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A B S T R A C T   

Although current phosphorus (P)-based hardeners endowed epoxy resins (EPs) with intrinsic flame retardancy, 
their addition usually reduced thermal and mechanical properties. In this work, a novel phosphorus-containing 
tertiary amine hardener (DCM) was synthesized using diphenylphosphinic chloride and 2,4,6-tris(dimethylami-
nomethyl)phenol (DMP-30), and applied to fabricate high-performance EP/DCM. Introducing P-containing 
group reduced the reactivity of tertiary amine of DCM, but EP/DCM gelled at 100 ◦C within 11.3 min, showing 
modest-temperature curing character. EP/DCM exhibited higher glass-transition temperature (Tg) and char yield 
than virgin EP/DMP-30. Moreover, EP/DCM featured superior mechanical properties, of which the tensile 
strength, elongation at break and impact strength increased by 61.2%, 72.0% and 198.5%, respectively, relative 
to those of EP/DMP-30. DCM endowed EP thermosets with remarkable flame retardancy and smoke suppression. 
The limiting oxygen index (LOI) and UL-94 rating of EP/DCM reached 35.7% and V-0, respectively, with 36.2% 
and 22.6% reductions in peak heat release rate (PHRR) and peak smoke production rate (PSPR) compared with 
those of EP/DMP-30. This work pioneers an innovative strategy for creating high-performance EPs with satis-
factory heat resistance, fire safety, and mechanical properties by curing with P-containing tertiary amine 
hardeners.   

1. Introduction 

Epoxy resin (EP), as one kind of ubiquitous thermosetting polymer, is 
widely applied in various industries owing to its excellent electrical 
insulation, mechanical properties, adhesive strength, processability, and 
dimensional stability [1–3]. However, EP is intrinsically combustible, 
and will release plenty of heat and smoke during combustion, which 
may seriously threaten human lives and properties. Hence, the appli-
cation of EP in the fields with high requirements for flame-retardant 
performances is severely restricted [4,5]. To expand the application 
scope of EP in modern industries, many efforts have been devoted to 
addressing its flammability issue in recent years [6–8]. 

Introducing flame retardants is effective in enhancing the flame 
retardancy of polymeric materials [9,10]. Although halogen-based 

flame retardants exhibit outstanding flame-retardant functions, most 
of them are gradually eliminated from the market due to their severe 
environmental pollution and massive toxic gas emissions during com-
bustion [11–13]. P-based flame retardants have attracted increasing 
attention from researchers and engineers because of their high efficiency 
and multiple flame-retardant functions [14,15]. To endow EP with 
inherent flame retardancy, various phosphorus-containing curing agents 
have been developed recently, including phosphorus-containing anhy-
drides [16–18], amines [19–21], and imidazoles [22–24]. For example, 
Huang et al. [25] synthesized two P-derived anhydride curing agents 
(Car-DCP-MAH and Car-DPC-MAH) to improve the fire safety of EP. 
Their results indicated that the as-prepared EP/Car-DCP-MAH and EP/ 
Car-DPC-MAH showed improved flame retardancy, of which the LOI 
values reached 29.0% and 28.0%, respectively. Moreover, both EPs 

* Corresponding authors. 
E-mail addresses: ysfrp@whut.edu.cn (S. Yang), Siqi.Huo@usq.edu.au, sqhuo@hotmail.com (S. Huo).  

Contents lists available at ScienceDirect 

Chemical Engineering Journal 

journal homepage: www.elsevier.com/locate/cej 

https://doi.org/10.1016/j.cej.2023.143811 
Received 26 March 2023; Received in revised form 11 May 2023; Accepted 26 May 2023   

mailto:ysfrp@whut.edu.cn
mailto:Siqi.Huo@usq.edu.au
mailto:sqhuo@hotmail.com
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2023.143811
https://doi.org/10.1016/j.cej.2023.143811
https://doi.org/10.1016/j.cej.2023.143811
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2023.143811&domain=pdf


Chemical Engineering Journal 468 (2023) 143811

2

achieved a UL-94 V-0 rating. Nevertheless, the incorporation of Car- 
DCP-MAH and Car-DPC-MAH resulted in significant decreases in the 
tensile strength and Young’s modulus of EPs. Ai et al. [21] reported a 
phosphorus-containing triazolyl amine (P-ATA) for fabricating inher-
ently flame-retardant EPs. The P-ATA-containing EP showed enhanced 
flame-retardant performances, which achieved a LOI of 33.1% with a 
55.7% reduction in PHRR compared with virgin EP. However, the 
introduction of P-ATA caused EP to produce more smoke during com-
bustion and reduced the Tg. Recently, our team [26–28] developed some 
P-containing imidazole curing agents to prepare flame-retardant one- 
component EP systems. Our results indicated that the obtained EPs 
exhibited outstanding flame retardancy, as evidenced by the LOI values 
of 31.3–35.3% and UL-94 V-0 rating. However, these flame-retardant EP 
systems also suffered from unsatisfactory thermal and mechanical 
properties. These works had clearly demonstrated that the P-containing 
curing agents can effectively solve the inherent flammability problem of 
EPs, but their negative impacts on thermal and mechanical perfor-
mances cannot be ignored. 

DMP-30 is able to initiate the anionic polymerization of epoxy resin 
due to its tertiary amine-rich structure, which is frequently applied as an 
accelerator to increase the curing rate and reduce the curing tempera-
ture of EP/anhydride system [29–31]. However, the tertiary amine 
group in DMP-30 can cure epoxy resin rapidly once EP and DMP-30 are 
mixed, resulting in a short operational time of EP/DMP-30 system. More 
importantly, the EP/DMP-30 system releases abundant heat during the 
curing reaction, which causes high residual thermal stress of the cured 
product, thus deteriorating the thermal and mechanical properties. 
Although the EP/DMP-30 system can be cured at relatively low tem-
peratures, it suffers from poor processability, heat resistance and me-
chanical properties. Similar to other EP systems, the flammability issue 
of EP/DMP-30 also needs to be addressed urgently. 

Herein, a phosphorus-containing tertiary amine curing agent (DCM) 
with multiple functions was synthesized by the reaction of DPPC and 
DMP-30, and applied to develop high-performance, fire-safe epoxy 
resins. The chemical structure of DCM was confirmed by different 
measurements, and its influences on the curing/rheological behaviors, 
thermal properties, mechanical performances, flame retardancy and 

smoke suppression of EP were evaluated systematically. Furthermore, 
the toughening and flame-retardant mechanisms of DCM were investi-
gated in detail. This work not only expands the type of phosphorus- 
containing curing agent, but also creates a class of advanced fire-safe 
EPs which can be cured at modest temperatures. 

2. Experimental section 

2.1. Materials 

Diphenylphosphinic chloride (DPPC) was purchased from Heowns 
Biochemical Technology Co., Ltd (Tianjin, China). 2,4,6-Tris(dimethyla-
minomethyl)phenol (DMP-30), triethylamine (TEA), and tetrahydro-
furan (THF) were provided by Aladdin Reagents Co., Ltd (Shanghai, 
China). Bisphenol A type epoxy resin (DGEBA) with an epoxide equiv-
alent weight of about 188 g/eq was obtained from Yueyang Baling 
Huaxing Petrochemical Co., Ltd (Hunan, China). 

2.2. Synthesis of DCM 

DCM was synthesized via the elimination reaction between DMP-30 
and DPPC, with the synthesis route illustrated in Fig. 1a. Firstly, DMP-30 
(13.27 g), TEA (5.06 g) and THF (50 mL) were transferred into a three- 
necked flask and stirred at room temperature for 10 min to form a ho-
mogeneous solution. Then, DPPC (11.83 g) dissolved in THF (50 mL) 
was slowly dripped into the flask. After that, the mixture was heated up 
to 60 ◦C, and stirred continuously for 5 h. The triethylamine hydro-
chloride and THF were removed by filtration and distillation. Finally, 
the yellow liquid product (DCM) was obtained, and dried under vacuum 
at 90 ◦C for 5 h (Yield: 93%). 

2.3. Preparation of EP thermosets 

The formulas of EP/DMP-30 and EP/DCM samples are listed in 
Table 1, and the preparation is as follows. The curing agent (DMP-30 or 
DCM) was introduced into DGEBA and stirred continuously at room 
temperature until becoming transparent. Then, the obtained solution 

Fig. 1. (a) Synthesis route of DCM; (b) FTIR spectra of DMP-30 and DCM; (c) 1H NMR spectrum of DCM; and (d) 31P NMR spectra of DPPC and DCM.  
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was defoamed for 3 min, and a small amount of it was collected for 
studying the curing and rheological behaviors. Finally, the solution was 
introduced into a mold that was pre-heated at 50 ◦C, and cured at 90 ◦C 
for 1 h, 130 ◦C for 2 h, and 160 ◦C for 3 h. 

2.4. Measurements 

Fourier transform infrared (FTIR) spectra were recorded on a Nicolet 
6700 infrared spectrometer using KBr discs. 1H and 31P nuclear mag-
netic resonance (NMR) spectra were obtained by a Bruker AV400 NMR 
spectrometer, and DPPC and DCM were dissolved in DMSO‑d6. 

The curing behaviors of EP mixtures (~10.0 mg) were studied by a 
Perkin-Elmer DSC 4000 under nitrogen atmosphere. The heating rate 
was 5, 10, 15 or 20 K/min. The rheological behaviors were investigated 
on a MCR302 (Anton Paar, Austria) at a constant frequency of 1 Hz and a 
heating rate of 5 ◦C/min, with the shear torque controlled below 150 
mN⋅m. 

Thermogravimetric analysis (TGA) was performed on a NETZSCH 
STA449F3 thermal gravimetric analyzer under a nitrogen flow of 20 
mL/min, and a powdered sample (~7 mg) was tested at the heating rate 
of 10 ◦C/min. Dynamic mechanical analysis (DMA) was conducted in a 
three-point bending mode on a TA DMA Q800 instrument. The heating 
rate was 5 ◦C/min, the specimen dimension was 20 mm × 1 mm × 4 mm, 
and the constant frequency was 1.0 Hz. The tensile and flexural prop-
erties of EP thermosets were investigated using a LE5105 
microcomputer-controlled electronic universal testing machine (LISHI 
Instrument, China) based on ASTM D3039 and D790 standards at the 
speed of 1 mm/min. The impact strength of EP samples (size: 80 mm ×
10 mm × 4 mm) was investigated by a XJJD-50 impact tester (Jinjian 
Testing Instrument, China) according to GB/T 2667–2008 standard. The 
reported results were the averages of five specimens. 

Limiting oxygen index (LOI) of EP samples (size: 100 mm × 6.5 mm 
× 3 mm) was recorded on a JF-3 oxygen index meter (Jiangning Analysis 
Instrument, China) according to ASTM D2863 standard. Vertical 
burning (UL-94) classification of EP samples (size: 130 mm × 13 mm ×
3 mm) was measured by a NK8017A instrument (Nklsky Instrument, 
China) based on ASTM D3801 standard. Combustion behaviors of EP 
samples (size: 100 mm × 100 mm × 3 mm) were studied based on ISO 
5660 standard by a FTT cone calorimeter (Fire Testing Technology, UK) 
under an external flux of 50 kW/m2. 

The gaseous decomposition products of EP samples were explored by 
a TGA coupled with a FTIR (TG-IR, Thermo-Nicolet iS-10) in nitrogen 
and air conditions, and the heating rate was 20 ◦C/min. Pyrolysis gas- 
chromatography-mass spectrometry (Py-GC/MS) analysis was applied 
to evaluate the pyrolysis process of DCM on a 5200 + pyrolyzer (CDS, U. 
S.) that was linked to a CLARUS SQ 8T system (PerkinElmer, U.S.). 
Powdered sample was about 5 mg, and the pyrolysis temperature was 
500 ◦C. 

The infrared thermal images of the burning samples were recorded 
by a TIX 1000 infrared thermal imager (FLUKE, Germany). The tem-
perature distribution on the backside of the sample was recorded for 60 s 
when its frontside was subjected to flame impact. The microstructure 
and chemical component of fractured surface and residual char were 
investigated by a QuantaFEG450 scanning electron microscope (SEM, 
FEI, U.S.) coupled with an energy dispersive spectrometer (EDS) under 

an acceleration voltage of 15 kV. Raman spectrum of char residue was 
obtained by an Invia Raman microscope (Renishaw, UK) at 532 nm 
argon ion laser. X-ray photoelectron spectroscopy (XPS) was performed 
on a ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo Fisher 
Scientific, U.S.) with a Al Ka radiation (1486.6 eV). 

3. Results and discussion 

3.1. Characterization of DCM 

The chemical structure of DCM was characterized by 1H NMR, 31P 
NMR, and FTIR. The FTIR spectra of DMP-30 and DCM are presented in 
Fig. 1b. Both FTIR spectra showed the typical absorption peaks of –CH3 
group at 2942 and 1357 cm− 1 [32]. The peaks located at 2813 and 2769 
cm− 1 were assigned to the stretching vibration of –CH2- group [33,34]. 
The characteristic peaks at 1612 and 1456 cm− 1 belonged to the phenyl 
[35,36]. The peak at 1257 cm− 1 was assigned to the C-N bond [37]. The 
absorption peak at 1174 cm− 1 was corresponded to the -O-Ph structure 
[38]. For DCM, the absorption band at 3054 cm− 1 belonged to the -C-H 
of phenyl [39], and those at 903 and 1127 cm− 1 belonged to the P-O-Ph 
and -P=O groups, respectively [40]. All these results confirmed that 
DCM was synthesized by the reaction of DMP-30 and DPPC. 

As displayed in the 1H NMR spectrum of DCM (see Fig. 1c), the 
chemical shifts at 7.11–7.94 ppm belonged to the protons (Ha, Hb, Hc 
and Hf) of phenyl, those at 3.39–3.65 and 3.13 ppm were attributed to 
the protons (He and Hh) of –CH3 group, and those at 2.13–2.30 and 1.91 
ppm were attributed to the protons (Hd and Hg) of –CH2- group. The 
integral area ratio of these three regions was about 6:9:2, which was 
closed to the theoretical proton number ratio (Ha+b+c+f : He+h : Hd+g), 
further demonstrating the successful synthesis of DCM. Furthermore, 
DPPC exhibited one peak at 24.1 ppm in the 31P NMR spectrum, while 
DCM showed two peaks at 14.2 and 29.2 ppm (see Fig. 1d), which was 
probably because the isomers were existed in the structure of DCM. 
Similar result had also been reported in previous works on phosphorus- 
derived flame retardants [41,42]. The 1H NMR, 31P NMR, and FTIR 
results had determined that DCM was successfully synthesized. 

3.2. Curing/rheological behaviors of EPs 

Understanding curing reaction kinetics is essential for setting curing 
procedure and achieving desirable products [43]. The curing reaction 
kinetics of EP/DMP-30 and EP/DCM-1.5 was investigated by the non- 
isothermal DSC at the heating rates of 5, 10, 15, and 20 K/min, and 
the corresponding plots and parameters are shown in Fig. 2a-c and 
Table S1. The activation energy (Ea) and reaction rate equation of EP/ 
DMP-30 and EP/DCM-1.5 were obtained by the Kissinger, Ozawa and 
Crane methods [44,45]. 

As presented in Fig. 2a, all EPs showed only one exothermic peak, 
and the peak temperatures of the DCM-containing EPs were about 26 ◦C 
high than that of EP/DMP-30, suggesting that the introduction of 
phosphorous-containing group reduced the curing activity of tertiary 
amine group in DMP-30. Meanwhile, the peak temperatures of EP/DMP- 
30 and EP/DCM-1.5 gradually increased with the increase of heating 
rate due to the hysteresis effect of curing reaction (see Fig. 2b, c) [8]. As 
presented in Table S1, although the peak temperature of EP/DMP-30 
was lower than that of EP/DCM-1.5, the Ea of EP/DMP-30 (64.8 kJ/ 
mol) was much higher than that of EP/DCM-1.5 (49.9 kJ/mol). Obvi-
ously, the curing temperature and Ea of these two systems are closely 
related to the system viscosity and tertiary amine content [46,47]. The 
viscosity of EP/DMP-30 was much lower than that of EP/DCM-1.5 due to 
the lower viscosity of DMP-30 than DCM and the lower amount of 
addition. Benefiting from its lower viscosity, EP/DMP-30 was able to 
cure at a lower temperature with the catalysis of tertiary amine groups. 
By contrast, EP/DCM-1.5 with higher viscosity needed a higher tem-
perature to activate the curing reaction. Notably, the tertiary amine 
content of EP/DCM-1.5 was higher than that of EP/DMP-30, which led 

Table 1 
Formulas of EP thermosets.  

Sample code DGEBA 
(g) 

DMP-30 
(g) 

DCM 
(g) 

P content 
(wt%) 

EP/DMP-30 100 13 / / 
EP/DCM-0.75 100 / 12.7 0.75 
EP/DCM-1 100 / 17.7 1.0 
EP/DCM-1.25 100 / 23.1 1.25 
EP/DCM-1.5 100 / 29.1 1.5  
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to the reduced Ea. In addition, the n values of EP/DMP-30 and EP/DCM- 
1.5 were 0.93 and 0.91, respectively, implying that the curing of both 
systems was a first-order reaction. 

The rheological behaviors of EP/DMP-30 and EP/DCM-1.5 were also 
investigated, with the relevant curves presented in Fig. 2d-i. As the 
temperature increases, the temperature at which the G’ and G“ curves 
intersect is defined as the gel point (Tv), indicating the transition from 
viscous to solid states [48,49]. At a certain temperature, the time at the 
intersection of the G’ and G” curves is defined as the gel time. As pre-
sented in Fig. 2d, g, the Tv of EP/DCM-1.5 was 34.8 ◦C higher than that 
of EP/DMP-30. Additionally, the gel time of EP/DCM-1.5 (216 and 11.3 
min) was longer than that of EP/DMP-30 (51.2 and 2.7 min) at 50 and 
100 ◦C, respectively (see Fig. 2e, f, h and i). Such results further 
demonstrated that the reactivity of DCM was lower than that of DMP-30 
due to the steric-hindrance effect of P-containing group. Notably, at a 
low temperature, EP/DCM-1.5 exhibited a long processability time, 
while it can be cured rapidly at a modest temperature, indicative of 
superior processability. 

3.3. Thermal properties of EPs 

The DMA and TGA techniques were employed to investigate the 
thermal properties of EP/DMP-30 and EP/DCM samples, with the rele-
vant plots shown in Fig. 3. Some important parameters, including glass 
transition temperature (Tg), storage modulus (E’) at 50 ◦C, crosslinking 

density (ve), temperature at 5% mass loss (T5%), temperature at 
maximum mass loss rate (Tmax), maximum weight loss rate (Rmax), and 
char yield at 800 ◦C (CY) are listed in Table S2. The ve of EP was 
calculated according to the classical theory of rubber elasticity [50]. As 
displayed in Fig. 3a and Table S2, the E’ values of EP/DCM samples at 
50 ◦C were higher than that of EP/DMP-30 sample, indicating that the 
stiffness of EP was increased with the incorporation of phosphorus- 
derived group. Nevertheless, the E’ of EP/DCM-1.5 at 50 ◦C was 
slightly lower than that of EP/DCM-1.25 due to the reduced crosslinking 
density. Meanwhile, the Tg values of EP/DCM samples were closed to or 
even higher than that of EP/DMP-30 sample (see Fig. 3b and Table S2), 
demonstrating that the heat resistance of EP was not affected after 
covalently introducing phosphorus-derived group. Obviously, the 
introduction of P-containing group can enhance both heat resistance and 
mechanical stiffness of EP/DCM samples. 

In Fig. 3c and d, all EP samples underwent one-step degradation in 
N2 condition. The T5% and Tmax values of EP/DCM samples were lower 
than those of EP/DMP-30 sample, which gradually decreased with the 
increasing phosphorus content (see Table S2). The decreased T5% and 
Tmax signified that the phosphorus-containing degradation products of 
DCM catalyzed the decomposition of the EP matrix. Similar catalysis had 
also been reported in previous works on phosphorus-containing poly-
meric materials [51,52]. Notably, all EP/DCMs displayed lower Rmax 
and higher CY values than EP/DMP-30 (see Table S2). For instance, the 
Rmax value of EP/DCM-1.5 was decreased from 11.4 %/min of EP/DMP- 

Fig. 2. (a) Non-isothermal DSC curves of EPs at the heating rate of 10 K/min; non-isothermal DSC curves of (b) EP/DMP-30 and (c) EP/DCM-1.5; (d) storage modulus 
(G’), loss modulus (G’’), and complex viscosity (η*) curves of EP/DMP-30 as a function of temperature; G’, G’’ and η* curves of EP/DMP-30 at (e) 50 and (f) 100 ◦C; 
(g) G’, G’’ and η* curves of EP/DCM-1.5 as a function of temperature; and G’, G’’ and η* curves of EP/DCM-1.5 at (h) 50 and (i) 100 ◦C. 
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30 to 5.9 %/min, and the CY value was increased from 9.8% of EP/DMP- 
30 to 24.1%. Such results implied that the phosphorus-based decom-
position products derived from DCM promoted the char formation, thus 
retarding the thermal decomposition of the matrix at high temperatures. 
In sum, EP/DCM samples exhibited superior heat resistance, char- 
forming capacity and mechanical stiffness to EP/DMP-30 sample due 
to the presence of P-containing group. 

3.4. Mechanical properties of EPs 

The mechanical properties of EP/DMP-30 and EP/DCM thermosets 
were explored, with the results shown in Fig. S1 and Table 2. The me-
chanical properties of the DCM-cured EP thermosets were significantly 
improved relative to those of EP/DMP-30 thermoset. For example, the 
tensile strength, tensile modulus, elongation at break, flexural strength, 
flexural modulus and impact strength of EP/DCM-1.25 were up to 79.8 
MPa, 3243 MPa, 8.6%, 116.3 MPa, 3173 MPa and 20.3 kJ/m2, which 
were 61.2%, 19.4%, 72.0%, 43.6%, 8.9% and 198.5% higher than those 
of EP/DMP-30, respectively. The improved mechanical stiffness, 
strength and toughness were mainly due to the increased crosslinking 
density and incorporation of rigid P-containing group. In addition, the 
tensile strength, flexural strength, elongation at break and impact 

strength of EP/DCM thermosets increased first and then decreased with 
the increasing DCM content, and both tensile and flexural moduli were 
almost positively correlated with the DCM content. Such results indi-
cated that the incorporation of rigid P-containing groups was conducive 
to improving the rigidity of EP thermosets, but excessive DCM led to 
reduced crosslinking density and mechanical robustness and toughness. 

The toughening mechanism of DCM was investigated by SEM tech-
nique, with the SEM images of the fractured surfaces for EPs after impact 
tests presented in Fig. 4a-c. Apparently, the cross-section of EP/DMP-30 
was regular and smooth, showing typical brittle rupture characteristics. 
In contrast, the cross-sections of both EP/DCM-1 and EP/DCM-1.5 were 
rough, and numerous ripples and crinkles appeared. These ripples and 
crinkles absorbed part of the energy when the EP matrix was subjected 
to an external impact, thus leading to the energy dissipation, and 
enhancing the toughness. Moreover, no aggregation was observed 
within the cross-sections of EP/DCM-1 and EP/DCM-1.5, indicative of 
good compatibility between DCM and EP. With appropriate addition of 
DCM, the obtained EP thermoset exhibited superior mechanical stiff-
ness, robustness and toughness. 

Fig. 3. (a) Storage modulus, (b) Tan delta, (c) TG, and (d) DTG curves of EPs under nitrogen atmosphere.  

Table 2 
The mechanical properties of EP samples.  

Sample Tensile strength (MPa) Tensile modulus (MPa) Elongation at break (%) Flexural strength (MPa) Flexural modulus (MPa) Impact strength (kJ/m2) 

EP/DMP-30 49.5 ± 2.5 2717 ± 136 5.0 ± 0.2 81.0 ± 4.1 2915 ± 145 6.8 ± 0.3 
EP/DCM- 

0.75 
69.1 ± 3.5 2792 ± 139 7.7 ± 0.3 93.6 ± 4.7 3056 ± 152 18.8 ± 0.9 

EP/DCM-1 74.5 ± 3.7 2996 ± 149 8.0 ± 0.4 93.1 ± 4.7 3196 ± 159 24.7 ± 1.2 
EP/DCM- 

1.25 
79.8 ± 4.0 3243 ± 162 8.6 ± 0.4 116.3 ± 5.8 3173 ± 158 20.3 ± 1.0 

EP/DCM-1.5 77.1 ± 3.9 3276 ± 163 7.1 ± 0.3 112.5 ± 5.6 3410 ± 170 21.4 ± 1.1  
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3.5. Flame-retardant properties of EPs 

Firstly, the LOI and UL-94 tests were applied to evaluate the flame 
retardancy of EP/DMP-30 and EP/DCM samples. As presented in 
Table S3, EP/DMP-30 was highly combustible, and its LOI value was 
20.1%. During the UL-94 test, EP/DMP-30 couldn’t self-extinguish and 
produced severe molten droplets, thus it was unable to pass any rating. 
In comparison, when the DCM-cured EPs were ignited, they all self- 
extinguished within 3 s, and the molten droplets disappeared. There-
fore, all DCM-cured EPs reached a UL-94 V-0 classification. Meanwhile, 
all DCM-cured EPs presented higher LOI values than EP/DMP-30, and 
the LOI values gradually increased with increasing DCM contents. For 
instance, the LOI values of EP/DCM-1.0 and EP/DCM-1.5 increased to 
34.1% and 35.7%, respectively. These results clearly demonstrated that 
DCM effectively improved the flame retardancy of EP thermosets. 

The cone calorimeter is the most common experimental apparatus to 
characterize the combustion behaviors of polymeric materials [53–55]. 
The combustion characteristic curves and parameters of EP/DMP-30 
and EP/DCM samples obtained from cone calorimetry tests are dis-
played in Fig. 5 and Table S4. As presented in Table S4, EP/DMP-30 
released a large amount of heat and toxic smoke during burning, and 
its PHRR, THR, PSPR and TSP were as high as 1647 kW/m2, 119.3 MJ/ 
m2, 0.31 m2/s and 24.5 m2, respectively. By contrast, the PHRR, THR, 
PSPR and TSP of all DCM-cured EPs decreased obviously due to the 
introduction of P-containing group. In particular, EP/DCM-1.5 with the 
highest phosphorus content exhibited the lowest heat release and smoke 
generation among all EPs, of which the PHRR, THR, PSPR and TSP 
displayed 36.2%, 37.0%, 22.6% and 14.3% reductions relative to those 
of EP/DMP-30. These results demonstrated that the phosphorus-derived 
group in DCM efficiently inhibited the heat and smoke release of the EP 
matrix, thus improving the flame retardancy and smoke suppression. 

The fire performance index (FPI) and fire growth rate (FGR) are 
another two critical parameters to assess the fire safety of polymeric 
materials [13]. As exhibited in Fig. 5c and Table S4, the FPI values of the 
DCM-cured EPs were all higher than that of EP/DMP-30, indicative of 
the reduced fire hazard. Additionally, the FGR values of the DCM-cured 
EPs were all lower than that of EP/DMP-30, further demonstrating the 
enhanced fire safety. Obviously, the introduction of P-containing group 
was responsible for the enhanced fire safety of EP. The average effective 
heat of combustion (AEHC) is often applied to evaluate the burning 
degree of pyrolysis products in the gas phase [37,56]. In Fig. 5f and 

Table S4, the AEHC values of the DCM-cured EPs were all lower than 
that of EP/DMP-30. For instance, the AEHC of EP/DCM-1.5 was reduced 
from 29.6 MJ/kg of EP/DMP-30 to 23.6 MJ/kg, by 20.3%. Such results 
verified that the P-containing group in DCM released the P-derived 
radicals (e.g., HPO•, and PO•) to eliminate the active radicals (e.g., OH•

and H•) derived from the matrix during burning, thus inhibiting the 
combustion reaction in the gas phase [57–59]. In Fig. 5f and Table S4, 
EP/DCM-1.5 showed the highest residual weight (RW) at 500 s among 
all EPs, which increased by 264.4% compared with that of EP/DMP-30, 
demonstrating that the P-based group in DCM also facilitated the 
carbonization of the matrix in the condensed phase. Moreover, the char 
of EP/DMP-30 was broken and fragile (see Fig. 5g), while those of EP/ 
DCMs showed intumescent and compact structures (see Fig. 5h-k), 
which were conducive to inhibiting the exchange of heat and oxygen 
and release of smoke [60,61]. In sum, DCM was effective in enhancing 
the flame retardancy and smoke suppression of EP by the gas/ 
condensed-phase flame-retardant functions of its phosphorus- 
containing group. 

3.6. Flame-retardant mode-of-action 

3.6.1. Gas-phase analysis 
The decomposition gaseous products of EP/DMP-30 and EP/DCM- 

1.5 were studied by TG-FTIR technique in N2 and air conditions, with 
the spectra displayed in Fig. 6 and S2. As shown in Fig. 6a, b, d, e, the 
decomposition gaseous products of EP/DMP-30 and EP/DCM-1.5 in air 
and nitrogen conditions were similar, but EP/DCM-1.5 exhibited lower 
intensities of the absorption peaks. As shown in Fig. 6c, f, the main 
gaseous products of EP/DMP-30 and EP/DCM-1.5 mainly included H2O/ 
phenol (3652 cm− 1), hydrocarbon compounds (3151–2769 cm− 1), CO2 
(2360 and 551 cm− 1), CO (2183 cm− 1), carbonyl compounds (1731 
cm− 1), aromatic compounds (1604, 1508, 829 and 747 cm− 1), ether 
compounds (1253 and 1176 cm− 1), and NH3 (929 cm− 1) [23,45]. 
Notably, the characteristic peak of P-O-C was detected at 1122 cm− 1 in 
the FTIR spectra of gaseous products for EP/DCM-1.5 (see Fig. 6f, S2b), 
which further confirmed that the P-containing group in DCM can pro-
duce P-derived fragments in the gas phase under heating, which can 
further decompose to generate P-containing radicals with radical 
quenching effect. Hence, the gas-phase flame-retardant effect of DCM 
was mainly attributed to the radical quenching function of its P-con-
taining group. 

Fig. 4. SEM images of the fractured surfaces for (a) EP/DMP-30, (b) EP/DCM-1, and (c) EP/DCM-1.5 thermosets after impact tests.  
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Fig. 5. The curves of (a) heat release rate (HRR) and (b) smoke production rate (SPR), the values of (c) fire performance index (FPI) and fire growth rate (FGR), the 
curves of (d) total heat release (THR) and (e) total smoke production (TSP), the values of (f) average effective heat of combustion (AEHC) and residual weight (RW) 
for EP thermosets, and digital photographs of (g) EP/DMP-30, (h) EP/DCM-0.75, (i) EP/DCM-1, (j) EP/DCM-1.25, and (k) EP/DCM-1.5 chars from top and side views. 
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Fig. 6. 3D TG-FTIR spectra of gaseous decomposition products for (a, d) EP/DMP-30 and (b, e) EP/DCM-1.5 under air and N2 atmosphere; and FTIR spectra of 
gaseous decomposition products for EP/DMP-30 and EP/DCM-1.5 at Tmax under (c) air and (f) N2 atmosphere. 

Fig. 7. Proposed pyrolysis route of DCM during the py-GC/MS test.  
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To further investigate the gas-phase mechanism, py-GC/MS was 
employed to explore the pyrolysis fragments of DCM under heating. The 
total ion chromatogram (TIC), mass spectra at different retention time, 
and proposed pyrolysis route of DCM are shown in Fig. S3, S4 and 7. In 
the initial pyrolysis stage of DCM, the nitrogen-containing fragments 
(m/z: 44, 58 and 86) and phenol derivatives (m/z: 93, 121, 133 and 136) 
were detected, which was mainly due to the breakage of C-N and C-O 
bonds. As the pyrolysis of DCM proceed, the phosphorus-containing 
fragments (m/z: 201, 202, 221, 222, 245 and 322) were released due 
to the further pyrolysis of DCM. Hence, DCM released the nitrogen- 
containing gases and phosphorus-derived fragments when heated, 
which were able to dilute the concentration of combustible volatiles and 
capture the active radicals, respectively. When the EP matrix burned, 
DCM decomposed to release nitrogen- and phosphorus-based fragments 
to suppress the burning reaction in the gas phase. 

3.6.2. Condensed-phase analysis 
To explore the condensed-phase mechanism, the infrared thermal 

imager was applied to record the real-time temperature on the backside 
of EP/DMP-30 and EP/DCM-1.5 impacted by high-temperature flame 
(see Fig. 8a), with the infrared graphs presented in Fig. 8b. Apparently, 
EP/DMP-30 was highly combustible, and it was easily ignited. When EP/ 
DMP-30 was exposed to the flame for 25 s, it was completely burned 
through, and the maximum temperature (TMAX) and average tempera-
ture (TAV) on the backside rapidly increased to > 500 and 231.7 ◦C, 
respectively. In contrast, EP/DCM-1.5 quickly formed an intumescent 
and compact char layer on its frontside when attacked by flame, and 
thus the TMAX and TAV of its backside were only 179.6 and 150.1 ◦C, 
respectively, at 30 s. In addition, the formed char layer of EP/DCM-1.5 
was still unbroken at 60 s, indicating its reliability. Obviously, the DCM- 
cured EPs can rapidly form an intumescent and compact char layer on its 
surface during burning because of the promoting carbonization function 

of P-derived group. 
To further elaborate the flame-retardant mechanism of DCM in the 

condensed phase, the char residues obtained from the cone calorimetry 
tests were collected and investigated by SEM, EDS, Raman and XPS, 
respectively. As shown in Fig. S5a, the residual char surface of EP/DMP- 
30 was loose and broken. On the contrary, the residual char surface of 
EP/DCM-1.5 was compact and continuous (see Fig. S5b). In addition, the 
EDS spectrum in Fig. 9a showed that the residual char of EP/DMP-30 
contained abundant carbon and oxygen, while the phosphorus and ni-
trogen were detected in the residual char of EP/DCM-1.5 (see Fig. 9b), 
which verified that the formation of a dense and intumescent char layer 
was mainly due to the flame-retardant functions of the DCM-derived 
decomposition products in the condensed phase. Meanwhile, the 
Raman spectra of EP/DMP-30 and EP/DCM-1.5 residues are shown in 
Fig. 9c. The degree of graphitization can be quantitatively analyzed by 
calculating the area ratio of D to G peaks (ID/IG), and the lower the ID/IG, 
the higher the degree of graphitization [18,26]. The ID/IG value of EP/ 
DMP-30 char was 2.77, while that of EP/DCM-1.5 reduced to 2.41. 
Hence, the graphitization degree of EP/DCM-1.5 char was higher than 
that of EP/DMP-30 char. Obviously, the highly graphitized char covered 
on the surface of the EP matrix, suppressing the heat transfer and smoke 
release, thus improving the flame retardancy and smoke suppression. 

The XPS spectra of EP/DMP-30 and EP/DCM-1.5 residues are pre-
sented in Fig. 9d-i. Only carbon and oxygen were detected in the char of 
EP/DMP-30, while nitrogen and phosphorus appeared in the char of EP/ 
DCM-1.5 in addition to C and O, which was consistent with the EDS 
results, further demonstrating the condensed-phase flame-retardant 
function of DCM. The high-resolution C1s and O1s spectra of EP/DMP- 
30 char are displayed in Fig. 9e and f, and the high-resolution C1s, 
O1s, and P2p spectra of EP/DCM-1.5 char are shown in Fig. 9g-i. In the 
C1s spectrum of EP/MP-30 residue (see Fig. 9e), the C-C/C=C, C-O, and 
C=O peaks were located at 284.4, 285.0, and 288.4 eV, respectively 

Fig. 8. (a) Illustration of flame impact test, and (b) thermal infrared images of the backside of EP/DMP-30 and EP/DCM-1.5.  
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[25,56]. The peaks at 532.4 and 533.8 eV were attributed to -O- and =O 
in the O1s spectrum of EP/DMP-30 char (see Fig. 9f) [9,28]. However, 
the C1s spectrum of EP/DCM-1.5 char was divided into four peaks at 
284.7, 285.4, 286.3, and 288.0 eV, which were assigned to C-C/C=C, C- 
O, C=O, and C-N/C=N, respectively (see Fig. 9g) [6,17]. The peak at 
532.8 eV was assigned to -O- in the O1s spectrum of EP/DCM-1.5 char 
(see Fig. 9h) [4]. For the P2p spectrum of EP/DCM-1.5 char, the peaks at 
133.0 and 144.0 eV belonged to P-O and P=O, respectively [13,21]. In 
sum, the P- and N-containing pyrolysis products of DCM functioned in 
the condensed phase, which facilitated the formation of a continuous 
and intumescent char layer on the matrix surface during burning, 
thereby suppressing the heat transfer and smoke generation. 

Based on the above analyses, the potential flame-retardant mode-of- 
action of DCM is proposed in Fig. 10. In the gas phase, the phosphorus- 
containing radicals and nitrogen-based gases derived from DCM 
inhibited the burning reaction, thus reducing the burning degree. In the 
condensed phase, DCM decomposed to generate P- and N-containing 
pyrolysis products, which facilitated the EP matrix to form a compact 

and intumescent char layer on its surface, which suppressed the heat 
release and smoke generation. Therefore, DCM exerted flame-retardant 
effects in both gaseous and condensed phases during combustion, thus 
significantly enhancing the flame retardancy and smoke suppression of 
EP thermoset. 

4. Conclusions 

In this work, a novel P-containing tertiary amine curing agent (DCM) 
was successfully synthesized via the elimination reaction of DMP-30 and 
DPPC. The comprehensive performances of the DCM-cured EPs were 
evaluated by various measurements. The DSC and rheological test re-
sults demonstrated that the introduction of P-containing group reduced 
the reactivity of tertiary amine groups in DCM and the EP/DCM systems 
featured good processability. Moreover, the EP/DCM thermosets 
showed superior heat resistance, charring capacity and mechanical 
properties to virgin EP/DMP-30 thermoset. Meanwhile, the DCM-cured 
EPs exhibited remarkable flame retardancy and smoke suppression. For 

Fig. 9. EDS spectra of (a) EP/DMP-30 and (b) EP/DCM-1.5 chars; (c) Raman spectra of EP/DMP-30 and EP/DCM-1.5 chars; (d) XPS full-scan spectra and relative 
element contents of EP/DMP-30 and EP/DCM-1.5 chars; XPS high-resolution (e) C1s and (f) O1s spectra of EP/DMP-30 char; and XPS high-resolution (g) C1s, (h) 
O1s, and (i) P2p spectra of EP/DCM-1.5 char. 
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instance, the LOI value and UL-94 rating of EP/DCM-1.5 sample reached 
35.7% and V-0, respectively, and its PHRR, THR, TSP and PSPR were 
reduced by 36.2%, 37.0%, 14.3% and 22.6% relative to those of EP/ 
DMP-30 sample. The significantly-enhanced fire safety of EP/DCMs 
was mainly due to the condensed/gas-phase flame-retardant effects of 
DCM. Hence, this work created a new generation of multifunctional 
flame-retardant curing agent for the fabrication of high-performance 
epoxy resins with superior heat resistance, mechanical properties, and 
fire safety. 
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