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ABSTRACT: Imogolite nanotubes (INTs) were synthesized from
tetraethoxysilane, aluminum nitrate nonahydrate, and ammonia
solution by the method of Arancibia-Miranda, and their dispersion
was modified by 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM]PF6) to obtain ionic liquid (IL)-functionalized INTs
(INTs-PF6-ILs). Then, the flame retardant INTs-PF6-ILs was
complexed with ammonium polyphosphate (APP) and applied to
unsaturated polyester resin (UPR). The limiting oxygen index value
and the UL-94 level of the UPR/APP/INTs-PF6-ILs composites
reached 28 and V-0, respectively. The residual carbon of the
composites in thermogravimetric analysis increased by 19.47%,
compared with that of pure UPR. The cone calorimeter test result
showed that the peak of heat release rate and total heat rate values of the UPR/APP/INTs-PF6-ILs composites were lowered by 41
and 34% than those of the pure UPR, respectively. The effect of heat combustion and the maximum mass loss rate of UPR/APP/
INTs-PF6-ILs composites were also greatly decreased. There were no holes or folds observed on the surface of the UPR/APP/INTs-
PF6-ILs composites’ residual carbon in scanning electron microscopy images. The intact residual carbon could have effectively
insulated the heat and oxygen to improve the flame retardant performance.

1. INTRODUCTION
Unsaturated polyester resin (UPR) is widely used in different
fields, including petroleum, chemical, and mining industries
and so forth, because of its outstanding chemical resistance,
good mechanical properties, dielectric properties, and low
cost.1 However, UPR is inflammable due to its intrinsic
chemical composition and molecular structure,2 which may
cause a fire, limiting its application in many fields.3 To improve
the poor flame retardancy of UPR, many different flame
retardants have been invented and used over the past decades,
of which the halogen-containing flame retardant is highly
effective and is widely used.4 However, large quantities of
smoke and toxic gases are produced during the combustion of
the halogenated flame retardant UPR.5 Therefore, flame
retardants tend to be halogen-free compounds, such as
phosphorus-containing compounds,6 aluminosilicate nano-
clays,7 expanded graphite,8 boron compounds, silicon com-
pounds, and so forth.
Ammonium polyphosphate (APP) is one of the widely used

efficient phosphorus−nitrogen flame retardants because APP
can act in the pyrolysis of UPR to form an insulating protective
layer which prevents further flame spread.9 Recently, many
studies have been done to investigate the synergistic flame
retardant effect through introduction of other compounds as

synergistic agents into UPR composites.10 Nano-fillers, such as
carbon nanotubes and graphene, are proven to be more
effective in improving the flame retardancy of polyolefins.11−13

Similar to carbon nanotubes, imogolite nanotubes (INTs) are
another type of single-walled nanotube materials consisting of
hydrous aluminosilicate, having a general formula of
(OH)3Al2O3SiOH;14 their outer surface is composed of
Al2−μOH, while the inner surface is composed of Si−OH15

and may be a new promising synergistic agent in improving the
flame retardancy of UPR.
In this study, INTs were first synthesized by the method of

Arancibia-Miranda.16 Due to the strong interaction between
nanoparticles, it is difficult for the INTs to disperse well in
organic solvents or hydrophobic polymer matrices.17 There-
fore, to improve the dispersion in UPR, INTs were modified
with 1-butyl-3-methylimidazolium hexafluorophosphate
([BMIM]PF6) and 3-aminopropyltriethoxysilane (KH550) to
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obtain ionic liquid (IL)-functionalized INTs (INTs-PF6-ILs).
Also, the synergistic effect of INTs-PF6-ILs and APP on the
flame retardancy of UPR was investigated.

2. MATERIALS
Aluminum nitrate nonahydrate [98.0%, Al(NO3)3·9H2O],
sodium hydroxide (98%, NaOH), tetraethyl orthosilicate
(TEOS), and ammonia solution (25%, NH3·H2O) were
obtained from Tianjin Yongda Chemical Reagent Co., Ltd.
(China). 3-Aminopropyltriethoxysilane [(C2H5O)3−Si−
(CH2)3NH2, 97%, AR] was bought from Nanjing Shuguang
Chemical Group Co., Ltd. (China). 1-N-Butyl-3-methylimida-
zolium hexafluorophosphate ([BMIM]PF6, AR) was produced
by Linzhou Keneng Material Technology Co., Ltd. (China).
Anhydrous ethanol (C2H5OH, 98%, AR) was furnished by
Jiangsu Qiangsheng Functional Chemical Co., Ltd. (China).
UPR (191), curing agent, and accelerator were of industrial
grade and obtained from Henan Zhongyi Yiyuan Chemical
Co., Ltd. (China). APP was provided by Tangshan Yongfa
Flame Retardant Material Factory (China).
2.1. Preparation of INTs. The synthesis of INTs followed

the method of Arancibia-Miranda et al.16 Sources of Si and Al
in the INTs are from TEOS and Al(NO3)3·9H2O. Al(NO3)3·
9H2O aqueous solution with a concentration of 5 × 10−3 mol/
L was prepared. An appropriate amount of TEOS was added
into an aqueous solution of Al(NO3)3·9H2O to get a final
mixed solution with a Si/Al mole ratio of 0.5. The above-mixed
solution was stirred vigorously at room temperature for 1 h. 1
× 10−2 mol/L of NaOH solution was added into the mixed
solution of TEOS and Al(NO3)3·9H2O until the molar ratio of
Al/Si/OH was 2:1:4. Then, the mixed solution was stirred
vigorously at room temperature for 1 h in a pH of 5. The
mixed solution was heated at 95 °C for 6 days. After the
solution was cooled to room temperature, the pH of the
solution was adjusted to 8 with an aqueous solution of NH3·
H2O. The solution was centrifuged at 8000 rpm for 10 min to
obtain a gel. The gel was freeze-dried and ground to obtain
INT powder.
2.2. Preparation of INTs-PF6-ILs. The synthesis of INTs-

PF6-ILs followed the method of Wan et al.18 At first, 0.2 g of

prepared INTs was added to 50 mL of 98% ethanol solution.
The solution was ultrasonically dispersed for 20 min. Then, 1
mL of [BMIM]PF6 and 20 mL of deionized water were put in
the solution. Two drops of KH550 were added to the solution.
The solution was stirred magnetically for 1 h after it was heated
to 50 °C. At last, the solution was filtered, washed with
anhydrous ethanol and deionized water, dried, and ground to
acquire INTs-PF6-ILs. The schematic diagram of INTs-PF6-ILs
synthesis is shown in Figure 1.
2.3. Preparation of UPR Composites. The composition

of UPR composites is shown in Table 1. First, the flame
retardant (APP, INTs, or INTs-PF6-ILs) was dispersed in the
UPRs under mechanical agitation treatment for 30 min. Then,
a curing agent and an accelerator were added to the mixture.
Finally, the mixture was agitated for 5 min, placed in an
aluminum mold, and solidified.
2.4. Characterization of INTs and INTs-PF6-ILs.

2.4.1. Fourier Transform Infrared Spectroscopy Analysis.
Fourier transform infrared (FTIR) spectra of the samples were
obtained on an FTS 2000 FTIR (Varian). INTs were mixed
with KBr in a ratio of 1:200, ground, and pressed into a sheet.
Spectra ranging from 400 to 4000 cm−1 were obtained by
accumulating 64 scans at a resolution of 1 cm−1.

2.4.2. Transmission Electron Microscopy. The morphology
of INTs was characterized by transmission electron micros-
copy (TEM) (JEM-2010, Japan). INTs were dispersed in
alcohol for 30 min by ultrasonication. The dispersed INTs and
INTs-PF6-ILs were placed in the net and dried naturally in the
air. The acceleration voltage of the instrument was 200 kV
during testing.

2.4.3. Energy-Dispersive Spectroscopy. The elemental
composition of INTs and INTs-PF6-ILs was analyzed by a
PE2400 elemental microanalyzer (USA).
2.5. Measurement and Characterization of UPR

Samples. 2.5.1. Limiting Oxygen Index. The limiting oxygen
index (LOI) value was analyzed with a JF-3 oxygen index
instrument (Jiangning Analysis Instrument Co., Ltd., China)
according to ASTMD 2863-2000. Each sample size was 130 ×
6.5 × 3 mm3.

Figure 1. Synthetic schematic of IL -functionalized graphene oxide.

Table 1. Composition of UPR Composites

sample UPR (wt %) curing agent (wt %) accelerator (wt %) APP (wt %) INTs (wt %) INTs-PF6-ILs(wt %)

pure UPR 94.00 3.00 3.00
UPR/APP 78.02 2.49 2.49 17
UPR/APP/INTs 78.02 2.49 2.49 16.6 0.4
UPR/APP/INTs-PF6-ILs 78.02 2.49 2.49 16.6 0.4
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2.5.2. UL-94. The vertical burning test was done with a
CZF-3 instrument (Jiangning Analysis Instrument Co., Ltd.,
China) according to ASTMD 3801. Each sample size was 100
× 10 × 3 mm3.

2.5.3. Thermogravimetric Analysis. Thermogravimetric
analysis (TGA) of UPR composites using an HCT2 instru-
ment (Beijing Hengjiu Scientific Instrument Factory) was
carried out under the conditions of air atmosphere and cold
tap water. The weight of UPR composites was controlled in
the range of 5−10 mg. The temperature was increased from 50
to 800 °C, and the heating rate was 15 °C/min.

2.5.4. Cone Calorimeter Test. The cone calorimeter test
(CCT) was conducted by a PX-07-007 instrument (Phoenix
Quality Inspection Instrument Co., Ltd.). All sample sizes were
100 × 100 × 4 mm3. The samples, wrapped in an aluminum
foil, were placed in the instrument, whose heat radiation was
adjusted to 50 kW·m−2.

2.5.5. Scanning Electron Microscopy. The carbon residue
was studied by scanning electron microscopy (SEM, KYKY-
EM3200, Beijing Zhongke Keyi Co., Ltd.) after the CCT. The
accelerating voltage at the time of the experiment was 22 kV.

3. RESULTS AND DISCUSSION
3.1. FTIR Spectroscopy. The FTIR absorption spectra of

INTs and INTs-PF6-ILs are shown in Figure 2. The absorption

band at 3440 cm−1 corresponds to the stretching vibrations of
OH in INTs and INTs-PF6-ILs.

17 The peaks at 570 and 775
cm−1 correspond to the stretching of the O−Si−O and O−Al−
O bonds, respectively.19 The band at 482 cm−1 is associated
with the bending vibrations of O−Si. The absorption bands at
1065 and 995 cm−1 were attributed to the stretching vibration
of Si−O−Al in INTs and INTs-PF6-ILs.

20 The new band
observed at 1460 cm−1 corresponds to the bending vibration of
−CH2 groups in INTs-PF6-ILs.

21 The peak at 1150 cm−1

corresponds to the P−O bond in INTs-PF6-ILs.
18 The reason

might be that the silanol (Si−OH) produced by hydrolysis of
KH550 reacts with the P−F bond in [BMIM]PF6, which
shows that the surface of INTs is grafted with the element P of
[BMIM]PF6. Therefore, INTs have been successfully synthe-

sized and modified with KH550 and [BMIM]PF6 to obtain
INTs-PF6-ILs.
3.2. EDS and TEM. The element compositions of INTs

and INTs-PF6-ILs are shown in Figure 3. The unique elements
of aluminum, oxygen, and silicon in INTs are shown in Figure
3A. The unique elements of carbon, phosphorus, and fluorine
in INTs-PF6-ILs are shown in Figure 3B. The result indicates
that INTs have been successfully synthesized and modified
with KH550 and [BMIM]PF6 to obtain INTs-PF6-ILs.
The tubular structures of INTs and INTs-PF6-ILs are

directly confirmed by TEM observations. From Figure 3A, it
can be seen that INTs are stacked together, not scattered at all,
while INTs-PF6-ILs are well dispersed, and their tubular
structure can be clearly seen in Figure 3B. The uniformly
dispersed INTs-PF6-ILs appear in as a spidery network
consisting of individual fibers in TEM images. The fibers are
approximately 100−200 nm in length. The fibers are about
10−20 nm in diameter. The structures and lengths of INTs
and INTs-PF6-ILs show that INTs have been successfully
synthesized, and their dispersion is greatly modified by
[BMIM]PF6.
3.3. LOI and UL-94 of UPR Composites. The LOI is the

minimum percentage of oxygen that is required to continue the
flaming combustion of a sample under laboratory conditions.22

UL-94 test is one of the most used tests in the field of flame
retardancy of polymeric materials.23 As shown in Table 2, LOI
values of pure UPR, UPR/APP composites, UPR/APP/INTs
composites, and UPR/APP/INTs-PF6-ILs composites are
20.8, 25.8, 27.2, and 28, respectively. The LOI values of
UPR/APP composites, UPR/APP/INTs composites, and
UPR/APP/INTs-PF6-ILs composites have increased by
about 28, 34, and 38%, compared with pure UPR, respectively.
The UL-94 result of UPR/APP/INTs-PF6-ILs composites
reaches the V-0 level, while UPR/APP composites and UPR/
APP/INTs composites reach the V-2 level and V-1 level. The
data in Table 2 proves that the flame retardant performance of
UPR/APP/INTs composites and UPR/APP/INTs-PF6-ILs
composites has been obviously improved and INTs-PF6-ILs
has better synergistic flame retardancy with APP in UPR,
compared with INTs.
3.4. Thermogravimetric Analysis. TGA is often used to

evaluate the thermal stability of the materials, which is mainly
related to the decomposition temperature and char yield.24 In
this experiment, the temperature corresponding to 5% weight
loss was used as the initial decomposition temperature (Ti) of
UPR samples. Tmax is the temperature corresponding to the
maximum weight loss rate.
The Ti of pure UPR is 290 °C, as shown in Table 3. The

decomposition of pure UPR has three steps mainly. Pure UPR
loses weight rapidly from 200 to 400 °C in the first step
because the oxygen-containing groups in it decompose into
CO, CO2, and H2O. Weight loss of pure UPR occurs from 450
to 540 °C in the second step because of the chain scission of
polystyrene and polyester fragment.25 Slight weight loss of
pure UPR occurs from 550 to 630 °C in the third step because
the carbon skeleton formed at high temperatures is
decomposed by oxidation in the air.
The Ti values of UPR/APP composites, UPR/APP/INTs

composites, and UPR/APP/INTs-PF6-ILs composites are
increased by 16, 12, and 12 °C, respectively, compared with
pure UPR. The data proves that with the addition of APP,
INTs, or INTs-PF6-ILs, the thermal stability of UPR
composites is increased. Except for pure UPR, the decom-

Figure 2. FTIR spectra of INTs and INTs-PF6-ILs.
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position of the other three groups of samples also has three
steps, which are 200−400, 500−600, and 650−730 °C, as
shown in Figures 4 and 5. The peak of UPR/APP/INTs-PF6-
ILs composites’ deriv. weight is 1%/°C, the smallest among all
the samples. The peaks of other samples’ deriv. weight are
lower than that of pure UPR in the first step because APP can
decompose into polyphosphoric acid and ammonia during
combustion,26 the polyphosphoric acid can react with a
hydroxyl group or other groups of synergists to form a
nonstable phosphate ester,27 and dehydration of phosphate
ester with the temperature increase will form residual carbon to
reduce weight loss rate on the surface of UPR composites.28

Pure UPR’s deriv. weight reaches its peak much earlier than
other samples in the second and third steps. This shows that
the thermal stability of pure UPR is poor. The residual carbon
rates of UPR/APP composites, UPR/APP/INTs composites,
and UPR/APP/INTs-PF6-ILs composites are increased by

18.37, 20.97, and 19.47%, respectively, as shown in Table 3,
compared with pure UPR.
3.5. Cone Calorimeter Test. The cone calorimeter is one

of the most important and widely used instruments for the
research and development of fire-retardant polymeric materi-
als.29 The characteristic data tested by the cone calorimeter is
shown in Figures 6−9 and Table 4.
As shown in Figure 6 and Table 4, the peak heat release rate

(PHRR) value of pure UPR is 666.25 kW·m−2, the highest
among all the samples. The PHRR value of UPR/APP/INTs-
PF6-ILs composites is 392.46 kW·m−2, the lowest among all
the samples. The PHRR values of UPR/APP composites and
UPR/APP/INTs composites are respectively 516.68 and

Figure 3. (A) Elemental compositions and TEM images of INTs. (B) Elemental compositions and TEM images of INTs-PF6-ILs.

Table 2. LOI and UL-94 of UPR Composites

samples LOI (%) UL-94

pure UPR 20.8 ± 0.1
UPR/APP 25.8 ± 0.2 V-2
UPR/APP/INTs 27.2 ± 0.1 V-1
UPR/APP/INTs-PF6-ILs 28 ± 0.1 V-0

Table 3. TGA Data of UPR Composites

air atmosphere

sample Ti (°C) Tmax (°C) residue at 730 °C (%)

pure UPR 290 370 9.83
UPR/APP 306 343 28.2
UPR/APP/INTs 302 339 30.8
UPR/APP/INTs-PF6-ILs 302 340 29.3

Figure 4. TGA curves of UPR composites.
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520.65 kW·m−2. The times taken to reach PHRR values of
pure UPR, UPR/APP composites, UPR/APP/INTs compo-
sites, and UPR/APP/INTs-PF6-ILs composites are 132, 145,
125, and 110 s, respectively. The time taken to reach the
PHRR value of UPR/APP/INTs-PF6-ILs composites is the
lowest among all the samples and 22 s less than that of pure
UPR. The reason for the phenomenon is the catalytic effect of
INTs-PF6-ILs on carbonization to form a protective carbon
layer during the combustion of UPR/APP/INTs-PF6-ILs
composites, which will isolate the substrate from oxygen and
heat. The result suggests that INTs-PF6-ILs have better
synergistic flame retardancy with APP in UPR, compared
with INTs.
The fire performance index (FPI) is explained as the TTI

divided by the PHRR.30 The higher the FPI value of a sample,
the lower the fire risk. The fire spread index (FSI) was the ratio
of PHRR to TPHRR.

31 These formulas are as follows

=FPI TTI/PHRR

= TFSI PHRR/ PHRR

Figure 5. Derivative thermogravimetric curves of UPR composites.

Figure 6. HRR curves of UPR composites.

Figure 7. THR curves of UPR composites.

Figure 8. YCO curves of UPR composites.

Figure 9. YCOd2
curves of UPR composites.
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The FPI values of pure UPR, UPR/APP composites, UPR/
APP/INTs composites, and UPR/APP/INTs-PF6-ILs compo-
sites are 0.048, 0.069, 0.083, and 0.073. The FPI value of
UPR/APP/INTs-PF6-ILs composites is 52% higher than that
of pure UPR. The fire risk of UPR/APP/INTs-PF6-ILs
composites has been greatly reduced, and its flame retardant
performance has been greatly improved. The FSI values of
pure UPR, UPR/APP composites, UPR/APP/INTs compo-
sites, and UPR/APP/INTs-PF6-ILs composites are 5.047,
3.563, 4.165, and 3.57. The FSI value of pure UPR is the
highest among all the samples, and its fire risk is the highest.
The flame retardant performance of UPR composites with
APP and INTs-PF6-ILs has been greatly improved.
The total heat release (THR) curves and values of UPR

composites are shown in Figure 7 and Table 4. In Figure 7, the
THR curve of pure UPR is going up the fastest among all the
samples. This phenomenon shows that it only takes a very
short time for pure UPR to reach the state of intense
combustion. The THR values of pure UPR, UPR/APP
composites, UPR/APP/INTs composites, and UPR/APP/
INTs-PF6-ILs composites are 90.12, 59.61, 58.30, and 59.32
kW·m−2, respectively. The THR value of UPR/APP/INTs-
PF6-ILs composites is 34% lower than that of pure UPR. The
smaller the THR value of composites is, the less they burn.
The maximum mass loss rate (MLR) of pure UPR is the

largest in all samples. The effect of heat combustion (EHC)
reflects the burning degree of the combustible and volatile gas
in the gas phase.32 The smaller the EHC value, the smaller the
flame. From Table 4, it can be seen that EHC values of UPR/
APP composites and UPR/APP/INTs composites are
decreased by 3.887 and 3.948 MJ·kg−1, respectively, compared
with pure UPR. The EHC value of UPR/APP/INTs-PF6-ILs
composites is decreased by 4.203 MJ·kg−1, compared with pure
UPR. The result proves that INTs-PF6-ILs have better
synergistic flame retardancy with APP in UPR, compared
with INTs.
When the oxygen concentration in the combustion zone is

insufficient, the combustion produces includes both complete
(CO2, H2O, and acid gases) and incomplete (soot, CO, and
partially oxidized volatile fuels) combustion products.33 The
higher the av-CO yield (YCO) value and the lower the av-CO2
yield (YCOd2

) value are, the less the combustion of UPR there is.
However, the higher the av-CO yield (YCO) value is, the more
harmful it is. The av-YCO values of pure UPR, UPR/APP
composites, UPR/APP/INTs composites, and UPR/APP/
INTs-PF6-ILs composites are 0.037, 0.082, 0.080, and 0.080%,
as shown in Table 4. The av-YCO values of UPR/APP/INTs
composites and UPR/APP/INTs-PF6-ILs composites are
lower than that of UPR/APP composites, and UPR/APP/

INTs-PF6-ILs composites have the third highest peak YCO
values of all samples shown in Figure 8. Therefore, the
combustion of UPR/APP/INTs-PF6-ILs composites is the
least sufficient, and its peak YCO value is decreased. The av-
YCOd2

values of pure UPR, UPR/APP composites, UPR/APP/
INTs composites, and UPR/APP/INTs-PF6-IL composites are
1.56, 1.103, 1.135, and 1.074%, as shown in Table 4. The av-
YCOd2

value of the UPR/APP/INTs-PF6-ILs composites is the
lowest among all the samples and 0.486% higher than that of
pure UPR, as shown in Table 4. The peak YCOd2

value of UPR/
APP/INTs-PF6-ILs composites is the lowest among all the
samples in Figure 9. The result proves that INTs-PF6-ILs have
good CO and CO2 suppression in UPR.
As shown in Figure 10, the peak surface plasmon resonance

(SPR) values of pure UPR, UPR/APP composites, UPR/APP/

INT composites, and UPR/APP/INTs-PF6-ILs composites are
0.164 m2/s in 140 s, 0.199 m2/s in 155 s, 0.187 m2/s in 135 s,
and 0.191 m2/s in 130 s respectively. The peak SPR values of
UPR/APP composites, UPR/APP/INTs composites, and
UPR/APP/INTs-PF6-ILs composites are increased by 21, 14,
and 14%, compared with pure UPR, respectively.
3.6. Scanning Electron Microscopy. Figure 11 displays

SEM images of residual carbon of pure UPR, UPR/APP
composites, UPR/APP/INTs composites, and UPR/APP/
INTs-PF6-ILs composites. The surface of pure UPR’s residual
carbon has many holes of different diameters and small

Table 4. Characteristic Data Tested by a Cone Calorimeter

sample pure UPR UPR/APP UPR/APP/INTs UPR/APP/INTs-PF6-ILs

TTI (s) 32 36 43 29
PHRR (kW·m−2) 666.25 516.68 520.65 392.46
time to PHRR (s) 132 145 125 110
THR (kW·m−2) 90.12 59.61 58.30 59.32
av-YCO (%) 0.037 0.082 0.080 0.080
av-YCOd2

(%) 1.56 1.103 1.135 1.074

FPI 0.048 0.069 0.083 0.073
FSI 5.047 3.563 4.165 3.57
EHC (MJ·kg−1) 18.904 15.017 14.956 14.701
MLR (g·s−1) 0.104 0.087 0.087 0.087

Figure 10. SPR curves of UPR composites.
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fragments of different sizes, as shown in Figure 11A. This
phenomenon shows that the carbon layer formed when pure
UPR burns is brittle, porous, and unable to effectively insulate
itself from oxygen and heat. There are a lot of fluffy and
uneven floccule structures on the surface of UPR/APP
composites’ residual carbon, as shown in Figure 11B. The
strength of the floccule carbon layer is poor, so the gas
generated by UPR/APP composites’ combustion easily breaks
through the carbon layer and forms small cavities. Heat and
oxygen will enter the residual carbon through these little
cavities and cause UPR/APP composites inside to continue to
burn. The surface of the UPR/APP/INTs composites’ residual
carbon has a small number of holes and similar-sized particles,
as shown in Figure 11C. The carbon layer of UPR/APP/INTs
composites has high strength and is not easily broken due to
the addition of INTs. The surface of UPR/APP/INTs-PF6-ILs
composites’ residual carbon has fewer wrinkles, holes, and
particles, as shown in Figure 11D, compared with other
samples, because INTs-PF6-ILs uniformly disappeared in the
UPR, and the phosphorus in INTs helps the UPR form carbon
during combustion. These UPR/APP/INTs-PF6-ILs compo-
sites’ residual carbon with intact surfaces can be well insulated
from heat and oxygen to improve their flame retardant
properties. Figure 10 proves that INTs-PF6-ILs have better
synergistic flame retardancy with APP in UPR.

4. CONCLUSIONS
INTs-PF6-ILs with good dispersion were successfully synthe-
sized as good synergistic agents compounded with APP, which
greatly improved the flame retardancy of UPR composites,
whose LOI value and the UL-94 level reach 28 and V-0,
respectively, and the residual carbon in the TGA is 29.3%.

APP mainly acts in the condensed phase to form residual
carbon and reduce the weight loss rate on the surface of UPR
composites, while INTs-PF6-ILs catalyze carbonization to form
a strong intact carbon layer during the combustion of the UPR
composites, which could effectively isolate the substrate from
oxygen and heat. The result suggests that INTs-PF6-ILs have
good synergistic flame retardancy with APP in UPR.
For the UPR/APP/INTs-PF6-ILs composites, CCT results

showed the MLR, heat release rate, THR, and the time taken
to reach PHRR value were greatly decreased. The FPI and FSI
values of UPR/APP/INTs-PF6-ILs composites increased by
52% and decreased by 29.2%, respectively, compared with pure
UPR, which showed that its fire risk was much decreased.
Meanwhile, INTs-PF6-ILs showed good smoke, CO, and CO2
suppression for the UPR composites.
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