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a b s t r a c t

A high-efficiency flame retardant composed of phosphaphenanthrene, benzothiazole and imidazole
groups (PBI) was synthesized and served as flame retardant co-curing agent to reduce the fire hazard of
epoxy resin (EP). The chemical structure of PBI was characterized by Fourier transform infrared spec-
troscopy (FTIR), high-resolution mass spectroscopy (HR-MS), 1H and 31P nuclear magnetic resonance
(NMR). The curing behavior, thermal stability and flame retardant properties of the prepared EP systems
were investigated. The curing behavior study disclosed that PBI accelerated the crosslinking reaction of
EP and was chemically bonded with EP matrix to obtain intrinsic flame retardant thermoset. The
resulting EP thermosets showed only slight decrease in glass transition temperature (Tg). The ther-
mogravimetric analysis (TGA) results indicated both the catalytic decomposition and catalytic charring
effects of PBI demonstrated by decreased thermal stability and enhanced charring capability of EP/DDS/
PBI thermosets. The combustion test results showed remarkable improvement in the flame retardant
properties of EP/DDS/PBI thermosets. When the phosphorus content was only 0.75wt%, EP/DDS/PBI-0.75
thermoset achieved a limiting oxygen index (LOI) value of 34.6% and passed UL94 V-0 rating. Moreover,
the peak of heat release rate (pk-HRR), average of heat release rate (av-HRR) and total heat release (THR)
values were decreased by 48.7%, 31.1% and 28.3%, respectively, in comparison with those of the EP/DDS
thermoset. The flame retardant effect of PBI on EP was attributed to the catalytic charring effect to form
protective char layer in condensed phase and release of free radicals with quenching effect and
nonflammable gases with diluting effect in gaseous phase.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resin (EP) has been widely applied in diverse industrial
fields due to its excellent comprehensive performance. Unfortu-
nately, the intrinsic flammability of EP severely limits its applica-
tions in the fields with high flame-resistance requirement [1,2].

Generally, halogen compounds have been widely developed to
endow polymer materials with satisfactory flame retardancy.
and Electronic Engineering,
Hongshan District, Wuhan,
Unfortunately, halogenated flame retardants have come under
increased scrutiny due to their potential health and environmental
hazards [3,4]. Under this consideration, halogen-free flame re-
tardants have been widely explored and applied to EP [5e7].
Thereinto, phosphorus-based compounds are identified as one of
the most promising halogen-free flame retardants, since they are
effective radical trappers and efficient charring agents, and exert
flame-retardant effect in both gaseous and condensed phases
[8e13]. As important categories of phosphorus-based flame re-
tardants, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) and its derivatives have received considerable attention
due to their facile molecular design and outstanding flame retar-
dant efficiency [14e20]. Recently, many efforts have been devoted
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to construct synergistic flame-retardant systems through
combining different flame retardant elements or functional groups
in order to further improve the flame-retardant efficiency without
deteriorating other properties of materials. Owing to the high
reactivity of DOPO and its derivatives with varying functional
groups, a series of synergistic flame-retardant systems such as
DOPO/cyclotriphosphazene [21e23], DOPO/triazine [24,25], DOPO/
maleimide [26,27], DOPO/triazine-trione [28,29], DOPO/thiazole
[30], DOPO/phosphate [31] and DOPO/siloxane [32e35], have been
successfully prepared and achieved the expected goal. Hence, it is
meaningful to design and synthesize such DOPO based flame re-
tardants composed of multifunctional groups. The ongoing
research concerning further development of more simple prepa-
ration methods and efficient molecular structures of flame re-
tardants would certainly promote the wider application of flame
retardant EP in key fields.

In this work, a high-efficiency flame retardant composed of
phosphaphenanthrene, benzothiazole and imidazole groups (PBI)
was synthesized via a facile one-pot reaction and used as flame
retardant co-curing agent to reduce the fire hazard of EP. The
chemical structure of PBI was characterized by FTIR, HR-MS, 1H and
31P NMR. The curing behavior of the EP systems with the presence
of PBI was investigated by non-isothermal differential scanning
calorimetry (DSC) test. The thermal properties of epoxy thermosets
were investigated by TGA and DSC tests. The flame retardant
properties of epoxy thermosets were investigated by LOI, UL-94
and cone calorimeter tests. Moreover, the flame retardant mecha-
nism was detailed investigated in gaseous and condensed phases.

2. Experimental

2.1. Materials

1H-Imidazole-4-carbaldehyde, 4,40-diamino-diphenyl sulfone
(DDS), 2-aminobenzothiazole, 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) and dimethylformamide
(DMF) were obtained from Aladdin Reagents (Shanghai) Co., Ltd.
Diglycidyl ether of bisphenol-A (DGEBA) with an epoxide equiva-
lent weight (EEW) of about 188 g/equiv was provided by Yueyang
Baling Huaxing Petrochemical Co., Ltd. All the reagents were used
as received.

2.2. Synthesis of PBI

PBI was synthesized via a facile one-pot reaction. 1H-Imidazole-
4-carbaldehyde (4.8 g, 0.05mol), 2-benzothiazolamine (7.5 g,
0.05mol) and DMF (150ml) were introduced to a 250ml,
Scheme 1. Synthes
three-necked and round-bottom glass flask equipped with a me-
chanical stirrer, reflux condenser and thermometer. The mixture
was stirred at 90 �C for 3 h. Afterwards, DOPO (10.8 g, 0.05mol) was
added into the flask, and the mixture was stirred at 90 �C for
additional 8 h. Then the mixture was distilled to remove DMF, the
crude product was washed for 3 times with ethanol, and then
vacuum-dried at 60 �C for 10 h (Yield: 95%). Element analysis (%): C:
62.12 (cal 62.16), H: 3.88 (cal 3.83), N: 12.65 (cal 12.61), S: 7.22 (cal
7.21), O: 7.18 (cal 7.21). The synthesis route was shown in Scheme 1.

2.3. Preparation of EP thermosets

All the details of formula are listed in Table 1. The amount of
active protons in PBI and DDS was equal to the amount of epoxy
groups in DGEBA.

DGEBA and DDS were blended at 125 �C until a homogeneous
solutionwas obtained. Then the solutionwas cooled down to 80 �C,
and PBI was added. The mixture was further stirred at 80 �C for
10min to obtain homogeneous solution. Afterwards, the mixture
was degassed under vacuum and poured directly into a preheated
mold and thermally cured in an air convection oven at 160 �C for 2 h
and 180 �C for 4 h.

2.4. Preparation of EP curing systems for non-isothermal DSC test

DGEBA, DDS and PBI were thoroughly blended at room tem-
perature according the formulas shown in Table 1. Moreover, EP/PBI
curing system was prepared by mixing DGEBA with PBI (weight
ratio: 100: 10) at room temperature.

2.5. Characterization

Fourier Transform Infrared (FTIR) spectra were obtained using a
Nicolet 6700 infrared spectrometer (Thermo Fisher Scientific, US).
The powdered samples (PBI or the char residues from cone calo-
rimeter test) were thoroughly mixed with KBr and then pressed
into pellets. The wavenumber range was set from 4000 to
500 cm�1.

1H and 31P NMR spectra were obtained on a Bruker AV400 NMR
spectrometer (Bruker, US) using DMSO‑d6 as the solvent and tet-
ramethylsilane (TMS) as the internal standard.

Mass spectroscopy (MS) was conducted on an Agilent LC-MS
1100 instrument (Agilent, US). High-resolution MS data were
recorded on a Thermo Fisher Scientific LTQ FT Ultra instrument.

Elemental analysis (EA) was performed on a Vario EL cube
Elemental Analyzer (Elementar, Germany). The contents of carbon
(C), hydrogen (H), nitrogen (N), sulphur (S) and oxygen (O) of PBI
is route of PBI.



Table 1
Formulas of the prepared EP thermosets.

Sample code DGEBA (g) DDS (g) PBI (g) PBI content (wt%) phosphorus content (wt%)

EP/DDS 100 33.0 0 0 0
EP/DDS/PBI-0.25 100 31.5 4.9 3.6 0.25
EP/DDS/PBI-0.5 100 30.1 10.0 7.1 0.5
EP/DDS/PBI-0.75 100 28.6 15.5 10.8 0.75
EP/DDS/PBI-1.0 100 27.0 21.2 14.3 1.0
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were measured.
Differential scanning calorimetry (DSC) thermograms were

recorded with PerkinElmer DSC 4000 (PerkinElmer, US) to inves-
tigate the non-isothermal curing behavior of the EP mixtures and
the glass transition behavior of the cured EP thermosets. The EP
mixtures and the cured EP thermosets (approximately 7.0mg) were
put in an alumina crucible and heated from 40 �C to 300 �C at a
heating rate of 10 �C/min under N2 atmosphere with a flow rate of
20ml/min.

Thermogravimetric analysis (TGA) was performed using
NETZSCH STA449F3 (NETZSCH-Ger€atebau GmbH, Germany). The
flame retardant (PBI) and the cured EP thermosets (approximately
7.0mg) were put in an alumina crucible and heated from 40 �C to
700 �C at the heating rate of 10 �C/min under nitrogen or air at-
mosphere with a flow rate of 20ml/min.

The LOI values were measured at room temperature on a JF-3
oxygen index meter (Jiangning Analysis Instrument Company,
China) according to ASTM D2863 and dimensions of the cured EP
thermosets were 100� 6.5� 3mm3. Vertical burning (UL-94) tests
were carried out on the NK8017A instrument (Nklsky Instrument
Co., Ltd., China) and dimensions of the cured EP thermosets were
130� 13� 3mm3 according to the UL-94 test standard.

Cone calorimeter measurements were performed on a FTT cone
calorimeter according to the ISO 5660 standard under an external
heat flux of 50 kW/m2. Dimensions of the cured EP thermosets
were 100� 100� 3mm3, and three specimens were tested for
every sample.

Morphological studies on the residual chars after cone calo-
rimeter test were conducted using a QuantaFEG450 (FEI, US)
scanning electron microscope (SEM) at an acceleration voltage of
15 kV. The SEM instrument was integrated with an energy disper-
sive spectrometer (EDS) for elemental analysis using surface
scanning model.

Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS)
analysis was carried out with an Agilent 7890/5975 GC/MS (Agilent,
US). The sample mass of PBI was about 2.0mg. The injector tem-
perature was 250 �C; 1min at 50 �C then the temperature was
increased to 280 �C at a rate of 8 �C/min. The temperature of the GC/
MS interface was 280 �C, and the cracker temperature was 500 �C.

Thermogravimetric analysis/infrared spectrometry (TGA-FTIR)
was performed on NETZSCH STA449F3 interfaced to the Nicolet
6700 FTIR spectrophotometer. FTIR was directly connected to TG
andmeasured the gaseous decomposition products from TG by real
time. PBI (approximately 7.0mg) was put in an alumina crucible
and heated from 40 �C to 700 �C at a heating rate of 10 �C/min
under N2 atmosphere with a flow rate of 20ml/min.
3. Results and discussion

3.1. Characterization of PBI

The chemical structure of PBI was characterized by FTIR, HR-MS,
1H and 31P NMR. The corresponding data were shown in Fig. 1. As
shown in Fig. 1(a), the FTIR spectrum of PBI showed several
characteristic absorption peaks. The absorption peak at 3156 cm�1

was assigned to NeH [30]; the absorption peak at 1595 cm�1 was
ascribed to the stretching vibration of C]N [36]; the absorption
peak at 1529 cm�1 was assigned to benzene ring [36]; the ab-
sorption peak at 1445 cm�1 was assigned to the stretching vibra-
tion of CeN [29]; the absorption peak at 1205 was assigned to the
stretching vibration of P]O [29,30]; the absorption peaks at 927
and 752 cm�1 were assigned to PeO-Ph linkage [24,36]. As shown
in Fig.1(b), The 1H NMR spectrum of PBI showed the chemical shifts
of aromatic hydrogen (including imidazole and benzene rings, 14H)
at 6.8e8.3 ppm, CeH (methine, 1H) at 5.8e6.1 ppm, NeH (imino
group linked with thiazole ring, 1H) at 8.5e9.0 ppm, NeH (imid-
azole ring, 1H) at 12.2e12.8 ppm. As shown in Fig. 1(c), the 31P NMR
spectrum of PBI showed two peaks at 29.1 and 29.6 ppm attributed
to the phosphorus atom in DOPO group. As shown in Fig. 1(d), the
m/z of PBI was 467.0694 [Mþ Na] þ, which was in accordance with
the calculated molecular weight of PBI. Based on the above ana-
lyses, it was confirmed that PBI was successfully synthesized.
3.2. Curing behavior of the prepared EP curing systems

Non-isothermal DSC test was adopted to evaluate the influence
of PBI on the curing behavior and cross-linked networks of EP
systems. As shown in Fig. 2, EP/PBI system showed an exothermic
interval during 130e150 �C. According to the chemical structure of
PBI, it was considered that this exothermic interval was attributed
to the addition reaction of epoxy group with NeH and anionic
polymerization of epoxy groups initiated by the tertiary amine of
imidazole and thiazole rings. EP/DDS system showed only one
exothermic peak at 223 �C. However, with the incorporation of PBI,
two exothermic peaks appeared. The main exothermic peaks of EP/
DDS/PBI systems were attributed to the addition reaction between
epoxy group and DDS, which were shifted to lower temperature
region compared with that of EP/DDS system, indicating PBI
accelerated the crosslinking reaction of DGEBA with DDS. This
phenomenon was due to the tertiary amine of imidazole and
thiazole rings, which could act as anion catalysis for epoxy ring
opening. Moreover, with the increasing content of PBI, the small
exothermic intervals of EP/DDS/PBI systems during 130e150 �C
became more and more obvious. The result indicated the afore-
mentioned chemical reactions in EP/PBI system also took place in
EP/DDS/PBI systems despite of the presence of DDS. Therefore, PBI
was chemically bonded with EP matrix to obtain intrinsic flame
retardant thermosets. The proposed curing mechanism of EP/DDS/
PBI systems was shown in Scheme 2.
3.3. Thermal properties

Based on the aforementioned discussion on curing behavior, it
was known that PBI participated in the formation of EP cross-linked
networks, thus it was meaningful to assess the effect of PBI on the
glass transition behavior of EP thermosets. The glass transition
temperature (Tg) of EP thermosets was investigated by DSC, as
displayed in Fig. 3. The EP/DDS thermoset exhibited a high Tg value



Fig. 2. Non-isothermal DSC curves of the prepared EP curing systems.

Fig. 1. FTIR (a), 1H NMR (b), 31P NMR (c) and MS (d) spectra of PBI.
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of 200 �C.With the incorporation of PBI, the Tg values of EP/DDS/PBI
thermosets were decreased by 5e14 �C. On the one hand, PBI with
two NeH bonds would act as chain extender during curing reac-
tion, resulting in the decreased crosslinking density of epoxy
thermosets. On the other hand, PBI with bulky rigid group
increased the rotational barrier of macromolecular chain segments
which compensated somewhat for the loss in crosslink density
caused by chain extension reaction. These competing factors may
be the reasonwhy the Tg values of EP/DDS/PBI thermosets were just
slightly decreased.

TGA was used to explore the thermal degradation behavior of
PBI and EP thermosets under nitrogen and air atmospheres. The TG
and DTG curves of PBI and EP thermosets were shown in Fig. 4. The
relevant data, such as temperature at 5% weight loss (T5%), tem-
perature at maximum weight loss rate (Tmax) and char yields at
700 �C (Yc) were listed in Table 2.

Firstly, the thermal degradation behavior of PBI and the pre-
pared EP thermosets were investigated under nitrogen atmo-
sphere. As shown in Fig. 4 (a), PBI was decomposed much earlier
than the EP thermosets, which was attributed to the degradation of
less thermally stable PeC and O]PeO bonds in PBI ahead of time
[37]. All the EP thermosets exhibited one weight loss stage due to
the decomposition of macromolecular networks. Compared with
the EP/DDS thermoset, the T5% and Tmax of EP/DDS/PBI thermosets
were gradually decreased with the increasing content of PBI. The
lower initial decomposition temperatures of EP/DDS/PBI thermo-
sets were ascribed to the lower thermal stability of PBI component.
Moreover, the decomposition products of PBI accelerated the
decomposition of EP matrix, resulting in remarkably decreased
Tmax. Notably, the Yc values were significantly increased with the
incorporation of PBI, indicating the decomposition products of PBI
enhanced the charring ability of EP matrix.



Fig. 3. DSC curves of the prepared EP thermosets.

Scheme 2. The proposed curing mechanism of EP/DDS/PBI systems.
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In air atmosphere, as shown in Fig. 4 (c) and (d), all the EP
thermosets exhibited two weight loss stages, which were corre-
sponded to the degradation of macromolecular networks and
further oxidation of char residues. Not surprisingly, the incorpo-
ration of PBI promoted the degradation of EP matrix as the case in
nitrogen atmosphere. However, the T5% and Tmax1 of EP/DDS/PBI
thermosets were just slightly decreased, indicating the EP matrix
maintained good thermal stability in air atmosphere despite of the
incorporation of PBI. Moreover, the Tmax2 was gradually increased
with the increasing content of PBI, indicating the formation of more
stabilized char layers. It was deduced that PBI was decomposed to
generate phosphorus-based acid which catalyzed the charring of EP
matrix to form highly cross-linked char layers with better thermo-
oxidative stability.
3.4. Flame retardant properties

The flame retardant effect of PBI on EP was initially investigated
by LOI and UL94 tests. The related results were shown in Table 3.
The EP/DDS thermoset was highly combustible with a LOI value of
22.5% and failed to pass UL94 test. With the incorporation of PBI,
the flame retardancy of EP/DDS/PBI thermosets was remarkably
enhanced. When the phosphorus content was only 0.25wt%, The
LOI value of EP/DDS/PBI-0.25 was raised to 28.8% though the
sample still had no UL94 rating. As the phosphorus content further
increased, EP/DDS/PBI thermosets performed better in both LOI and
UL94 tests. When the phosphorus content was only 0.75wt%, EP/
DDS/PBI-0.75 had a LOI value of 34.6% and passed UL94 V-0 rat-
ing. The results revealed that PBI possesses excellent flame retar-
dant effect on EP. It was worth noting that large amounts of
noncombustible gases jetted out from the burning EP/DDS/PBI
thermosets with a rush to extinguish the flame, namely blowing-
out effect [34], as shown in Fig. 5. This phenomenon indicated an
obvious flame retardant effect of PBI in gaseous phase.

In order to better study the influence of PBI on reducing the
flammability of EP, cone calorimeter test was used to investigate
the combustion behavior of the prepared EP thermosets. The cor-
responding parameters including the time to ignition (TTI), time of
flameout (TOF), peak of heat release rate (pk-HRR), average of heat
release rate (av-HRR), average of effective heat of combustion (av-
EHC), average CO yield (av-COY), average CO2 yield (av-CO2Y) and
residual weight were listed in Table 3. The averages were recorded
during TTI to 500 s.

The curves of heat release rate (HRR) and total heat release
(THR) were shown in Fig. 6. The EP/DDS thermoset burned fiercely
after ignition and its HRR reached a sharp peakwith a pk-HRR value
of 1208 kW/m2. With the incorporation of PBI, the EP/DDS/PBI
thermosets were ignited earlier compared with the EP/DDS ther-
moset. As a DOPO based flame retardant, PBI induced the decom-
position of EP matrix in advance, thus weakening the ignition
resistance [29,36]. Moreover, the pk-HRR, av-HRR and THR values
of EP/DDS/PBI-1.0 thermoset were reduced by 49.5%, 36.2% and



Fig. 4. TGA and DTG curves of PBI and the prepared EP thermosets under nitrogen and air atmospheres.

Table 2
TGA data of PBI and the prepared EP thermosets.

Sample code Nitrogen Air

T5% (�C) Tmax (�C) Yc (%) T5% (�C) Tmax1 (�C) Tmax2 (�C) Yc (%)

PBI 237 e 24.3 e e e e

EP/DDS 384 411 18.6 308 332 507 0.8
EP/DDS/PBI-0.25 359 396 21.9 304 324 536 1.9
EP/DDS/PBI-0.5 345 388 24.1 303 321 549 2.1
EP/DDS/PBI-0.75 339 382 26.2 302 319 550 6.5
EP/DDS/PBI-1.0 333 378 25.0 300 318 555 4.2

Table 3
LOI, UL94 and cone calorimeter results for the prepared EP thermosets.

Sample LOI (%) UL94 (3mm) TTI/TOF (s) pk-HRR (kW/m2) av-HRR (kW/m2) av-EHC (MJ/kg) av-COY (kg/kg) av-CO2Y (kg/kg) Residual weight (%)

EP/DDS 22.5 NR 47/430 1208 177 22.2 0.063 1.589 10.4
EP/DDS/PBI-0.25 28.8 NR 45/219 1046 152 19.5 0.075 1.265 15.7
EP/DDS/PBI-0.5 31.4 V-1 35/209 922 146 19.1 0.089 1.202 17.5
EP/DDS/PBI-0.75 34.6 V-0 31/207 620 122 18.1 0.122 1.106 21.8
EP/DDS/PBI-1.0 33.5 V-0 23/160 610 113 18.2 0.158 1.025 21.2
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33.0%, respectively, in comparison with those of the EP/DDS ther-
moset. The results strongly demonstrated the combustion intensity
of EP matrix was remarkably suppressed with the incorporation of
PBI.

Av-EHC, which is the ratio of average of heat release rate (av-
HRR) to the average mass loss rate from the cone calorimetry test,
discloses the burning rate of volatile gases in gaseous phase flame
during combustion. As shown in Table 3, the obviously decreased
av-EHC values of EP/DDS/PBI thermosets indicated the incomplete
combustion and flame retardant effect in gaseous phase with the



Fig. 5. Video screenshots of the EP/DDS and EP/DDS/PBI-1.0 thermosets during UL94 test.

Fig. 6. HRR (a) and THR (b) curves of the prepared EP thermosets.
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presence of PBI. The result was further proved by TOF, av-COY, and
av-CO2Y. As shown in Table 3, EP/DDS/PBI thermosets were more
easily extinguished and their TOF values were shortened to a large
extent compared with the EP/DDS thermoset. In addition, the av-
COY increased whereas the av-CO2Y decreased with the addition
of PBI. More av-COY and less av-CO2Y meant more incomplete
combustion products (CO) and less complete combustion products
(CO2) [29]. It was inferred that PBI was decomposed to release
pyrolysis fragments with quenching effect in gaseous phase during
combustion. Furthermore, it was found that the EP/DDS/PBI ther-
mosets exhibited much higher residual weight (Table 3) which was
in accordance with TGA results, strongly demonstrating the flame
retardant effect of PBI in condensed phase. From what had been
discussed above, it was considered that the flame retardant effect of
PBI in both gaseous and condensed phases was responsible for the
significantly enhanced flame retardancy of EP/DDS/PBI thermosets.
The flame retardant mechanism was further investigated in the
subsequent sections.
3.5. Morphology and chemical analysis of char residues

In order to further illuminate the flame retardant mechanism in
condensed phase, the morphology and chemical structure of the
char residues derived from cone calorimeter test were investigated.

Not surprisingly, the EP/DDS thermoset was almost burnt out,
leaving very few char residue with a fragmentized and collapsed
structure, as shown in Fig. 7. However, the char residue of EP/DDS/
PBI-1.0 thermoset exhibited a more dense, continuous and intu-
mescent structure. The SEM images of the exterior and interior char
residues of EP/DDS/PBI-1.0 thermoset showed a continuous and
enclosed surface with honeycomb-like structure inside. Beyond
doubt, this kind of char structure contributed to preventing the
release of gaseous fuels into the gaseous phase and reducing the
heat- and oxygen-exchange efficiency.

The FTIR spectra of the char residues were shown in Fig. 8. As
shown in Fig. 8, the absorption peaks at 1594, 1509 and 829 cm�1

indicated the formation of polyaromatic carbons [26]. What's more,



Fig. 7. The digital and SEM images of the char residues.

Fig. 8. The FTIR spectra of the char residues.

Fig. 9. The EDS results o
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some new absorption peaks emerged in the FTIR spectrum of EP/
DDS/PBI-1.0. The absorption peak at 1240 cm�1 was assigned to
P]O [30]; the absorption peaks at 1053, 885 and 754 cm�1 indi-
cated the formation of PeOeP and PeOeC [36]. The elementary
compositions of the char residues were investigated by EDS under
surface scanning model. The EDS results were shown in Fig. 9. For
the char residue of the EP/DDS thermoset, the main composition of
the residue was carbon, while the phosphorus and oxygen contents
were significantly increased for the char residue of EP/DDS/PBI-1.0
thermoset. The above results provided the direct evidence that PBI
was decomposed to form phosphorus-containing fragments which
combined with oxygen to generate phosphate and the related an-
alogues during combustion. These organophosphorus compounds
were responsible for the enhanced charring ability of EP matrix.

3.6. Pyrolysis behavior

Phosphorus/nitrogen-containing compounds always exerted
flame retardant action in gaseous phase by releasing pyrolysis
products with quenching and diluting effects. To gain insight into
the flame retardant mechanism in gaseous phase, the pyrolysis
products of PBI were detected using TG-FTIR and Py-GC/MS.

The FTIR spectra at different temperatures selected from the TG-
FTIR test were shown in Fig. 10. As shown in Fig. 10, the absorption
peak at 3900-3500 cm�1 assigned to OH [24], 3070 cm�1ascribed to
aromatic hydrogen [30] and 1615 and 1455 cm�1 due to the skeletal
vibration of benzene ring [26] indicated the presence of phenols
fragments during the decomposition of PBI. The absorption peak at
1712 cm�1was assigned to C]O [24]; the absorption peaks at 1540,
1377, 964 and 930 cm�1were assigned to S]C]S, CeN and NH3
[24,30], respectively, owing to the decomposition of imidazole and
aminothiazole groups. The absorption peaks of P]O at 1290 cm�1,
PeOeP at 1096 cm�1, PeOeC at 754 and 870 cm�1 suggested the
decomposition of DOPO group [24,30].

The pyrolysis behavior of PBI was further investigated by Py-GC/
MS test. The total ion chromatogram (TIC) was shown in Fig. 11. It
was obvious that the TIC exhibited several small peaks and a strong
peak during 14.8e17.0min, and accordingly the typical MS spectra
at different retention time were also provided. The characteristic
fragment ions identified from the Py-GC/MS spectra of PBI were
shown in Fig. 12. The m/z of fragments at 40, 41, 66 and 67 were
attributed to the decomposition of imidazole moiety of PBI. Them/z
of fragments at 93 and 94 was attributed to phenoxyl free radical
and phenol [29]; the m/z of fragment at 215 was identified as
f the char residues.



Fig. 10. The FTIR spectra of the volatile products of PBI at different temperatures.
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phosphaphenanthrene group [29]; the m/z of fragments at 63 and
64 were considered as PO2 free radical and HPO2 produced by the
PO free radicals from the broken phosphaphenanthrene group
combining with OH, H, or O free radicals [22]; them/z of fragments
at 168, 169 and 170 are determined as dibenzofuran, o-phenyl-
phenoxyl free radical, and o-phenylphenol, respectively [22,29].
The m/z of fragment at 139 and 141 were considered as the O]
PeO�Ph free radicals [24]. The m/z of fragments at 149 and 150
were identified as aminobenzothiazole free radical and 2-
aminobenzothiazole; the m/z of fragments at 44, 123, 124, 135,
151and 152 were assigned to the decomposition products of
Fig. 11. The TIC and typical P
benzothiazole group of PBI. The above results strongly demon-
strated the phosphorus-containing free radicals with quenching
effect and nonflammable nitrogen- and sulphur-containing frag-
ments with diluting effect were produced during the thermal
decomposition process of PBI. The Py-GC/MS results were well in
accordance with the TG-FTIR results.

According to the above analyses, the flame retardant mecha-
nism was concluded as follows. During combustion, the DOPO
group of PBI was decomposed form phosphorus-containing frag-
ments. Thereinto, some phosphorus-containing fragments were
released to the gaseous phase and were capable of quenching the
H� and �OH free radicals; the other phosphorus-containing frag-
ments weremaintained in condensed phase to form phosphate and
the related analogues which could catalyze the charring of EP
matrix to form protective char layer with high char yield [17]. In
addition, the imidazole and benzothiazole groups of PBI were
decomposed to release noncombustible gases with diluting effect.
Furthermore, the blowing-out effect was observed when large
amounts of noncombustible gases and phosphorous-containing
radicals jetted out with a rush from the surface of the burning
matrix.
4. Conclusion

In this work, a DOPO based reactive flame retardant (PBI)
composed of multiple heteroaromatic groups was synthesized and
used as flame retardant co-curing agent for EP. PBI accelerated the
crosslinking reaction of EP and participated in the formation of
cross-linked networks. The Tg values of the resulting EP thermosets
were only slightly decreased with the incorporation of PBI. PBI
exerted both the catalytic decomposition and catalytic charring
effects on EP. The combustion test results demonstrated the flame
retardancy of EP thermosets was remarkably enhanced with the
incorporation of PBI. When the phosphorus content was only
y-GC/MS spectra for PBI.



Fig. 12. The characteristic fragment ions identified from the Py-GC/MS spectra of PBI.
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0.75wt%, EP/DDS/PBI-0.75 thermoset achieved a LOI value of 34.6%
and passed UL94 V-0 rating. Moreover, the pk-HRR, av-HRR and
THR values were decreased by 48.7%, 31.1% and 28.3%, respectively,
in comparison with those of the EP/DDS thermoset. The investi-
gation on flame retardant mechanism revealed the bi-phase flame
retardant effect of PBI on EP.
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