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H I G H L I G H T S

• A novel polycarboxylic acid con-
taining DOPO and triazine-trione was
synthesized.

• TMD significantly improves the fire
safety of EP.

• TMD slightly enhances the mechanical
properties of EP.

• The cured EP maintains its thermo-
stability and transparency.

G R A P H I C A L A B S T R A C T

A R T I C L E I N F O

Keywords:
Polycarboxylic acid
Epoxy resin
Flame retardance
Mechanical properties

A B S T R A C T

To meet the requirements of application of epoxy resin (EP) in some special fields, the flame retardance must be
improved without losing its mechanical properties. To achieve this purpose, a novel phosphorus/nitrogen-
containing polycarboxylic acid (TMD) was synthesized successfully via a facile monoesterification and addition
reaction between 1,3,5-tris(2-hydroxyethyl)isocyanurate (THEIC), maleic anhydride (MAH) and 9,10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide (DOPO), and used as reactive flame retardant for anhydride-cured epoxy
system. The structure of TMD was confirmed by Fourier transform infrared (FTIR) spectra and nuclear magnetic
resonance (NMR). Thermogravimetric analysis (TGA) indicated that after the introduction of TMD, cured EP
maintained good thermal stability owing to the cross-linking reaction of TMD and EP. Besides, with the addition
of 26.0 wt% TMD (2.0 wt% phosphorous loading), the limited oxygen index (LOI) value of cured EP increased
from 20.1% of pure EP to 32.8%, and vertical burning (UL-94) V-0 rating was achieved. Compared with pure EP,
its peak heat release rate (PHRR) sharply decreased by 59.3% in the cone calorimeter (CC) test. All those results
suggested that TMD endowed EP with excellent flame retardance. The investigations on char residue of cured EP
and pyrolysis process of TMD further revealed that TMD exerted bi-phase flame-retardant effects. Additionally,
because of the formation of heterogeneous network and hydrogen bonds, cured EP possessed good mechanical
properties including tensile modulus and strength as well as flexural modulus and strength. Meantime, it pre-
sented great transparency due to the excellent compatibility of TMD with EP.
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1. Introduction

Epoxy resin (EP), considered as a significant thermosetting polymer,
has been extensively employed in various areas such as aerospace,
coatings, adhesives, electronic devices, laminates and encapsulations
due to the characteristics of outstanding mechanical and electrical
properties, relatively low curing shrinkage, superior adhesion to sub-
strates as well as good thermal, chemical and corrosion resistance
[1–6]. However, the flammability of EP extremely restricts its further
applications, especially in some fields with high flame-retardant re-
quirements [7,8].

To endow EP with expected flame retardance, different flame-re-
tardant elements such as halogen [9,10], phosphorus [11,12], nitrogen
[13,14], boron [15,16] and silicon [17,18] were introduced into EP. In
despite of possessing high flame-retardant efficiency and little influence
on comprehensive properties of EP, halogen-containing flame re-
tardants have been gradually restrained in recent years owing to their
producing poisonous and corrosive substances during combustion
which are harmful to the natural ecosystem and human health [19,20].
Therefore, halogen-free flame retardants, particularly phosphorus-
containing ones have gradually drawn more and more attention be-
cause of their strong ability of capturing free radical to interrupt the
burning reactions in gas phase and excellent effect of charring to block
heat and oxygen exchange in condensed phase [21,22]. Besides, when
flame-retardant systems simultaneously contain phosphorus and ni-
trogen elements, flame-retardant efficiency can be further improved,
where P-containing parts promote charring as the dehydrating agent in
condensed phase, while N-containing parts make main contribution in
gas phase [23].

In recent years, because of the high reactivity, thermal stability and
flame-retardant efficiency, the phosphorus-containing compounds,
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and its
derivatives have been widely used in flame-retardant EP [24–26].
Furthermore, the applications of triazine-based compounds such as
ammonium polyphosphate (APP) and melamine cyanurate (MCA) in
flame-retardant polymers have been frequently reported due to their
excellent flame retardance by releasing inert gas and promoting the
charring effect [27,28]. In view of the aforementioned facts, many re-
searchers have synthesized flame retardants containing these two che-
mical structures and imparted great flame retardance to EP, and also
demonstrated the synergistic effect between those two flame-retardant
groups. L. Qian et al. [29] modified the 1,3,5-triglycidyl isocyanurate
(TGIC) with DOPO through a controllable ring-opening addition reac-
tion to obtain efficient flame retardant TGIC-DOPO. The results in-
dicated that the EP with 12 wt% TGIC-DOPO content achieved vertical
burning (UL-94) V-0 rating, and the limited oxygen index (LOI) value
increased from 22.5% of pure EP to 33.3%. In the study of S. Huo et al.
[30], a novel flame retardant DMT containing phosphaphenanthrene,
maleimide and triazine-trione groups was successfully synthesized.
With only 1.0 wt% phosphorus content loading, the cured EP acquired a
high LOI value of 35.8% and passed UL-94V-0 rating. However, most of
them are additive flame retardants which are only physically blended in
epoxy. Generally, the high loadings of flame retardants and poor
compatibility with EP will deteriorate the mechanical properties of EP.
In addition, these additive flame retardants will gradually leach from
matrix, resulting in the degradation of flame retardance and environ-
mental pollution [31]. In contrast, the reactive flame retardants, che-
mically connected to the crosslinking network of EP, can endow EP
with sustainable fire resistance and finally cured EP exhibits satisfac-
tory physical and mechanical properties.

Additionally, the researches on flame retardance of EP mostly used
amine curing agent because that the existence of nitrogen in amine
curing agent makes a contribution to flame retardance of EP. However,
it is well known that anhydride-cured epoxy always possesses better
comprehensive properties than amine-cured epoxy such as a lower in-
itial viscosity, longer pot life, lower water absorption, great

transparency and especially outstanding dielectric properties [32–34].
Therefore, the use of anhydride-cured epoxy is very common in elec-
trical/electronic fields such as electronic insulation sealants for in-
tegrated circuits and semiconductor-based electronic systems [35,36].
It should be mentioned that as the electronic devices develop in a highly
integrated direction in recent years, overheating of electronic devices
has become more serious, which is more likely to cause fire hazards
[37]. Therefore, the research on flame retardance of the anhydride-
cured epoxy resin system seems particularly significant.

In this paper, a novel reactive flame retardant TMD containing
phosphaphenanthrene and triazine-trione groups was prepared via a
facile monoesterification and addition reaction between 1,3,5-tris(2-
hydroxyethyl)isocyanurate (THEIC), maleic anhydride (MAH) and
DOPO. After the incorporation of the TMD into EP and being cured by
methyltetrahydrophthalic anhydride (MeTHPA), the obtained flame-
retardant EP (FREP) simultaneously possessed excellent flame re-
tardance and good mechanical properties as well as great transparency.
Furthermore, the synthesis of TMD utilized the low-cost and nontoxic
industrial raw materials, meanwhile there were no corrosive gases or
toxic substances producing in the reaction process, which meets en-
vironmental requirements. All these suggest it has numerous in-
dustrialized potential uses in the electrical/electronic fields. The che-
mical structure of TMD and the comprehensive performances of cured
EP including curing behavior, transparency, thermal stability, flame
retardance, combustion behavior and mechanical properties have been
investigated in detail.

2. Experimental section

2.1. Materials

Epoxy resin (E-51, the epoxy value of 0.51mol/100 g) was pur-
chased from Yueyang Baling Huaxing Petrochemical Co., Ltd. 9,10-
Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was pro-
vided by Huizhou Shengshi Technology Co. Ltd. 1,3,5-tris(2-hydro-
xyethyl)isocyanurate (THEIC) was obtained from Guangdong
Wengjiang Chemical Reagent Co., Ltd. Maleic anhydride (MAH) was
provided by Tianjin Beilian Fine Chemicals Development Co., Ltd. 1,4-
Dioxane was purchased from Sinopharm Chemical Reagent Co., Ltd.
Methyltetrahydrophthalic anhydride (MeTHPA) was provided by
Wuhan Hanhai Synthetic Resin Development Co., Ltd. 2,4,6-Tris(di-
methylaminomethyl)phenol (DMP-30) was purchased from Sinopharm
Chemical Reagent Co., Ltd. All reagents were used as received.

2.2. Synthesis of TMD

THEIC (78.3 g, 0.3 mol), MAH (88.2 g, 0.9 mol) and dioxane
(80mL) were successively introduced into a 500mL three-necked
round-bottom glass flask equipped with a mechanical stirrer, reflux
condenser and thermometer. The reaction mixture was heated to 95 °C
and maintained at that temperature for 2 h with constant stirring. After
that, DOPO (194.4 g, 0.9 mol) and dioxane (120mL) were added in
batches within 30min. The solution was further heated to reflux for 8 h.
Thereafter, the resultant solution was poured into deionized water and
the white viscous product was obtained after being filtered. The crude
product was washed by excessive deionized water, and then vacuum-
dried at 80 °C for 24 h to a constant weight. The corresponding syn-
thetic route of TMD was shown in Scheme 1. Yield: 90.1%. The che-
mical structure of TMD was confirmed by FTIR, 1H NMR and 31P NMR.
FTIR (KBr, cm−1): 3431 (COOH), 3070 (Ar-H), 2885–2905 (C–H), 1740
and 1693 (C=O), 1596 (C6H6), 1366 (C-N), 1200 (P=O), and 925 (P-
O-C). 1H NMR (400MHz, DMSO‑d6, ppm): 13.10–12.65 (Hf), 8.36–7.19
(He), 4.34–4.02 (Hb), 3.79–3.43 (Ha), 3.00–2.57 (Hc), and 4.02–3.83
(Hd). 31P NMR (400MHz, DMSO‑d6, ppm): 29.8.
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2.3. Preparation of flame-retardant EP

EP and TMD were blended at 140 °C until a homogeneous solution
was obtained. Then MeTHPA as curing agent and DMP-30 (0.2 wt% of
epoxy resin) as curing accelerator were added into the solution se-
quentially after the solution was cooled to 75 °C. The mixture was
stirred constantly and then deaerated under vacuum for 5min.
Thereafter, it was poured into a preheated mold and cured at 100 °C for
4 h and then at 130 °C for 2 h, 180 °C for 2 h, followed by a post-curing
at 200 °C for another 2 h. Furthermore, the control samples including
the pure EP and EP-DOPO systems were also prepared by the same
procedure but respectively without the addition of TMD and with the
addition of DOPO at 80 °C. The formulations of all samples were listed
in Table 1. In all the systems of EP, the mole ratio of anhydride, car-
boxylic acid and DOPO to epoxy group was 1: 1.

2.4. Characterizations

Fourier transform infrared (FTIR) spectra were carried out on a
Nicolet 6700 infrared spectrometer (Nicolet, America) over the wave-
number range of 4000 to 400 cm−1 using KBr pellets.

Nuclear magnetic resonance (NMR) was measured on a Bruker
AV400 NMR spectrometer (Bruker, Switzerland) using deuterated di-
methyl sulfoxide (DMSO‑d6) as the solvent.

Thermogravimetric analysis (TGA) was performed using STA449F3
(NETZSCH, Germany) at a heating rate of 10 °C/min within a tem-
perature range from 40 °C to 800 °C under a nitrogen flow of 50mL/
min.

The limited oxygen index (LOI) values were measured on a JF-3
oxygen index meter (Jiangning, China) according to ASTM D2863 with
a size of 100×6.5× 3mm3.

Vertical burning (UL-94) tests were measured using NK8017A in-
strument (Nklsky, China) with the dimension of 130× 13×3mm3

according to ASTM D3801. The results for each sample were obtained

from at least five measurements.
Cone calorimeter (CC) tests were performed to analyze the com-

bustion behavior of the samples with a FTT0007 cone calorimeter (FTT,
Britain) according to the ISO 5660 standard under an external heat flux
of 50 kW/m2. The size of samples was 100× 100×3mm3.

Differential scanning calorimetry (DSC) was measured with Perkin-
Elmer DSC 4000 (PE, USA) at a heating rate of 5 °C/min under nitrogen
atmosphere.

Dynamic mechanical analysis (DMA) was performed on Pyris
Diamond dynamic thermal mechanical analyzer (PE, USA). The sample
was tested in three-point bending pattern at a heating rate of 5 °C/min
and constant frequency of 1 Hz. The dimension of sample for DMA test
is 40×6×3mm3.

Scanning electronic microscopy (SEM, TESCAN VEGA3, Czech
Republic) was applied to observe the surficial morphology of residue
after cone calorimeter.

Laser raman spectroscopy (LRS) measurements were carried out at
room temperature with an InVia laser Raman spectrometer (RENIS-
HAW, Britain). The excitation wavelength was 633 nm and the scanning
range was 2000 to 800 cm−1.

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS) was
carried out with an Agilent 7890/5975 GC/MS (Agilent, USA). The
injector temperature 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.

Tensile and flexural properties were analyzed at room temperature
with a universal material testing machine (Instron 5967, USA). The
dumbbell-shaped tensile samples were tested according to ASTM D638
at a speed of 1mm/min. Flexural properties were performed in three-
point bending mode according to ASTM D790. Each sample was tested
for at least five times, and the averaged results were reported.

3. Results and discussion

3.1. Structure characterization of TMD

FTIR, 1H NMR and 31P NMR were used to characterize the chemical
structure of TMD. The FTIR spectra of DOPO, MAH, THEIC and TMD
were presented in Fig. 1. From the FTIR spectrum of TMD, it was ob-
served that the stretching vibration absorption peaks of –OH derived
from THEIC at 3490 cm−1, 3373 cm−1 and 3256 cm−1 as well as the
typical absorption peaks of C=O origin from anhydride at 1850 cm−1

and 1786 cm−1 disappeared, and a new peak at 3428 cm−1 which can
be attributed to the characteristic absorption peak of -COOH appeared,
demonstrating the monoesterification reaction of THEIC and MAH.
Furthermore, the stretching vibration absorption peak of C=C at
1635 cm−1 and P-H at 2437 cm−1 respectively found in MAH and
DOPO disappeared in the FTIR spectrum of TMD, which indicated that
the addition reaction between intermediate and DOPO had completely
occurred. In addition, in the FTIR spectrum of TMD, the absorption
peaks at 1740 cm−1 and 1693 cm−1 can be ascribed to the stretching
vibration of C=O, and the absorption peaks at 1366 cm−1, 1200 cm−1

and 925 cm−1 can be respectively attributed to the stretching

Scheme 1. Synthesis route of TMD.

Table 1
Formulations of cured epoxy.

Sample DGEBA (g) DMP-30 (g) MeTHPA (g) DOPO (g) TMD P content (wt%)

(g) (wt%)

EP 100 0.2 84.7 0 0 0 0
EP-DOPO 100 0.2 64.2 26.8 0 0 2.0
EP-0.5 100 0.2 79.5 0 12.5 6.5 0.5
EP-1.0 100 0.2 73.9 0 26.0 13.0 1.0
EP-1.5 100 0.2 67.8 0 40.7 19.5 1.5
EP-2.0 100 0.2 61.2 0 56.6 26.0 2.0
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vibrations of C-N, P=O and P-O-C [30]. The information mentioned
above indicated the existence of the phosphaphenanthrene and triazine-
trione groups in the molecular structure of TMD.

The 1H NMR and 31P NMR spectra of TMD were shown in Fig. 2. As
shown in Fig. 2a, it was found that there were six types of hydrogen.
13.10–12.65 ppm was assigned to the chemical shift of reactive hy-
drogen of carboxyl (COOH, Hf); 8.36–7.19 ppm was attributed to the
chemical shift of aromatic hydrogen of DOPO group (Ar-H, He);
4.34–4.02 ppm, 3.79–3.43 ppm and 3.00–2.57 ppm corresponded to the
chemical shift of CH2 in CH2-O (Hb), N-CH2 (Ha) and O=C-CH2 (Hc),
respectively; 4.02–3.83 ppm can be regarded as the chemical shift of CH
linked with DOPO group (DOPO-CH, Hd) [15,29]. Moreover, it was
obvious that the 31P NMR spectrum of TMD in Fig. 2b showed a single
peak at 29.8 ppm, while the chemical shift of phosphorus atom in
DOPO shown in Fig. 2c was at 17.4–12.8 ppm. These results further
confirmed that TMD was synthesized successfully.

3.2. Curing behavior

The reactions of epoxy with anhydride and carboxylic acid under
the catalysis of tertiary amine have been well explored in many lit-
eratures [38,39]. As illustrated in Scheme 2a, the tertiary amine reacts
with the anhydride to form a carboxylate firstly. Then the carboxylate
opens the oxirane ring and the formed alkoxide intermediate can react

with anhydride to form a polyester. Likewise, in Scheme 2b, carboxylic
acid reacts with tertiary amine to form carboxylate anion, which can
open the oxirane ring and formed hydrocarbon oxygen anion reacts
with carboxylic acid. Generated carboxylate anion circulates the above
reaction process and finally forms a polyester. According to these two
reaction mechanisms, the final crosslinking system of this study was
depicted in Scheme 2c, where (1), (2) and (3) refer to the crosslinking
segments of epoxy with MeTHPA, epoxy with TMD, epoxy with
MeTHPA and TMD, respectively.

To investigate the influence of flame retardant on the curing be-
havior of EP, all samples were tested by DSC at a heating rate of 5 °C/
min in nitrogen atmosphere. As shown in Fig. 3, both pure EP and FREP
showed only one exothermic peak (Tp). Whereas, Tp gradually shifted to
a higher temperature with the addition amount of TMD increasing,
indicating a more difficult curing reaction. This phenomenon was
caused by the fact that the reactive activity of carboxylic acid towards
epoxy is lower than that of anhydride towards epoxy. Moreover, the
steric hindrance of TMD containing DOPO and triazine-trione rigid
groups will also lower the reactive activity of carboxylic acid towards
EP.

Furthermore, the digital photos of cured EP and FREP were pre-
sented in Fig. 4. It was clear that all the samples showed high trans-
parency, indicating the excellent compatibility of TMD with EP. This is
rare in the related study of flame retardancy of EP. Therefore, it be-
haves great potential application value in some special fields such as
multi-functional gradient coating, light-emitting diodes (LEDs) and arts
[40].

3.3. Thermal stability of FREP

The thermal degradation behaviors of EP and FREP in nitrogen at-
mosphere were evaluated by TGA. The TGA and DTG curves were
shown in Fig. 5a, b, and the corresponding data were summarized in
Table 2, including the initial decomposition temperature (T5%), the
maximum decomposition temperature (Tmax), the maximum decom-
position rate (Rmax) and the char residue at 800 °C. As shown in Fig. 5b,
all the samples exhibited a single decomposition process, occurring
approximately from 350 °C to 500 °C. With the content of TMD in-
creasing, T5% of FREP had a tiny decrease (from 356.9 °C to 348.7 °C).
Similarly, Tmax of FREP shifted to a lower temperature (from 407.5 °C to
389.7 °C). The declinations of T5% and Tmax suggested the earlier de-
gradation of FREP, which can be explained by the lower thermal sta-
bility of P-O-C group from TMD compared with the C–C bond [41].
However, the declination of T5% was not obvious in contrast to many
researches where the decrease of T5% was approximately 40 °C [26,42],
illustrating the little influence of TMD on the thermal stability of FREP.

Fig. 1. FTIR spectra of DOPO, MAH, THEIC and TMD.

Fig. 2. 1H NMR spectra of TMD (a) and 31P NMR spectra of TMD (b) and DOPO (c).
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This was attributed to the stable chemical combination of flame re-
tardant and epoxy chain after the cross-linking reaction. In addition, the
Rmax decreased from 14.5%/min of pure EP to 12.3%/min of EP-2.0,
which further revealed that FREP maintained good thermal stability.
Furthermore, the char residue at 800 °C significantly increased from
6.5% for pure EP to 16.7% for EP-2.0, with a 157% relative increment,
which meant that TMD exhibited excellent char-forming ability. In
contrast, EP-DOPO sample left only 5.9% char residue which was lower
than that of pure EP. This result was mainly attributed to the fact that
on one hand, DOPO exerted more effect in gas phase and relatively less
effect on carbonization. On the other hand, T5% of EP-DOPO sample
declined by 67.7 °C compared with pure EP, indicating that the ex-
cessive incorporation of DOPO weakened the thermal stability of EP
seriously. This suggested that DOPO promoted EP matrix to decompose
in advance to produce more volatiles, which also made a negative effect

on the increase of char residue. All these results indicated that com-
pared with DOPO, TMD had little effect on thermal stability of EP and
behaved more efficient char-forming ability.

In order to further prove the char-forming ability of TMD, the ex-
perimental and calculated curves (assuming that EP and TMD decom-
posed respectively) as well as the detailed data were exhibited in
Fig. 5c, d and Table 3, respectively. In terms of TMD, it experienced
three degradation stages with Tmax at 204.5/415.7/441.7 °C, finally
leaving 14.9% char residue. The earliest mass loss corresponded to
dehydration or decarboxylation of carboxylic acid group. The rest two
stages were the main degradation processes of TMD, where the second
stage was ascribed to the decomposition of less stable DOPO group and
immediately followed by the degradation of triazine-trione group [23].
The decomposition route of TMD will be further investigated in the
following study. Compared to calculated curves, T5% of Exp-EP/TMD
was higher owing to the reaction of carboxyl and epoxy group. Ad-
ditionally, Tmax of Exp-EP/TMD was lower than the corresponding
calculated value, while the char residue of Exp-EP/TMD was dramati-
cally elevated from 8.7% of Cal-EP/TMD to 16.7%. Those results sug-
gested that the introduction of TMD promoted the degradation of EP
matrix at a relative lower temperature. The pyrolytic products of TMD
can accelerate carbonization of EP matrix to form more char residues to
inhibit degradation. Therefore, FREP possessed high thermal stability at
a high temperature and can yield more char residue finally.

3.4. Flame retardance and combustion behavior

The flame retardance of FREP was measured by LOI and UL-94 tests,
and the corresponding results were exhibited in Table 4. It was seen
that the LOI value of pure EP was just 20.1%, which was much lower
than that of amine-cured EP of 22.5% [42], indicating that anhydride-
cured EP is particularly easy to combust. Nevertheless, when introdu-
cing the flame retardant, higher LOI values were obtained, implying the
improvement of flame retardancy of EP. The LOI value of EP-0.5 sample
loaded with only 0.5 wt% phosphorus increased to 25.0%, but the
sample failed to pass the UL-94 burning test. As the phosphorus content
increased, the LOI value was gradually improved. When the phosphorus

Scheme 2. Reaction mechanisms of epoxy with anhydride (a) and carboxylic acid (b) catalyzed by tertiary amine; and the corresponding crosslinking system of this
study (c).

Fig. 3. DSC heating scans of EP and FREP.

Fig. 4. Digital photos of EP (a), EP-0.5 (b), EP-1.0 (c), EP-1.5 (d) and EP-2.0 (e).
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content was raised to 1.0 wt%, the LOI value of EP-1.0 sample was as
high as 28.3%, and it passed UL-94 V-1 rating. If further increasing the
phosphorus content, EP-2.0 sample (2.0 wt% phosphorous loading) can
acquire the maximum LOI value of 32.8%, with a 63.2% increment
compared to pure EP, and can achieve V-0 rating easily. However, EP-
DOPO sample (the same phosphorus content as EP-2.0 sample) can only
pass UL-94 V-1 rating, although its LOI value was 31.9%. This indicated
that simultaneous introduction of phosphaphenanthrene and triazine-
trione groups can further improve flame retardancy of EP. Thus, it can
be concluded that TMD was a more efficient flame retardant than DOPO
for anhydride-cured EP.

The cone calorimeter (CC), imitating the real fire conditions, has
been widely used to evaluate the flammability as well as potential fire
safety of polymeric materials, and provides a series of parameters on
flammability characteristics of materials [43,44]. The heat release rate
(HRR), total heat release (THR) and mass curves as a function of time
and corresponding data were shown in Fig. 6 and Table 5, respectively.

Time to ignition (TTI) is the critical indicator to evaluate the impact
of flame retardants on flammability of cured EP. As revealed in Table 5,
TTI of the FREP increased compared to pure EP. Based on the analysis
of TGA, this phenomenon may be attributed to the fact that the early
degradation of TMD produces some volatile substances, which can di-
lute the concentration of oxygen and take away the heat [22,45].
Therefore, the FREP possessed higher ignition-resistance.

The HRR can evaluate how fast flame grows during combustion and
quantify the size of the fire. It can be seen from Fig. 6a that pure EP
burned fiercely after ignition and reached the peak heat release rate
(PHRR) of 1149.8 kW/m2. While after the incorporation of TMD, the
PHRR of EP-2.0 was sharply decreased to 467.7 kW/m2, corresponding
to a 59.3% reduction. Similar to the HRR, the THR of FREP significantly
reduced from 86.3MJ/m2 of pure EP to 59.1 MJ/m2 of EP-2.0,

Fig. 5. TG (a, c) and DTG (b, d) curves of the EP, FREP, Cal-EP/TMD and Exp-EP/TMD.

Table 2
Thermogravimetric data of EP and FREP.

Sample T5% (°C) Tmax (°C) Rmax (%/min) Char residue at 800 °C (%)

EP 356.9 407.5 14.5 6.5
EP-DOPO 289.2 387.2 13.6 5.9
EP-0.5 356.3 398.2 14.6 11.5
EP-1.0 354.9 398.0 14.6 12.5
EP-1.5 354.0 393.2 13.9 13.3
EP-2.0 348.7 389.7 12.3 16.7

Table 3
Thermogravimetric data of EP, TMD, Cal-EP/TMD and Exp-EP/TMD.

Sample T5% (°C) Tmax (°C) Char residue at 800 °C (%)

EP 356.9 407.5 6.5
TMD 201.3 204.5/415.7/441.7 14.9
Cal-EP/TMD 316.4 409.6 8.7
Exp-EP/TMD 348.7 389.7 16.7

Table 4
Flammability test results of EP and FREP.

Sample LOI (%) UL-94 (3mm) Dripping

EP 20.1 NRa Yes
EP-DOPO 31.9 V-1 No
EP-0.5 25.0 NR No
EP-1.0 28.3 V-1 No
EP-1.5 30.7 V-1 No
EP-2.0 32.8 V-0 No

a No rating.
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indicating that TMD can effectively enhance the flame retardancy of EP.
In general, the fire growth rate (FIGRA), the ratio of PHRR to TTPHRR
(time to PHRR), can be used to evaluate the fire hazard of the materials
[46]. It was observed that FIGRA of EP-2.0 dropped to 3.7 kW/m2·s,
which was much lower than that of pure EP of 10.0 kW/m2·s. Lower
FGIRA means the longer time to arrive at PHRR, thus there are more
time for people to evacuate from a fire accident.

In addition, the effective heat of combustion (EHC), defined as the
ratio of heat release to mass loss at a certain time during combustion,
can exactly reveal the burning degree of volatiles in gas phase. As
shown in Table 5, averaged EHC (av-EHC) decreased from 20.9MJ/kg
for pure EP to 14.5 MJ/kg for EP-2.0, which was attributed to the in-
crease of concentration of noncombustible gas and the incomplete
combustion of volatiles in gas phase [45,47]. In detail, on one hand, the
cured EP containing DOPO group and nitrogenous heterocyclic struc-
ture can release noncombustible gases such as volatile phosphide, N2,
NH3 and NO2 during the combustion. On the other hand, the decom-
position of DOPO group can release phosphorus-containing free radicals
to interrupt free radical chain reaction [46,48], finally causing the in-
complete combustion of volatiles in gas phase. It was also reflected in
the increase of average CO yield (av-COY) and the reduction of average
CO2 yield (av-CO2Y), as presented in Table 5, since CO and CO2 cor-
respond to the incomplete and complete combustion products, respec-
tively. Moreover, total smoke production (TSP) of FREP increased be-
cause of the incomplete combustion of polycyclic aromatic hydrocarbon
cracked from the matrix, which indicated that the flame-retardant
mechanism of TMD can be mainly ascribed to gas phase flame inhibi-
tion [49–51]. Furthermore, char residue increased from 2.0% of pure
EP to 7.7% of EP-2.0, indicating the incorporation of TMD promoted
the formation of char residue, which is consistent with the results of
TGA. To our best knowledge, the stable char layer can act as a good
heat isolating layer to hinder the transfer of heat and oxygen into the
underlying matrix during combustion, which is of great help to inhibit
the further burning of EP. Consequently, based on the above analysis of
results, it is reasonable to believe that TMD can exhibit main flame-
retardant effects in gas phase and can also play a role in the condensed
phase.

3.5. Analysis on char residue

The digital photos and SEM images of char residues after cone ca-
lorimeter tests for pure EP, EP-1.0 and EP-2.0 were exhibited in Fig. 7.
As presented in Fig. 7a1, pure EP burned completely and left nearly no
char residue after the cone calorimetry test, whereas the FREP yielded
more char residue shown in Fig. 7b1, c1. As for the SEM images, the
discontinuous structure and numerous tiny holes on the char surface of
pure EP can be clearly observed. The hole on the char residue is ben-
eficial for the release of combustible volatiles from the internal matrix
to the gas phase. As a result, pure EP behaved higher HRR and THR
values. However, the char surface became compact and continuous
after the incorporation of TMD. More interestingly, compared to EP-1.0,
it was found that there were many intact and intumescent bubbles on
the continuous char surface of EP-2.0, rather than the broken bubble
structures destroyed by gas flow and heat flux, which suggested with
the increase of content of TMD, the thermal stability of char layer was
enhanced. Such compact and thermal-stable char layer can greatly act
as a protective barrier to prevent the underlying materials from further
decomposing and limit the transfer of combustible volatiles as well as
heat between gas and condensed phases.

Raman spectroscopy was used to investigate the structure of car-
bonaceous materials. The spectrum usually exhibits two remarkable
overlapping peaks at 1360 cm−1 (D band) and 1590 cm−1 (G band),
which correspond to the disordered graphite or glassy carbons and
organized graphitic structure, respectively. Normally, the integral in-
tensity ratio of the two bands (ID/IG) can reflect the graphitization
degree of char residue. A lower ID/IG value represents a higher gra-
phitization degree [52]. As shown in Fig. 8, the ID/IG value for EP-2.0
was much lower than that of pure EP, demonstrating the improved
graphitization degree of char residue. It means that after the addition of
TMD, the cured EP can form a more stable char layer, which coincides
with the result observed in the SEM.

To further reveal the flame-retardant mechanism of TMD in con-
densed phase, the FTIR spectra of the char residue was analyzed and
presented in Fig. 9. Through the analysis of reactions of epoxy with
anhydride, it can be found that there are numerous ester bonds in the
anhydride-cured EP. However, no characteristic absorption peak of
carbonyl was found in the FTIR spectra of char residue of pure EP,
indicating that the ester bonds decomposed almost completely.

Fig. 6. HRR (a), THR (b) and mass (c) curves of EP and FREP obtained from cone calorimetry.

Table 5
Cone calorimetric test results of EP and FREP.

Sample TTI (s) PHRR (kW/m2) THR (MJ/m2) TTPHRR (s) FIGRA (kW/m2·s) av-EHC (MJ/kg) av-COY (kg/kg) av-CO2Y (kg/kg) TSP (m2) Char residue (%)

EP 28 1149.8 86.3 115 10.0 20.9 0.065 1.959 32.2 2.0
EP-0.5 28 865.1 76.5 115 7.5 18.3 0.108 1.582 37.0 3.1
EP-1.0 30 603.4 67.6 115 5.2 16.8 0.120 1.477 40.0 6.8
EP-1.5 64 519.5 59.2 110 4.7 14.5 0.137 1.322 41.2 7.6
EP-2.0 40 467.7 59.1 125 3.7 14.5 0.160 1.317 41.7 7.7
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Nevertheless, after the addition of TMD, the peaks corresponding to
C=O and C-N appeared at around 1700 and 1376 cm−1, respectively.
This demonstrated that triazine-trione structure existed in char residue
of EP-2.0 sample, suggesting the high thermal stability of triazine-trione
group from the side. Meantime, new absorption peak at 1200 cm−1

which can be attributed to P=O appeared. These results suggested that
those phosphorus and nitrogen-containing compounds from the thermal
decomposition of TMD can promote EP matrix to form a more compact
and stable char layer.

3.6. Pyrolysis behavior

To further investigate pyrolysis behavior and the flame-retardant
mechanism in gas phase, Py-GC/MS was adopted to analyze the volatile
products. The total ion chromatograms of TMD was shown in Fig. 10a.

According to the structure of TMD, MS spectrum at 23.9 min shown in
Fig. 10b, which contained typical fragment flow with plenty of char-
acteristic ionic peaks, was selected to analyze the pyrolysis route of
TMD. The presumptive pyrolytic route was presented in Scheme 3. The
decomposition products of TMD can be mainly classified as phospha-
phenanthrene fragment, tri-ethylethyl-triazine-trione fragment and
carboxylic acid fragment. Thereafter, those three fragments further
separately decomposed to generate smaller molecular weight com-
pounds. The phosphaphenanthrene fragment pyrolyzed into o-phenyl-
phenol (m/z=170), o-phenylphenoxyl free radical (m/z=169), di-
benzofuran (m/z=168), biphenyl free radical (m/z=152),
O=P−O−Ph free radical (m/z=139, 141) and PO2 free radical (m/
z=63). In addition, the tri-ethylethyl-triazine-trione fragment de-
graded into nitrogen-containing compounds (m/z=69, 43) and active
allyl radical (m/z=41) which finally transformed to cyclopropylium

Fig. 7. Digital photos and SEM images of the char residues of EP (a), EP-1.0 (b) and EP-2.0 (c) after cone calorimeter tests; Subscript 1 represents the digital photo, 2
indicates the SEM images (×200) and 3 stands for the local magnified SEM images (×1000).

Fig. 8. Raman spectra of char residues for EP (a) and EP-2.0 (b).
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(m/z=39). Since the TMD participated in the curing of EP, only the
decomposition of carboxylic acid fragment changed. Thus, TMD cured
into epoxy networks could also produce those phosphorus-containing
and nitrogen-containing compounds. On one hand, phosphorus-con-
taining compounds such as ·PO2 free radical can capture and quench ·H
and ·OH free radicals, thereby interrupting free radical chain reaction
and suppressing the burning intensity during combustion. On the other
hand, nitrogen-containing nonflammable compounds produced by the
decomposition of triazine-trione fragment can make contributions to
dilute the concentration of oxygen around the flame as well as the
combustible gases released by the matrix, and take away the burning
heat.

3.7. Flame-retardant mechanism

Based on the analysis mentioned above, it can be concluded that
TMD exerts flame-retardant mechanism both in gas phase and con-
densed phase, and the flame-retardant mechanism was summarized as
Fig. 11. In gas phase, flame-retardant mechanism origins from the
quenching effect of phosphorus-containing free radicals and dilution
action of nonflammable gas mainly released by the nitrogen-containing
compounds which will also take away the burning heat. In condensed
phase, the formed phosphoric acids catalyze the dehydration and car-
bonization of the matrix to form compact and stable char layer which
obstructs the transfer of combustible volatiles and heat. Simulta-
neously, the heat-resistant triazine-trione group participates in carbo-
nization to protect the matrix from further decomposition. Therefore,
the synergistic effect between phosphaphenanthrene and triazine-trione
groups endows FREP with excellent flame retardance.

3.8. Dynamic mechanical analysis and mechanical properties

Dynamic mechanical behavior of cured EP was investigated by
DMA. The storage modulus and tan delta curves as a function of tem-
perature for EP and FREP were illustrated in Fig. 12, and the corre-
sponding data were listed in Table 6. As the content of TMD increased,
the storage modulus at 50 °C showed an increasing trend from
2431MPa of pure EP to 2701MPa of EP-2.0, indicating that TMD
served as a fortifier for improving the modulus of EP. However, the Tg

values (the peak temperature of tan delta) of the cured EP slightly de-
creased with the increasing content of TMD. Generally, the introduction
of the rigid group should restrain the mobility of macromolecular
chains and lead to the increase of Tg. To better explain this phenom-
enon, the crosslinking density (ve) was introduced. According to the

Fig. 9. FTIR spectra of char residues for EP and EP-2.0.

Fig. 10. Total ion chromatogram (a) and typical MS spectrum of main frag-
ments of the pyrolyzed TMD at 500 °C (b).

Scheme 3. Proposed pyrolitic route of TMD.
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literature [53], ve can be calculated by the rubber elasticity theory with
the Eq. (1).

= ′v E /3RTe (1)

where E' is the storage modulus at Tg+ 40 °C in the rubbery plateau, R
is the ideal gas constant (8.314 J/K·mol) and T is the thermodynamic
temperature at Tg+ 40 °C. As shown in Table 6, crosslinking density of
cured EP decreased as the content of TMD increased. This was because
that in addition to rigid DOPO and triazine-trione groups, the poly-
functionality and long flexible aliphatic chain also existed in the
structure of TMD, which allowed the crosslinking network of epoxy to
exhibit a hyperbranched structure, thus resulting in the decrease of
crosslink density [54]. From the above results, it can be inferred that
the reduction of crosslinking density was the leading cause of the de-
crease of Tg.

Furthermore, the mechanical properties of EP and FREP were

evaluated by flexural and tensile tests. The typical strain-stress curves of
the cured EP and detailed data were presented in Fig. 13. It can be
observed that most of the FREP showed higher flexural and tensile
modulus than pure EP due to the introduction of rigid groups. Likewise,
except the EP-2.0 sample, their flexural and tensile strength also im-
proved slightly compared with pure EP. Normally, without changing

Fig. 11. Schematic illustration of the flame-retardant mechanism of FREP.

Fig. 12. DMA curves of EP and FREP.

Table 6
Thermomechanical properties of EP and FREP.

Sample Tg (°C) Storage modulus at 50 °C (MPa) ve× 10−3(mol/m3)

EP 138 2431 2.78
EP-0.5 135 2622 2.38
EP-1.0 133 2607 1.96
EP-1.5 131 2681 1.94
EP-2.0 130 2701 1.45
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the crosslinking network, the strength of cured EP is determined by
crosslinking density. Nevertheless, three crosslinking networks exist
simultaneously after the addition of TMD. On one hand, this hetero-
geneous network may have a positive impact on mechanical properties
of cured EP. On the other hand, more and more hydrogen bonds formed
due to the increase of hydroxyl group, which act as the physical
crosslinking point to improve mechanical properties [40]. However, the
increase of hydrogen bond was unable to compensate for the dete-
rioration of mechanical properties caused by the excessive decrease in
crosslinking density. Therefore, the strength of cured EP increased first
and then decreased. In summary, the mechanical properties of FREP are
enhanced slightly after the incorporation of TMD.

4. Conclusion

In this work, a novel reactive flame retardant TMD simultaneously
containing phosphorus and nitrogen has been designed and synthesized
successfully via a facile monoesterification and addition reaction be-
tween THEIC, MAH and DOPO. It was confirmed by DSC that TMD can
participate in the curing reaction of EP together with anhydride curing
agent. The obtained FREP presented good transparency owing to the
excellent compatibility of TMD with EP. Besides, when the phosphorus
content was 2.0 wt%, the LOI value of FREP dramatically improved
from 20.1% of pure EP to 32.8%, and UL-94 V-0 rating was achieved.
The results of TGA and cone calorimeter demonstrated that FREP
maintained good thermal stability with only a little decrease in T5% and
presented higher ignition-resistance as well as much lower PHRR, THR,
FIGRA and av-EHC compared with pure EP. Through the studies on
char residual of the cured EP and pyrolysis process of TMD, it can be
further concluded that TMD exerted flame-retardant mechanism both in
gas phase and condensed phase. Moreover, in spite of a lower crosslink
density with a slightly decreased Tg, FREP also possessed good me-
chanical properties due to the formation of heterogeneous network and

hydrogen bonding. As a consequence, all the results indicated that this
novel flame retardant exhibited great potential applications in the fu-
ture.
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