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a b s t r a c t

To explore the more effective non-halogen flame retardants in epoxy resins, a flame retardant named
ABD owning relatively short bridged bonds and a hydroxyl group was synthesized via addition reaction
between acrolein and 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO). Then, ABD was
applied into flame retardant epoxy resin, diglycidyl ether of bisphenol-A, cured by 4,40-diamino-
diphenylmethane. When the mass fraction of ABD in epoxy resin was only 3wt%, the thermoset acquired
a higher limited oxygen index (LOI) value 36.2% and passed UL94 V-0 rating. ABD also reduced all the
values of peak of heat release rate (pk-HRR), total heat release (THR), average effective heat of com-
bustion (av-EHC), total mass loss (TML) and average CO2 yield, and increased the residue yield. In
contrast to DOPO, ABD can impose the higher LOI value, the higher UL94 rating and the lower peak value
of HRR to epoxy thermosets. Further, the results from the cone calorimeter test reveal that the better
flame retardant performance of ABD was caused by quenching effect from phosphaphenanthrene groups
in gas phase and the charring effect from the joint action of phosphaphenanthrene group and hydroxyl
group in condensed phase simultaneously. The excellent flame retardant performance of ABD is from its
higher phosphorus contents and its special hydroxyl group.

© 2019 Published by Elsevier Ltd.
1. Introduction

Epoxy resins (EP) have excellent electrical insulation, sealing
performance, good physical-mechanical and adhesive properties,
and are widely applied in various industry fields, such as coating,
adhesive, electrical insulation materials and so on. Unfortunately,
the flammability of epoxy resin leads to fire disaster ineluctably,
which severely limits their wider utilization. Therefore, flame
retardant functionalization of epoxy resin is very crucial [1,2].

Nowadays, adding flame retardant to epoxy resin is an effective
and sharedway to improve its flame retardancy. In themidst of this,
the research of phosphaphenanthrene flame retardant epoxy resin
has become the focus of attention [3e6]. 9, 10-Dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) and its derivatives are
widely used in epoxy resins due to their characteristic flame
retardant effect [7e11]. They can exert flame retardant effect both
in gas phase and condensed phase through releasing free radicals
Fucheng Road No.11, Haidian
and charring effect [12e15]. A lot of work has been reported on the
molecular design and synthesis of DOPO derivatives [16e18], and
the factors affecting the flame retardant efficiency have been
investigated. The flame retardant efficiency of DOPO derivatives
can be influenced by twoways: 1) the phosphorus content of DOPO
derivatives; 2) the other functional groups in DOPO derivatives. The
high phosphorus content DOPO derivatives in epoxy resin directly
influences the quenching effect in gas phase and the charring effect
in condensed phase. For example, 4 wt% DOPO-based triazole
compound (DTA, P content: 8.9%) was applied into EP cured with
DDM achieved an LOI value of 34.8% and V-0 rating in UL-94 test
[19]. 5 wt% melamine-organophosphinic acid salt (MDOP, P con-
tent: 8.7%) was applied into EP cured with DDM achieved an LOI
value of 35.6% and V-0 rating in UL-94 test [20]. They all have the
relative high phosphorus contents and imposed the higher flame
retardant efficiency to epoxy thermosets with the lower addition
ratios. Meanwhile, the other functional groups, such as phospha-
zene [21,22] triazine [23,24] triazine-trione [25,26] phosphate
[27,28] borate [29,30] siloxane [31,32] or maleimide [33,34] in
DOPO derivatives, can respectively jointly worked with phospha-
phenanthrene group to generate flame retardant group synergistic
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effect, thereby enhancing the flame retardant efficiency in epoxy
thermosets. Accordingly, some non-typical functional groups in
molecules also can provide positive influence to flame retardant
properties. The hydroxyl group is the special group. Due to owning
four hydroxyl groups, pentaerythritol usually was used as charring
agent in intumescent system. A tri-DOPO compound TGD [35] has
better charring flame retardant effect in comparison with another
tri-DOPO compound TAD [36], which has similar chemical struc-
ture as TGD. The only difference between TGD and TAD is that TGD
has more three hydroxyl groups than TAD. Therefore, hydroxyl
group is effective charring group in flame retardant molecules.
According to the previous researches, it is an effective way to
enhance flame retardant efficiency of molecules to design DOPO
derivative structures with high phosphorus content and effective
flame retardant functional groups [37e40].

In this work, we synthesized a DOPO derivative named ABD (in
Fig. 1) based on DOPO and acrolein via addition reaction, which
contains two phosphaphenanthrene groups connected by rela-
tively short bridged bonds and a hydroxyl group. Therefore, the
better flame retardant efficiency was expected due to its higher
phosphorous contents and the charring group-hydroxyl group.
Accordingly, the flame retardant behavior and mechanism of ABD
in epoxy thermosets was systematically explored.

2. Experimental

2.1. Materials

DOPO was supplied by Jiangyin Hanfeng Chemical Co., Ltd,
Jiangsu. Acrolein was purchased from Shenyang Chemical Reagent
Factory, Liaoning. The epoxy resin diglycidyl ether of bisphenol-A
(DGEBA, commercial name: E�51) was purchased from Blue Star
New Chemical Material Co., Ltd, Jiangsu. 4, 40-Diamino-diphenyl-
methane (DDM) and tetrahydrofuran (THF) were bought from J&K
Scientific Ltd, Beijing. All the materials were used directly without
further purification.

2.2. Synthesis of ABD compound

DOPO (69.12 g, 0.32mol), acrolein (8.4 g, 0.15mol), and 300ml
tetrahydrofuran (THF) were added into a 500ml three-necked flask
equipped with a stirrer. The mixture was cooled to 10 �C in ice-
water bath. Then, the mixture was stirred for 3 h to ensure that
the double bond and the aldehyde groups of acrolein fully reacted
with the PeH bond in DOPO. After the mixture was heated to 80 �C
to remove the solvent THF, the product was obtained. Then the
heated product ABD was washed three times with 95 �C deionized
water. The product ABD was obtained after vacuum drying at
110 �C. Cooled to room temperature, the product ABD was grinded
into powder. Yield: 99.0%. The reaction formulation was shown in
Fig. 1. FTIR spectrum (KBr, cm�1): 3419 (-OH); 3062 (AreH); 2919
(-CH2-); 2851 (CeH); 1634, 1594, 1582, and 1559 (aromatic skel-
eton); 1430 (P-Ph); 1201 (P¼O); 909 (PeO-Ph); 753 (PeC). The 1H
nuclear magnetic resonance (1H NMR) data obtained (methanol-d6,
Fig. 1. Synthesis route of ABD.
ppm) are d¼ 7.0 to 8.3(AreH, 16H), d¼ 5.9 to 6.2(-OH), d¼ 5.2 to
5.6(PeCH2), d¼ 4.7 to 4.9 (PeCH), d¼ 1.9 to 4.4(CH2). The 31P nu-
clear magnetic resonance (31P NMR) datum obtained (methanol-d6,
ppm) are d¼ 34.6 and 34.1. Element data (calculated/experi-
mental): ABD(C27H22O5P2), C: 66.39/65.31, H: 4.51/4.69.
2.3. Preparation of flame retardant epoxy thermosets with ABD

DGEBA and ABD were heated to 120 �C and stirred till ABD was
completely dissolved in DEGBA. Then, DDM was added into the
mixture at 110 �C and mixed thoroughly. After the epoxy resin
mixture was degassed at 120 �C for 3min, it was poured into the
preheated molds and cured at 120 �C for 2 h and then at 170 �C for
4 h. The samples were respectively labeled as 2%ABD/EP, 3%ABD/EP
and 4%ABD/EP based on the mass fraction of ABD in EP thermosets.
The control samples, EP and 3%DOPO/EP were also prepared in the
samemanner but without the addition of ABD. The ratios of DGEBA,
DDM, ABD and DOPO in each epoxy thermosets were listed in
Table 1.
2.4. Characterization

Fourier transform infrared (FTIR) spectra were characterized on
a Nicolet iN10MX-type spectrometer (Thermo Fisher Scientific,
USA) using potassium bromide discs with a total of 32 scans.

1H NMR and 31P NMR spectra were detected using a Bruker
Advance III HD 700MHz NMR spectrometer (Bruker, Switzerland).
Methanol-D4 was used as the solvent.

Elemental analysis was performed on a Vario EL elemental
analyzer (Elementar Analysensysteme GmbH, Germany) with a
combustion temperature at 900 �C. The results were the average of
the 2 times repeated tests.

Thermogravimetric analysis (TGA) was performed with a Per-
kinElmer instrument STA8000 thermal gravimetric analyzer (Per-
kinElmer, USA). The weight of the samples was kept within
5e10mg and heated from 50 �C to 700 �C at a heating rate of 20 �C/
min under 20ml/min flow of nitrogen atmosphere.

The limited oxygen index (LOI) value was determined using a
Dynisco LOI instrument (Fire Testing Technology, UK) according to
the standard ASTM D2863-97 (sample dimension:
130.0mm� 6.5mm� 3.2mm).

The UL-94 vertical burning test was obtained using an FTT0082
instrument (Fire Testing Technology, UK) according to ASTM
D3801-2010 (sample dimension: 125.0mm� 12.7mm� 3.2mm).
In this test, the burning grades of material were classified as V-0, V-
1, V-2 or NR (no rating).

Cone calorimeter (Fire Testing Technology, UK) tests were per-
formed according to ISO 5660 at a heat flux of 50 kW/m2. The
equipment is Fire Testing Technology apparatus with a cone radi-
ator and two samples were tested (sample dimension:
100mm� 100mm� 3mm).

The glass transition temperature of sample was measured using
a Q20 differential scanning calorimeter (TA Instruments, USA)
Table 1
The formulas of the phosphorous-containing epoxy resins cured with DDM.

Samples DGEBA (g) DDM (g) ABD DOPO (g) P-content (wt.%)

(g) (wt.%)

EP 100 25.3 e e e 0
2%ABD/EP 100 25.3 2.6 2.0 e 0.25%
3%ABD/EP 100 25.3 3.9 3.0 e 0.38%
4%ABD/EP 100 25.3 5.2 4.0 e 0.51%
3%DOPO/EP 100 25.3 e e 3.9 0.43%
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under a nitrogen atmosphere. The heating and cooling procedure
proceeded at a rate of 20 �C/min over temperature range of
40e220 �C.

SEM was used to examine the morphology of the char residue
obtained from cone calorimeter test and EDX was used to deter-
mine the content of the elements contained from UL94 test using a
Phenom™ Pro scanning electron microscope (Phenom World,
Netherlands) at vacuum conditions with a voltage of 15 kV.

To recognize the pyrolysis ways of ABD, a Perkin Elmer gas
chromatography-mass spectrometer (GC-MS) equipped with STA
8000 thermal gravimetric analyzer was employed. The helium (He)
was utilized as carrier gas for the volatile products. The injector
temperature was 280 �C, the temperature of GC-MS interface was
280 �C and the cracker temperature was 450 �C.
3. Results and discussion

3.1. Characterization of the molecular structure of ABD

For confirming the successful synthesis of ABD, the chemical
structure of ABD was detected using FTIR, 1H NMR and 31P NMR,
respectively. In Fig. 2, the spectrum of ABD presents the charac-
teristic absorption peak at 3419 cm�1, which correspond to eOH
stretching vibration; the absorption bands at 2919 cm�1 and
2851 cm�1 correspond to CH stretching vibration on the alkyl
chain; the absorption bands at 1594 cm�1, 1430 cm�1, 1201 cm�1,
909 cm�1 and 753 cm�1 attribute to the absorption bands of
phosphaphenanthrene group. The two bands of C¼C double bond
at 1731 cm�1 and C¼O bond at 1650 cm�1 in acrolein disappeared
in ABD spectrum, confirming the successful addition reaction be-
tween DOPO and acrolein.

The 1H NMR and 31P NMR spectrawere also employed to further
verify the chemical structure of ABD. As shown in Fig. 3a, the
chemical shifts at 7.0e8.3 ppm ascribe to the aromatic H in phos-
phaphenanthrene group; the chemical shifts at 5.5e6.0 ppm
correspond to the signal of eOH; the chemical shifts at
3.8e4.3 ppm are assigned to CeH close to hydroxyl group; the
chemical shifts at 1.5e2.1 ppm are from the signal of CH2 farthest to
phosphaphenanthrene group; the chemical shifts at 2.1e2.5 ppm
are caused by the CH2 group near phosphaphenanthrene group.
The integral area ratio of the five kinds of H chemical shifts is about
16: 1: 1: 2: 2, which corresponds to the calculated value of different
Fig. 2. FTIR spectra of ABD, DOPO and acrolein.
H atoms in ABD. In Fig. 3b, the 31P NMR spectrum exhibits two
signals at 34.6 ppm and 34.1 ppm, which were caused by P atoms in
PeCH2 and PeCH, respectively. The integral area ratio of the two P
chemical shifts is 1: 1, which confirmed that the DOPO groups have
been equally linked in molecule. The 1H NMR and 31P NMR data all
demonstrate that the ratios between different H atoms and be-
tween different P atoms in ABD accordwith the calculated values of
ABD molecule. According to all the analyses above, the target
product ABD has been synthesized successfully.

3.2. Thermal analysis of epoxy thermosets

Tg is an important influence factor for application of epoxy resin
thermosets. The results are illustrated in Fig. 4. The Tgs of epoxy
resins gradually decreased from 166 �C to 156 �C with increasing
the ABD contents from 0 to 4wt%. Typically, the Tg of 3%ABD/EP
sample is just decrease 8 �C compared with that of neat EP,
meanwhile it has reached the UL94 V-0 rating. Further, in contrast
to 3%DOPO/EP, the Tg of 3%ABD/EP was slightly raised 3 �C, which
should be resulted by that ABD did not react with epoxy group and
increased the crosslinking density.

The TGA curves of EP composites under nitrogen in Fig. 5
showed their thermal decomposition behavior, and some typical
data were listed in Table 2. Compared with neat EP, the onset
degradation temperature (Td,1%) decreased from 369 �C to 344 �C
and the char yield increased from 15.7% to 19.8% in the 3%ABD/EP
sample. Meanwhile, the pyrolysis behavior of 3%ABD/EP was
similar to that of 3%DOPO/EP. It revealed that ABD can generate
condensed phase flame retardant effect like DOPO [12] due to their
phosphaphenanthrene structure.

3.3. LOI and UL94 tests

The flame retardant properties of the EP thermosets were
measured by LOI and UL94 vertical burning tests, and the tested
results were shown in Table 3. It can be seen that the neat EP
sample only achieved a 24.7% LOI value and no rating (NR). After the
addition of different amounts ABD, the LOI values of the samples
obviously increased with increasing the mass fraction of ABD in the
thermosets, and the highest LOI value was 39.1% with the addition
of 4wt% ABD in epoxy composites. Meanwhile the samples with
only 3wt% ABD and 4wt% ABD all passed the UL94 V-0 rating, and
the 2%ABD/EP sample also passed UL94 V-1 rating.

The control sample, 3%DOPO/EP showed a LOI value of 35.5%
and no UL94 rating. Compared with 3%DOPO/EP, 3%ABD/EP ac-
quired better flame retardant performance in UL94 test and
maintained a high LOI value. This comparison disclosed that the
phosphaphenanthrene compound ABD possessed the more posi-
tive flame retardant effect in epoxy composites than DOPO did.

3.4. FTIR analysis of the char residue from UL94

To explore the difference of UL94 test results between 3%ABD/EP
and 3%DOPO/EP, the char residue from UL94 test were analyzed by
FTIR. The char residue from 3%ABD/EP self-extinguishment after
UL94 test was detected (ignited twice,10 s at a time), while the char
residue from 3%DOPO/EPwas blow out after ignited once because it
burned to the clap.

In Fig. 6, both of the curves of the two samples present a
strongest characteristic absorption peak at 3420 cm�1, which at-
tributes to amino structure from curing agent left mostly in residue.
Therefore, the characteristic peak at 3420 cm�1 is used as a refer-
ence for comparing with the changes of other absorption peaks
because the addition amounts of curing agent in two samples are
same. The absorption bands of 3%ABD/EP at 1609 cm�1, 1508 cm�1



Fig. 3. (a) 1H NMR and (b) 31P NMR spectra of ABD.

Fig. 4. DSC curves of epoxy thermosets.

Fig. 5. TGA curves of epoxy thermosets under nitrogen.

Table 2
The typical TGA data of epoxy thermosets.

Samples Td,1% (oC) Char yields at 700 �C (wt.%)

EP 369 15.7
3%ABD/EP 344 19.8
3%DOPO/EP 340 20.9
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and 826 cm�1 from bisphenol A structure are stronger than those of
3%DOPO/EP, and the absorption bands of 3%ABD/EP at 2960 cm�1

and 2922 cm�1 corresponding to CH stretching vibration on the
alkyl chain are also stronger than those of 3%DOPO/EP. The results
imply more matrix were remained in the residue of 3%ABD/EP. The
absorption bands of 3%ABD/EP at 1233 cm�1, 1175 cm�1, 1113 cm�1

and 1031 cm�1 are assigned to the absorption bands of phospha-
phenanthrene group, which are also stronger than those of 3%
DOPO/EP obviously, further proving that ABD exerted a better
action in the formation of char residue in condensed phase during
combustion. The absorption bands of 3%ABD/EP at 3320 cm�1



Table 3
LOI value and UL94 rating of epoxy composites.

Samples LOI (%) UL94 (3.2mm)

av-t1(s) av-t2(s) Dripping Rating

EP 24.7 50.8 e No NR
2%ABD/EP 32.3 7.4 5.8 No V-1
3%ABD/EP 36.2 1.7 4.6 No V-0
4%ABD/EP 39.1 1.4 3.2 No V-0
3%DOPO/EP 35.5 46.4 e No NR

Fig. 6. FTIR spectra of the char residue from UL94 test.
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should attribute to organic polyphosphate structure [41], which is
stronger than that of 3%DOPO/EP. The result revealed that the hy-
droxyl group in ABD probably assisted phosphaphenanthrene to
generate more phosphorus acid, and then producing poly-
phosphate. The more polyphosphate facilitated to form more char
residue and generate the barrier effect in condensed phase.
3.5. Cone calorimeter test

The cone calorimeter test was adopted to investigate the com-
bustion behaviors of the flame retardant epoxy composites with
ABD. The curves of heat release rate (HRR) of ABD/EPwere shown in
Fig. 7. Table 4 listed the direct burning characteristic parameters
ABD/EP, such as time to ignition (TTI), peak of heat release rate (pk-
Fig. 7. HRR curves of EP composites.
HRR), total heat release (THR), total mass loss (TML), average of
effective heat of combustion (av-EHC), and also listed the secondary
burning parameters such as total smoke release (TSR), average CO
yield (av-COY) and average CO2 yield (av-CO2Y). The different peaks
in HRR curves were also marked in Fig. 7, named as pk1-HRR and
pk2-HRR respectively.

As shown in Fig. 7 and Table 4, in contrast to neat EP, the pk1-
HRR value of 3%ABD/EP was 1043 kW/m2, which decreased by
26.6%; the pk1-HRR value of 4%ABD/EP was 933 kW/m2, which
decreased by 34.3%; the pk1-HRR value of 3%DOPO/EP was
1182 kW/m2, which decreased by 16.8%. It proved that ABD can
more effectively inhibit the combustion intensity of EP thermosets
compared with DOPO. In the curve of 3%DOPO/EP, the pk2-HRR can
be seen after 250s, but the pk2-HRR value in 3%ABD/EP and 4%ABD/
EP curves cannot be observed obviously. The results indicated there
was a different working result on EP composites between ABD and
DOPO. The char layer from 3%DOPO/EP generated the fracture
during further combustion, thereby causing the release of fuels and
forming second burning process; differently, the char layer from
ABD/EP samples should be the more compact and thicker and did
not break during further burning process. The results disclosed that
ABD imposed the char layer with better barrier effect to EP com-
posites, which should be generated not only by phosphaphenan-
threne groups but also by the hydroxyl group because hydroxyl
group is also an important factor for crosslinking charring in flame
retardant chemical structures.

The TTI values of 3%ABD/EP and 4%ABD/EP decreased compared
with that of neat EP and it was similar as that of 3%DOPO/EP. The
results implied that ABD still promoted the thermal decomposition
of EPmatrix, exerting flame retardant effect in advance. Further, the
decomposition promotion effect from ABD was similar as that from
DOPO. Therefore, the promotion effect was just caused by the
phosphaphenanthrene group.

TML is also one of important parameters in cone calorimeter
test. The final residue yield can be calculated from it and indicate
the charring effect during combustion in cone calorimeter test. In
contrast to neat EP sample, the TML values of 3%ABD/EP and 4%
ABD/EP decreased slightly, indicating that ABD worked and
reserved more final residue in condensed phase than EP sample
did. Further, the TML value of 3%ABD/EP was also lower than that of
3%DOPO/EP, which confirmed that ABD has the better charring
effect than DOPO in epoxy thermosets. The results should be caused
by that the hydroxyl group in ABD assisted the phosphaphenan-
threne group to generate more final residue. Thus, ABD exhibited
better charring flame retardant effect in condensed phase than
DOPO. Themore final residue implied not only excellent barrier and
protective effect but also reduced the fuels to gas phase.

Av-EHC value exposes the burning degree of volatiles in gas
phase during combustion. The av-EHC of 3%ABD/EP was 22.6MJ/kg,
which reduced by 24.4% compared with 29.9MJ/kg of neat EP; the
av-EHC of 4%ABD/EP was 21.4MJ/kg, which reduced by 28.4%. It
implied that ABD performed excellent quenching effect in gas
phase and accordingly increased the incomplete combustion re-
action. But the av-EHC of 3%ABD/EP slightly raised in contrast to
that of 3%DOPO/EP, which implied that the quenching ability in
ABD was weaker than that of DOPO. The phenomenon should be
resulted by the less phosphaphenanthrene group in ABD in com-
parison with DOPO itself, which led to less phosphorus-containing
free radicals in the combustion process and further weakened the
quenching effect in gas phase. Therefore, the quenching ability in
ABD should correspondwith the quantity of phosphaphenanthrene
group.

Compared with the neat EP sample, the THR value of 3%ABD/EP
thermoset decreased by 29.3% and the THR value of 4%ABD/EP
thermoset decreased by 34.3%, implying ABD inhibited the total



Table 4
Cone calorimeter data of epoxy composites.

Samples TTI (s) THR (MJ/m2) pk1-HRR (kW/m2) TML (wt.%) av-EHC (MJ/kg) av-COY (kg/kg) av-CO2Y (kg/kg) TSR (m2/m2)

EP 56 143.6 1420 92.2 29.9 0.13 2.51 5912
3%ABD/EP 51 101.5 1043 87.7 22.6 0.12 1.78 5709
4%ABD/EP 51 94.3 933 87.1 21.4 0.13 1.68 5618
3%DOPO/EP 52 91.9 1182 88.7 21.5 0.14 1.62 6003
Error range ±1 ±2 ±45 ±0.5 ±0.5 ±0.01 ±0.03 ±64
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burning behavior. But it reduced less than 3%DOPO/EP did. The
results were inferred that ABD released less free radicals and pro-
duced the weaker flame retardant effect than DOPO in gas phase.
Although the more char residue in ABD/EP samples were reserved
and accordingly the less fuels were released, the reduced effect on
THR in condensed phase can't offset the more heat release from
more complete combustion in gas phase.

The reduction in EHC can also explain the changes both in COY
and CO2Y. As shown in Table 4, compared with neat EP thermosets,
the av-CO2Y values of 3%ABD/EP and 4%ABD/EP thermosets
decreased, which implies that the complete burning reaction were
weakened. The av-COY increased little if anything, while the av-
CO2Y decreased obviously. The results are another evidence of in-
hibition effect of ABD on volatiles during combustion due to the
enhanced ratio of incomplete combustion products (CO). The re-
sults also corresponded to the av-EHC data.

Meanwhile the TSR values of ABD/EP samples were lower than
that of neat EP, and were also lower than that of 3%DOPO/EP. The
results further proved ABD has the better charring effect than DOPO
in epoxy thermosets. The decrease of TSR value was caused by that
more decomposed fragments from epoxy thermoset matrix were
reserved in final residue and more compact char layer was formed
through the hydroxyl group and phosphaphenanthrene groups in
ABD jointly worked. Therefore, the charring and smoke inhibition
effects of ABD are better than that of DOPO.

According to all the results, the better flame retardant perfor-
mance of ABD was resulted by the quenching effect from phos-
phaphenanthrene groups in gas phase [39] and the charring effect
from the joint action of phosphaphenanthrene group and hydroxyl
group in condensed phase simultaneously.
3.6. Morphologies of the cone calorimeter residue

The macroscopic digital images and microscopic SEM photos of
the 3%ABD/EP cone calorimeter residue are shown in Fig. 8.
Compared with thin and broken char residue of the neat EP (Fig. 8,
c1), 3%ABD/EP produced more and thicker char residue. The results
disclosed ABD had better charring ability, which accordingly
inhibited the combustion of matrix and reduced the combustion
intensity. Further, the expansion ratios of 3%ABD/EP char residue
(Fig. 8, a1) were elevated with the incorporation of ABD in ther-
mosets and it was similar as that of 3%DOPO/EP (Fig. 8, b1). From
macroscopic photos, no obvious differences can be observed be-
tween 3%ABD/EP and 3%DOPO/EP, but the microscopic photos
disclosed some particular traces of ABD charring effect.

The SEM photos of 3%ABD/EP (Fig. 8, a2) showed a relatively
complete char layer and some closed cracks on the surface of char
layer. In contrast to several open holes and closed cracks in the
cone calorimeter residue of 3%DOPO/EP (Fig. 8, b2), only less
closed cracks were observed in that of 3%ABD/EP, indicating that
ABD had better barrier effect in condensed phase than DOPO. The
better charring effect should contribute to the higher rating in
UL94 test.
3.7. Pyrolysis behavior of ABD

To further explore the pyrolysis behavior and flame retardant
mechanism of ABD, the GC-MS was adopted with a pyrolysis
temperature at 450 �C in TGA, when ABD decomposition mass loss
is 50wt%. The GC spectrum of the decomposed ABD fragments was
shown in Fig. 9. In Fig. 9, the cracked fragments of ABD were
divided into five groups mainly and they were located at 5.7min,
10.3min (6e12min), 13.1min and 14.2min, respectively.

At 5.7min, the mainly pyrolytic fragment is phenol (C6H6O, m/
z¼ 94), and then it will continue to be degraded to alkene cyclo-
pentadiene (C5H6, m/z¼ 66). During 6e12min, the results at
10.3min were chosen as the representative of the fragment group.
They mainly include two groups of fragments: one group are
composed of phosphaphenanthrene fragments, such as DOPO-CH3
(m/z¼ 230), DOPO (m/z¼ 216), DOPO free radical (m/z¼ 215);
another group are composed of aliphatic free radicals containing
PO2, such as the free radicals with them/z values at 134, 119, 91, 77,
63. The retention times at 13.1min and 14.2min have similar frag-
ments. At 13.1min, a typical phosphorus oxybenzone structure (m/
z¼ 170) from DOPO can be observed. Then, it continued to
decomposed to two aromatic fragments (m/z¼ 141, m/z¼ 115). At
2.3min and 3.6min, the fragments were analyzed and confirmed
that they are the little pieces from chromatographic column and
not from sample ABD.

Combined with the MS results in Fig. 10 and the molecular
structure formula of ABD in Fig. 1, the pyrolysis route of ABD can be
inferred finally, as shown in Fig. 11. All the fragments from ABD can
be divided to three parts: 1) phenol and phenoxyl free radicals; 2)
aliphatic free radicals containing PO2; 3) aromatic fragments.

3.8. Flame retardant modes of ABD

According to all the discussion, the flame retardant modes of
ABD in EP thermosets was illustrated as follows.

ABD has three kinds of fragments after pyrolysis: 1)The phenol
and phenoxyl free radicals, which have quenching effect in gas
phase during combustion; 2) aliphatic free radicals containing PO2,
which can combine with epoxy resin matrix to char and form
carbonaceous layer containing phosphorus, thereby generating
better barrier effect on fire and heat; 3) aromatic fragments, which
can be captured or quenched to form final residue.

ABD can degrade into three kinds of main fragments with flame
retardant effect in burning reaction: one hand, phenol and
phosphorus-containing free radicals can quench the hydrocarbon
free radicals from the decomposed matrix, terminate the chain
reaction of combustion and inhibit the combustion chain reaction
in gas phase [26,30]; On the other hand, aliphatic free radicals
containing PO2 can combine with epoxy resin matrix to char and
form carbonaceous layer containing phosphorus, thereby gener-
ating better barrier effect on fire and heat. The aromatic fragments
also can be easily captured or quenched to form final residue.
Further, the hydroxyl group in ABD was observed to form carbonyl
with PO2, which facilitate to react with the hydroxyl and phenol
group from matrix, thereby producing more phosphorus-



Fig. 8. Digital photos and SEM photos of the cone calorimeter residue. a1, a2: 3%ABD/EP; b1, b2: 3%DOPO/EP; c1, c2: EP.

Fig. 9. GC spectrum of the pyrolysis products of ABD.

Fig. 10. MS spectra of main fragments of the pyrolyzed ABD at 450 �C.
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containing residue in condensed phase. These flame retardant ef-
fects from phosphaphenanthrene groups and the joint actions of
phosphaphenanthrene group and hydroxyl group in condensed
phase simultaneously improved the LOI value, the level of UL94,
HRR, EHC and other parameters of the combustion performance.

Therefore, the better flame retardant performance of ABD in
contrast to DOPO is resulted by two reasons: the quenching effect
from phosphaphenanthrene groups in gas phase and the charring
effect from the joint action of phosphaphenanthrene group and
hydroxyl group in condensed phase simultaneously. Compared
with the samples with addition of DOPO, ABD/EP thermosets
possessed better flame retardant properties, which caused by ABD
structures with higher phosphorus content and the hydroxyl group.

4. Conclusion

A flame retardant ABD, containing two phosphaphenanthrene
groups connected by relatively short bridged bonds with a hydroxyl
group, was synthesized and characterized. Its flame retardant effect
on EP were investigated. The epoxy thermoset with only 3wt% ABD
obtained a higher LOI value of 36.2% and passed UL94 V-0 rating.
ABD also reduced all the values of pk-HRR, THR, av-EHC, TML and
av-CO2Y, and increased the char yields. In contrast to DOPO, ABD
can impose higher LOI value, higher UL94 rating and lower peak
value of HRR to epoxy thermosets. The better flame retardant
performance from ABD should be caused by the quenching effect
from phosphaphenanthrene group in gas phase and the charring
effect from the joint action of phosphaphenanthrene group and
hydroxyl group in condensed phase simultaneously. The special
structure of ABD with higher phosphorus content and hydroxyl
group is the main reason that ABD can impose better flame retar-
dant performance to epoxy thermosets.



Fig. 11. The deduced pyrolysis route of ABD.

S. Jin et al. / Polymer Degradation and Stability 166 (2019) 344e352 351
Acknowledgment

This work was supported by the Project of Great Wall Scholar
from Beijing Municipal Commission of Education [No.
CIT&TCD20180312] and the Beijing Talents Project [No. 2018A39].

References

[1] M. Ciesielski, B. Burk, C. Heinzmann, M. D€oring, Fire-retardant High-
Performance Epoxy-Based Materials, Novel Fire Retardant Polymers and
Composite Materials, 2017, pp. 3e51.

[2] M.S.S. Martins, B. Schartel, F.D. Mag~alhaes, C.M.C. Pereira, The effect of
traditional flame retardants, nanoclays and carbon nanotubes in the fire
performance of epoxy resin composites, Fire Mater. 41 (2) (2017) 111e130.

[3] X.W. Mu, D. Wang, Y. Pan, W. Cai, L. Song, Y. Hu, A facile approach to prepare
phosphorus and nitrogen containing macromolecular covalent organic
nanosheets for enhancing flame retardancy and mechanical property of epoxy
resin, Compos. B Eng. 64 (2018) 390e399.

[4] W.J. Huang, W.T. He, L.J. Long, W. Yan, M. He, S.H. Qin, J. Yu, Thermal degra-
dation kinetics of flame retardant glass-fiber-reinforced polyamide 6T com-
posites based on bridged DOPO derivatives, Polym. Bull. 76 (4) (2019)
2061e2080.

[5] S. Yang, Y.F. Hu, Q.X. Zhang, Synthesis of a phosphorus-nitrogen-containing
flame retardant and its application in epoxy resin, High Perform. Polym. 31
(2) (2019) 186e196.

[6] B. Tang, G.X. Hu, H.Y. Gao, L.Y. Hai, Application of graphene as filler to improve
thermal transport property of epoxy resin for thermal interface materials, Int.
J. Heat Mass Transf. 85 (2015) 420e429.

[7] K.A. Salmeia, S. Gaan, An overview of some recent advances in DOPO-
derivatives: chemistry and flame retardant applications, Polym. Degrad. Sta-
bil. 113 (2015) 119e134.

[8] B. Schartel, A.I. Balabanovich, U. Braun, U. Knoll, J. Artner, M. Ciesielski,
M. D€oring, R. Perez, J.K.W. Sandler, V. Altst€adt, T. Hoffmann, D. Pospiech, Py-
rolysis of epoxy resins and fire behavior of epoxy resin composites flame-
retarded with 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide addi-
tives, J. Appl. Polym. Sci. 104 (4) (2007) 2260e2269.

[9] B. Perret, B. Schartel, K. St€oss, M. Ciesielski, J. Diederichs, M. D€oring, J. Kr€amer,
V. Altst€adt, Novel DOPO-based flame retardants in high-performance carbon
fibre epoxy composites for aviation, Eur. Polym. J. 47 (5) (2011) 1081e1089.

[10] Y.L. Liu, Flame retardant epoxy resins from novel phosphorus-containing
novolac, Polymer 42 (8) (2001) 3445e3454.

[11] L. Gu, G. Chen, Y. Yao, Two novel phosphorusenitrogen-containing halogen-
free flame retardants of high performance for epoxy resin, Polym. Degrad.
Stabil. 108 (2014) 68e75.

[12] L.J. Qian, L.J. Ye, Y. Qiu, S.R. Qu, Thermal degradation behavior of the com-
pound containing phosphaphenanthrene and phosphazene groups and its
flame retardant mechanism on epoxy resin, Polymer 52 (24) (2011)
5486e5493.
[13] S. Brehme, B. Schartel, J. Goebbels, O. Fischer, D. Pospiech, Y. Bykov, M. D€oring,

Phosphorus polyester versus aluminium phosphinate in poly(butylene tere-
phthalate) (PBT): flame retardancy performance and mechanisms, Polym.
Degrad. Stabil. 96 (5) (2011) 875e884.

[14] J.H. Hu, J.Y. Shan, D.H. Wen, X.X. Liu, J.Q. Zhao, Z. Tong, Flame retardant,
mechanical properties and curing kinetics of DOPO-based epoxy resins,
Polym. Degrad. Stabil. 109 (2014) 218e225.

[15] L. Zhang, Y. Wang, Q. Liu, X.F. Cai, Synergistic effects between silicon-
containing flame retardant and DOPO on flame retardancy of epoxy resins,
J. Therm. Anal. Calorim. 123 (2) (2016) 1343e1350.

[16] J. Artner, M. Ciesielski, O. Walter, M. D€oring, R.M. Perez, J.K.W. Sandler,
V. Altst€adt, B. Schartel, A novel DOPO-based diamine as hardener and flame
retardant for epoxy resin systems, Macromol. Mater. Eng. 293 (2008)
503e514.

[17] M. Ciesielski, A. Sch€afer, M. D€oring, Novel efficient DOPO-based flame-re-
tardants for PWB relevant epoxy resins with high glass transition tempera-
tures, Polym. Adv. Technol. 19 (2008) 507e515.

[18] A. Buczko, T. Stelzig, L. Bommer, D. Rentsch, M. Heneczkowski, S. Gaan,
Bridged DOPO derivatives as flame retardants for PA6, Polym. Degrad. Stabil.
107 (2014) 158e165.

[19] P. Wang, Z.S. Cai, Highly efficient flame-retardant epoxy resin with a novel
DOPO-based triazole compound: thermal stability, flame retardancy and
mechanism, Polym. Degrad. Stabil. 137 (2017) 138e150.

[20] D. Shen, Y.J. Xu, J.W. Long, X.H. Shi, L. Chen, Y.Z. Wang, Epoxy resin flame-
retarded via a novel melamine-organophosphinic acid salt: thermal stabil-
ity, flame retardance and pyrolysis behavior, J. Anal. Appl. Pyrolysis 128
(2017) 54e63.

[21] P. Jiang, X.Y. Gu, S. Zhang, S.D. Wu, Q. Zhao, Z.W. Hu, Synthesis, character-
ization, and utilization of a novel phosphorus/nitrogen-containing flame
retardant, Ind. Eng. Chem. Res. 54 (2015) 2974e2982.

[22] M.J. Xu, G.R. Xu, Y. Leng, B. Li, Synthesis of a novel flame retardant based on
cyclotriphosphazene and DOPO groups and its application in epoxy resins,
Polym. Degrad. Stabil. 123 (2016) 105e114.

[23] I. Butnaru, M.P. Fern�andez-Ronco, J. Czech-Polak, M. Heneczkowski, M. Bruma,
S. Gaan, Effect of meltable triazine-DOPO additive on rheological, mechanical,
and flammability properties of PA6, Polymers 7 (2015) 1541e1563.

[24] A. Wirasaputra, X.H. Yao, Y.M. Zhu, S.M. Liu, Y.C. Yuan, J.Q. Zhao, Y. Fu, Flame-
retarded epoxy resins with a curing agent of DOPO-triazine based anhydride,
Macromol. Mater. Eng. 301 (2016) 982e991.

[25] B. Perret, B. Schartel, K. St€oß, M. Ciesielski, J. Diederichs, M. D€oring, J. Kr€amer,
V. Altst€adt, A new halogen-free flame retardant based on 9,10-dihydro-9-oxa-
10- phosphaphenanthrene-10-oxide for epoxy resins and their carbon fiber
composites for the automotive and aviation industries, Macromol. Mater. Eng.
296 (2011) 14e30.

[26] Y. Qiu, L.J. Qian, W. Xi, Flame-retardant effect of a novel
phosphaphenanthrene/triazine-trione bi-group compound on an epoxy
thermoset and its pyrolysis behavior, RSC Adv. 6 (2016) 56018e56027.

[27] X. Wang, Y. Hu, L. Song, W.Y. Xing, H.D. Lu, P. Lv, G.X. Jie, Flame retardancy and

http://refhub.elsevier.com/S0141-3910(19)30227-7/sref1
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref1
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref1
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref1
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref1
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref2
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref2
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref2
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref2
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref2
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref3
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref3
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref3
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref3
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref3
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref4
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref4
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref4
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref4
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref4
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref5
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref5
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref5
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref5
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref6
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref6
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref6
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref6
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref7
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref7
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref7
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref7
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref8
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref9
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref10
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref10
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref10
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref11
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref11
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref11
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref11
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref11
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref12
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref12
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref12
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref12
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref12
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref13
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref13
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref13
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref13
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref13
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref13
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref14
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref14
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref14
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref14
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref15
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref15
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref15
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref15
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref16
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref17
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref17
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref17
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref17
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref17
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref17
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref18
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref18
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref18
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref18
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref19
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref19
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref19
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref19
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref20
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref20
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref20
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref20
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref20
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref21
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref21
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref21
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref21
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref22
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref22
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref22
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref22
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref23
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref23
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref23
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref23
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref23
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref24
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref24
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref24
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref24
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref25
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref26
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref26
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref26
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref26
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref27


S. Jin et al. / Polymer Degradation and Stability 166 (2019) 344e352352
thermal degradation mechanism of epoxy resin composites based on a DOPO
substituted organophosphorus oligomer, Polymer 51 (2010) 2435e2445.

[28] D. Hoang, W. Kim, H. An, J. Kim, Flame retardancies of novel organo-
phosphorus flame retardants based on DOPO derivatives when applied to
ABS, Macromol. Res. 23 (2015) 442e448.

[29] S. Yang, Q.X. Zhang, Y.F. Hu, Preparation and investigation of flame-retardant
epoxy resin modified with a novel halogen-free flame retardant containing
phosphaphenanthrene, triazine-trione, and organoboron units, J. Appl. Polym.
Sci. 134 (2017) 45291.

[30] S. Tang, L.J. Qian, Y. Qiu, Y.P. Dong, High-performance flame retardant epoxy
resin based on a bi-group molecule containing phosphaphenanthrene and
borate groups, Polym. Degrad. Stabil. 153 (2018) 210e219.

[31] J.P. Ding, Z.Q. Tao, X.B. Zuo, L. Fan, S.Y. Yang, Preparation and properties of
halogen-free flame retardant epoxy resins with phosphorus-containing si-
loxanes, Polym. Bull. 62 (2009) 829e841.

[32] W.C. Zhang, G. Camino, R.J. Yang, Polymer/polyhedral oligomeric silses-
quioxane (POSS) nanocomposites: an overview of fire retardance, Prog.
Polym. Sci. 67 (2017) 77e125.

[33] S. Yang, J. Wang, S.Q. Huo, M. Wang, L.F. Cheng, Synthesis of a phosphorus/
nitrogen-containing additive with multifunctional groups and its flame-
retardant effect in epoxy resin, Ind. Eng. Chem. Res. 54 (2015) 7777e7786.

[34] S.Q. Huo, J. Wang, S. Yang, J.P. Wang, B. Zhang, B. Zhang, X. Chen, Y.S. Tang,
Synthesis of a novel phosphorus-nitrogen type flame retardant composed of
maleimide, triazine-trione, and phosphaphenanthrene and its flame retardant
effect on epoxy resin, Polym. Degrad. Stabil. 131 (2016) 106e113.
[35] L.J. Qian, Y. Qiu, J.Y. Wang, W. Xi, High-performance flame retardancy by char-

cage hindering and free radical quenching effects in epoxy thermosets,
Polymer 68 (2015) 262e269.

[36] S. Tang, L.J. Qian, X.X. Liu, Y.P. Dong, Gas-phase flame retardant effects of a bi-
group compound based on phosphaphenanthrene and triazine-trione groups
in epoxy resin, Polym. Degrad. Stabil. 133 (2016) 350e357.

[37] J.L. Wang, C. Ma, P.L. Wang, S.L. Qiu, W. Cai, Y. Hu, Ultra-low phosphorus
loading to achieve the superior flame retardancy of epoxy resin, Polym.
Degrad. Stabil. 149 (2018) 119e128.

[38] H. Luo, F. Zhou, Y.Y. Yang, et al., Synergistic flame retardant behavior and
mechanism of tris(3-nitrophenyl) phosphine and DOPO in epoxy resins,
J. Therm. Anal. Calorim. 132 (1) (2017) 1e9.

[39] Y. Qiu, L.J. Qian, H.S. Feng, S.L. Jin, J.W. Hao, Toughening effect and flame
retardant behaviors of phosphaphenanthrene/phenylsiloxane bigroup mac-
romolecules in epoxy thermoset, Macromolecules 51 (23) (2018)
9992e10002.

[40] Z.B. Wang, B. Liang, Synthesis and properties of phosphorus and nitrogen
containing intumescent flame retardant curing agent for epoxy resin, Plast.
Rubber Comp. 47 (7) (2018) 1e9.

[41] H.J. Lin, H. Yan, B. Liu, L.Q. Wei, B.S. Xu, The influence of KH-550 on properties
of ammonium polyphosphate and polypropylene flame retardant composites,
Polym. Degrad. Stabil. 96 (7) (2011) 1382e1388.

http://refhub.elsevier.com/S0141-3910(19)30227-7/sref27
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref27
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref27
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref28
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref28
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref28
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref28
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref29
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref29
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref29
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref29
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref30
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref30
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref30
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref30
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref31
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref31
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref31
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref31
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref32
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref32
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref32
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref32
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref33
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref33
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref33
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref33
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref34
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref34
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref34
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref34
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref34
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref35
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref35
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref35
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref35
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref36
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref36
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref36
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref36
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref37
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref37
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref37
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref37
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref38
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref38
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref38
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref38
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref39
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref39
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref39
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref39
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref39
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref40
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref40
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref40
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref40
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref41
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref41
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref41
http://refhub.elsevier.com/S0141-3910(19)30227-7/sref41

	High-efficiency flame retardant behavior of bi-DOPO compound with hydroxyl group on epoxy resin
	1. Introduction
	2. Experimental
	2.1. Materials
	2.2. Synthesis of ABD compound
	2.3. Preparation of flame retardant epoxy thermosets with ABD
	2.4. Characterization

	3. Results and discussion
	3.1. Characterization of the molecular structure of ABD
	3.2. Thermal analysis of epoxy thermosets
	3.3. LOI and UL94 tests
	3.4. FTIR analysis of the char residue from UL94
	3.5. Cone calorimeter test
	3.6. Morphologies of the cone calorimeter residue
	3.7. Pyrolysis behavior of ABD
	3.8. Flame retardant modes of ABD

	4. Conclusion
	Acknowledgment
	References


