dense carbon layer formed by nano-
SiO, could also prevent the mass transfer process inside and
outside the carbon layer. With a high load of nano-SiO,, the
combustible gas was completely isolated from overflowing
into fire, and the charred layer had swollen.
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FIGURE 7: SEM of carbon layer after limiting oxygen index test.

3.2. Foaming Performance and Analysis

3.2.1. Rheological Property. The rheological properties of
polymer have a great impact on the foaming process. Most
commercial PET has a linear molecular chain with a narrow
molecular weight distribution and low-melt viscoelasticity,
which is not suitable for foaming. There are many methods
to improve the viscoelasticity of PET. Melting reaction with
a multifunctional chain extender is a practical method that
introduces long-branched chains and/or controllable cross-
linking. The long-chain branched structure can greatly
improve foamability because it makes the tensile viscosity
of the material rise sharply (strain hardening)[30], which
plays an important role in the fixation of cell structure after
cell growth during the foaming process.

In order to improve the foamability of samples, PMDA
was introduced to act as a chain extender. The effect of
nano-SiO, and ZDP on PET chain extension was examined
by using an internal mixer at 270°C and 60 rpm. Figure 8
shows the torque curves of samples over time. A sharp drop
in the torque curve was observed, meaning that PET pellets
were completely melted at 0~30sec. After melting, the tor-
que continued to decrease slowly, suggesting that the viscos-
ity was reduced. It was attributed to the increase in melt
temperature and thermomechanical degradation. With time
increasing, the torque increased due to chain extension/
branching reactions. The time for torque to reach a maxi-
mum value for 10Z was shorter than that of samples with
nano-SiO,. With an increase of nano-SiO, content, the max-
imum torque gradually decreased, showing that nano-SiO,
would inhibit the chain extension reaction of PET.

M (N'm)

0 I 1 I 1 I 1 I 1 I 1 I
0 60 120 180 240 300 360
t(s)
—=— 10Z —— 107Z/3S
—=— 10Z/1S —— 10Z/5S

FiGURrk 8: Torque as a function of processing time in the internal
mixer.

The rheological properties of each sample are shown in
Figure 9. The complex viscosity |7 *| decreased with the addi-
tion of nano-SiO,. According to research by Ebadi-Dehaghan
[31] and Yao [32], nano-SiO, improved the modulus and vis-
cosity of PET/SiO, nanocomposites by microcrosslinking PET
molecular chains. In this paper, the reduction of complex vis-
cosity and storage modulus would be related to the chain
extension reaction of PET. Combined with Figure 8, it was
believed that the addition of nano-SiO, hindered the chain
extension reaction of PET. The storage modulus G’ tended
to have the same value at high frequency, while the absolute
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Figure 9: Effect of nano-SIO, content on rheological properties of pet when zdp content is 10wt%. (a) Complex viscosity |7 #|. (b) Storage

modulus G’ (¢) Loss modulus G” .. (d) Loss tangent tand.

value at low frequency began to differ. The storage modulus of
linear molecules at a low frequency has the following relation-
ship with angular frequency: IgG’ oc2lgw. It could be seen
from Figure 9(c) that the slope of the storage modulus and
angular frequency of each sample were obviously less than 2,
which meant that the chain extender made PET undergo a
branching reaction. The slope increased slightly with the addi-
tion of nano-SiO, content, showing that the branching degree
of PET decreased.

The addition of nano-SiO, resulted in an obvious
increase in loss tangent tand. According to the relationship
between foaming factor F and loss angle summarized by
Park: F = p,D(tan 8)*”° < 1.8, where “p; " is the bulk density
of foam, and “D” is the average diameter of the cell. It was
found that the addition of nano-SiO, with a content of more
than 1 wt% had a damaging effect on the foaming property
of ZDP flame retardant PET.

In order to further analyze the influence of nano-SiO, on
the molecular topology of PET after chain extension and

branching, Cole-Cole diagrams and VGP curves were drawn
to characterize the branching structure of each sample, as
shown in Figures 10 and 11.

Typical linear molecular chains appeared as complete
semicircles in the Cole-Cole diagram. The larger the radius
of the circle, the greater the molecular weight. The Cole-
Cole curves of each sample in Figure 10 were upturned,
showing an incomplete arc. These phenomena indicated that
PET had long branched chains after reactive branching. Due
to the inhibition of nano-SiO, on PET chain extension
branching, the radius of the curves reduced, indicating that
the molecular weight and number of branched chains
decreased.

The VGP curve was first proposed by Van and Palmen
[33] in order to verify the practicality of the time-
temperature equivalence principle. Then Trinke et al. [34]
found that the shape of the VGP diagram of a polymer with
a known structure was not affected by the shape of the poly-
mer, but it was related to the branched structure of the
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polymer, which was used to qualitatively judge the molecular
topology of an unknown polymer. The VGP curve of linear
PET was obviously convex. As the complex modulus
decreased, the loss angle increased continuously. A platform
close to 90° was finally formed in the region of low complex
modulus. However, all curves in Figure 11 were concave to
varying degrees. They constantly approached the angle of
high modulus and low loss with a reduction of nano-SiO,
content, which also confirmed the branched structure in
the PET molecular chain. Particularly, there was an obvious
downward inflection point in the curve, which could be seen
in the curves of 10Z and 10Z/1S. This point indicated that
the branching degree of the PET molecular chain was higher
at low nano-S§iO, content.

According to the viscoelastic foaming window for PET
foaming proposed by Yang [35], although nano-SiO, inhib-
ited crosslinking and branching of PET, all samples were still
in the foaming window at some temperatures. In summary,
the four samples still had good foaming properties.
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FIGURE 12: Foaming ratio of ZDP flame retardant pet with different
content of nano-sio, synergistic effect (above the red line represents
the appropriate foaming ratio).

TaBLE 6: Foaming ratio of samples at various foaming temperature.

Temperature/’C 220 225 230 235 240 245 250
10Z 1 30.6 33.4 23.7 6.3 3 1

10Z/1S 1 27.6 38.1 28.8 34.2 24.1 16.9
10Z/3S 1 6.5 14.9 18.3 17.3 16.9 2.3
10Z/5S 1 7.2 14.6 14.5 18.3 7.7 1

3.2.2. Foaming Properties of Nano-SiO2 Synergistic ZDP
Flame Retardant PET. Figure 12 and Table 6 show the foam-
ing ratios of the foaming products of each sample. For sam-
ple 10Z, its foaming ratio was more than 20 times within the
appropriate foaming temperature range of 225-235°C. The
expansion ratio of 10Z/1S was larger than that of 10Z, and
the foaming temperature zone was extended to a higher tem-
perature. Although the suitable foaming temperature zone
was still wider than 10Z, the foaming ratio rapidly reduced
if the content of nano-SiO, continued to increase. The max-
imum foaming ratio of 10Z/3S and 10Z/5S samples failed to
reach 20 times. Particularly, it was found that the appropri-
ate temperature zone shifted to a higher temperature zone
with the addition of nano-SiO,.

The influence of temperature on the foaming perfor-
mance of each sample was similar. The foaming ratios firstly
raised and then reduced with the increase in temperature.
This phenomenon was attributed to the fact that tempera-
ture affected two important parameters of foaming at the
same time: melt strength and CO, solubility. PET had higher
melt strength and viscoelasticity at low temperature, which
greatly limited the growth of cells. The melt strength and vis-
coelasticity of PET decreased with the increase in tempera-
ture, which made the cell to grow easily, resulting in a rise
in foaming ratio. However, when the temperature was high,
the solubility of CO, would decrease. The reduction can
decrease the power source of cell nucleation and slow the
growth of cells. As a result, the strength of PET melt was
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too low to support cell growth, resulting in cell fracture and
consolidation, which led to a reduction in the foaming ratio.
In addition, the foaming ratio of all samples suddenly
decreased and failed to be foam at 220°C.

The cell structure was observed by scanning electron
microscopy, and the cell diameter and cell density of each
foaming sample were counted by Image] software, as shown
in Figures 13-15. The cells had a typical closed structure,
and the through-hole phenomenon increased with the addi-
tion of temperature. Nano-SiO, had a great influence on cell
density and cell structure. The cell diameter decreased, and
the cell density increased with the addition of nano-SiO,
content, but the degree of cell irregularity rose. According
to the analysis of cell structure, the increase in the foaming
ratio was a result of the addition of cell density when adding
1wt% nano-SiO,. While the reduction of foaming ratio
under higher nano-SiO, content was due to the decrease in
cell diameter.

3.2.3. Thermal Properties and their Influence on Cellular
Structure. Crystallization behavior of PET is an important
parameter that affects the cellular structure of PET. The
low potential energy in the crystalline and amorphous
regions is conducive to cell nucleation. Crystallization
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FiGUre 14: Cell diameter.

greatly increases the melt strength of PET and affects the size
of the cell diameter. However, an excessive crystallization
area will hinder the growth of the cell and change its shape.
Crystallization also reduces the solubility of CO, in PET,
thereby affecting the cellular structure. Therefore, changes
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in cell structure can be analyzed through the thermal prop-
erties of PET.

The heating and cooling curves of each sample are
shown in Figures 16 and 17. Figure 18 shows the crystalliza-
tion temperature (Tc) and crystallization enthalpy (H,). Tc
and H_ increase with the addition of nano-SiO, content.
Especially for the 10Z/3S and 10Z/5S samples, T_ has risen
by more than 7°C compared to 10Z/1S. Besides, the addition
of nano-SiO, also narrows the crystallization peak, indicat-
ing the crystallization rate increases. This is because nano-
SiO, acts as a nucleating agent, which can promote the crys-
tallization of PET. Nano-SiO, and ZDP also inhibit the
chain extension and branching of PET molecules, resulting
in a reduction of molecular weight and branching degree
of PET. The reduction makes the molecular chain of PET
easier to arrange in an orderly when cooling.

According to the classical nucleation theory [36], the
nucleation barrier at the interface between crystalline and
amorphous regions of PET is lower, which is beneficial to
cell nucleation. The addition of nano-SiO, greatly improves
the crystallization ability of PET, resulting in a rise in cell
density with an increase in nano-SiO, content. It also
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FiGure 17: Temperature rise curve.
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FIGURe 18: Relationship between crystallization temperature,
crystallization enthalpy, and nano-SIO, content.

reduces melt strength of PET/ZDP composites, so the cell
diameter increases. The foaming ratio reduces the load of
nano-SiO, over 3wt%. The reason is that crystallization
can reduce thesolubility of CO,, and the crystal region can
inhibit the growth of cell, which is also the cause of irregular
cell structure. When the content is 1 wt%, the benefit of cell
nucleation is greater than its effect on the decrease of CO,
solubility. The inhibition of crystal region on cell growth is
low, so the foaming ratio increases. Additionally, crystalliza-
tion can increase melt strength, which prevents the cell wall
from breaking during growth process. Therefore, the foam-
ing temperature range and the optimal foaming temperature
increased after adding nano-SiO,.

4. Conclusion

The synergistic effect of nano-SiO, and ZDP on the flame-
retardant properties of PET was studied, and the effect of
nano-SiO, on the foaming properties of PET/ZDP compos-
ites was analyzed. When 10 wt% ZDP was introduced into
PET, the limiting oxygen index increased to 28.5%, but
UL-94 only reached grade V-2 due to its failure to inhibit
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the generation of dripping. After adding 5wt% nano-SiO,,
the dripping phenomenon was inhibited owing to the stabil-
ity of the carbon layer and the increase in surface quality.

Both ZDP and nano-SiO, had an inhibitory effect on
chain extension and branching, which reduced the viscoelas-
ticity of PET. However, when the ZDP content was 10 wt%
and the nano-SiO, content was lower than 5wt%, PET still
had good foam performance. Its not only widened the foam-
ing temperature range of PET but also increased the foaming
ratio by increasing the cell density with a 1 wt% the content
of nano-SiO,. While the load reached 5wt%, the foaming
ratio dropped to about 15 times, which still met require-
ments of industrialized PET foam materials.

In summary, the combination of ZDP and nano-SiO,
reduced the impact of flame retardant on the viscoelasticity
of PET melt through the good compatibility between ZDP
and PET. At the same time, SiO, not only improved the fire
resistance of PET by making the carbon layer compact but
also improved the foaming performance of flame-retardant
PET by increasing the crystallization performance of PET.
However, the foaming ratio will decrease with a high load
of SiO,, which requires other solutions to obtain lighter
PET flame-retardant foaming materials.
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included within the article.
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