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An intrinsic flame-retardant epoxy resin was synthesized by introducing biphenyl structures and phosphorous
into epoxy resin. The biphenyl structures could increase the glass transition temperature by more than 10 °C, as
well thermal stability as indicated by the elevation in char yield. They could also enhance mechanical properties
as reflected by the increments of 86.4% and 176.5% in tensile strength and breaking elongation, respectively,
and offset the negative effects of phosphorus-containing structures. The introduction of elemental phosphorus
could improve the flame-retardant properties of epoxy resin. The resulting epoxy resin presented a high limiting
oxygen index of 32.4% and a V-0 rating in the UL-94 test. Moreover, it exhibited better flame-retardant pa-
rameters than pure epoxy resin in the cone calorimeter test. It could be decomposed to generate PO and PO3-
radicals to quench active free radicals, reduce toxic and smoke gas generation, and form a dense and stable char
layer. It could simultaneously achieve gas and condensed phase flame retardancy. The presence of the biphenyl
structure and phosphorus element in the epoxy resin system improved the thermal, mechanical, and flame-
retardant properties of epoxy resin simultaneously. This work offered a facile method for preparing intrinsic

phosphorus-containing flame-retardant epoxy resin without sacrificing thermal and mechanical properties.

1. Introduction

As a high-performance thermosetting resin, epoxy resin has the ad-
vantages of excellent chemical stability, dimensional stability, me-
chanical properties, and simple and diverse curing methods. It has been
widely used in electronics, construction, medical and industrial pro-
duction, and other fields [1-3]. Epoxy resins are mainly composed of
carbon, hydrogen, and oxygen, which are essentially highly flammable
elements that frequently cause fires during use [4] (see Scheme 1).

The halogen-containing flame-retardant system is the earliest and
most widely used flame-retardant system in the world [5,6]. However, it
releases a large number of harmful gases and carcinogens during com-
bustion, thus causing non-negligible environmental pollution [7,8].
Given that the use of this system has been strictly restricted at present,
developing a halogen-free flame-retardant system is necessary. The
halogen-free flame-retardant systems of epoxy resin are mainly divided
into inorganic and organic categories. Inorganic flame retardants,
including metal hydroxides [9-12], red phosphorus [13-15], silica
[16-18], and grapheme [19-21], are added into the matrix via physical
dispersion. These retardants have the characteristics of excellent

thermal stability, low volatilization, and long-lasting effects. However,
they also possess obvious shortcomings, such as large addition amounts,
inferior flame-retardant efficiency, poor dispersion and compatibility
with the resin matrix, and considerable negative effect on processing
and mechanical properties. The organic flame-retardant system is ideal
for the flame-retardant modification of epoxy resin; organic phospho-
rous flame retardants are the most used organic flame-retardant system
[22]. The flame-retardant mechanism of organophosphorus flame re-
tardants is to form phosphorus oxygen free radicals in the gas phase to
quench the active free radicals generated in combustion and at the same
time promote the formation of a dense and stable carbon layer in the
condensed phase. It has the advantages of high flame-retardant effi-
ciency, low toxicity, and low smoke generation. Organophosphorus
flame retardants can be divided into additive and intrinsic types. Ad-
ditive flame retardants do not participate in the curing reaction and
easily separate from the matrix during long-term storage and use. The
latter characteristic reduces resin performance. The melting point of
these flame retardants is often higher than the initial curing temperature
of epoxy resin, and the compatibility with the system is not good. This
will increase the complexity of the epoxy curing process [23]. Intrinsic
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Scheme 1. Synthesis of DABP and DABP-2DOPO.

flame retardants are connected to the matrix resin through chemical
bonds, participate in curing, and become a component of the cured
system structure [24-26]. Although they ensure flame-retardant per-
formance, they have a negligible effect on the curing process, thermal
properties, mechanical properties, and other properties.
9,10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is a
commonly used organic phosphorous flame retardant [27,28]. The P-H
bond in the DOPO structure is a highly reactive chemical bond that can
be added to olefins and epoxy groups to synthesize a series of DOPO

TPP

DABP-2DOPO

derivatives [28]. Epoxy resins containing DOPO have excellent flame-
retardant capabilities. However, the lower bond energy of P-C and
P-O than that of C-C leads to a reduction in the thermal stability of
polymers. In addition, DOPO hinders the cross-linking reaction and in-
creases the brittleness of the resin, thus greatly reducing mechanical
properties, because of its strong steric hindrance and rigidity [29-32].
Therefore, improving flame-retardant properties without sacrificing
other properties has become the key to the research on DOPO-containing
flame-retardant epoxy resins.

E44

heating
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Scheme 2. Preparation of intrinsic flame-retardant epoxy resin.
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Table 1

Sample formulations and epoxy value of the intrinsic flame-retardant epoxy resin.

European Polymer Journal 147 (2021) 110319

Sample E44 (g) DABP-2DOPO (g) E" (mol/100 g) DDM (g) P content (wt.%) Curing procedures”

TS (°C) Tpd o T (°C)
EP 100 0 0.475 23.5 0 80.0 130.0 180.0
EP/1%DABP-2DOPO 100 1 0.467 23.3 0.07 78.8 127.6 186.8
EP/5%DABP-2DOPO 100 5 0.456 23.7 0.34 72.6 130.8 194.9
EP/10%DABP-2DOPO 100 10 0.423 23.0 0.67 81.4 129.7 196.9

2 : The epoxy value of the intrinsic flame-retardant epoxy resin.

b The curing procedure of EP was selected in accordance with the curing temperature of commercial epoxy resin products while the curing procedures of the EP/

DABP-2DOPO system were obtained via curing kinetics studies.
¢ : Initial curing temperature.
4 : Peak curing temperature.
¢ : Final curing temperature.

In this work, we first synthesized a bisphenol with allyl groups
(DABP) via Williamson ether synthesis and Claisen rearrangement re-
action. Then, a biphenyl/phosphorous-containing reactive flame retar-
dant (DABP-2DOPO) was synthesized through the addition reaction of
DABP and DOPO and cured with E44/4,4-diaminodiphenyl methane
(DDM) to prepare an intrinsic flame-retardant epoxy resin. This intrinsic
flame-retardant epoxy resin contained biphenyl structures and low
amounts of phosphorus. The introduction of phosphorus elements could
improve the flame-retardant properties of epoxy resins, and the biphenyl
structure could offset the problems, such as decreased thermal stability,
caused by phosphorus-containing structures and improve the mechani-
cal properties of epoxy resins.
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2. Experimental
2.1. Materials

Allyl bromide and 4,4’-dihydroxybiphenyl (BP) were purchased from
Macklin Biochemical Co., Ltd. (Shanghai, China). Anhydrous potassium
carbonate (K2COs3), triphenylphosphine (TPP), DOPO, and DDM were
provided by Aladdin Industrial Corporation (Shanghai, China). Ethanol
and n-heptane were obtained from Beijing Chemical Works (Beijing,
China). Epoxy resin (E44) was supplied by Wuxi Dic Epoxy Co., Ltd, with
an epoxy value of 0.44 mol/100 g.
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Fig. 1. Characterization of DABP-2DOPO: (a) FT-IR spectra, (b) HRMS, (c) 'H NMR, and (d) *!P NMR.
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Fig. 2. Characterization of the intrinsic flame-retardant epoxy resin by DSC: (a) the possibility of reaction between DABP-2DOPO and E44; (b), (c), and (d) curing
kinetics studies on EP/1%DABP-2DOPO, EP/5%DABP-2DOPO, and EP/10%DABP-2DOPO.

2.2. Sample preparation

2.2.1. Preparation of DABP-2DOPO

BP (18.62 g, 0.1 mol), K»CO3 (27.64 g, 0.2 mol), and ethanol were
placed in a three-necked flask and mixed at 75 °C for 1 h. Then, allyl
bromide (26.62 g, 0.22 mol) was slowly added and reacted for 8 h. A
solid was obtained by washing and drying and then heated to 210 °C for
2 h under a nitrogen atmosphere for the Claisen rearrangement reaction.
After the reaction was completed, the solution was recrystallized in n-
heptane and dried to obtain DABP.

'H NMR (600 MHz, chloroform-d) & (ppm): 7.34 (d, 2H), 6.89 (d,
1H), 6.09 (ddt, 1H), 5.30-5.16 (m, 2H), 3.50 (dd, 2H).

DOPO (21.6 g, 0.1 mol) was added into a three-necked flask at 130 °C
with stirring until completely melted. Then, DABP (13.2 g, 0.05 mol)
was added in batches into the reaction system. Subsequently, the system
temperature was increased to 160 °C, and stirring was continued for 6 h.
DABP-2DOPO was obtained after cooling to room temperature.

'H NMR (600 MHz, DMSO-dg): § 9.26 (s, 1H), 8.19 (dd, 1H),
8.16-8.12 (m, 1H), 7.87 (dd, 1H), 7.76 (t, 1H), 7.57 (td, 1H), 7.43 (t,
1H), 7.33-7.27 (m, 1H), 7.25 (s, 1H), 7.18 (s, 1H), 7.13 (s, 1H), 6.77 (t,
1H), 2.66-2.57 (m, 2H), 2.22-2.13 (m, 2H), 1.77 (q, 2H).

31p NMR (243 MHz, DMSO-de): a single peak at 5 37.45 (d, J = 6.8
Hz).

HRMS:[M + 1*], found 699.20538.

2.2.2. Preparation of intrinsic flame-retardant epoxy resin
DABP-2DOPO and E44 were reacted at 165 °C under the catalysis of

TPP to obtain the intrinsic flame-retardant epoxy resin as illustrated in
Scheme 2. The additive amounts of DABP-2DOPO were 0%, 1%, 5%, and
10%, respectively (based on the quality of E44).

2.2.3. Preparation of cured epoxy resin

The intrinsic flame-retardant epoxy resin and DDM were mixed with
stirring at 80 °C, and the blend was placed into the oven for curing. The
cured epoxy resins were named as EP, EP/1%DABP-2DOPO, EP/5%
DABP-2DOPO, and EP/10%DABP-2DOPO. Their formulations are lis-
ted in Table 1. The curing procedures were obtained via curing kinetics
studies.

2.3. Characterization

FT-IR spectra were recorded over the range of 4,000-400 cm ™! at a
resolution of 4 cm™! on a Nicolet Nexus 670 spectrometer. 'H NMR and
31p NMR spectra were recorded on a Bruker Avance-600 spectrometer in
chloroform-d and DMSO-de. High-resolution mass spectrometry analysis
was performed on a Bruker solanX 70 FT-MS. Thermogravimetric
analysis (TGA, Netzsch TG 209F3, Netzsch) was conducted under ni-
trogen at a heating rate of 10 °C/min to investigate thermal stability.
DSC was performed by using a TA Q20 differential scanning calorimeter
to study glass transition behavior and curing kinetics. A dynamic ther-
modynamic analyzer (DMA, DMA + 450, 01-db Metravib) was used to
study thermomechanical properties at a heating rate of 5 °C/min at 1 Hz.
The tensile test was carried out by using an Instron-1121 electronic
universal testing machine in accordance with GBT 2567-2008. Cone
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Fig. 3. Thermal analysis of cured epoxy resin (EP, EP/1%DABP-2DOPO, EP/5%DABP-2DOPO, and EP/10%DABP-2DOPO): (a) DSC curves, (b) TG curves under Ny,

(c) and (d) DMA curves of the storage modulus and loss tangent.

calorimetric measurements were taken on a Fire Testing Technology
FTT0007 apparatus in accordance with ISO 5660 (sample size: 100 mm
x 100 mm x 3 mm). Scanning electron microscopy (SEM, XL-30, FEI
Company) with an acceleration voltage of 10 kV was utilized to observe
char morphologies. The limiting oxygen index (LOI) was tested by using
a LOI meter (FESTEC JF-3, Korea) with ASTMD-2863-97. The vertical
burning test was conducted with a vertical burning tester (Motis Fire
Technology UL94-X, China) with ASTMD 3801. The thermogravime-
try—infrared test (TG-IR) was performed by using a Nicolet 6700 in-
strument, and Raman spectra were acquired with Renishaw Raman
spectrometer. XPS analysis was carried out by using Thermal ECSALAB
250 with an Al anode.

3. Results and discussion
3.1. Characterization of DABP-2DOPO

The reactive flame-retardant DABP-2DOPO was synthesized through
the addition of DOPO to DABP. The FT-IR spectra of the material are
presented in Fig. 1(a). The characteristic bands at 3339, 2972, and 1638
cm ! in the spectrum of DABP corresponded to the stretching vibrations
of Ph—OH, —CHy,— and C—=C. The bands at 2441, 1592, 1276, and
1078 cm™! in the spectrum of DOPO belonged to the stretching vibra-
tions of P—H, P—Ph, P—0, and P—O—Ph. As the reaction proceeded,
the characteristic bands at 2441 cm ™! for the P—H band in DOPO and
1638 cm™! for the allyl group in DABP disappeared while the broad
characteristic band of phenolic hydroxyl shifted from 3339 cm™! to
3190 cm™ L. The 'H NMR and 3!P NMR spectra of DABP-2DOPO are

shown in Fig. 1(c) and (d). The peaks at 1.77, 2.17, and 2.61 ppm were
assigned to —CHy—, the peaks at 6.77-8.19 ppm corresponded to
Ar—H, and the peak at 9.26 ppm was attributed to Ph—OH. The peak of
P-H at 8.63 ppm and the peaks of the allyl group at 5.0 and 6.0 ppm
disappear in DABP-2DOPO. The peak in 3lp NMR was shifted from
14.48 ppm to 37.45 ppm as shown in Fig. 1(d). The structures of
DABP-2DOPO were further proven by the HRMS spectra in Fig. 1(b).
The results of FT-IR, NMR, and HRMS confirmed that DABP-2DOPO
was successfully synthesized.

3.2. Characterization of the intrinsic flame-retardant epoxy resin

DSC was used to explore the possibility of the reaction of
DABP-2DOPO with E44. Only one exothermic peak was observed at
166 °C in Fig. 2(a). This peak represented the ring-opening reaction of
the phenolic hydroxyl and epoxy groups [33]. The FT-IR spectra of the
intrinsic flame-retardant epoxy resin are presented in Fig. 1(a). The
characteristic bands at 1243 and 1039 cm ™! corresponded to the epoxy
and ether groups. The results of DSC and FT-IR could prove that
DABP-2DOPO was a kind of reactive flame-retardant that could be used
to prepare intrinsic flame-retardant epoxy resins. The intrinsic flame-
retardant epoxy resins were obtained by adding different proportions
of DABP-2DOPO for reaction with E44. The epoxy value of the intrinsic
flame-retardant epoxy resin was measured via the hydrochloric acid-
—acetone method, and the results are listed in Table 1. As the content of
DABP-2DOPO was increased, the epoxy value decreased. A non-
isothermal curing kinetics study was carried out by using DSC to
determine curing parameters. Fig. 2(b), (c), and (d) show the DSC
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Table 2

Thermal parameters of cured epoxy resin.
Sample Ty, psc (°C) Ty, pma (°C) Modulus at 50 °C (x10° Pa) Ve (x10° mol/m?) Ts weos °C) Trmax °C) char yield (wt.%)
EP 137.4 151.0 1.55 2.39 367.3 384.7 12.6
EP/1%DABP-2DOPO 158.8 170.0 1.86 3.59 364.3 389.3 14.5
EP/5%DABP-2DOPO 153.9 164.9 1.79 2.85 360.2 385.5 17.7
EP/10%DABP-2DOPO 151.7 163.4 1.80 2.55 357.7 382.7 19.4

thermograms obtained at the different heating rates of 5, 10, 15, and
20 °C/min, and the data from curing kinetics studies are listed in
Table 1. The same curing temperature was selected for curing. The
activation energy of the curing process could be calculated by using the
Kissinger equation [34] and the Ozawa equation [35].

Kissinger equation:

d(in(8/T;)) _ E,

ajm) R W
Ozawa equation:
ding) E,

ao/n,) ~ R @

where p is the heating rate, T}, is the peak curing temperature, E, is the
apparent activation energy, R is the gas constant, and n is the reaction
order. According to the Kissinger method, the activation energy values
of EP/1%DABP-2DOPO, EP/5%DABP-2DOPO, and EP/10%
DABP-2DOPO were 45.98, 49.05, and 45.48 kJ/mol, respectively. The
activation energy values calculated through the Ozawa method were
50.50, 53.42, and 50.03 kJ/mol.

3.3. Thermal analysis

The thermal performance of the cured epoxy resin was determined
via DSC, TGA, and DMA as shown in Fig. 3, and the data are summarized
in Table 2. The glass transition temperature (Tg) is one of the charac-
teristic temperatures of polymers. It directly affects the use and process
performances of materials. DSC and DMA were used to determine the Ty
of cured epoxy resins. The DSC method is based on the change in the
heat capacity of the polymer during the transition from the glassy state
into the high-elastic state. The Ty of EP was observed at 137.4 °C as
depicted in Fig. 3(a). When DABP-2DOPO was added, the T of epoxy
resins exceeded 150 °C. As the content of DABP-2DOPO was increased,
the T, of epoxy resins inversely decreased. The DMA method is a tech-
nique that is based on measuring the mechanical properties and visco-
elastic properties of a sample under periodic vibration stress with
temperature or frequency. The DMA method is more sensitive than the
DSC method. The DMA method also provides the cross-link density (ve)
of epoxy resins, which can be calculated by using the following
equation:

v, =E,/3RT, 3)

where T; = Ty, pma + 30 °C, E, is the storage modulus at Ty, R is the gas
constant, and v, is the cross-link density. The data measured by DMA had
the same trend as that measured by DSC. The T, and v, of epoxy resins
greatly increased after the addition of DABP-2DOPO and showed a
downward trend as the content of DABP-2DOPO was increased. Ty is
mainly determined by molecular structure and cross-linking density.
The storage moduli of the samples were 1.55, 1.86, 1.79, and 1.80 x 10°

Table 3
UL-94, LOI, and cone calorimetry data of EP and EP/10%DABP-2DOPO.

Pa, respectively. The high rigidity of biphenyl and DOPO increased the
storage modulus with the addition of DABP-2DOPO. In terms of mo-
lecular structure, DABP-2DOPO contained a rigid biphenyl backbone
and bulky side group (DOPO). It could increase the rigidity of the mo-
lecular chain, create a motion barrier, hinder the movement of the
molecular chain, and increase Tg. On the other hand, the steric hin-
drance effect of the bulky side groups loosened the molecular chain
arrangement [36]. Hence, molecular distance increased, free volume
increased, and cross-link density decreased. These effects led to a
reduction in Tg.

The thermal stability of EP, EP/1%DABP-2DOPO, EP/5%
DABP-2DOPO, and EP/10%DABP-2DOPO was characterized via TGA
as shown in Fig. 3(b). All samples had only one decomposition stage
within the test range. This stage was the rupture of the main chain in the
cross-linked network. Given that the bond stability of O—P—O and P—C
was lower than that of C—C [25,26], the value of 5% degradation
temperature (T5 wt.0,) dropped slightly when DABP-2DOPO was added
to the epoxy resin. Ts wto, gradually decreased with the increase in
addition amount. The temperature of maximum degradation (Tmpax) did
not show a downward trend such as that shown by Ts yt.o. The EP/
DABP-2DOPO system contained rigid biphenyl structures both in the
DOPO group and main chain of the polymer. Also, the cross-link density
of EP/DABP-2DOPO was higher cross-link density than EP. It could
offset the negative effect of phosphorus-containing structure on the
thermal stability and maintain the Tp,ax above 380 °C. Also, due to the
presence of the aromatic biphenyl structure, the char yield of the EP/
DABP-2DOPO system was significantly higher than that of EP, and the
char yield of EP/10%DABP-2DOPO reached the maximum value of
19.4%. The increase in char yield showed that DABP-2DOPO had a good
catalytic capability to form char and could improve the stability of epoxy
resin at high temperature [37]. The combined results of DSC, DMA, and
TGA could prove that the addition of DABP-2DOPO could improve the
thermal properties of epoxy resin, thereby contributing to the
improvement in flame retardancy.

3.4. Flame-retardant properties of epoxy resin

First, UL-94 and LOI tests were performed on the epoxy resin sam-
ples. The resulting data are listed in Table 3. The LOI value of EP was
26.9% and that of EP/10%DABP-2DOPO was 32.4%. The value of LOI
was directly related to the char yield of the polymer. The polymer with a
high char yield had a high LOI value likely because the formation of char
could reduce volatile generation and affect thermal degradation
behavior. After the surface of the epoxy resin was wrapped by the char
layer, the interior was isolated from the flame. This effect made further
thermal degradation difficult. Furthermore, the main chain contained a
large amount of biphenyl structures that increased aryl group content
and promoted char aromatization. The pure epoxy resin of E-44 had no
rating in the UL-94 test [38]. As could be seen from Fig. 4, the EP began
to burn violently until the entire sample was completely deformed. EP/

Sample UL-94 LOI (%) TTI(s)  PHRR (kW/m?  THR (MJ/m?)  Residual mass (%)  Av-EHC (MJ/kg) TSR (m*/m? TSP (m?)
EP Norating  26.9+0.4 80 1198.8 107.5 10.8 30.6 3605.2 32.2
EP/10% DABP-2DOPO V-0 324+03 73 877.6 90.9 16.4 27.6 2891.5 25.8
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EP with only once ignition

1st 20s 40 s

1st 05s 1s

10%DABP-2DOPO was extinguished quickly within 10 s after being
ignited twice. It presented a V-0 rating. UL-94 and LOI demonstrated
that the self-extinguishing property of EP/10%DABP-2DOPO was
stronger than that of EP.

As shown in Figs. 5 and 6, TG-IR was used to analyze the volatile gas
products that were generated during combustion. The characteristic
peaks of HoO/phenol, hydrocarbons, carbon monoxide, carbon dioxide,
carbonyl compounds, aromatic compounds, and ether compounds could
be observed in EP and EP/10%DABP-2DOPO during the thermal
decomposition process. As shown in Fig. 5(b), the characteristic peak of
P-containing compounds appeared at 1058 ¢cm™!. Simultaneously, the
characteristic peak of P-containing compounds was also observed at
Tmax as illustrated in Fig. 5(c). The P-containing compounds mainly
included PO- and PO, radicals that were generated by the decompo-
sition of the DOPO structure, which could eliminate the combustible H-
and OH- in the combustion system. Fig. 6(a—f) show the intensity
changes in volatile gas. Compared with that in EP, the intensity of total
volatile products in EP/10%DABP-2DOPO had decreased. Moreover,
the intensities of CO, CO,, hydrocarbons, carbonyl compounds, and
aromatic compounds in this material were all lower than those in EP.
This result indicated that the addition of DABP-2DOPO could reduce
smoke production and toxic gas production.

The cone calorimeter test is a method that is widely used to deter-
mine flame retardancy properties and multiple parameters for evalu-
ating flammability [39]. Fig. 7 and Table 3 show the results of the cone
calorimeter test. Time to ignition (TTI) can reflect the influence of a
flame retardant on ignitability [40]. The TTI value of EP/10%
DABP-2DOPO decreased from 80 s to 73 s because EP/10%
DABP-2DOPO had a lower initial temperature and released small mol-
ecules earlier than EP. Heat release rate (HRR) and peak heat release
rate (PHRR) can be applied to predict fire hazards and are the most
important parameters in the cone calorimeter test. The PHRR of EP was
1198.8 kW/m? and that of EP/10%DABP-2DOPO was 877.6 kW/m?.
Meanwhile, compared with those of EP, the total heat release (THR) and
average effective heat of combustion (av-EHC) of EP/10%DABP-2DOPO
had decreased by 15.4% and 9.8%, respectively. The mass of the char
residuals of EP/10%DABP-2DOPO was 16.4%, whereas that of EP was

60 s 80 s

EP/10%DABP-2DOPO with twice ignitions

2nd

Fig. 4. Digital photographs of UL-94.

05s 1s

only 10.8%. The trend observed in this test was the same as that shown
in TGA. The reduction in PHRR, THR, and av-EHC might be attributed to
the generation of a stable and dense char during combustion that would
form a physical barrier to limit heat exchange. This phenomenon also
indicated that the heat released by the fire source decreased. Conse-
quently, the spread of flames decreased because the reduction in heat
feedback from combustion to the surface of the material would lower the
pyrolysis rate of the material and the generation of volatile combusti-
bles. The total smoke release (TSR) and total smoke production (TSP) of
EP/10%DABP-2DOPO decreased by 19.8% and 19.9%, respectively.
The decrement in smoke performance parameters might be due to the
increment in char formation capacity during combustion, and the dense
and stable char layer inhibited the generation and release of smoke. The
decreases in TSR and TSP were due to the thermal stability of the
polymer and the increased char yield, which promoted char layer for-
mation in the condensed phase and reduced volatile product generation.

Furthermore, the char residuals were characterized based on Raman
spectra, XPS, and SEM. As illustrated in Fig. 8(a) and (b), a large number
of through-holes and cracks could be observed in the char residuals of
EP. These structures could provide channels for the transport of
combustible volatile gas and promote combustion. The char residuals of
EP/10%DABP-2DOPO are presented in Fig. 8(c) and (d) and show a
compact and smooth morphology with few cracks and no holes. Fig. 8(e)
depicts that the char layer had a large amount of phosphorus. Except for
the formation of phosphorus oxygen free radicals, most of the phos-
phorus elements remained in the condensed phase. This situation cata-
lyzed the production of char residuals and promoted the formation of a
dense and stable char layer, which could be used as a physical barrier to
block the volatilization of combustible gases and protect the internal
structure. The digital photos in Fig. 9 show that the char layer had
formed a complete shell. Fig. 10(a) and (b) provide the Raman spectra of
the char residuals. D band represented the lattice defect while the G
band represented the in-plane stretching vibration of sp? hybridization
of C atoms. The intensity ratio of the D band and G band (Ip/Ig)
decreased, the number of lattice defects decreased, the degree of sp®
hybridization increased, and the degree of char graphitization increased.
When DABP-2DOPO was added, the value of Ip/Ig decreased from 2.64
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to 2.41, indicating that the incorporation of DABP-2DOPO could
enhance graphitization. The C1s and P2p spectra of char residuals were
acquired via XPS and are given in Fig. 10(c—e). The C—C bond ratio of EP
was 60.0%, whereas that of EP/10%DABP-2DOPO was 65.3%. Similar
to the results of the Raman spectrum, the increase in this ratio proved
that the graphitization degree of char residuals had increased. More-
over, the char residuals of EP/10%DABP-2DOPO showed the charac-
teristics of P—C (133.4 eV), P—0 (134.3 eV), and P—0 (135.1 eV) as
illustrated in Fig. 10(e) [41]. These characteristics indicated that EP/
10DABP-2DOPO could generate a phosphorus-rich char layer after
combustion. EP/10%DABP-2DOPO contained a large amount of
biphenyl structures. Rigid aromatic rings could improve the

aromatization of the char layer, thereby improving the regularity of the
char layer and graphitization and generating a dense and stable
phosphorus-rich char layer.

3.5. Analysis of mechanical properties

The tensile properties of the EP and the EP/DABP-2DOPO system are
shown in Fig. 10. The stress—strain curves in Fig. 11(a) show that EP and
the EP/DABP-2DOPO system exhibited typical brittle fracture behavior.
As illustrated in Fig. 11(b), the tensile strength and breaking elongation
of EP were 32.3 MPa and 3.4%, respectively. When the amount of
DABP-2DOPO added was 1%, tensile strength and breaking elongation
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distribution.

Fig. 9. Digital photo of the char residuals: (a) EP, (b) EP/10%DABP-2DOPO.

increased by only 14.2% and 5.0%, respectively, because the small
additional amount had a weak impact on tensile properties. Tensile
strength and breaking elongation significantly improved with the in-
crease in additive amount. Tensile strength increased by 51.7% and
86.4%, and the breaking elongation at break increased by 91.2% and
176.5%. EP/10%DABP-2DOPO showed the best tensile properties.
Generally, DOPO and its derivatives are used as additives in DOPO-
containing epoxy resin systems. The mechanical properties of the
epoxy resin were greatly reduced given the poor compatibility of DOPO
with the matrix and large steric hindrance. Introducing DOPO into the
epoxy resin structure to prepare intrinsic DOPO epoxy resin could solve

10

the compatibility problem. The biphenyl structure and the DOPO group
showed great rigidity, which enhanced the rigidity of epoxy resin and
subsequently led to an increase in the tensile strength of epoxy resin.
Moreover, the DOPO group was located in the side group, and the space
group (CHy)3 was present between the main chain and the DOPO group.
The space group had great flexibility, which could weaken the steric
hindrance of DOPO and enhance the mobility and flexibility of the side
chain. Thus, the breaking elongation of EP/DABP-2DOPO was higher
than that of EP. With the increase in DABP-2DOPO, the increase in side
chains and the decrease in cross-linking density would simultaneously
lead to an increase in breaking elongation.

4. Conclusions

As proven via FT-IR, NMR, and HRMS analyses, a biphenyl/
phosphorous-containing intrinsic flame-retardant epoxy resin was suc-
cessfully prepared by introducing DABP-2DOPO. The curing program
and activation energy of the EP/DABP-2DOPO system were determined
via nonisothermal curing kinetics. The glass transition temperature and
thermal stability of the EP/DABP-2DOPO system had significantly
improved over those of EP after the addition of DABP-2DOPO. EP/10%
DABP-2DOPO exhibited excellent flame retardancy, and its flame-
retardant mechanism was mainly the condensation mechanism and
the gas phase mechanism. During combustion, the intrinsic flame-
retardant epoxy resin generated PO-. and PO,- free radicals which
could quench the highly active H- and HO- free radicals produced by
pyrolysis and interrupt the free radical reaction of combustion. The
biphenyl structure in the main chain of epoxy resin could improve the
condensed phase effect of DOPO. The intrinsic flame-retardant epoxy
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resin could form a dense and stable phosphorus-rich char layer, reduce
the passage of oxygen and flammable gases, and reduce the transfer of
heat. Moreover, the mechanical properties of DOPO-2DABP had
significantly improved. Given the coefficient of the biphenyl structure
and DOPO group, the tensile strength and breaking elongation had
improved simultaneously with the highest increases of 86.4% and
176.5%, respectively.
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