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a b s t r a c t 

A phosphorus/nitrogen-containing compound (named DOPO-BAPh) was synthesized via the graft 

reaction between 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) and bisphenol A 

bis(phthalonitrile) containing benzoxazine. The flame retardancy of DOPO-BAPh was investigated on 

epoxy resin (EP). The results showed that DOPO-BAPh catalyzed the curing reaction of due to the phe- 

nolic hydroxyl groups in the structure. The nitrile group in DOPO-BAPh was self-cured in EP to form 

cross-linked networks containing aromatic heterocycles, further enhancing the stability of the char layer 

formed after combustion. The introduction of DOPO-BAPh strengthened flame retardancy of the EP. With 

only 0.26 wt.% phosphorus of loading level, the modified EP reached an LOI value of 35.8% and obtained 

V-0 rating in UL-94 testing. And DOPO-BAPh exhibited char-forming ability during the decomposition. 

Besides, the DOPO-BAPh showed flame-retardant activity in both the gas and condensed phases. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Epoxy resin (EP), as a promising thermosetting polymer, has 

een widely applied in a variety of applications as laminating, ad- 

esive, coating, and casting fields owing to the satisfactory elec- 

rical insulation, superior adhesion property, and chemical resis- 

ance. However, the defects of high fire hazard have restricted its 

pplication in high-performance areas, such as in the aviation in- 

ustry [1-3] . It is urgent to impart flame resistance to EPs. Re- 

ently, many effort s have been made by numerous researchers to 

chieve the flame retardation of EP. One of the most widely used 

pproaches is the use of flame-retardant additives [ 4 , 5 ]. Halogen- 

ontaining compounds are considered to be one of the most ef- 

ective ways to enhance the flame retardancy of polymers. How- 

ver, the gaseous toxic products produced during the combustion 

f compounds containing halogens cause irreversible damage to 

uman health and environmental safety. Currently, halogen-free 

ame retardants have received extensive interest from researchers 

6-8] . 

At present, the halogen-free flame-retardant systems used in 

Ps include phosphorus-containing compounds [9-11] , nitrogen- 
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ontaining compounds [ 12 , 13 ], silicon-containing compounds 

 14 , 15 ], metal oxides [16] and nano-fillers [ 17 , 18 ]. Especially,

hosphorus-containing compounds have been regarded as an effi- 

ient flame retardant due to their high-efficiency flame retardancy. 

he significant merits of replacing halogens with phosphorus in- 

lude high flame-retardant efficiency, less toxic products produced 

n flames, and less damage to the environment. Among phospho- 

ous compounds, 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10- 

xide (DOPO) and its derivatives are widely applied to provide 

ame retardancy to EPs owing to their fire resistance and eco- 

riendly [19] . The structure of DOPO contains the P-H bond, which 

an generate numerous derivatives through nucleophilic addition 

eactions with various functional groups. DOPO and its derivatives 

xhibit thermal and chemical stability due to their molecular 

tructure containing biphenyl and phenanthrocyclic structures, 

specially the side phosphorus groups introduced by the cyclic 

 = P-O bonding mode. However, the limitation of phosphorus 

ontent in phosphorus-containing EPs leads to low flame-retardant 

fficiency. It has been reported that flame-retardant efficiency can 

e significantly improved by introducing flame retardant groups 

nto DOPO-based derivatives, such as phosphate [20] , nitrogenous 

21] , silicious [22] and borate [23] , etc. Wang, et al., constructed 

 nitrogen/sulfur-containing DOPO-based compound (SFG). The 

esulting EP/SFG composites with 0.38 wt.% phosphorus content 

btained UL-94 V-0 rating and an LOI value of 32.8% [24] . Zhu, 
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t al., reported a phosphorus-nitrogen flame retardant (MAPPO) 

or EPs. The flame-retardant EP with 18 wt.% MAPPO reached 

L-94 V-0 rating and with an LOI value of 33% [25] . Luo, et al.,

esigned a phosphorus–nitrogen–silicon compound (DPHK) with 

imultaneously improved flame-retardant properties and smoke 

uppression. The resulting modified EP containing 3% DPHK scored 

L-94 V-0 rating and obtained an LOI value of 29% [26] . Tang, 

t al., synthesized a compound (ODOPB-borate) containing DOPO 

nd borate to strengthen the flame retardancy of EP. The test 

esults showed that ODOPB-borate imparted flame retardancy 

o EP through charring ability and flame inhibition effect [27] . 

herefore, the combination of multiple elements has become one 

f the most popular approaches for imparting flame retardancy to 

Ps. 

Nitrogen compounds can be used alone as flame retardants or 

s additives to other flame-retardant elements (e.g. phosphorus) to 

ncrease their activity. Phthalonitrile, a nitrogen-containing com- 

ound, has attracted wide attention from researchers due to out- 

tanding thermal properties, mechanical properties and flame re- 

ardancy [28] . The nitrile groups of phthalonitrile can form a com- 

lex aromatic heterocyclic with cross-linking networks through 

olymerization [29] . The introduction of this cross-linked network 

tructure into the polymers not only improves the flame retar- 

ancy and thermal stability but also effectively prevents the mi- 

ration of additives from the interior of the polymer to the sur- 

ace. Consequently, according to previous studies, the design of 

OPO derivative structures with nitrogen-containing compounds is 

egarded as an efficient approach to enhance flame-retardant effi- 

iency [ 30 , 31 ]. 

In this study, a DOPO-based compound (DOPO-BAPh) by us- 

ng DOPO and bisphenol A bis(phthalonitrile) containing benzox- 

zine (BAPh) was added to EPs as an additive to evaluate the effect 

o the flame-retardant efficiency of EPs. The chemical structure, 

uring behaviours, thermal stability, flame retardancy, and flame- 

etardant mechanism of modified EPs are investigated. DOPO-BAPh 

ith phenolic hydroxyl group promotes the curing reaction of EPs. 

he introduction of DOPO-BAPh imparts enhanced flame-retardant 

roperties to EPs, and DOPO-BAPh works at both the gas phase and 

ondensed phase. 

. Materials and methods 

.1. Materials 

Diglycidyl ether of biphenol A (DGEBA, E-51, epoxide value 

f 0.51 mol/100 g) was produced from Shandong Jiaying Chemi- 
Scheme 1. Synthetic rou

2 
al Technology Co., Ltd., China. The 4, 4’-diaminodiphenylsulphone 

DDS) was purchased from Wenzhou Shoucheng Chemical Tech- 

ology Co., Ltd. DOPO was purchased from Adamas-beta®. The 

hthalonitrile-based resin containing benzoxazine was purchased 

rom Chengdu Dymatic Fine Chemicals Co., Ltd. 

.2. Synthesis of DOPO-BAPh 

BAPh (73.8g, 0.1 mol) and DOPO (43.2g, 0.2 mol) were added 

o a triple flask containing 400 ml of tetrahydrofuran (THF). 

he reaction was protected by nitrogen throughout the entire 

rocess. The mixture was stirred at 80 °C and refluxed for 12 

ours. At the end of the reaction, the residual solvent was elim- 

nated by using a rotary evaporator. Finally, the targeted product 

OPO-BAPh was obtained by washing in ethanol and drying at 

0 °C for 12 hours. The synthetic route of DOPO-BAPh is shown 

n Scheme 1 . FTIR(KBr, cm 

−1 ):2231 (-CN),3408 (-OH), 1430 (P- 

h),1248 (P = O),913 (P-O-Ph). 1 H-NMR (DMSO-d 6 , ppm):9.2-9.3(- 

H, 2H), 6.5-8.3(Ar-H, 36H), 4.0-4.4(-CH 3 , 6H), 1.0-1.5(-CH 2 -N 2 - 

H 2 -, 8H). 31 P-NMR (DMSO-d 6 , ppm):31.4 and 32.2. 

.3. Preparation of flame-retardant EP composites 

The epoxy thermosets were obtained using thermally curing. 

irst, the EP is heated at 100 °C for about 10 minutes to flow state.

he DDS powder was homogeneously dispersed by mechanical stir- 

ing at 100 °C to obtain a transparent mixture. Then, stir continu- 

usly until the mixture is clear and transparent, and add DOPO- 

APh and continue stirring for 10 min to make DOPO-BAPh dis- 

ersed in the mixture. Finally, the mixture was dumped onto the 

uring mold coated with the release agent. and the curing reaction 

as initiated according to different heat treatment temperatures. 

he heat treatment temperatures for the curing reaction are 190 °C, 

h; 210 °C, 2h; 230 °C, 2h; 250 °C, 2h; and 270 °C, 2h. The contents

f EP, DOPO-BAPh, and DDS are presented in Table 1 . 

.4. Characterization 

The Fourier-transform infrared (FTIR) spectra were tested on a 

pectrum Two spectrometer (Perkin-Elmer, USA) using the KBr pel- 

ets method in the frequency range of 40 0 0 to 450 cm 

−1 . 
1 H-NMR and 

31 P-NMR spectra were both got from a Bruker 

vance III-400 NMR spectrometer (400 MHz), and the DMSO-d 6 

as served as the solvent. 

The differential scanning calorimetry (DSC) spectra were re- 

eived through heating the sample (around 5mg) from room tem- 
te of DOPO-BAPh 
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Table 1 

Formulas of epoxy thermosets. 

Samples Composition(phr) Content of DOPO-BAPh (wt.%) Content of P (wt.%) 

Cured EPs DOPO-BAPh 

EP 100 0 0 0 

5DOPO-BAPh/EP 100 5 3.79 0.26 

10DOPO-BAPh/EP 100 10 7.29 0.50 

15DOPO-BAPh/EP 100 15 10.6 0.71 

20DOPO-BAPh/EP 100 20 13.6 0.91 
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Fig. 1. FTIR spectrum of DOPO, BAPh and DOPO-BAPh. 
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erature to 300 °C at 5 °C/min with a DSC 40 0 0 instrument (Perkin-

lmer, USA), and the nitrogen was blown in throughout the pro- 

ess. The flow rate of nitrogen was 20ml/min. 

The value of limiting oxygen index (LOI) was obtained from 

he JF-3 oxygen index meter (Nanjing Jiangning Instrument Factory, 

hina). The procedure and the dimensions (100 × 6.5 × 3 mm 

3 ) 

ere all base on the GB/T2406-93. Ten identical samples were used 

or each set of tests. 

The UL-94 ratings were rated by the testing procedure of ASTM 

 3801 on a CZF-3 instrument (Nanjing Jiangning Instrument Fac- 

ory, China) with a sample size of 100 × 13 × 3 mm 

3 . The burning

rade of the sample was classified as V-0, V-1, V-2 or NR (unclas- 

ified), according to its burning behaviour. 

The cone calorimeter test was measured by a cone calorime- 

er 6810 (Shuzhou Yangyi Vouch Testing Technology, China) in- 

trument. The sample size (100 × 100 × 3 mm 

3 ) and heat flux 

50kW/m 

2 ) complied with ISO 5660-1 protocol. The test on each 

ample was repeated three times and the error repeatability of the 

ata was within ±5%. 

Dynamic mechanical analysis (DMA) was measured with a DMA 

50 (TA instrument, USA) in the three-point bending mode with an 

mplitude of 15 μm and a frequency of 1 HZ. The test temperature 

anged from 30~300 °C at a rate of 10 °C/min. The dimensions of the 

amples were 50 mm × 8 mm × 4mm. The test on each sample 

as repeated three times. 

Thermogravimetric analyses (TG) were obtained after heating 

he samples (around 10 mg) from room temperature to 800 °C 

t 10 °C /min with Pyris thermogravimetric analyser (Perkin-Elmer 

GA 40 0 0, USA), and the nitrogen was blown in throughout the 

rocess. 

The thermogravimetry–infrared spectroscopy (TG-IR) was per- 

ormed on a system that was build up by a TGA 40 0 0 thermo-

ravimetric analyser and a Spectrum Two FTIR spectrophotometer. 

he process of TG-IR was similar to that of TG which means the 

ample will go through the same heat treatment procedure (30 °C- 

00 °C, 10 °C/min) under the gas flow of nitrogen. 

The microscopic morphologies of residual chars that were con- 

ucted by a Hitachi S-4800 scanning electron microscope (SEM) 

ith an accelerating voltage of 5 kV. The measurement was per- 

ormed using residual char after cone calorimeter test. The surface 

f samples was coated with a layer of gold prior to testing. 

X-ray photoelectron spectroscopy (XPS) was determined on a 

hermo Scientific K-Alpha + spectrometer with Mono AlKa excita- 

ion source. The layer on top of the residual chars after the cone 

est was chosen as the sample for testing. 

. Results and discussion 

.1. Structural characterizations of DOPO-BAPh 

The structure of DOPO-BAPh was determined by FTIR, 1 H-NMR, 

nd 

31 P-NMR spectroscopy. Fig. 1 presents the FTIR spectra of 

OPO, BAPh, and DOPO-BAPh. The characteristic peak at 2436 

m 

−1 , 1428 cm 

−1 , 1239 cm 

−1, and 904 cm 

−1 are assigned to the

-H bonds, P-Ph, P = O, and P-O-Ph stretching vibrations of DOPO 
3 
32] . In the spectrum of BAPh, the characteristic absorption peak of 

CN is detected at 2231 cm 

−1 and the same spikes are detected in 

he spectrum of DOPO-BAPh [33] . The peak at 951 cm 

−1 is corre- 

ponding to the characteristic absorption peak of the oxazine ring 

34] . Besides, the characteristic absorption peaks of the C-O-C and 

-N-C telescopic vibrations occur at 1248 cm 

−1 and 832 cm 

−1 , re- 

pectively [34] . In the spectrum of DOPO-BAPh, it is noticed that 

he -OH characteristic peak at 3408 cm 

−1 widened significantly 

hile the P-H (2436cm 

−1 ) bond and oxazine ring (951cm 

−1 ) disap- 

eared [32] ; The characteristic peaks of P-O-Ph and P-Ph stretching 

bsorption appeared at 913 cm 

−1 and 1430 cm 

−1 , and the char- 

cteristic peaks P = O stretching absorption at 1248 cm 

−1 overlaps 

ith the C-O-C stretching. The results indicate that DOPO-BAPh 

as prepared successfully. 

The 1 H NMR spectra of DOPO-BAPh is presented in Fig. 2 (a). 

OPO-BAPh exhibit the chemical shifts of Ar-H at 6.45-8.35 ppm. 

ignals corresponding to -OH protons are observed at 9.29 and 

.35 ppm. The proton peak of -CH 3 in bisphenol A appears at 4.01- 

.49 ppm, -N-CH 2 - at 0.93-1.69 ppm. The ratio of the integral areas 

f Ar-H, -OH, -CH 3 and -N-CH 2 - in the spectra is 36:1.93:6.34:8.07, 

hich is consistent with the ratio of the corresponding hydrogen 

toms in DOPO-BAPh. As shown in Fig. 2 (b), signals of 31.4 and 

2.2 ppm are noted in the 31 P-NMR spectrum of DOPO-BAPh. It 

s hypothesized that steric hindrance effects between the small 

mount of by-products (Phthalocyanine ring and triazine ring) in 

OPO-BAPh and DOPO groups lead to the formation of stereoiso- 

ers with unequal phosphorus peaks [ 5 , 35 ]. The small peak near

5 ppm is attributed to a few unreacted DOPO. 
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Fig. 2. (a) 1 H-NMR and (b) 31 P-NMR spectrum of DOPO-BAPh. 

Fig. 3. Curing behaviours of DDS and DOPO-BAPh/EP blends. 
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Table 2 

LOI value and UL-94 rating of epoxy thermosets. 

Samples UL-94 

LOI (%) t 1 + t 2 (s) Dripping Rating 

EP 21.7 ±0.2 > 100s Yes NR 

5DOPO-BAPh/EP 35.8 ±0.2 1.5s + 4.5s ±0.5 No V-0 

10DOPO-BAPh/EP 39.7 ±0.2 1.3s + 3.5s ±0.5 No V-0 

15DOPO-BAPh/EP 40.5 ±0.3 1.2s + 1.5s ±0.5 No V-0 

20DOPO-BAPh/EP 41.2 ±0.3 1.0s + 1.2s ±0.5 No V-0 
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.2. Curing behaviors 

The curing behaviours of DOPO-BAPh/EP with DDS blends were 

nvestigated by DSC at a heating rate of 5 °C/min. The results are 

llustrated in Fig. 3 . As shown in the figure, all samples show a

ingle exothermic peak, which is relative to the curing reactions 

f the EP. Furthermore, the curing peak shift to a low-temperature 

ange with the increasing DOPO-BAPh content. The curing exother- 

ic peak of 20% DOPO-BAPh/EP occur at 179 °C, which was 29 °C 

ower than EP. The results suggest that DOPO-BAPh facilitated the 

uring reaction of EP. The structure of DOPO-BAPh contains Man- 

ich bridge (-CH 2 -NR-CH 2 ) with hydroxyl groups, and the epoxy 

roups can be opened up by hydroxyl group, thus promoting the 

uring reaction of EP [ 34 , 36 ]. As the content of DOPO-BAPh in-

rease, more hydroxyl groups are added to the EP, catalysing the 

uring reaction. 

.3. Flame retardancy of EP composites 

The results of LOI value and UL-94 tests are shown in Table 2 .

he LOI value of EP is only 21.7%, and fail to pass the UL-94 test.

ith the 5wt.% addition of DOPO-BAPh, the LOI of epoxy ther- 

oset increase to 35.8%. The LOI value of epoxy thermoset can be 

urther improved by increasing the addition of DOPO-BAPh. As the 

ontent of DOPO-BAPh increase to 20 wt.%, the LOI grew to 41.2%. 
4 
nd all the modified epoxy thermosets pass the UL-94 V-0 test. In 

ddition, the ratio between DOPO-BAPh and EP affect the flame re- 

ardancy of the samples. It is observed that the growth rate of LOI 

ecelerate obviously when the incorporation of DOPO-BAPh exceed 

0 wt.%, which is attributed to the addition of DOPO-BAPh result- 

ng in a deviation from the optimal ratio between DOPO-BAPh and 

P. 

The burning of the epoxy thermosets during the UL-94 test was 

btained with a digital camera. Fig. 4 shows some snapshots of 

poxy thermosets. The EP burned rapidly after flame application 

nd remain burning for more than 100 s with melt dripping. And 

ll the modified epoxy thermosets were self-extinguishing with- 

ut drippings within 10 seconds after extinguishing the flame thus 

coring V-0 rating in UL-94 test. In addition, during the applica- 

ion of the flame to the modified epoxy thermosets, gas ejection 

rom the surface of the sample was observed. The blowing-out ef- 

ect refers to the concentrated ejection of pyrolysis gases from the 

nterior of the char layer, which inhibits the continuous burning of 

he flame. The same phenomenon was observed by Yang [37] et al. 

ho named the "blowing-out extinguishing effect". The results in- 

icate that the DOPO-BAPh exhibit effectiveness in enhancing the 

ame-retarding effect of epoxy thermosets. 

The combustion of epoxy thermosets with various additive 

oads was tested via cone calorimeter testing. Fig. 5 shows the heat 

elease rate (HRR) curves. The combustion parameters are shown 

n Table 3 , including the time to ignition (TTI), peak HRR (PHRR), 

otal heat release (THR), average-effective heat of comb (av-EHC), 

otal mass loss rate (TML) and total smoke release (TSR). It was 

ound that TTI decreased significantly with increasing DOPO-BAPh 

ddition. The earlier decomposition of DOPO-BAPh triggers the py- 

olysis of the epoxy matrix, which facilitate the formation of char 

uring the combustion and impart flame retardancy to epoxy ther- 

osets. 

It can be seen from Fig. 5 , the EP burns rapidly after igni-

ion, reach a sharp peak with a PHRR of 1064.0 kW/m 

2 and a 

HR of 97.1 MJ/m 

2 . The presence of DOPO-BAPh in epoxy ther- 
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Fig. 4. Video snapshots of epoxy thermosets during the UL-94 test. (a: EP; b: 5DOPO-BAPh/EP; c: 10DOPO-BAPh/EP; d: 15DOPO-BAPh/EP; e: 20DOPO-BAPh/EP, 1st means 

the first application of flame;2nd means the second application of flame). 

Fig. 5. (a) Heat release rate and (b) total heat release rate curves of epoxy thermosets at a heat flux of 50 kW/m 

2 . 

Table 3 

Burning parameters of epoxy thermosets obtained from cone calorimeter tests. 

Samples TTI(s) PHRR(kW/m 

2 ) THR(MJ/m 

2 ) av-EHC(MJ/kg) TSR(m 

2 /m 

2 ) TML(%) 

EP 59 ±2 1064 ±60 97.1 ±10 35.9 ±1.9 2952 ±98 96.8 ±3 

5DOPO-BAPh/EP 54 ±1 693 ±23 96.2 ±11 33.4 ±1.6 2747 ±93 88.6 ±5 

10DOPO-BAPh/EP 53 ±1 591 ±24 85.9 ±8 31.3 ±1.3 2583 ±85 85.3 ±4 

15DOPO-BAPh/EP 51 ±2 429 ±22 78.6 ±8 28.7 ±1.3 2541 ±75 82.8 ±5 

20DOPO-BAPh/EP 47 ±2 266 ±13 69.1 ±9 26.3 ±1.1 2481 ±72 77.7 ±4 
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osets result in a marked reduction in PHRR. Typically, the PHRR 

f 20DOPO-BAPh/EP decreased to 266.0 kW/m 

2 , the value of which 

s reduced by 75.6% in comparison to EP. Compared with the EP, 

he THR of 20DOPO-BAPh/EP thermoset decreased by 28.8%. The 

educed values of THR and HRR indicate that the introduction of 

OPO-BAPh imparts flame retardancy to epoxy thermosets. 

The flame retardant properties of DOPO-BAPh/EP composites 

re further investigated by av-EHC, TSR and TML. It is observed 

rom Table 3 that av-EHC, TSR and TML are also reduced with the 

ncorporation of DOPO-BAPh. The EHC values reflect the degree of 

ombustion of combustible gases in the gas phase. As shown in 

able 3 , The av-EHC of epoxy thermosets show a downward trend 

ith the increasing content of DOPO-BAPh. The av-EHC of 5DOPO- 

APh/EP is 7% lower than EP, as the addition of DOPO-BAPh in- 
5 
reased, the av-EHC was further reduced. The addition of DOPO- 

APh induced the decomposition of the epoxy thermosets to gen- 

rate free radicals and non-flammable gases, which suppresses the 

ame activity of the gas phase, thus revealing the flame-retardant 

ffect of DOPO-BAPh in the gas phase. In addition, it is noted from 

able 3 that the value of TML decreases with increasing content of 

OPO-BAPh. The lower TML value means that more char residues 

ere generated. The generation of char residues plays a crucial role 

n limiting the transformation of fuel to gas. Therefore, the intro- 

uction of DOPO-BAPh promoted the generation of the chars in the 

ombustion of epoxy thermosets, providing the flame-retarding ef- 

ect in the condensed phase. Meanwhile the values of TSR are re- 

uced with the incorporation of DOPO-BAPh. The reason is due to 

he gaseous fragments generated by the degradation of the epoxy 
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Fig. 6. Video screenshots of char residues from cone calorimeter tests of (a and a’) EP, (b and b’) 5DOPO-BAPh/EP, (c and c’) 10DOPO-BAPh/EP, (d and d’) 15DOPO-BAPh/EP, 

(e and e’) 20DOPO-BAPh/EP. 
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Fig. 7. DMA curves of epoxy thermosets. 

Table 4 

Summary of the TGA results of epoxy thermosets under N 2 atmosphere. 

Samples T onset ( °C) ±2 T 5% ( °C) ±2 T max ( °C) ±2 C y700 (%) ±1 

DOPO-BAPh 277.2 290.1 413.9 68.0 

EP 379.5 397.3 428.5 15.6 

5DOPO-BAPh/EP 373.8 380.7 417.0 23.5 

10DOPO-BAPh/EP 368.3 380.0 404.3 26.8 

15DOPO-BAPh/EP 356.6 364.6 398.4 28.5 

20DOPO-BAPh/EP 341.4 349.4 384.8 31.5 

l

t

t

t

n

w

t

w

D

w
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a

c

D

c

p

t

atrix are retained in the residue, while DOPO-BAPh promotes the 

ormation of more char residues. 

The video screenshots of char residues from cone calorimeter 

ests are presented in Fig. 6 . It is clear that the char layer of

P was extremely thin and the bottom foil was broken. In con- 

rast that the introduction of DOPO-BAPh improved the integrity 

nd stability of the char layer formed by the combustion of epoxy 

hermosets. The char layers of modified epoxy thermosets became 

enser and more expanded. The char layer can make a signifi- 

ant contribution in inhibiting the transmission of heat and oxy- 

en and also reducing the exposure of the underlying epoxy matrix 

o thermal radiation, which suppressed the thermal decomposition 

f the epoxy thermosets [ 38 , 39 ]. The contribution of hydroxyl and

hospho-phenanthroline groups is an important factor in the for- 

ation of char layers [ 39 , 40 ]. Another reason may be ascribed to

he presence of nitrile groups in DOPO-BAPh, which can form the 

table network-structure through self-cured [ 41 , 42 ]. Such a net- 

ork structure reinforced the stability of the char layer formed by 

ombustion. At the same time, the dense carbon layer has the abil- 

ty to hold more of the non-combustible gases generated by com- 

ustion, resulting in the more expanded char layer. Therefore, the 

ddition of DOPO-BAPh promoted the formation of the dense char 

ayer, which reduced the effect of radiated heat on the underlying 

poxy matrix. 

.4. Thermal analysis of EP composites 

The T g of epoxy thermosets was determined by DMA. The peak 

f Tan δ is the T g of epoxy thermosets. Fig. 7 shows the curve of

an δ of epoxy thermosets as a function of temperature. EP shows 

 T g of 182.3 °C. It is observed that T g increased with the addition

f a small amount of DOPO-BAPh. The T g of 5DOPO-BAPh/EP ther- 

oset is found to be 204 °C. However, further increase of DOPO- 

APh content in epoxy thermosets resulted in a decrease of T g . 

or example, the T g of 15DOPO-BAPh/EP and 20DOPO-BAPh/EP are 

71.7 °C and 164.7 °C, respectively. When the loading of DOPO-BAPh 

s low, a minor portion nitrile group in DOPO-BAPh reacts with 

he EP by copolymerization in the pre-curing stage, thus enhanc- 

ng the crosslink density. Generally, the high crosslink density after 

uring implies high T g . When the loading of DOPO-BAPh further 

ncreases, the higher loading of DOPO-BAPh result in a deviation 

rom the optimal ratio. Excess addition of DOPO-BAPh forms ph- 

halocyanines with large molecular chains after curing leading to a 

ecrease in crosslink density. 

The thermal stability of DOPO-BAPh/EP composites under the 

itrogen atmosphere was investigated by thermogravimetric anal- 

sis. Fig. 8 shows the TG and derivative thermogravimetric (DTG) 

urves for epoxy thermosets in a nitrogen atmosphere. Summary 

f the TGA results of epoxy thermosets under N 2 atmosphere is 

resented in Table 4 . The graph shows only one sharp weight- 
6 
oss stage during the entire heating process, which is attributed 

o chain breaks in the polymer structure. This result demonstrates 

hat the thermal degradation mechanism of EP is not altered by 

he introduction of DOPO-BAPh. And the degradation of the EP in 

itrogen gas mainly occur from 379 °C to 550 °C with about 80% 

eight loss. The onset degradation temperature (T onset ), tempera- 

ure at 5% weight loss (T 5% ) and the temperatures of maximum 

eight loss rate (T max ) decreased with the increasing content of 

OPO-BAPh, indicating the reduced in the thermal stability of EP, 

hich is attributed to the early initial decomposition of DOPO- 

APh. In addition, the char yield at 700 °C of 20DOPO-BAPh/EP 

chieve 31.5%, approximately 100% improvement to EP. The higher 

har yield is attributed to the facilitation of char formation by 

OPO-BAPh. Generally, the early degradation of DOPO-BAPh under 

ombustion facilitated the generation of chars in the condensed 

hase, as evidenced by the high char yield, which was identical to 

he flame-retardant mechanism of the condensed phase obtained 
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Fig. 8. (a)TGA and (b)DTG curves of DOPO-BAPh and epoxy thermosets under N 2 atmosphere. 

Fig. 9. TG-IR 3D images of (a) EP and (b) 20DOPO-BAPh/EP. 
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n cone tests. Meanwhile, the nitrile group improves the stability 

f the char, further retards the decomposition of the char. 

.5. TG-IR analysis of EP composites 

To explore the flame-retardant effect of DOPO-BAPh on EP in 

he gas phase, the pyrolysis products of epoxy thermosets dur- 

ng pyrolysis under the nitrogen atmosphere was characterized 

sing TG-IR. Fig. 9 (a) and Fig. 9 (b) show the 3D images of the

yrolysis products during the decomposition of EP and 20DOPO- 

APh/EP composite. The characteristic spectra of the pyrolysis 

roducts of EP and 20DOPO-BAPh composite at different stages 

f decomposition are shown in Fig. 10 (a) and Fig. 10 (b). The 

ajor products of degradation of EP include -OH (3400 cm 

−1 - 

700 cm 

−1 ), CO 2 (2359 cm 

−1 ), C-O and C-H of bisphenol A (1251

m 

−1 ,1331 cm 

−1 and 1175cm 

−1 ), aromatic compounds (3034 cm 

−1 , 

509 cm 

−1 ,1606cm 

−1 and 831 cm 

−1 ), C-H of aliphatic compounds 

2850 cm 

−1 -3100 cm 

−1 ). Compared with the spectrum of EP, there 

re no emerging peaks in the spectrum of 20DOPO-BAPh/EP. How- 

ver, significant changes in peak intensity are observed. For exam- 

le, the peak of 1250 cm 

−1 (P = O) overlaps with the C-O and C-H

haracteristic peaks of bisphenol A, leading to an increase in peak 

eight. And the heightened peak at 750cm 

−1 is the contribution 

f the presence of the DOPO group. This proved that the prod- 

cts with polyphosphate-containing structures were formed during 

he pyrolysis of DOPO-BAPh. Besides, the compounds containing 

olyphosphate structure react with other products of decomposi- 

ion to form P-O-Ph (1606 cm 

−1 ) bonds during the decomposition 

43] . 
7 
.6. Microscopic morphologies of char residues 

The char residuals created during the decomposition plays an 

ssential role in limiting heat transfer and flame spread [44] . 

herefore, the char residues after cone calorimetry tests were anal- 

sed by SEM to evaluate the flame-retardant mechanism of EPs 

ith the addition of DOPO-BAPh. The SEM images of the surface 

orphology of the residual chars are shown in Fig. 11 . It can be

bserved that the char residuals of EP show large cracks and holes 

n the surface, which was a channel for heat and fuel transfer. The 

har residuals became denser with increasing additive content. As 

hown in Fig. 11 (e), the char layers of 20DOPO-BAPh/EP exhibited 

 continuous surface. Such integrated char layers play a primary 

ole in limiting heat transfer and protecting the internal matrix [8] , 

hich contributes to the epoxy thermosets achieving V-0 in UL-94 

esting. In addition, several bubbles separated by charcoal layers 

ere observed, indicating the dense char layer prevented the re- 

ease of pyrolysis gases and thus forming an expanded structure. 

he primary contribution is due to the self-cured of nitrile groups 

o form the stable species with network structure. Consequently, 

he flame retardancy of DOPO-BAPh/EP composites was enhanced. 

Fig. 12 shows the chemical components of residual chars af- 

er the cone calorimeter tests performed by XPS. Table 5 presents 

he percentage of atoms for elemental elements in the residual 

hars. It is noticed that the carbon content in the residual char 

f DOPO-BAPh/EP increased markedly compared to EP, suggest- 

ng that DOPO-BAPh impede the oxidation of the residual chars. 

he reason is attributed to the formation of network structured 

pecies from the nitrile group via self-cured, which protects the 
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Fig. 10. FTIR spectra of gaseous pyrolysis products of (a) EP and (b) 20DOPO-BAPh/EP at different stages of decomposition. 

Fig. 11. . SEM images of the surface morphology of char residues: (a) EP, (b) 5DOPO-BAPh/EP, (c) 10DOPO-BAPh/EP, (d) 15DOPO-BAPh/EP, (e) 20DOPO-BAPh/EP. 

Fig. 12. XPS survey spectra of residual chars after the cone calorimeter tests. 

c

o

c

f

Table 5 

The elemental contents of the residual chars evaluated by 

XPS. 

Samples Element concentration (%) 

C O N P 

EP 70.45 26.61 2.94 0 

5DOPO-BAPh/EP 86.3 9.17 4.26 0.27 

10DOPO-BAPh/EP 83.57 12.1 3.82 0.51 

15DOPO-BAPh/EP 82.45 12.1 4.86 0.59 

20DOPO-BAPh/EP 85.86 9.36 4.27 0.52 

o

o

e
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a

a

a

t
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5

g

har layer formed during combustion from thermal radiation. The 

xygen content in DOPO-BAPh/EP is found to be significantly de- 

reased than EP. This demonstrated the ability of DOPO-BAPh to 

acilitate the generation of residual char during combustion. More- 
8 
ver, the presence of P-elements was detected in the residual char 

f DOPO-BAPh/EP, demonstrating the contribution of phosphorus 

lements in both the condensed and gas phases. 

Fig. 13 presents the C 1s , N 1s , O 1s , and P 2p spectrum of residual

hars of 20DOPO-BAPh/EP. The C 1s spectra are shown in Fig. 13 (a). 

t can be observed that there are three peaks in spectra. The peak 

t 284.8 eV was the contribution of C-H and C-C in aliphatic and 

romatic compounds. The spectral bands at around 286.1 eV were 

ttributed to the presence of C-O-C, C-O-P, and C-N bonds. Further, 

he binding energy of 289.2 eV can be corresponding to the car- 

onyl groups. For the O 1s spectra, there are three peaks at around 

33.2, 532.2, and 530.8 eV. The peak relative to the double oxy- 

en bonds on carbonyl or phosphate groups located at 530.8 eV. 
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Fig. 13. High resolution of (a) C 1s , (b) N 1s , (c) O 1s , and (d) P 2p spectra of residual char of 20DOPO-BAPh/EP. 

Scheme 2. Flame retardant mechanism of DOPO-BAPh/EP thermosets. 
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he spectral bands at around 532.2 eV can be attributed to -O- in 

-O-C or C-O-P groups. The signal at 533.2 eV can be assigned to 

-OH. The spectral peak of N 1s can be divided into two compo- 

ents of 399.9 and 398.1 eV, assigning to C-N and C = N, respec-

ively. For the P 2p spectra, The P 2p peak was separated into two 

eaks. The signal at 132.5 eV was the contribution of P-O-C or 

O 3 groups in phosphate. Another peak in 133.3 eV was attributed 

o P 2 O 5 . The results suggested that the DOPO-BAPh/EP thermosets 

enerated phosphate structure-containing products during thermal 
9 
egradation, which can be dehydrated and esterified to form the 

rotective char layer. 

.7. Mechanism of flame retardancy 

Diagram of the flame-retardation mechanism of DOPO-BAPh 

n EP is shown in Scheme 2 . The mechanism is attributed to 

he quenching effect and the dilution effect on the released free 

adicals in the gas phase, and the protection of the dense char 
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ayers formed during the combustion in the condensed phase. 

n the gas phase, DOPO-BAPh-modified epoxy thermosets release 

hosphorus-containing radicals and non-flammable gases during 

yrolysis. On the one hand, phosphorus-containing radicals can ex- 

inguish reactive radicals such as H 

•, O 

•, and HO 

• in the flame

nd suppress the flame intensity [ 45 , 46 ]. On the other hand, non-

ammable gases play an important role by diluting combustible 

ases. In addition, the blowing-out effect during the combustion 

ontributed to the flame-regarding effect. In the condensed phase, 

s thermal decomposition continues, the polyphosphoric acid com- 

ounds formed by modified epoxy thermosets catalyse the dehy- 

ration of the degraded EP to form the phosphorus-rich chars. Fur- 

her, the nitrile group within DOPO-BAPh is able to self-crosslink 

o form the species with network-structure, reinforcing the stabil- 

ty of the char layer formed during combustion [34] . In summary, 

he modified epoxy thermosets exhibit flame retardancy in both 

he gas phase and condensed phase. 

. Conclusion 

A phosphorus/nitrogen containing compound was synthesized 

s a flame retardant for EP by grafting reaction using DOPO and 

APh. A series of epoxy composites containing the DOPO-BAPh 

dditive was prepared using DDS as a curing agent. The results 

howed that the introduction of DOPO-BAPh accelerated the cur- 

ng of EPs. Further, the introduction of DOPO-BAPh conferred flame 

etardancy to EP, resulting in modified epoxy thermosets with low 

eat release intensity and LOI values, and all samples scored the V- 

 rating in UL-94 testing. Epoxy thermosets achieved flame retar- 

ancy at low phosphorus-contents. The low loading of DOPO-BAPh 

oading (only 0.26 wt.% phosphorus content) leads to a marked en- 

ancement in flame retardant properties: the LOI value achieved 

5.8% and passed the UL-94 V-0 testing. The flame-retardation 

echanism of DOPO-BAPh on EP was examined using TG-IR, SEM, 

nd XPS. The results revealed that DOPO-BAPh primarily con- 

ributes to the quenching effect of the released free radicals and 

he dilution effect of non-flammable gases in the gas phase and the 

arrier effect of phosphorus-rich chars of the condensed phase. We 

elieve that DOPO-BAPh/EP thermoset could be a potential candi- 

ate for high-performance engineering applications in the future. 
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