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Abstract: Epoxy resin (EP)/cyanate ester (CE) copolymer,
an important structural material with high temperature
resistance and low dielectric constant in aerospace, micro-
electronics, and related fields, is still of great flammability
danger. In this work, copper phenyl phosphonate (CuPP),
a flame retardant used in EP/CE copolymer was synthe-
sized by the reaction of phenyl phosphonic acid and
copper nitrate trihydrate. The fire and thermal behavior
of EP/CE/CuPP composites were studied in detail. The
results suggested that the UL-94 rating and limiting
oxygen index of EP/CE composite with 5wt% CuPP
(EP/CE/CuPP5) reach V-1 level and 30.6%, respectively.
Compared with pure EP/CE copolymer, the peak heat
release rate and total heat release values of EP/CE/CuPP5
decreased by 34.5% and 18.9%, respectively. The glass tran-
sition temperature of EP/CE/CuPP composite is higher than
that of pure EP/CE copolymer, suggesting that the fire-
retardant composite has higher work temperature and
better heat resistance.

Keywords: copper phenyl phosphonate, epoxy resin, cya-
nate ester, flame retardant, thermal properties

1 Introduction

Epoxy resin (EP) is widely used in many industrial fields
due to its excellent comprehensive properties, such as
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adhesion, chemical resistance, and mechanical proper-
ties. However, due to the existence of some strong polar
groups, such as hydroxyl group, the dielectric properties
of EP resin are not enough to meet the special require-
ments for high-speed electronics. The cyanate ester (CE)
resin has outstanding heat resistance and low dielectric
constant; therefore, it is usually used to improve the
related properties of EP resin (1-6). For example, Kim
studied the curing behavior and thermal stability of
EP/CE copolymers and found that the curing reaction of
EP/CE copolymer was faster than that of pure EP resin
and the initial decomposition temperature of the copo-
lymer was raised with the increase of CE content (7).
Similarly, Jayakumari et al. (8) observed that with the
increase of CE content, the mechanical strength of EP/CE
copolymer was increased, and the thermal stability of the
copolymer also was improved. Liang and Zhang (9) found
that the processability of CE resin was improved via copo-
lymerization with EP resin, and the modified resin had
excellent dielectric properties. Lin (10) found that the incor-
poration of phosphorus element into CE, which was a fre-
quent way to improve the flame retardancy of resin, would
not sacrifice the dielectric properties.

Although EP/CE copolymer has low dielectric proper-
ties and good heat resistance, it is still of great flammability
danger. Traditional halogen-containing flame retardant
produces a great deal of smoke and toxic substances
during burning; thus, its application is restricted in some
fields, especially in the electronic and electrical fields (11).
There is some research on the halogen-free flame retar-
dancy of EP/CE copolymer. For example, Ho (12) found
that, compared with the control pure EP resin, the EP/CE
composites with 2-(6-oxido-6H-dibenz(c, e)(1,2)-oxa-
phosphorin-6-yl)-1,4-benzenedio (containing 2 wt% phos-
phorus content) have better flame retardancy and higher
glass transition temperature (Tg). Toldy et al. (13) success-
fully prepared the copolymer containing bisphenol-A digly-
cidyl ether and phenolic CE, modified the copolymer by
9,10-dihydro-9-oxa-10-phosphazephenanthrene-10-oxide
(DOPO), and then found that the EP/CE/DOPO composites
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with 2wt% phosphorus content reach UL-94 V-0 level. Our
team (14) enhanced the flame retardancy of EP/CE composite
by adding the compound of DOPO and wollastonite (Wo) and
reported that the EP/CE composites with 7 wt% DOPO and
3 wt% Wo reached UL-94 V-0 level with LOI of 35.5%.

However, the difficulties of halogen-free flame-retardant
research for EP/CE copolymer are concentrated mainly on the
high curing temperature (more than 200°C) and active groups
(i.e. —OH and -NH,) affecting the curing reaction, which
restricts the application of most halogen-free flame retardants
in this system. Moreover, the majority of halogen-free flame
retardants generally result in a reduction in the thermal sta-
bility of EP/CE composites, such as T, (13,15).

Metal organic phosphates have received great concern
in the research on flame retardant for polymers because of
their water insolubility and good compatibility with polymer
matrix. Miiller and Schartel (16) compared the flame retar-
dancy of three metal organic phosphates (MPAIP, MPZnP,
and MPMgP) in EP and found that the three composites
containing them (20 wt%) showed at least a 50% reduction
in PHRR, while a reduction in smoke and carbon monoxide
generation and an increase in the amount of fire residue
were observed. Liu and colleagues (17) synthesized metal-
phosphorus hybrid nanomaterials with various metal centers
(Al, Zn, and Fe) through a hydrothermal reaction between
metal hydroxides and phosphite/phosphonic acid. It was found
that the addition of metal organic phosphates significantly
improved the flame retardancy of the EP, while according to
the TG-IR results, the increase in flame retardancy is likely to be
due to the delayed release of the flammable components
resulted from the metal centres of the metal organic phos-
phates. And in our recent work (18), a metal organic phospho-
nate (CuPB) was synthesized and used to modify EP, and the
EP composite with only 3.0 wt% CuPB can pass the UL-94 V-0
rating. However, there are few reports on the use of metal
organic phosphates in EP/CE copolymer.

Herein, copper phenyl phosphonate (CuPP) was suc-
cessfully synthesized via simple method. The burning
behaviors of EP/CE/CuPP composites were evaluated by
LOI, UL-94, and cone colorimeter test. Moreover, the
thermal and mechanical properties were studied.

2 Materials and methods

2.1 Materials

Copper nitrate trihydrate (Cu(NOs),-3H,0, A.R.), deionized
water, absolute ethanol, and sodium hydroxide (NaOH,
A.R.) were obtained from Sinopharm Group Chemical
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Reagent Co., Ltd (China). Phenyl phosphonic acid (PPA,
A.R.) was supplied by Aladdin Reagent Co., Ltd (China).
Bisphenol-A dicyanate ester (CE) resin was purchased
from Jiangsu Wugiao Resin Plant (China). Diglycidyl ether
of bisphenol-A epoxy resin (EP) with an epoxy equiva-
lent weight of 186 g/eq was provided by Sinopec Group
Company (China).

2.2 Preparation of CuPP

0.1 mol PPA was dissolved in 100 mL of deionized water.
Then, 100 mL of Cu(NOs),-3H,0 aqueous solution (1 mol-L™)
was added dropwise under vigorous stirring and the pH
value of the mixture was remained about 5 via the addition
of NaOH. Then, the mixture was stirred at room temperature
for 24 h. The precipitate was centrifuged and washed sev-
eral times with deionized water and dried at 105°C for 24 h.
Finally, the products were ground and sieved to obtain
CuPP powder (200 meshes).

2.3 Preparation of EP/CE and its composites

Different amounts of CuPP were added into EP and CE
solution (molar ratio of EP and CE = 1:1) were blended under
vigorous stirring at 150°C for 1.5h and then degassed in a
vacuum oven at 150°C for 5 min. Subsequently, the mixture
was poured into a Teflon mold and cured by the following
protocol: 150°C for 2h, 180°C for 2h, 200°C for 2h, and
220°C for 2 h. The synthesis recipe of the EP/CE/CuPP com-
posites is listed in Table 1.

2.4 Characterization

Fourier transform infrared (FTIR) spectra were collected
between 400 and 4,000 cm ™ using an EQUINOX 55 (Bruker,

Table 1: Formulations of EP/CE and its composites

Sample code Component (wt%)
EP/CE* CuPP
Pure EP/CE 100 0
EP/CE/CuPP3 97 3
EP/CE/CuPP5 95 5
EP/CE/CuPP7 93 7

*EP:CE = 1:1 (molar ratio).
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Germany) by the KBr tablet method. X-ray diffraction (XRD)
spectrum of CuPP was carried out on a D/MAX 2550VB3
X-ray diffraction spectrometer (Nippon Electric Motor,
Japan) at a scanning speed of 5°min~’, ranging from 3°
to 80°. Transmission electron microscope (TEM) graph of
CuPP was carried out on JEM-2100F transmission electron
microscope (Nippon Electric Motor, Japan). Scanning elec-
tron microscope (SEM) graphs were obtained by an S-2360
N instrument (Hitachi, Japan) with an electron high-ten-
sion voltage of 10 kV. The surface of the specimens was
pre-treated with the gold spray to increase conductivity
and prevent charge accumulation. Raman spectroscopic
analysis was performed by a LabRAM HR Evolution laser
confocal Raman spectrometer (HORIBA, France) with a
laser wavelength of 532 nm. Thermogravimetric analysis
(TGA) measurements were performed via a STA 6000
thermal gravimetric analyzer (PerkinElmer, USA) from
100°C to 700°C at a scan rate of 10°C-min " under nitrogen.
The test sample mass was 10 + 1 mg. Differential scanning
calorimeter (DSC) analysis was carried out on a Q100
differential scanning calorimetry (TA, USA), and the
samples of 7 + 1mg were heated from 50°C to 300°C
with a heating rate of 10°C-min~* under nitrogen. Each
material was subjected to two measurements, and the
results were averaged.

The fire behavior of the EP/CE copolymer and its compo-
sites were studied by LOI test, UL-94 burning test, and cone
calorimeter test (CCT). LOI was measured on HC-2 Oxygen
Indexer (Jiangning, China) according to GB/T 2406-2009
with the form IV sample size of 100 mm x 6.5 mm x 3 mm.
UL-94 test with the sample size of 125 mm x 13 mm x 3 mm
was performed on CFZ-3 instrument (Jiangning, China) in
accordance with GB/T 2408-2021. CCT was tested in a cone
calorimeter (FTT, UK) with the sample size of 100 mm x
100mm x 3mm at a heat flux of 35kW-m™ according to
ISO 5660-1. Samples for LOI and UL-94 tests were measured
fifth and those for CCT were measured twice; their average
results were obtained.

The tensile strengths were measured by CMT5105
universal testing machine (MTS, USA) according to
GB/T 1040-2006 by using type 1A dumbbell-shaped sam-
ples with an overall length of 170 mm, a gauge length of
50 mm, and a thickness of 4 mm. The impact strengths
were measured according to GB/T 1043-2008 by SANS
E21 pendulum impact testing machine (SANS, China) with
the sample size of 80 mm x 10 mm x 4 mm. Five specimens
of each material were measured in the tensile and impact
strength tests, respectively.

CuPP for EP and CE copolymer =— 3

3 Results and discussion

3.1 Characterization of CuPP

Figure 1a presents the FTIR spectrum of CuPP and PPA. As
shown in Figure 1a, the absorption peaks in 2,000-1,600 cm™
are related to the C-H stretching vibration of the benzene
ring. The peak at 1,431cm™ corresponds to the absorption
of the P-C bond. The strong peaks near 1,014 and 934 cmt
are due to the stretching vibration of the P-O bond. The
above results agree with the infrared results of phenyl
phosphonates in the literature (19). In addition, the coor-
dination between PPA and copper ion in CuPP can be
proved from three aspects: the disappearance of P-OH
peak in 2,700-2,560 cm™ (20), the shift of P=0 peak
(from 1,220 to 1,186 cm™), and the appearance of peak at
1,031 cm™ (21). Figure 1b shows the XRD graph of CuPP.
Three strong diffraction peaks at 260 = 5.68°, 11.44°, and
17.22° correspond to the (010), (020), and (030) crystal
planes of CuPP, respectively (19,22). The above results
indicate that CuPP was successfully synthesized. Figure 1c
shows the TEM image of CuPP. The microstructure of CuPP
presents a lamellar structure, which possibly increases the
physical barrier effect of the char. Obviously, the thermal
decomposition of CuPP has three steps. Before 300°C, CuPP
has nearly no weight loss (only 0.54 wt%) and the tempera-
ture at 5 wt% mass loss (Tsy,) is 379°C, indicating that CuPP
has high initial thermal stability. The first step occurring
between 300 and 400°C with a weight loss of 5.76 wt% is
attributed to dehydration and condensation of phosphonic
acid groups. The mass loss at the second step in the range
400-500°C is related to the oxidation of some phosphorus
group and the formation of Cu,P,0; (21,23) while the pyr-
olysis of benzene rings occurs when the temperature is
higher than 500°C (24).

3.2 Fire behavior of EP/CE and its
composites

3.2.1 LOI and UL-94

The flame retardancy of EP/CE and its composites is preli-
minarily evaluated through LOI and UL-94 vertical burning
test and the results are arranged in Table 2. The pure EP/CE
has an LOI value of 25.7% and no UL-94 test rating. The LOI
values of EP/CE/CuPP3, EP/CE/CuPP5, and EP/CE/CuPP7
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Figure 1: Characterization of CuPP: (a) FTIR spectra, (b) XRD pattern, (c) TEM, and (d) TGA and DTG curves.

increase to 28.2%, 30.6%, and 30.7%, respectively. For the
UL-94 results, EP/CE/CuPP5 and EP/CE/CuPP7 composites
achieve UL-94 V-1 rating.

Based on the results of LOI and UL-94, it can be
inferred that the incorporation of CuPP improves flame
retardancy of EP/CE copolymer. However, the observed
improvement in flame retardancy tends to level off at
CuPP concentration of 5wt% or higher, which may be
due to the worse dispersion of the flame retardant in the
resin matrix, leading to some agglomeration of particles.

3.2.2 Cone calorimeter study

To gain a better understanding of the fire behavior of
EP/CE/CuPP, we conducted forced flaming combustion

studies using the CCT. CCT is widely recognized as a scien-
tific method to study material burning behavior under con-
ditions of developing fire scenarios. The related results are
presented in Figure 2 and Table 3.

According to reference (25), the heat release rate
(HRR) curve of all samples exhibits thermally thick

Table 2: LOI values and UL-94 ratings of EP/CE and its composites

Sample code LOI (%) UL-94 rating
Pure EP/CE 25.7 £ 0.2 NR*
EP/CE/CuPP3 28.2 + 0.2 NR
EP/CE/CuPP5 30.6 + 0.1 V-1
EP/CE/CuPP7 30.7 + 0.1 V-1

*No rating.
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Figure 2: CCT results of EP/CE and its composites: (a) HRR, (b) THR, (c) TSR, and (d) THR-pHRR/TTI.

charring pattern. After ignition, the HRR of pure EP/CE
rapidly ascends to its first peak and then gradually
decreases over time due to the barrier effect of the char
layer. At 300-350s, a second weak peak appears, which
is attributed to a fragile and broken carbon layer, resulting
in a thermally thick non-charring situation. In contrast, the
addition of CuPP has resulted in a notable advancement in
the time to ignition (TTI), which is possibly due to the early

Table 3: CCT results of EP/CE and its composites

decomposition of the matrix caused by CuPP. Compared
with pure EP/CE, the composite containing 5wt% CuPP
exhibits a significant reduction of peak of heat release
rate (pHRR) up to 34%, with the second peak disappearing,
indicating that CuPP has a strengthening effect on the char
layer, which corresponds to the increase of residue yield.
According to Petrella (26), the total heat release
(THR) is plotted against the pHRR/TTI ratio (Figure 2d).

Sample code Ll pHRR THR EHC TSR Residue
(s) (kW-m~?) (M)-m?) (M)-kg™) (m%m~?) (Wt%)
Pure EP/CE 103 + 3 522 + 32 77.4 + 3.4 21.0 + 2.5 3,440 + 148 19.0 + 0.7
EP/CE/CuPP5 69 + 4 342 + 28 62.8 +2.3 17.1+2.0 3,363 + 103 22.8+ 0.4
EP/CE/CuPP7 68 +3 333+ 6 60.8 + 2.6 16.9 + 2.7 3,335 + 180 23.7 + 1.1
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The horizontal axis represents the propensity for a fire to
spread rapidly, while the vertical axis measures the pro-
pensity for a prolonged fire. This graphical representation
provides a clear and concise means of assessing fire risk.
It is found that the incorporation of CuPP into the EP/CE
has resulted in a reduction of both the THR and pHRR/TTI
values. This reduction may be attributed to two reasons.
First, the presence of CuPP serves to dilute the combus-
tible content of the composite. Second, the char layer
formed by burning EP/CE/CuPP is stronger than that of
pure EP/CE, thus improving its fire performance.

The average effective heat of combustion (EHC) is a cri-
tical parameter for evaluating the activity of a flame retardant
in the gas phase (27). It can be observed that the EHC of
EP/CE/7CuPP exhibits a reduction of approximately 20% in
comparison to that of pure EP/CE, suggesting that CuPP
can exert a flame-retardant effect in the gas phase.
Meanwhile, the total smoke release (TSR) values of the
EP/CE/CuPP composites remain nearly unchanged.

3.2.3 Char analysis
The SEM images and macroscopic appearance of the resi-

dual chars of pure EP/CE and EP/CE/CuPP5 after CCT are
shown in Figure 3.
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Table 4: Element compositions of the residual char of pure EP/CE
and EP/CE/CuPP5

Sample code Element composition (%)

C N 0 P Cu
Pure EP/CE 78.35 6.34 15.31 0 0
EP/CE/CuPP5 31.56 9.50 9.25 15.16 34.53

The residual char of pure EP/CE (Figure 3a) exhibits a
broken and fragile appearance, and SEM image reveals a
smooth surface but with large cracks. For EP/CE/CuPP5
(Figure 3b), the residue exhibits a grey-green lamellar
structure on a macroscopic scale, and SEM image reveals
many bubble-like protrusions on the compact and contin-
uous residual char, which can act as a stable protective
layer. To further investigate the elemental composition of
the residues char, EDS is applied, and the results are pre-
sented in Figure 3 and Table 4. It can be observed that the
residual char from pure EP/CE contains only C, O, and N,
while the residue from CuPP/EP/CE5 contains P and Cu
elements besides C, O, and N.

Moreover, Raman is used to study the residual chars
to explore the graphitization degree of carbon layer (28).
The Raman spectra of the residues of pure EP/CE and
EP/CE/CuPP5 are shown in Figure 4. The Ip/I; ratio from

‘00 100 200 3.00 4.00 5.00 6.00 7.00 8.00 9.00

Figure 3: SEM, macroscopic appearance, and EDS spectra images of residual chars: (a) pure EP/CE and (b) EP/CE/CuPP5.
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pure EP/CE is 3.235, whereas the ratio from EP/CE/CuPP5
decreases to 2.930. The reduction in the ratio shows that the
addition of CuPP improves the graphitization degree of the
residual chars. This phenomenon probably results from the
phosphorus-containing acid produced by the pyrolysis
of CuPP and which can promote the formation of more
ordered graphitized carbon (29).

Based on the analysis of the obtained data afore-
mentioned, it can be inferred that the action of the
flame retardant CuPP is predominantly exhibited within
the condensed phase. During the combustion of the
EP/CE/CuPP composites, CuPP decomposes to produce
phosphorus-containing acids, which promote the matrix
to form the carbonaceous char layer, which not only
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Figure 5: DSC curves of EP/CE and its composites.

results in a reduction in the release of combustible vola-
tiles but also prevents the transfer of heat and material
between the condensed and gas phases.

3.3 Thermal behavior of EP/CE/CuPP
composites

3.3.1 DSC study
The glass transition temperatures (T,) of EP/CE and its

composites are carried out by DSC and the curves are
presented in Figure 5. The T, of pure EP/CE is 211°C, while
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Figure 6: TGA curves of EP/CE and its composites.
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Table 5: TGA results of EP/CE and its composites

Sample code  Tso (°C)  Trax (°C)  Char residue at 700°C
(Wt%)

Pure EP/CE 364 +2 414 +2 11.0 + 1.0

EP/CE/CuPP3 351+ 3 407 £ 3 17.5+ 1.5

EP/CE/CuPP5 342 +2 406 +2 18.4 + 0.6

EP/CE/CuPP7 340 +2 400+3 19.5 + 1.1

the T, values of the EP/CE/CuPP composites with 3, 5,
and 7 wt% CuPP are 219, 221, and 224°C, respectively. The
increase of T, of the composites may be attributed to the
presence of rigid CuPP nanosheets, which act as a phy-
sical crosslinking point within the EP/CE crosslinking
network. The CuPP nanosheets prevent the movement
of polymer molecular chains and reduces free volume,
which lead to an increase in the network density and
Ty (30,31).

3.3.2 TGA study
The TGA curves of EP/CE and its composites are shown in

Figure 6 and the results are listed in Table 5. It is evident
that all samples have one decomposition step. The
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Figure 7: Mechanical properties of EP/CE and its composites.

temperature at 5wt% weight loss (Tso,) of pure EP/CE
is 364°C, and the temperature at the maximum mass loss
rate (Thax) appears at 414°C. For EP/CE/CuPP compo-
sites, due to the early decomposition of CuPP, Tse, and
Tmax Values gradually drop with the increased addition
of CuPP. The residue of pure EP/CE at 700°C is 11.0 wt%
while the residues of EP/CE/CuPP are more than 15 wt%,
which may be caused by the fact that the decomposition

Figure 8: SEM images of fractured surfaces of EP/CE and its composites: (a) pure EP/CE, (b) EP/CE/CuPP3, (c) EP/CE/CuPP5, and

(d) EP/CE/CuPP7.
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products of CuPP are helpful to promote char formation
of the resin.

3.4 Mechanical properties of EP/CE
composites

The mechanical properties of EP/CE and its composites
are shown in Figure 7. Although the T, and network den-
sity of the composite increase with the addition of CuPP,
the mechanical properties actually decrease instead. The
decrease in the mechanical properties of EP/CE/CuPP
composites is likely to be related to the high loading
and the poor dispersion of CuPP particles in the matrix,
resulting in stress concentration and deterioration in the
mechanical properties (32).

To further explore the mechanism of adding CuPP on
the mechanical properties of EP/CE copolymer, the micro-
structures of fractured surface of the composites are inves-
tigated by SEM. As shown in Figure 8a, pure EP/CE exhibits
a typical brittle feature with many river-like cracks on the
smooth surface. The fractured surfaces of the EP/CE/CuPP
composites (Figure 8b—d) with a lot of layered protrusions
and tough whirls are much coarser than that of pure
sample. The layered protrusions and tough whirls can
absorb energy during finite cracks propagation, thereby
raising the toughness and preventing further damage of
the materials, theoretically. However, many cavitation pro-
duced by particle peeling is observed from the fractured
surface of the EP/CE/CuPP composites, which can be con-
tributed to the local stress concentration after the incorpora-
tion of CuPP and thus deterioration of mechanical perfor-
mance of the composites.

4 Conclusion

In this work, CuPP, a novel flame retardant, was facilely
synthesized and confirmed by FTIR, XRD, TGA, and TEM.
EP/CE composites with CuPP were successfully prepared
as well, and the effects of the CuPP on flame retardancy,
thermal resistance and mechanical properties of the
EP/CE composites were studied. The EP/CE/CuPP5 com-
posite showed the outstanding flame retardancy with a
LOI of 30.6% and UL-94 V-1 rating. The PHRR and THR
values of EP/CE/CuPP5 decrease by 34.5% and 18.9%,
respectively, compared with those of samples without
CuPP. SEM, EDS, and Raman spectra of residues prove
that CuPP exerts its flame-retardant role in the EP/CE
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copolymer mainly in the condensed phase. The T, values
of the EP/CE/CuPP composites are all higher than the one
of pure EP/CE, but the introduction of CuPP leads to a
decrease in mechanical properties of EP/CE/CuPP
composites.
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