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Abstract
A metal–organic phosphonate, i.e., copper N, N’-piperazine (bismethylene phosphonate) (CuPB) was synthesized and utilized 
to modify epoxy resin (EP). The flame retardancy, thermal decomposition and mechanical properties of EP/CuPB composites 
are overall evaluated, and the mechanism is tentatively discussed. The results reveal that EP containing 3.0 wt% CuPB (EP/
CuPB-3) passes UL-94 V-0 grade with an increased limiting oxygen index of 28.5%. The peak heat release rate, total heat 
release, total smoke release and peak CO production rate of EP/CuPB-3 in cone calorimeter test are, respectively, reduced 
by 43.5%, 28.0%, 37.3% and 51.9%, compared to that of pure EP. Besides, a decreased mass-loss rate (16.2%  min−1) and an 
increased char yield (26.8%) of EP/CuPB-3 in the thermogravimetric analysis are achieved as a result of the char-promotion 
function of CuPB. Satisfactorily, the thermal resistance of EP/CuPB composites is slightly improved with an increased glass 
transition temperature, and the mechanical properties including tensile and impact strengths are not much affected.
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Introduction

EP has been applied in fields due to the attractive properties 
such as adhesion, toughness and heat resistance. However, 
it has been of great concern that the flammability and smoke 
release in the combustion of EP restrict its applications to 
some extent [1–5]. Nowadays, the worldwide consideration 
of green ecosystem and sustainable development impose 
restrictions on the use of flame retardants containing halo-
gen, regarding their harms to global health and ecological 
environment. Therefore, halogen-free flame retardants are 
much preferred to be exploited, especially in the electronic 
and electrical areas [6, 7].

Various halogen-free compounds (e.g., phosphorous, 
phosphorous and nitrogenous compounds, etc.) used to 

flame retard EP have been investigated [8–10]. 9,10-Dihy-
dro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) 
and its derivatives as phosphorous additives [11], DOPO-
based epoxy monomers [12, 13] and DOPO-based curing 
agents [14] have been extensively applied to flame retard 
EP. However, the introduction of DOPO or DOPO-based 
flame retardants to EP usually results in a decreased glass 
transition temperature (Tg). For example, it was reported 
that the limiting oxygen index (LOI) of EP composite with 
9.1 mass% DOPO was raised from 23.0% up to 29.0%, 
but the composite failed UL-94 test as well as the Tg was 
decreased by 24 °C and 31 °C in differential scanning calo-
rimeter test and dynamic mechanical analysis, respectively 
[15]. Chi et al. designed a DOPO-based epoxy resin cured 
with 4,4′-diamino diphenylmethane (TEBA-DDM). The 
results found that the LOI of composite TEBA-DDM was 
increased from 25.8% to 42.3%, but the Tg was decreased 
from 165 °C to 136 °C, respectively, compared to the ones of 
untreated resin [16]. Phosphorus/nitrogen (P/N)-containing 
compounds are arousing increasing interests because of the 
synergism on flame retardance by working in the flame and 
promoting the carbonization, respectively, in gas and con-
dense phases [17–19]. As one traditional P/N-containing 
additive, it was demonstrated that 15 mass% ammonium 
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polyphosphate (APP) had endowed EP with an increased 
LOI value to 32.0%, relative to the value of pure EP (19.6%). 
Nevertheless, the strong hydrophilicity and moisture sensi-
tivity of APP limits its applications to some extent [20, 21]. 
Liu et al. composed P/N-containing dimelamine pyrophos-
phate (DMPY) to flame retard EP. Compared to untreated 
EP, the incorporation of 9.0 mass% DMPY into EP obtained 
UL-94 V-0 grade, as well as an excellent water resistance. 
However, the flexural and impact strengths of this flame 
retarded sample were reduced by 14.4% and 15.8%, respec-
tively [22]. Sun et al. synthesized poly (pentaerythritol 
phosphate phosphinic acyl piperazine) (PPAP) and found 
that EP with 20.0 mass% PPAP obtained a LOI value of 
35.0% and UL-94 V-0 grade, as well as a 15% increase on 
Tg [23]. Nevertheless, high dosages of these additives usu-
ally deteriorate the mechanical performances of polymers. 
Herein, flame retardants with high flame retardancy and less 
influence on mechanical performances of polymers should 
be put on priority.

Metal–organic phosphonates have gained some focus as 
flame retardants because most of them have water insolubil-
ity and good compatibility with polymer matrix [24–26]. 
Moreover, it was reported that organic phosphonates were 
good at catalyzing the charring process of polymers during 
their combustions, and metallic compounds are beneficial 
to further enhancing and the quality of the char [27]. Wang 
et al. synthesized a metal–organic phosphonate, aluminum 
poly-hexamethylenephosphinate (APHP), to flame retard EP. 
The results confirmed that the LOI of EP/APHP compos-
ite was raised to 32.7% after the introduction of 4.0 mass% 
APHP, and a UL-94 V-1 grade was observed [28]. Ma et al. 
synthesized a novel metal–organic framework (Sn-MOF@
PANI) to assess the fire safety performance on EP. In com-
parison with pure EP, 2.0 mass% Sn-MOF@PANI, respec-
tively, resulted in a 42.0% and 32.0% reduction on peak 
heat release rate and total heat release of the flame retarded 
EP composite [29]. However, the Tg of the EP/Sn-MOF@
PANI composites was slightly decreased. Phenylphospho-
nates were confirmed to be helpful to flame retard polymers. 
Wang’ group fabricated a series of metal phenylphospho-
nates (CoPP, NiPP, CuPP and FePP), and simultaneously 
improvements on the thermal stabilities and flame retar-
dancy of the flame retarded PS composites were achieved 
by the introduction of 2.0 mass% phenylphosphonates [30]. 
It was also reported that the flame retarded EP composite 
achieved UL-94 V-0 grade with the containing of 5.0 mass% 
zirconium phenylphosphonate (ZrPP), but Tg declined by 
about 10 °C [31]. In our recent work, a nano metal–organic 
phosphonate, zinc amino-tris-(methylenephosphonate) (Zn-
AMP) was synthesized and applied to modify EP. It was 
found that EP containing 2.0 mass% Zn-AMP had much 
lower heat and smoke release but failed the UL-94 test and 
also found that the Tg of flame retarded EP composites 

was not obviously influenced [32]. Generally, all these 
metal–organic phosphonates mentioned above are difficult 
in integrating good flame retardancy and thermal–mechani-
cal performances (e.g., not reduction of Tg) of the flame 
retarded EP composites at the same time. Therefore, the 
investigations on metal–organic phosphonates modified EP 
materials with well-balanced flame retardancy and ther-
mal–mechanical properties should be of great significance.

Herein, a P/N-containing metal–organic flame retard-
ant, copper N, N’-piperazine (bismethylene phosphonate) 
(CuPB), was synthesized and utilized to modify EP. The 
flame retardancy, thermal decomposition and mechani-
cal properties of modified EP composites were thoroughly 
studied, and the flame-retardant mechanism of CuPB was 
tentatively illustrated.

Experimental

Materials

Paraformaldehyde (PFA), piperazine, copper sulfate pen-
tahydrate, sodium hydroxide, phosphorous, hydrochloric 
and sulfuric acids were purchased from Shanghai Sinop-
harm Chemical Reagent. Bisphenol-A epoxy resin (E51) was 
purchased from China Sinopec Group. Curing agent 4, 4 
‘-diaminodiphenyl sulfone (DDS) was commercially avail-
able from Shanghai Energy Chemical Reagent.

Synthesis of CuPB

As depicted in Scheme 1, N, N’-Piperazine (bismethylene 
phosphonic acid) (PBA) was primarily synthesized accord-
ing to Mannich method [33]: A certain of piperazine, phos-
phorous and hydrochloric acids (37%) were mixed in deion-
ized water, followed by reflux under mechanical stirring. 
Afterwards, PFA was dropwise added to solve in the mix-
ture. A few hours later, PBA powders were obtained. PBA 
(0.01 mol) was dissolved in sodium hydroxide solution, and 
the pH value was controlled at 6–7 by sulfuric acid. Then 
the solution was under mechanical stirring at room tempera-
ture for 30 min, followed by dropwise addition of a solution 
consisting of 0.02 mol copper sulfate pentahydrate. Subse-
quently, a blue turbid mixture was obtained after another 2 h 
stirring. Finally, CuPB was centrifugated, washed and dried. 
The density of CuPB was 1.75 ± 0.03 g  cm−3, measured by 
the drainage method.

Sample preparation

A certain epoxy resin and CuPB were stirring at 130 °C, 
followed by the incorporation of DDS. After DDS was dis-
solved, the mixture was degassed in a vacuum oven and 
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transferred to the molds to undergo a thermal curing treat-
ment at 150 °C for 2 h and 180 °C for 4 h. Table 1 gives the 
formulations of the flame retarded EP composites.

Characterization

Transmission electron microscopy (TEM) test was con-
ducted by a JEOL JEM 2011 apparatus (Japan). X-ray pho-
toelectron spectroscopy (XPS) was carried out by a Thermo 
Scientific spectrometer (USA) with an X-ray of 1484.6 eV. 
Fourier transform infrared spectroscopy (FTIR) were per-
formed by using a Bruker Hyperion 2000 spectrometer 
(Germany). X-ray diffraction (XRD) test was performed at a 
scan speed of 5°min−1 on a DX-1000 instrument (Fangyuan 
Co., Ltd., China). Scanning electron microscope (SEM) and 
energy-dispersive X-ray spectrometer (SEM–EDS) was per-
formed by a Hitachi S-2360 N device (Japan). Raman was 
conducted in a HORIBA LabRAM instrument (Germany) 
(532 nm argon laser line).

LOI test was conducted by a Jiangning HC-2 instrument 
(China) according to GB/T2406-2009, and the specimen 
dimension was 100 × 6.5 × 3  mm3. UL-94 test was car-
ried out by a Jiangning CFZ-3 instrument (China) accord-
ing to GB/T2408-2008, and the specimen dimension was 
130 × 13 × 3  mm3. Cone calorimeter test (CCT) was car-
ried out by an FTT cone calorimeter (UK) at a heat flux of 
35 kW m−2 (ISO 5660, specimen dimension: 100 × 100 × 3 
 mm3). Thermogravimetric analysis (TGA) was conducted 

by an TA instruments (America) in the temperature range of 
30–800 °C (10 °C min−1,  N2 or air atmosphere).

Dynamic mechanical analysis (DMA) was carried out by 
a TA Q800 analyzer (USA) at a heating rate 3 °C  min−1 
in the temperature ranged 30–270 °C, with a frequency of 
10 Hz. Tensile strengths of samples were measured by a 
MTSSANS CMT-5504 electron device (China) according 
to GB/T 1040–2006, and impact strengths of samples were 
measured by a MTSSANS E21 pendulum impact machine 
(China) according to GB/T 1043.1–2008. Every sample was 
tested in quintuplicate to get the averaged results.

Results and discussion

Characterization of CuPB

The micro morphologies of CuPB were observed by TEM, 
and the elementary composition spectrum is shown in Fig. 1. 
It can be seen that CuPB agglomerations consist of sphere-
like particles with variable diameter size of 200–500 nm, 
and the particles turn to aggregate. In the spot-scanning EDS 
spectrum of CuPB, the corresponding elements including C, 
N, O, P and Cu have been identified.

Figure 2a describes the FTIR spectra of PBA and CuPB. 
The characterized signals in the FTIR spectrum of PBA 
including O–H (3100–3000 cm−1), C–H (2950 cm−1 and 
1452  cm−1), C–N (1161  cm−1 and 1101  cm−1), P = O 
(1265 cm−1), P–O (1033 cm−1 and 927 cm−1) and P–C 
(759 cm−1) have been detected, in agreement with the litera-
tures[34–37]. Compared with the spectrum of PBA, a wide 
peak around 3200 cm−1 in the spectrum of CuPB is possibly 
ascribed to lattice water. Additionally, the XRD spectrum 
(Fig. 2b) indicates the high crystallization of CuPB.

The surface chemical elements of CuPB were analyzed 
through XPS, and the related spectra are described in 
Fig. 2c–e. Elements of Cu, P, N, C and O are confirmed 
by the survey spectrum of CuPB (Fig. 2c). The peaks 
located at 931.9 eV and 951.7 eV are attributed to  Cu2p3/2 
and  Cu2p1/2, respectively, with strong shakeup features, 
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Scheme 1  Synthetic route of CuPB

Table 1  Formulations of EP and EP/CuPB composites

Samples DGEBA/mass% DDS/mass% CuPB/
mass%

EP 75.2 24.8 0
EP/CuPB-1 74.4 24.6 1.0
EP/CuPB-2 73.7 24.3 2.0
EP/CuPB-3 72.9 24.1 3.0
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proving the + 2-valence state of Cu ions in CuPB (Fig. 2d) 
[30]. The peak of P2p is observed at 132.8 eV, indicating 
the sole state of P in phosphoric acid. The peaks of N1s 
at 401.0 eV and 399.1 eV correspond to  NH+ and C–N, 
respectively (Fig. 2e) [38].

The curves of TG and DTG of CuPB in  N2 and air 
atmosphere are depicted in Fig. 2f and the relevant data 
have been given in Table 2. CuPB exhibits a three-step 
degradation procedure in  N2 atmosphere: (i) the removal 
of lattice water (180–220 °C) [39], (ii) the dehydration 
and scissions of CuPB chains including C–N and P–C 
bonds (250–450 °C), (iii) the decompositions of P-con-
taining compounds (> 450 °C)[40]. In comparison, the 
decomposition of CuPB in air atmosphere is similar to 
that in  N2 atmosphere before 150 °C. As the temperature 
increases, CuPB decomposes earlier in air to produce 
lattice water. Besides, there is a big mass-loss peak of 
CuPB in air atmosphere around 500–600 °C, as a result 
of the oxidation decompositions. However, CuPB shows 
an increased mass-loss rate around 800 °C in  N2 atmos-
phere, which is owing to the transition of copper oxide 
to cuprous oxide.

Flame retardancy of EP/CuPB composites

LOI and UL‑94

The flame retardancy performances of pure EP and the 
flame retarded composites were first assessed by LOI and 
UL-94. In comparison with the LOI value of pure EP 
(23.0%), the LOI values of EP/CuPB-1, EP/CuPB-2 and 
EP/CuPB-3 composites are increased to 26.5%, 28.0% and 
28.5%, respectively (Fig. 4a). As seen in the photos of 
UL-94 test (Fig. 3), only 1.0 mass% CuPB promotes EP 
material to achieve V-1 rating, compared to the NR (no 
rating) of pure EP. Moreover, EP containing 2.0 mass% 
CuPB exhibits a self-extinguish property within less sec-
onds, and 3.0 mass% CuPB promotes EP to achieve V-0 
rating, clearly indicative of the high-efficient flame retar-
dancy of CuPB in EP composites.

CCT 

The flame retardancy performances of EP/CuPB composites 
were overall assessed by CCT, and the results are supplied 
in Fig. 4 and Table 3. It is found from the results of time to 
ignition (TTI) that the TTI values of EP/CuPB composites 
are ca. 10 s ahead of pure EP (Table 3). CuPB on heating 
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can decompose to release some phosphorus-containing 
compounds, which may catalyze the decomposition of EP 
to produce some volatile compounds, resulting in the earlier 
ignition of EP/CuPB composites [41].

A phenomenon has been observed from Fig. 4b that there 
is only one peak in the heat release rate (HRR) curve of pure 
EP, whereas two peaks appear on the HRR curves of EP/
CuPB composites, which is probably owing to the secondary 
decomposition of the char. As the time increases, the pure 
EP reaches the peak HRR (pHRR) value of 742 kW m−2, 
while the pHRR values of EP/CuPB-1, EP/CuPB-2 and 
EP/CuPB-3 composites are reduced to 552  kW  m−2, 
472 kW m−2 and 419 kW m−2, a decrease by 25.6%, 36.4% 

and 43.5%, respectively. Additionally, the total heat release 
(THR) values of EP/CuPB-1, EP/CuPB-2 and EP/CuPB-3 
composites are also respectively reduced by 14.0%, 23.7% 
and 28.0%, in comparison to the values of pure EP (Fig. 4c). 
The smoke parameters including smoke production rate 
(SPR) and total smoke release (TSR) are also suppressed 
(Fig. 4d–e). Compared to that of pure EP, the TSR values 
of EP/CuPB-1, EP/CuPB-2 and EP/CuPB-3 composites 
decease by 28.7%, 35.8% and 37.3%, respectively. Moreover, 
the peak CO and  CO2 production rates of EP/CuPB com-
posites are gradually reduced with the increased addition of 
CuPB (Fig. 4f–g). Intriguingly, there is a special phenom-
enon that the CO production rates of EP/CuPB-1 and EP/

965
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Table 2  TG and DTG data 
of CuPB, EP and EP/CuPB 
composites

Samples Tonset/oC Tmax/oC Deriv. mass at 
 Tmax/%  min−1

Residue at 
800 °C/%

Theoretical 
residue at 
800 °C/%

CuPBN2 190 205 4.1 55.3 –
CuPBair 175 271 3.9 57.3
EP 381 414 19.4 13.6 –
EP/CuPB-1 369 397 18.1 19.8 14.0
EP/CuPB-2 353 386 17.0 24.2 14.4
EP/CuPB-3 350 382 16.2 26.8 14.9
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CuPB-2 composites have been accelerated after ca. 350 s, 
which is possibly generated from the uncompleted combus-
tion of composites as the result of the weaker barrier effect 
of the carbon layers. Remarkably, the addition of 3.0 mass% 
CuPB leads to a 51.9% and 42.0% decrease in the peak CO 
and  CO2 production rates of the flame retarded EP compos-
ite, respectively.

The decreased pHRR, THR, TSR and peak CO produc-
tion rate of EP/CuPB composites can be explained that 
CuPB decomposes to deliver some phosphorus-containing 
acids at low temperatures, promoting the degradation-car-
bonization process of epoxy. Meanwhile, copper oxides have 
been demonstrated to improve the structure of the char [42]. 
The enhanced char residues can retard the thermal and mass 
exchange between the underlying EP matrix and combustion 
zone by means of acting as carbon barrier layers, resulting 
in a lower heat and smoke release.

In order to give a comprehensive evaluation on the fire 
safety effect of CuPB on EP, the fire performance index 
(FPI) and fire growth index (FGI) are calculated and pre-
sented in Fig. 4h. FPI and FGI correspond to the quotient 
of TTI divided by pHRR and pHRR divided by the time 
to pHRR (TTP), respectively [43]. A higher FPI suggests 
that there is more time available for the rescue before the 
fire reaches flashover, but a higher FGI indicates that a 
material is fast ignited to reach a high pHRR [44, 45]. 
With the incorporation of CuPB into EP, the FPI values 
are increased but the FGI values are decreased, suggesting 
the increased fire safety performances of EP.

The mass-loss graphs during the combustion of EP 
and EP/CuPB composites are depicted in Fig. 4i. Pure EP 
produces the least char residue after the combustion, and 
an increase on the yield of the char residues of EP/CuPB 
composites is obtained proportionally to the CuPB addi-
tion, with the sequence of pure EP (10.2%) < EP/CuPB-1 
(19.8%) < EP/CuPB-2 (24.0%) < EP/CuPB-3 (26.3%). 
Moreover, Fig. 5 supplies the digital photos of the char 
residues of these composites. Clearly, pure EP obtains a 
fragile and even broken char residue after combustion, 
indicating the weak charring property. More expandable 
and loose char residue has been observed for EP/CuPB-1 
composite, with large blowholes throughout the char resi-
due, which is possibly resulted by the penetration of inert 
gases that decomposed from CuPB. With the increase 
in CuPB to 2.0 mass% and 3.0 mass%, the char residues 
become denser and more compact with less blowholes on 
the surface of the char residues. The enhanced char resi-
dues present the “tortuous path” effect on inhibiting the 
thermal and mass exchange of EP/CuPB composites dur-
ing the combustion, which explains the results in HRR, 
THR and TSR: If there was more mass remained in the 
char, there would be less flammable gases and smoke par-
ticles in the gas phase [46, 47].

The characterization of the char residues after CCT 
was performed by the SEM–EDS in Fig. 6. Smooth sur-
face with much gullies is observed from the char residue of 
pure EP (Fig. 6a), while the char residue from EP/CuPB-2 
composite turns to be complete and more delicate (Fig. 6b). 

Fig. 3  UL-94 photos of EP and 
EP/CuPB composites
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Intriguingly, there are some small pores on the surface of 
the char residue of EP/CuPB-2 composite, which maybe 
result from the penetration of inert gases (e.g., nitrogen-
containing gases) that decomposed from CuPB. Compared 
with the EDS results of pure EP, the percentages of C and 
O elements are decreased, while the percentages of N, P 
and Cu elements are increased in the EDS results of the of 
EP/CuPB-2 composite, demonstrating the main flame retar-
dancy of CuPB for EP in the condensed phase. Besides, the 

P/Cu atomic ratio in the char residue of EP/CuPB-2 compos-
ite is approximately 19:22, which is intermediate between 
the mole ratio of P/Cu in  Cu3(PO4)2 (2:3) and  Cu2P2O7 (1:1), 
which is further confirmed in the later XRD pattern of the 
char residues ((Fig. 7b).

FTIR and XRD spectra of the residual chars of EP and 
EP/CuPB-2 were further collected to reveal the chemical 
components and structures. The FTIR absorption peaks 
around 1600 cm−1 and 1200 cm−1 are, respectively, ascribed 
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Table 3  Cone calorimeter data of EP and EP/CuPB composites

a Time to ignition; bPeak heat release rate; cTotal heat release; dTotal smoke release; eMass of char residues; fFire performance index; gFire 
growth index

Samples TTIa/s pHRRb/kW  m−2 THRc/MJ  m−2 TSRd/m2  m−2 Masse/% FPIf FGIg

EP 126 ± 2 742 ± 11 93 ± 1 5390 ± 87 10.2 ± 0.5 0.170 ± 0.005 3.373 ± 0.065
EP/CuPB-1 116 ± 2 552 ± 18 80 ± 2 3842 ± 61 19.8 ± 0.6 0.210 ± 0.011 2.510 ± 0.117
EP/CuPB-2 116 ± 2 472 ± 14 71 ± 2 3459 ± 74 24.0 ± 1.0 0.246 ± 0.012 2.186 ± 0.096
EP/CuPB-3 116 ± 2 419 ± 13 67 ± 3 3379 ± 72 26.3 ± 1.3 0.277 ± 0.014 1.949 ± 0.098



2162 W. Wang, Z. Wang 

1 3

to C = C and C–C groups (Fig. 7a). Besides, there are some 
additional absorption peaks in the FTIR graph of the resid-
ual char of EP/CuPB-2 composite, including P = O groups 
(around 1150 cm−1) and P-O groups (around 1080 cm−1 
and 750 cm−1) [48]. Pure EP displays an amorphous char 
residue from the XRD results, but some crystalline signals 
have been identified in the char residue of EP/CuPB-2 com-
posite, which are attributed to the patterns of  Cu3(PO4)2 
and  Cu2P2O7 (Fig. 7b). The above results reveal that some 

phosphorus-containing compounds are retained in the chars 
of EP/CuPB composites, indicating the formation of some 
intermediates such as phosphoric or metaphosphoric acids 
during the combustion of composites.

Raman spectra were also utilized to characterize the gra-
phitization degree of the residual chars of EP and EP/CuPB 
composites. The respective spectra are shown in Fig. 8a–d. 
There are two bands appearing at 1350 cm−1 (D band) and 
1560 cm−1 (G band), which is, respectively, assigned to the 

EP EP/CuPB-1 EP/CuPB-2 EP/CuPB-3

Fig. 5  Digital photographs of the char residues of EP and EP/CuPB composites
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vibrations of amorphous carbons and crystalline graphite 
[49, 50]. The integrated intensity ratio of ID to IG (ID/IG) 
is applied to evaluate the graphitization degree of the char, 
and the higher ID/IG represents the char with the lower 
graphitization degree [51]. The ID/IG values of EP and 
EP/CuPB composites are calculated and ranged in the fol-
lowing order: EP (2.90) > EP/CuPB-1 (2.76) > EP/CuPB-2 
(2.53) > EP/CuPB-3 (2.12). The highest ID/IG value of the 

char residue of pure EP indicates the fragile char with the 
lowest graphitization degree, which is insufficient to prevent 
the thermal and mass exchange between the condense and 
gaseous phase. The incorporation of CuPB decreases the ID/
IG values of the char residues, demonstrating the improved 
graphitization degree of the char residues, resulting in better 
shielding effect between the underlying matrix and combus-
tion zone.

Fig. 7  a FTIR and b XRD spec-
tra of char residues after CCT 
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Based on above results, the flame-retardant mechanism of 
CuPB in EP is tentatively proposed (Fig. 9). At the beginning 
of the combustion of EP/CuPB composites, CuPB decom-
poses to produce some phosphorus-containing compounds 
(e.g., phosphoric or metaphosphoric acids) with strong dehy-
dration property and catalysis in enhancing the char-forming 
process of epoxy to form dense chars [52]. Meanwhile, the 
copper-containing compounds further improve the structure 
of the chars [42]. The robust char residues acting as physical 
barriers are regarded as beneficial in thermal insulation as 
well as preventing the mass exchange between the under-
lying matrix with combustion zone. Besides, CuPB as a 
nitrogen-containing compound may release some volatile 
nitrogen-containing inert gases, which works in the flame 
(Fig. 5) [32, 53].

Thermal decomposition of EP/CuPB composites

Figure 10 displays the TG and DTG curves of EP and EP/
CuPB composites, and some characteristic parameters 
are recorded in Table 2. Pure EP has only one consider-
able decomposition step in the range of 300–500 °C, which 
corresponds to the decomposition of the backbones of EP 
matrix [54]. The incorporation of CuPB has less effect on 
the decomposition steps of EP for the marginal loading of 
CuPB and the overlapped degradation process. The tem-
peratures at 5.0 mass% mass loss (Tonset) of pure EP occur 
at 381 °C, which is higher than those of EP/CuPB com-
posites (369 °C, 353 °C and 350 °C of EP/CuPB-1, EP/
CuPB-2 and EP/CuPB-3, respectively). The lower Tonset 
corresponds to the early decomposition of CuPB and the 
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Inert gases
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SEM
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Fig. 9  The proposed flame-retardant mechanism of CuPB in EP
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catalyzed degradation of EP matrix by CuPB. Additionally, 
the Tmax (temperature at the maximum mass loss rate) values 
of of EP/CuPB-1, EP/CuPB-2 and EP/CuPB-3 composites 
are also reduced, but the maximum mass loss rates decrease 
to 18.1%  min−1, 16.8%  min−1 and 16.2%  min−1, respectively, 
in comparison with that of pure EP (19.4%  min−1). There is 
only 13.6% char residue left of pure EP at 800 °C, while the 
char residues of the flame retarded EP/CuPB-1, EP/CuPB-2 
and EP/CuPB-3 composites reach up to 19.8%, 24.2% and 
24.4%, respectively. According to the literature [55], the 
theoretical char residues of EP/CuPB composites have been 
calculated (Table 2). Significant increase in the real char res-
idues of EP/CuPB composites has been observed compared 
with the theoretical residues, which illustrates the promoting 
carbonization function of CuPB in EP. It is reported that the 
earlier thermal decomposition and higher volatility of metal-
lic phosphonates play an important role in the gas phase by 

flame suppression [56, 57]. Besides, owing to the famous 
char-forming function of phosphorus-containing compounds 
and the improvement on the char residue of copper-contain-
ing compounds [42], the good carbonization of CuPB in EP 
is promoted and the char residues are enhanced.

TG-IR combination was conducted to analyze the 
pyrolysis compounds from EP and EP/CuPB-2 compos-
ites. In the spectra of pure EP (Fig. 11a), no other absorp-
tion peaks of the pyrolysis compounds from EP appear 
obviously at 200  °C, except  CO2 (around 2350  cm−1) 
which is owing to the background disturbances. As 
the temperature further increases, some volatile ether 
components (1240–1130  cm−1), aromatic compounds 
(1514 cm−1, 1400–1300 cm−1) [58], –C = O compounds 
(1750–1640 cm−1) [22], CO (around 2170 cm−1) [59], hydro-
carbon components (around 3010 cm−1 and 2960 cm−1), 
nitrogenous components (around 3400 cm−1), and –OH 
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compounds (around 3600 cm−1) have been detected. There 
is a huge increase on the peak intensities of pure EP at about 
450 °C, while EP/CuPB-2 composite decreases this tem-
perature to about 400 °C (Fig. 11b), in agreement with the 
premature degradation temperatures of EP/CuPB compos-
ites in TG analysis. The changes can also be observed from 
that there are slight movements in the relative intensities of 
some pyrolysis compounds (e.g., hydrocarbon,  CO2, CO and 
aromatic components) of EP/CuPB-2 composite between 
400–450 °C, contrasted with the sharp increase on the rela-
tive intensities of these compounds of pure EP (Fig. 11c–f). 
In the temperature range of 400–700 °C, the relative inten-
sities of hydrocarbon, CO and aromatic components of EP/
CuPB-2 composite are much suppressed compared with 
that of pure EP. The results can be explained that CuPB has 
decomposed into some phosphoric or metaphosphoric acids 
at low temperature to promote the char-forming process of 
EP/CuPB composites. The dense char residues exhibit better 
thermal stability and display excellent “tortuous path” effect 
on inhibiting the thermal and mass exchange, reducing the 
release of volatile gases including C-H and aromatic com-
pounds, which act as fuels and aggregate to produce harmful 
smokes, respectively [60].

Mechanical properties of EP/CuPB composites

DMA test was carried out to measure the thermal–mechanical 
behaviors of EP/CuPB composites, and the results of storage 
modulus (E’) and Tan delta are demonstrated in Fig. 12a–b. 
The E′ of pure EP gradually decreases along with the tempera-
ture, indicating the increased elasticity of the molecular chains 
of EP at high temperatures [61]. Similarly, the tendency of E′ 
has not been much changed with the introduction of CuPB, 
but the initial E′ values of EP/CuPB composites show a little 
increase compared with that of pure EP, especially for EP/
CuPB-2 composite. It is known that the higher E′ requires 
more energy for polymer chains to move, and the increased E′ 
of EP/CuPB-2 composites supports the reinforced rigidity of 
EP/CuPB composites which suggests that the high rigidity of 
CuPB block the movement of the molecular chains of EP[62]. 
The tan delta peaks of EP/CuPB composites are significantly 
suppressed, and the glass transition temperature (Tg, the tem-
perature assigned to peak tan delta) is slightly increased in 
comparison with that of pure EP, with an increase by 3 °C, 
6 °C and 7 °C for EP/CuPB-1, EP/CuPB-2 and EP/CuPB-3 
composite, respectively. The increased Tg indicates that CuPB 
particles delay the transition of epoxy from high elastic state 
to glassy state, by means of hindering the movement of the 
molecular chains of EP. Hence, it can be concluded that EP/
CuPB composites still possess higher thermal–mechanical 
performances at high temperatures.
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Moreover, the effect of CuPB on the mechanical properties 
(tensile and impact strengths, elongation at break and tensile 
modulus) of EP nanocomposites was further investigated, 
and the relevant data are summarized in Fig. 12c–f. The ten-
sile and impact strengths of pure EP are 43 and 11.2 MPa, 
respectively. After the incorporation of 1.0 mass% CuPB to 
EP, the tensile and impact strengths of composite are almost 
not affected in comparison with that of pure EP, indicating the 
good compatibility between CuPB particles and epoxy. When 
the loading of CuPB rises to 2.0 mass%, a slight decrease 
in the tensile and impact strength of the flame retarded EP 
composite has been observed. Compared the values of pure 
EP, the tensile and impact strengths of EP/CuPB-3 composite 
decrease by 7.0% and 18.7%, respectively (Fig. 12c–d). In 
addition, the elongation at break and tensile modulus of pure 
EP is 3.3% and 1.74 GPa, respectively. By comparison, the 
introduction of 3.0 mass% CuPB decreases the elongation at 
break of EP by 21.2%, and increases the tensile modulus by 
10.9% (Fig. 12e–f). This suggests that CuPB can improve the 
deformation resistance of EP, owing to the fact that CuPB 
hinders the movement of EP chains. However, on the other 
hand, the blocking effect of CuPB decreases the flexibility of 
polymer chains, leading to a decreased elasticity of EP [32]. 
The results meet well with that in the DMA test.

As reported, the mechanical performances of polymeric 
composites are usually affected by the dispersion of additives 
and the interfacial interaction between additives and polymers 
matrix [63]. In order to explore the dispersion of CuPB in EP, 
SEM was applied to investigate the morphologies of the ten-
sile fractures of EP and EP/CuPB composites. As shown in 
Fig. 13a, a’, the fracture surface of pure EP exhibits smooth 
and regular traces, illustrating the brittle rupture. The fracture 
surface of EP/CuPB-1 composite has not been much changed 
with much wrinkles (Fig. 13b, b’). Some tortuous and irregular 
traces criss-cross mingle on the fracture surfaces of EP/CuPB-2 

and EP/CuPB-3 composites (Fig. 13c–d). At 3.0 mass% CuPB 
loading, there are some aggregations of the nano particles on 
the fracture surface of EP/CuPB-3 composite, which may be 
due to the strong van der Waals forces between the nano parti-
cles (Fig. 13d’). It is further confirmed in the element mapping 
images of the fracture of EP/CuPB-3 composites, with the par-
tial aggregations of Cu and P. The aggregation of CuPB may 
result in some defects inside EP matrix, leading to partial stress 
concentrations under external force [48]. In general, CuPB as a 
metal–organic phosphonate possesses relatively good compat-
ibility with EP, and the nano particles are well dispersed into 
EP matrix. Therefore, CuPB shows less mechanical influence 
on EP, which is acceptable for most applications of EP.

Conclusions

A metal–organic phosphonate (CuPB) was synthesized and 
used to modify EP, the flame retardancy, thermal decompo-
sition and mechanical properties of EP/CuPB composites 
are studied. The results of TEM, FTIR and XPS confirm the 
successful synthesis of CuPB. UL-94 result shows that only 
3.0 mass% CuPB promotes EP to achieve UL-94 V-0 grade. 
CCT results reveal that the pHRR, THR and TSR values 
are remarkably suppressed by the introduction of CuPB to 
EP. TG and TG-IR results demonstrate that the incorpora-
tion of CuPB increases the char residues and suppresses the 
emission of volatile compounds (e.g., aromatic compounds) 
during the thermal decomposition of EP. Moreover, CuPB 
slightly improves the Tg of EP and has less influence on the 
mechanical properties of EP. It has provided a new strategy 
to improve the fire safety performances of EP meanwhile 
maintain its thermal and mechanical properties.

Fig. 13  SEM images at different 
magnifications of fractures after 
tensile test of (a, a’) EP; (b, b’) 
EP/CuPB-1, (c, c’) EP/CuPB-
2, (d, d’) EP/CuPB-3; and the 
elemental mapping images of 
(d’)
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