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Abstract

A novel mono-component intumescent flame retardant named pentaerythritol phosphate melamine salt (PPMS)-func-
tionalized expandable graphite (PPMS-EG) was synthesized and carefully characterized by Fourier transform infrared
spectroscopy, 'H nuclear magnetic resonance spectroscopy, scanning electron microscopy (SEM)—energy-dispersive X-ray
spectrometry, and thermo-gravimetric (TG) analyses. Then, PPMS-EG was incorporated into epoxy resin (EP) to enhance
fire safety. The flammability properties of EP composites were investigated by limiting oxygen index (LOI), UL94 vertical
burning test, and cone calorimeter test. As expected, PPMS-EG imparts good flame retardancy to epoxy resin, and EP
matrix with 20 mass% PPMS-EG passes the UL94 V-0 rating and the LOI value reaches 27.3%. Cone calorimeter test
shows that the incorporation of PPMS-EG dramatically reduces the heat release and smoke production of EP, and the peak
heat release rate and peak smoke production rate of EP composite with 15 mass% PPMS-EG are reduced by 68.7% and
46.3%, respectively, compared to those of EP. By comparison with either PPMS or expandable graphite, the same addition
of PPMS-EG produces higher flame-retardant and smoke suppression efficiencies in EP matrix due to the formation of a
more compact and intumescent char layer, as determined from digital photographs and SEM images. TG results show that
PPMS-EG significantly enhances the thermal stability and char-forming ability of EP composites. Char residue analysis
reveals that PPMS-EG positively contributes to the formation of more phosphorus-rich cross-linking char and aromatic
char in the condensed phase, thus exhibiting a more thermally stable char against the release of heat and smoke. Overall,
PPMS-EG can be used as a highly efficient mono-component intumescent flame retardant for preparing super flame-
retarded EP composites.
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Introduction

Epoxy resin (EP) is widely applied in adhesive, coating,
and composite areas due to its excellent chemical corrosion
resistance, good mechanical properties, high adhesion and
insulation property, and low cost [1]. However, epoxy resin
will release large amounts of smoke and heat during
combustion, which severely restricts its functional appli-
cations in some fields with fire safety requirement [2].
Therefore, it is imperative to reduce the flammability of
epoxy resin for broadening its application. To solve this
problem, many efforts focus on the development and
design of flame-retarded EP with desired fire safety by
incorporating appropriate flame retardants [3].

Recently, intumescent flame retardant (IFR) is consid-
ered as a promising candidate to obtain high performance
of flame-retarded EP due to its excellent properties such as
low smoke and toxicity, and high flame retardant efficiency
[4, 5]. The intumescent flame retardants can be divided into
organic IFR and inorganic IFR. For organic IFR, it mainly
consists of three ingredients: an acid source (such as
ammonium polyphosphate, APP), a carbon source (such as
pentaerythritol, PER), and a blowing agent (such as mel-
amine, MEL). When heated, the organic IFR formulations
can swell and form an intumescent cellular charred layer on
the surface, thus effectively preventing the underlying
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materials from the flame or heat flux [6]. However, a rel-
atively high loading level of typical organic IFR formula-
tion (e.g., APP-PER-MEL system) should be incorporated
into the polymer matrix to satisfy the fire safety require-
ment due to the low flame-retardant efficiency, which will
deteriorate the mechanical properties of materials [7]. To
overcome this drawback, many efforts have focused on the
synthesizing of melamine salt of pentaerythritol phosphate
and its derivatives, which exhibited excellent flame-retar-
dant efficiency and good compatibility in polymers due to
the chemical combination of all three ingredients of an IFR
formulation into a single molecule. Zhang et al. [8] syn-
thesized a mono-component intumescent flame retardant
named pentaerythritol phosphate melamine salt (PPMS) for
improving the flame retardancy of ethylene—vinyl acetate
copolymer (EVA). Makhlouf et al. [9] prepared a novel
mono-component intumescent flame retardant, melamine
salt of montmorillonite phosphate, which endowed linear
low-density polyethylene with excellent flame retardancy.
Zhang et al. [10] prepared benzoguanamine spirocyclic
pentaerythritol bisphosphonate as mono-component intu-
mescent flame retardant for developing modified water-
borne polyurethane with super flame retardancy. Although
the performance of above mono-component IFRs has been
gratifying, it is still essential to improve their flame-retar-
dant efficiency at lower loading levels. The usage of
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synergistic agent in intumescent system is a highly efficient
way to reduce the loading of IFR as much as possible.

Expandable graphite (EG) is a well-known inorganic
intumescent flame retardant, which is widely used as a
carbon char-forming agent, blowing agent, and smoke
suppressant [11]. EG is a layered crystal made of succes-
sive sheets of carbon atoms tightly connected by Van der
Waals forces. When exposed to heat, EG can expand and
generate a voluminous insulating layer to protect the
polymeric matrix from further combustion [12]. The flame-
retarded effect of EG is effected by the particle size of EG,
and the large size of EG usually exhibits good flame-re-
tarded effect and high volume expansion ratio in polymers
[13]. Li et al. [14] showed that the larger size of EG could
effectively improve the flame-retardant properties of
polyurethane foams while the smaller size of EG has no
particular effect on the flame-retardant properties, which
can be ascribed to that the large size of EG can form a large
volume of expanded graphite and thus effectively hinder
the heat penetration process during burning. Luo et al. [15]
revealed that EG with large particle sizes (430 um and
960 um) could effectively enhance the flame-retardant
properties of water-blown semirigid polyurethane foams
(SPFs), while EG with small particle size of 70 pm has no
effect on the fire behavior of the composite.
Laachachi et al. also found that the EG with small particle
size has almost no effect on the thermal degradation and
combustion behavior of epoxy matrix and only acts as an
inert filler in the condensed phase [16]. Although the large
particle size of EG performs good flame-retarded effect, a
relatively high loading level of EG is still required to
acquire a satisfactory flame-retardant grade which will
damage the mechanical properties of polymer matrix. In
addition, the rapid reaction of EG forms an unstable char
layer with insufficient adhesion which is easily destroyed
by flame pressure and heat flux during combustion [17].
Therefore, it is crucial to combine EG with other flame
retardants to acquire an excellent flame-retardant
efficiency.

In recent years, many efforts have confirmed that the
combination of inorganic EG with organic IFRs exhibited
excellent synergist flame-retarded effect in a large range of
polymers including high-density polyethylene/ethylene
vinyl acetate copolymer [11], epoxy resin [17], nature
rubber [18], rigid polyurethane foam [19], polypropylene
[20], polyisocyanurate—polyurethane foam [21], polylac-
tide [22]. The generally accepted synergistic flame-retar-
dant mechanism between EG and organic IFR is that the
strong interfacial bonding between these two different char
residues originated from EG and IFR can strength the
continuity and integrality of intumescent char, resulting in

a stronger shield effect in condensed phase [17, 20].
However, the lack of chemical bonding between EG and
organic IFR still causes a distinct interface between their
respective char residues after burning, thus resulting in a
negative effect on the enhancement of barrier effect in
condensed phase. In order to overcome this problem,
functionalized expandable graphite with organic intumes-
cent flame retardant is one of the promising strategies to
improve the interfacial adhesion of different char residues
and exhibit high flame-retardant efficiency [23]. Han et al.
[23] synthesized a unique hybridized intumescent flame
retardant by grafting organic chains containing phospho-
rous and nitrogen elements on the surface of EG and
applied that to develop modified cyanate ester resins with
excellent flame retardancy. Chen et al. [24] revealed that
functionalized EG by pentaerythritol phosphate imparted
good flame retardancy and smoke suppression properties in
silicone rubber composites. Although many functionalized
methods have been reported, it still needs to explore more
organic intumescent flame retardants to develop function-
alized EG with super flame-retardant efficiency. In partic-
ular, the chemical combination of EG and pentaerythritol
phosphate melamine salt into a single molecule is expected
to develop a novel mono-component IFR with excellent
flame-retardant efficiency, which has not been reported in
the literature to the best of our knowledge.

In this paper, a novel mono-component intumescent
flame retardant (PPMS-EG) was synthesized by grafting
pentaerythritol phosphate melamine salt (PPMS) on the
surface of EG and thoroughly characterized by FTIR, 'H
NMR, and TG analysis. Then, PPMS-EG was applied to
develop modified epoxy resins with super flame retardancy
and smoke suppression properties. The thermal behavior,
flame retardancy, and smoke suppression properties of
modified EPs were intensively investigated by different
measurements. In addition, the morphologies and chemical
structures of char residues were analyzed by FTIR, X-ray
photoelectron spectroscopy (XPS), and SEM-EDS analy-
sis, and the potential flame retardant and smoke suppres-
sion mechanism of PPMS-EG was also proposed.

Experimental

Materials

Expandable graphite (EG, purity: 99%), with an average
size of 45 pm and expansion volume of 15, was obtained
from Qingdao Xinghua Graphite Co., Ltd., China. Pen-

taerythritol (PER, purity: 95%) and melamine (MEL, pur-
ity: 99.5%) were supplied by Hangzhou JLS Flame
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Scheme 2 Synthesis route of PPMS-EG flame retardant

Retardant Co., Ltd., China. Absolute ethyl alcohol (AR
grade, 99.8%) and dimethyl-benzene (AR grade, 99.8%)
were acquired from Sinopharm Chemical Reagent Co.,
Ltd., China. Phosphoric acid (PA) with a mass concentra-
tion of 85% was supplied by Chengdu Jinshan Chemical
Reagent Co., Ltd., China. Epoxy resin (E-44, epoxy value:
0.44 mol/100 g) was supplied by Zhenjiang Danbao Resin
Co., Ltd., China, and polyamide resin (low molecular 650)
was used as curing agent. All the reagents were used as
received without any further purification.

Synthesis of PPMS and PPMS-functionalized EG

The PPMS was synthesized according to the procedure as
that previously reported [25]. Firstly, the PA (34.59 g,
0.3 mol) and PER (13.62 g, 0.1 mol) were put into a
500-mL three-neck flask and continuously stirred at 120 °C
for 2 h to obtain pentaerythritol phosphate (PPS). Then,
MEL (13.87 g, 0.11 mol) and 300 mL absolute ethyl
alcohol (used as water-carrying agent) were added into the
above PPS, and the mixture was stirred at 80 °C for 6 h to
obtain crude pentaerythritol phosphate melamine salt
(PPMS). Next, the crude product was cooled and filtrated

Table 1 Formulations and flammability tests of flame-retarded epoxy resins

Samples Cured EP/mass% PPMS/mass% PPMS-EG/mass% EG/mass% LOl/% UL94 rating
EP 100 0 0 0 19.2 HB
FEG1 85 15 0 0 22.8 V-2
FEG2 90 0 10 0 24.2 V-2
FEG3 85 0 15 0 25.8 V-1
FEG4 80 0 20 0 273 V-0
FEG5 85 0 0 15 254 HB
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to remove the solvent. Finally, the white products were
washed with absolute ethyl alcohol for five times and then
dried overnight under vacuum at 80 °C to obtain PPMS.
The synthesis route of PPMS is shown in Scheme 1.

The synthesis route of PPMS-functionalized EG (PPMS-
EQG) is illustrated in Scheme 2. Firstly, the mixture of PA
(34.59 g, 0.3 mol) and PER (13.62 g, 0.1 mol) was reacted
at 120 °C for 2 h in a 500-mL three-neck flask to obtain
PPS. Then, EG (10 g), MEL (13.87 g, 0.11 mol), and
300 mL absolute ethyl alcohol were put into the above PPS
with continuous stirring, and the reaction was maintained at
80 °C for 6 h to obtain the crude PPMS-EG. After that, the
crude product was filtrated and washed with absolute ethyl
alcohol for five times, and the black product was dried
overnight under vacuum at 80 °C to obtain PPMS-EG.

Preparation of flame-retarded epoxy resins

The flame-retarded EP composites were prepared through
room temperature curing process as the following steps.
First, a certain mass ratio of EP and flame retardants was
dissolved in dimethyl-benzene with continuous stirring by
a high-speed disperser at a speed of 600 r min~" until a
homogeneous liquid was formed. Then, the polyamide
resin was dissolved in dimethyl-benzene and then added
into the EP mixture as curing agent. The mass ratio of
epoxy resin to polyamide resin was 2:1. The cured EP
mixture was stirred through a high-speed disperser at a
speed of 600 r min~' for 30 min, and the end mixtures
were poured into aluminum molds with dimensions of
100 mm x 100 mm x 3 mm and cured for one week at
room temperature to obtain flame-retarded EPs. The for-
mulations and flammability tests of flame-retarded EPs are
listed in Table 1, where the amount of cured EPs is equal to
the sum amount of both epoxy resin and polyamide resin in
flame-retarded EPs.

Characterization and measurement

Fourier transform infrared spectroscopy (FTIR) was per-
formed on a Nicolet FTIR IS50 spectrometer (Thermo,
USA) over the wavenumber range from 4000 to 500 cm ™'
using KBr pellets. "H nuclear magnetic resonance spec-
troscopy ("H NMR) was recorded on a Bruker AVANCE
IIT 400-M NMR spectrometer with DMSO-dy as a solvent.

The morphologies of flame retardants and char residues
obtained after the cone calorimeter test were investigated
with a MIRA 3 LMU scanning electron microscopy (Tes-
can, Czech Republic) with a voltage of 20 kV. Energy-
dispersive X-ray spectrometry (EDS) was used to analyze
the elemental content of samples, and it was carried on an
X-Max20 X-ray probe (Oxford instruments, UK) as the
component of the SEM.

PPMS-EG

T T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™ '

Fig. 1 FTIR spectra of EG, PPMS and PPMS-EG flame retardants

Limiting oxygen index (LOI) test was performed on a
HC-2 oxygen index meter (Jiangning Analysis Instrument
Company, China) according to ASTMD 2863, and the size
of the samples was 100 mm x 6.5 mm x 3 mm. The
UL94 vertical burning test was performed on a CFZ-2-type
instrument (Jiangning Analysis Instrument Company,
China) according to ASTM D 3801-2010, and the dimen-
sions of each sample were 100 mm x 13 mm x 3 mm.

The cone calorimeter test was performed on a FTT2000
cone calorimeter instrument (UK) according to ISO5660-
2002 standard under an external heat flux of 50 kW m™2,
and the dimensions of each specimen were
100 mm x 100 mm x 3 mm.

The thermo-gravimetric (TG) analysis was conducted on
a SOTA-851 (Mettler-Toledo, Switzerland) instrument
with a heating rate of 20 °C min~'. About 5 mg sample
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Fig. 2 '"H NMR spectra of PPMS and PPMS-EG flame retardants
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was heated from 25 to 800 °C under a nitrogen flow of
40 mL min~'. The calculated residual masses (W) were
obtained from the following Eq. (1) [26].

Wea(T) = 3 1WA (T) (1)
i=1

where y; is the content of compound i and Wi is the residual
weight of compound i in the TG test.

X-ray photoelectron spectroscopy (XPS) of the char
residues obtained after the cone calorimeter test was
recorded on an ESCALAB 250Xi electron spectrometer
(ThermoFisher-VG Scientific, USA).

Results and discussion
Characterization of PPMS and PPMS-EG

The structures of PPMS and PPMS-EG were examined by
FTIR, 'H NMR, and SEM-EDS (Figs. 1-3). The FTIR
spectra of EG, PPMS, and PPMS-EG are shown in Fig. 1.
For EG, the peaks at 3488, 1655, and 1118 cm™! are
assigned to the vibration of —OH groups, C=0 groups, and
C-O groups, respectively [27, 28], indicating the presence
of C—OH groups in the structure of EG that can react with
P-OH groups in PA. In the spectrum of PPMS, the char-
acteristic peaks at 3392 and 3157 cm™' (N-H groups),
2955 cm ! (-CH; groups), 2852 cm ™! (—-CH,— groups),
2360 cm™' (P-OH groups),1670 cm™' (C=N groups),
1406 cm™' (P-N groups), 1245 cm™' (P=0 groups),
1109 cm ™' (C-O0-C groups), 1050 and 959 cm™ ! (P-O-C
groups) are found [10, 29, 30], indicative that the PPMS
was successfully synthesized, as shown in Schemel. In the
spectrum of PPMS-EG, the major characteristic peaks
appeared in both EG and PPMS are found, indicating that

SEM HV: 20,0 kV.
SEM MAG: 2.00 kx

0 1 2 3 4 5 6 7 10
Full scale 1600 cts cursor: 10.135 (0 cts) keV

0 1 2 3 4 5 6
Full scale 1101 cts cursor: 10.135 (0 cts)

100
90:
80:
70:
60:

50

Mass retention/%

40
| —ppPms
30] ——PPMS-EG
| —EG

20

—r 11—
0 100 200 300 400 500 600 700 800
Temperature/°C

Fig. 4 TG curves of flame retardants under nitrogen atmosphere at a
heating rate of 20 °C min~"

PPMS was successfully grafted on the surface of EG, as
shown in Scheme 2.

To further validate the structures of PPMS and PPMS-
EG, 'H NMR test was conducted, and the results are shown
in Fig. 2. As shown in Fig. 2, the signal peaks of H atom at
6.73-6.69 ppm (—~CH, in bicyclic phosphate adjacent to P—
O-NH3 group), 5.82-6.02 ppm (—CH, in bicyclic phos-
phate adjacent to P-OH group or P-O-EG group),
3.36 ppm (-NH3-), and 2.51 ppm (-NH, in melamine
ring) are observed in the spectrum of both PPMS and
PPMS-EG. It is important to note that the chemical shifts
of —CH, groups in bicyclic phosphate for PPMS-EG are
lower than those of PPMS, further confirming that the
PPMS was successfully grafted on the surface of EG.

SEM-EDS analysis was employed to analyze the mor-
phologies and compositions of PPMS and PPMS-EG, and
the results are presented in Fig. 3. It can be observed that
the PPMS particles exhibit a relatively regular blocky

(b-1)

0 1 2 3 4 5 6
Full scale 3716 cts cursor: 10.135 (0 cts)

Fig. 3 SEM images and EDS maps of PPMS (a) and PPMS-EG (b) flame retardants
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structure with the dimensions around several micrometers,
while the PPMS-EG particles show uniform distribution of
big plate-like structure surrounded by small blocky struc-
ture. In order to verify the chemical compositions of blocky
structure and plate-like structure, the EDS mapping of the
samples was taken, and the results are presented in Fig. 3.
It can be seen that the plate-like structure in PPMS-EG
mainly consists of carbon element (88.7 mass%), indicative
that the plate-like structure is EG platelets. And, the dis-
tribution of N, O, and P elements on the surface of EG
platelets reveals that intumescent flame retardant is grafted
on the surface of EG platelets. Additionally, the mass ratio
of nitrogen to phosphorus in both PPMS and PPMS-EG is
approximately in accordance with the calculated content
according to the chemical structure of PPMS. From the
above results, it can be confirmed that PPMS and PPMS-
EG flame retardants have been prepared successfully.

TG test was used to calculate the grafted PPMS content
on the surface of EG by the thermal decomposition, and the
results are shown in Fig. 4. As shown in Fig. 4, EG exhi-
bits good thermal stability and remains 98.85 mass%

(a) 100+

80+

60

40

Mass retention/%

20

T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800

Temperature/°C

—FEP

~14 ——FEGT
1 ——FEG2
—161 —FEG3
— 184 ——FEG4
] ——FEG5
- 20

— 7T T T T T ‘T T T ‘" T T
0 100 200 300 400 500 600 700 800
Temperature/°C

Fig. 5 TG (a) and DTG (b) curves of flame-retarded epoxy resins

residue at 800 °C. And, both PPMS and PPMS-EG exhibit
three decomposition stages in the temperature ranges of
220-290 °C, 290-430 °C, and 430-800 °C, respectively.
The first stage from 220 to 290 °C is ascribed to the scis-
sion of the phosphate ester bonds concomitant with the
release of small molecules. The second stage in the range
of 290-430 °C is assigned to the thermal decomposition of
PPMS accompanying with the release of inert gases and
intumescent char formation simultaneously. The third stage
during 430-800 °C is ascribed to the degradation of
unstable carbonized backbones, and the residual mass at
800 °C is 24.69 mass% for PPMS and 41.50 mass% for
PPMS-EG. The content of PPMS on the surface of EG can
be roughly calculated according to the equation [31]:
Mgc — Mppms—EG

Wepms Y ya— (2)
where Wppps is the mass percentage of PPMS in PPMS-
EG and Mgg, Mppms, and Mppys g are the mass losses of
EG, PPMS, and PPMS-EG at 800 °C, respectively.

According to Eq. (2), the mass percentages of PPMS
and EG in the PPMS-EG are estimated to be 77.33% and
22.67%, respectively.

Thermo-gravimetric analysis

The TG test was used to evaluate the thermal stability and
char-forming ability of flame-retarded epoxy resins, and
the corresponding curves are shown in Fig. 5. The related
data, including, respectively, the onset decomposition
temperature (7s¢,), defined as the 5% mass loss tempera-
ture, the T, defined as the maximum mass loss rate
temperature, the PMLR, defined as the maximum mass loss
rate, the Wey,, defined as the experimental value of residual
mass, the W, defined as the calculated value of residual
mass, and AW = W, ,—W.,, are listed in Table 2.

Under a nitrogen atmosphere, EP begins to decompose
at 169.5 °C and leaves 1.9 mass% residue at 800 °C, as
shown in Fig. 5. The thermal decomposition process of EP
occurs in two stages ranging from 65 to 300 and from 300
to 500 °C, respectively, where the second stage is the
dominated one with 85.8% mass loss. With the incorpo-
ration of PPMS or PPMS-EG, the TG curves of samples
show two decomposition stages in the temperature ranges
of 65-200 °C and 200-500 °C, respectively, and the sec-
ond stage is the dominated one. The Ts¢, of FEGI-FEG4 is
obvious above that of EP, indicating an enhancement in the
thermal stability. In addition, the PMLR values of FEG1-
FEG4 are 27.1, 31.5, 35.9, and 39.2% lower, respectively,
than those of EP, resulting in a positive effect on the char
forming. Moreover, the Wy, values at 800 °C for FEG1-
FEG4 are higher than the corresponding W, values at
800 °C, indicating an enhancement in the char-forming
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Table 2 TG results for flame-retarded epoxy resins under a nitrogen atmosphere at a heating rate of 20 °C min~

1

Samples Ts54,/°C Tmax/°C PMLR/% min~" Wexp at 800 °C/% Wea at 800 °C/% AW at 800 °C/%
EP 169.5 433.2 18.1 1.9 - -

FEG1 188.7 369.3 13.2 11.1 54 5.7

FEG2 175.5 368.9 12.4 11.9 5.9 6.0

FEG3 176.5 369.1 11.6 15.1 7.9 7.2

FEG4 178.9 368.5 11.0 17.4 9.9 7.5

FEG5 184.6 433.3 16.7 16.6 16.5 0.1

ability. AW can be used to describe this char-forming 1400

ability, and a higher AW value of the sample corresponds a 1 iy ::: EEG1
higher char-forming ability, as supported by Si [32]. 12004 ‘ .\. —A—FEG3
Compared to FEGI1 with 15 mass% PPMS, FEG3 with ‘T‘E ] 000_' il. \ —v—FEG5
15 mass% PPMS-EG shows a higher AW value at 800 °C, = | Yo o=

indicating that PPMS-EG has better char-forming ability in E, 800 ﬁ v‘v\ \

the EP matrix. With the incorporation of EG, it clearly g 1 r -

indicates that the thermal degradation process of FEGS is § 600'_ \v\

similar to EP, and the W, value at 800 °C of FEGS is S 4004

close to the W, value at 800 °C. This result indicates that 3 1

EG only acts as an inert filler in the matrix and cannot T 200

promote the charring of EP matrix, and the increased o ]

thermal stability of composites is ascribed to the fact that
EG can provide an effective insulating layer against the
heat and mass transfer. Therefore, the sample with EG has
different thermal behavior compared to the sample with
either PPMS or PPMS-EG.

As shown in Table 2, it is noted that the thermal stability
and char-forming ability of the flame-retarded EPs are
dependent on the type and amount of flame retardants.
When the same amount of flame retardants is added,
PPMS-EG shows better charring effect in the EP matrix
than that of either PPMS or EG, thus greatly decreasing the
mass loss rate and yielding more carbonaceous char com-
ponents in the condensed phase. In addition, as PPMS-EG
is added into EP matrix, the mass loss rate and PMLR of
the samples are gradually decreased with increasing con-
tent of PPMS-EG concomitant with the increase in the T4
and residual mass. For example, the W,,, values at 800 °C
of the samples with 10, 15, and 20 mass% PPMS-EG are
11.9, 15.1, and 17.4 mass%, respectively. Based on the
above results, it can be concluded that the incorporation of
PPMS-EG imparts well char-forming effect in the EP
matrix compared to that of either PPMS or EG, thus
leading to the formation of more char layer to slow down
the mass loss rate of polymer and impede mass and heat
transfer in the pyrolysis process.

LOI and UL94 tests

LOI and UL94 tests were applied to assess the flame
retardancy of the EP composites, and the corresponding

@ Springer
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Fig. 6 Heat release rate curves of flame-retarded epoxy resins at a
heat flux of 50 kW m 2

results are summarized in Table 1. As shown in Table 1,
the incorporation of flame retardants enhances the flame
retardancy of EP materials. In detail, the LOI value of EP is
19.2% and is failed to pass the UL94 test. With the
incorporation of PPMS-EG, the LOI value and UL94 rating
of the EP composites are gradually improved with
increasing PPMS-EG content, and FEG4 with 20 mass%
PPMS-EG acquires the highest of LOI value (27.3%) and
passes UL94 V-0 rating. In addition, the same loading of
PPMS-EG imparts higher LOI value and UL94 rating to EP
matrix than those of either PPMS or EG. This phenomenon
can be explained by the high char-forming ability of
PPMS-EG in EP matrix, as confirmed by TG test. Gener-
ally, the high char-forming ability helps to form more char
residue on the surface of material that insulates the transfer
of heat and mass between flame and underlying material,
thus effectively retarding the combustion process. There-
fore, the sample with PPMS-EG possesses a better flame
retardancy in comparison with the sample with the same
loading of PPMS or EG separately. In addition, it should be
noted that FEGS with a UL94 HB rating has a higher LOI
value than FEG1 with a UL94 V-2 rating. This result can
be ascribed to the differences in burning condition between
LOI and UL94 tests as well as the flame-retardant actions
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Table 3 Cone calorimeter data

X Samples PHRR/KW m 2 THR/MJ m~? PSPR/m* 5! TSR/m? m™> Residue/%
for flame-retarded epoxy resins
—2
at a heat flux of 50 kW m EP 1324.6 95.7 0.136 1276.4 42
FEG1 491.6 74.0 0.079 1030.6 21.1
FEG3 4143 66.7 0.073 977.2 27.5
FEGS5 1015.3 85.3 0.103 1142.9 15.2
100 1400
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~ 80 ch ]
|
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Fig. 7 Total heat release curves of flame-retarded epoxy resins at a
heat flux of 50 kW m™>

between PPMS and EG [33]. For example, the loose char
residue of FEG5 with EG is easily blown away during
burning [17], which helps to accelerate the heat away from
the preheating part and then improve the LOI value. But,
the dropping char with high temperature is easily to ignite
the cotton, resulting in failing to classify the UL94 test.
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Fig. 8 Smoke production rate curves of flame-retarded epoxy resins
at a heat flux of 50 kW m2

Timels

Fig. 9 Total smoke release curves of flame-retarded epoxy resins at a
heat flux of 50 kW m™>

Cone calorimeter test

To evaluate the combustion behaviors of flame-retarded
EPs in reality, the cone calorimeter test was employed and
the results are presented in Figs. 6-9 and Table 3,
respectively. As shown in Figs. 6 and 7, EP burns quickly
after ignition with a single peak heat release rate (PHRR)
of 1324.6 kW m™~? at 100 s, accompanying with a high
total heat release (THR) of 95.7 MJ m™? after burning. By
comparing with EP, the incorporation of flame retardants
greatly decreases the PHRR and THR of the EP compos-
ites, indicating the enhancement of flame retardancy. In
detail, the PHRR and THR values of the EP composites are
reduced by 62.9% and 22.7% for FEG1, 68.7% and 30.3%
for FEG3, 23.4% and 10.9% for FEGS, respectively. In
particular, FEG3 with PPMS-EG shows the lowest PHRR
and THR values among the samples, corresponding to the
best flame retardancy. The increased flame retardancy can
be ascribed to that the flame retardants generate an insu-
lating layer that segregates the heat and mass transfer
during burning. For the sample with PPMS or PPMS-EG,
two peaks are found in HRR curve, and the first HRR peak
is ascribed to the formation of an effective intumescent
char, and then, the thermal degradation and cracking of
intumescent char at high temperature results in another
HRR peak. However, the sample with EG shows a similar
single sharp peak in HRR from that of EP, indicating that
EG only acts as a physical barrier to reduce the burning
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Fig. 10 Digital photographs of the char residues of EP (a), FEG1 (b), FEG3 (c¢), and FEGS5 (d) obtained after cone calorimeter test; superscript 1

represents the top view, and 2 represents the side view

intensity of EP matrix and hardly affects the flaming
behavior of EP, as supported by TG test. Thus, EG exhibits
a lower flame retardant efficiency in EP matrix than that of
either PPMS-EG or PPMS. But, the introduction of EG into
intumescent system is beneficial to enhance the barrier
effect and thermal stability of intumescent char [20], thus
effectively preventing the underlying materials from fur-
ther combustion. This illustrates the combination of PPMS
and EG by chemical bonding imparts excellent synergistic
flame retardant effect on the decreasing of HRR and THR
in EP materials.

- e
SEM HV: 20.0 kV
SEM MAG: 500 x

" o
SEM HV: 20.0 kV WD: 15.21 mm
SEM MAG: 500 x Det: SE

1 2

0 1 2 4 10 0 4
Full scale 2915 cts cursor: 10.088 (0 cts) keV Full scale 1209 cts cursor: 10.088 (0 cts)

The smoke production rate (SPR) and total smoke
release (TSR) curves of flame-retarded EPs are presented
in Figs. 8 and 9, respectively. It is clearly seen that EP has
a single peak SPR (PSPR) of 0.136 m? s™', and its TSR
value reaches to 1276.4 m* m~2. With the incorporation of
flame retardants, the SPR and TSR values of the samples
are greatly decreased from those of EP, indicative the
enhancement of smoke suppression properties. In particu-
lar, the same addition of PPMS-EG possesses the lowest
PSPR and TSR in the EP matrix, the next is PPMS, and the
last is EG. In detail, the PSPR and TSR of FEG3 with

SEM HV: 20.0 kv 'WD: 15.27 mm
SEM MAG: 500 x Det: SE

6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
keV Full scale 3557 cts cursor: 10.252 (0 cts) keV

Fig. 11 SEM images and EDS maps of the char residues of FEGI (a), FEG3 (b), and FEG (5) obtained after the cone calorimeter test
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PPMS-EG are reduced by 46.3% for PSPR and 23.4% for
TSR compared to those of EP. This result is mainly
because of the fact that the super char-forming ability of
PPMS-EG can promote the generation of a more compact
char to segregate heat and mass transfer, thus resulting in
high mass retention after burning, as listed in Table 3. And,
the high mass retention is beneficial to reduce the release of
flammable gases and smoke precursors during burning,
thus exhibiting good smoke suppression properties. Taking
all into consideration, PPMS-EG performs better in
enhancing the flame-retardant and smoke suppression
properties of EP materials than either PPMS or EG.

Morphology and chemical structure of char
residues

The digital photographs of the char residues obtained after
the cone calorimeter test are shown in Fig. 10. It can be
seen that EP has hardly any residue left after burning, while
the samples with flame retardants leave a considerable
volume of char residues to prevent the underlying materials
from burning. In detail, FEGS5 with EG leaves a very loose
and thin char layer without intumescence, while FEG1 and
FEG3 form a compact and intumescent char layer. Com-
pared to FEG1 with PPMS, the char layer of FEG3 with
PPMS-EG is more compact and intumescent without
obvious cracks and holes on the surface, thus exhibiting
better barrier effect on the reducing of heat and smoke
release during burning. It is further testified that PPMS-EG
imparts excellent flame-retardant and smoke suppression
effects in EP materials.

The SEM images and EDS maps of the char residues
after the cone calorimeter test are presented in Fig. 11. The
SEM images further illustrate that the FEG3 with PPMS-

/1402 X}
/ 1266 1167 "
1646 1578

2851
2921

3478

I T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™

Fig. 12 FTIR spectra of the char residues of FEG1 and FEG3
obtained from the cone calorimeter test

EG tends to form a more compact and continuous char
residue with less voids and cracks than that of FEG1 and
FEGS, coinciding with the highest flame-retardant and
smoke suppression efficiency among the samples. Obvi-
ously, the combination of PPMS and EG by chemical
bonding can lead to the adhesion between phosphorus-rich
residue and expanded graphite plates and thus forms a well
protective-effect char residue. By comparing the elemental
composition and content of char residues, it can be seen
that FEGS5 is merely composed of EG platelets, further
demonstrating that EG only acts as a thermal barrier to
reduce the combustion intensity of EP rather than change
the combustion behavior of EP matrix. Compared to FEG1,
the char residue of FEG3 has higher carbon and phosphorus
contents, indicating that more phosphorus-rich aromatiza-
tion structures remained in the condensed phase. In addi-
tion, the corresponding C/O ratio of char residue is
increased to 3.27 in FEG3 from that of 2.61 in FEGI1, and
the increased C/O ratio tends to endow the char residue
with high antioxidation property and denser structure
[19, 30]. As a result, the same addition of PPMS-EG in EP
matrix can form a more thermally stable barrier to decrease
the combustion intensity, thus effectively improving the
fire safety of EP system.

FTIR test was conducted to determine the functional
groups of the char residues obtained after the cone
calorimeter test, and the corresponding results are pre-
sented in Fig. 12. The similar characteristic peaks at
3478 cm ™' (N-H and —OH groups), 2921 and 2851 cm™!
(~CH,- and —CH- groups), 2360 cm ™! (O-H in O=P-OH
group), 1646 cm ™' (C=C and C=N group), 1466 cm ™' (C—
C in aromatic ring), 1402 cm™' (P-N group), and
1167 cm™' (PO,/PO;) are observed in both FEG1 and
FEG3 [34-36]. In addition, FEG1 shows a strong peak at
1111 cm™" that can be assigned to the vibration of C—O—C,
P-O-P, and P-O-C groups [20, 37]. The redshift of P-O-
C, P-O—P, and C—O-C groups to 1098 cm™" is visible in
the spectra of FEG3 due to the interaction between EG
platelets and P-containing cross-linking structures in the
residue. Additionally, the peak intensity at 1578 cm™'
(polyaromatic species) for FEG3 is obviously stronger and
broader than that of FEG1 [38], which is beneficial to form
more aromatic char.

Table 4 XPS results of the char residues of FEG1 and FEG3 after the
cone calorimeter test

Samples C/at% O/at% N/at% Plat% O/C N/C P/C
FEGI 7731 1657  3.86 226 021 0.050 0.029
FEG3 61.45 2838 342 6.74 046 0.056 0.11
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The chemical structure and atomic concentration of the
char residues after the cone calorimeter test were further
analyzed by XPS, and the detailed composition is listed in
Table 4. For FEG3, it has much higher values of O/C, N/C,
and P/C than those of FEGI, especially for the P/C value.
This result indicates that functionalized EG with PPMS can
remain more cross-linking structures containing P, N, and
O element in the char residue. Generally, more cross-
linking structures remained in the condensed phase are
beneficial for the formation of a more compact and intu-
mescent char layer [39], which give an explanation of the
high-quality char obtained from FEGS3.

High resolutions of C;y, Ny, Oy, and P, spectrums of
FEG1 and FEG3 are depicted in Fig. 13. In the C; spec-
trum, the peaks at 284.5, 285.0, and 286.3 eV can be
assigned to the C-H/C—C in the aliphatic and aromatic
species in char, C—-O-C/C-OH/C-N/C-O-P groups, and
C=C/C=0/C=N groups, respectively [40]. Interestingly, the
relative contents of the bonds at 285.0 eV for FEG3 are

(a) C
1s
C-H/C-C C-O-P/C-O-C/C-OH/C-N
33.92% 37.78%
C=C/C=N/C=0
28.30%
=] FEG1
g
2
‘@
S —O0—-P/C-0O-C/C-OH/C-N
= 54.89%
- C-H/C-C
30.78%
C=C/C=N/C=0
0,
14.33% FEG3

— 7T ' 1 T T T T T T T T T
284 285 286 287 288 289 290 291
Binding energy/eV

T T T T
281 282 283

(b) oN N,
63.60%
3 FEG1
g
2
B
o 66.67%
£ N-H
31.11%
C=N
2.22% FEG3]
T T T T T T T T T T T T T
394 396 398 400 402 404 406 408
Binding energy/eV

obvious higher than those of FEGI, indicating that the
same addition of PPMS-EG forms more cross-linking
structures containing C—O or C-N. In the Ny spectrum, the
bands at 398.7, 400.2, and 402.1 eV are assigned to C=N in
triazine rings, C-N groups, and N-H groups, respectively
[41], while the peak intensities at 400.2 eV for FEG3
increase compared to FEG1, indicating that more cross-
linking structures containing C-N are formed. In the Oy
spectrum, two peaks appear at 531.6 and 533.1eV,
wherein the former is assigned to the C=0 or P=0O groups
in phosphate and carbonyl compounds, and the latter is
ascribed to the -O- bond in P-O-C or P-O-P or C-O
groups [42]. It is apparent that the relative ratio of —O-
bonds in total O for FEG3 is higher than that of FEGI,
implying more O-containing cross-linking structures
remained in the char residue that can be proved by C;; XPS
spectra. In Fig. 13 d, the spectra of P, exhibit two bands at
134.0 and 134.6 eV that can be assigned to the P-O/PO;
groups in phosphate and P-O-C group, respectively [40]. It

©) 5
C-O/P-O-C/P-O-P 1s
56.11Y

C=0/P=0 %
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3
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Fig. 13 High-resolutions of (a) C;s (b) Ny, (¢) Oy, and (d) P», XPS spectra of the char residue of FEG1 and FEG3 obtained after the cone

calorimeter test
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Scheme 3 Possible flame-retardant and smoke suppression mechanism of PPMS-EG in EP matrix

is noted that the relative content of P-O-C bond for FEG3
increases to 68.57% from that of 22.59% in FEGI, indi-
cating that more cross-linking structures are formed, as
confirmed by the results of C;; and O, spectra. These
results verify that the incorporation of PPMS-EG is bene-
ficial to form more cross-linking structures containing P—
0O-C, P-O-P, C-N, and C-O-C groups that endow better
barrier effect and antioxidation property to the resulting
char, thus effectively insulating the heat and mass transfer
between the gas and condensed phases (Fig. 13 ).

Based on the discussion above, it is reasonable to
demonstrate that the combination of PPMS and EG by
chemical bonding contributes to form more cross-linking
structures in the condensed phase that provide a compact
and intumescent char against the release of heat and smoke,
thus producing excellent flame-retardant and smoke sup-
pression efficiencies in EP matrix. And, the possible flame-
retardant and smoke suppression mechanism of PPMS-EG
in EP matrix is presented in Scheme 3.

Conclusions

In this work, a novel mono-component intumescent flame
retardant, pentaerythritol phosphate melamine salt
(PPMS)-functionalized expandable graphite (PPMS-EQG),
was synthesized via chemical grafting PPMS on the surface
of EG. The chemical structure, morphology, and thermal
property of PPMS-EG were carefully characterized by
various analytical instruments. The FTIR, '"H NMR, and
SEM-EDS analyses verified that the PPMS was success-
fully grafted on the surface of EG platelets, and the per-
centage of PPMS in PPMS-EG was 77.33%, as calculated

by TG test. The results of LOI and UL94 show that the
incorporation of PPMS-EG improves the flame retardancy
of EP composites, and FEG4 with 20 mass% PPMS-EG
passes the UL94 V-0 rating and the LOI reaches 27.3%.
Cone calorimeter test shows that the same addition of
PPMS-EG reduces the PHRR, THR, SPR, and TSR values
of epoxy resin more efficiently than that of either PPMS or
EG, revealing the higher flame-retardant and smoke sup-
pression efficiencies. TG test shows that the addition of
PPMS-EG changes the thermal degradation behavior of EP
matrix concomitant with the increase in the Tsq,, residual
mass, and AW, implying the enhancement of thermal sta-
bility and char-forming ability. Morphological analysis of
the char residue shows that the incorporation of PPMS-EG
into EP matrix generates a more compact and intumescent
char to retard the heat and smoke release, thus effectively
preventing the internal material from further burning. FTIR
and XPS analyses reveal that the incorporation of PPMS-
EG positively contributes to the formation of more phos-
phorus-rich cross-linking char and aromatic char in con-
densed phase, thus providing a well protective-effect char
layer.
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