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Abstract

Bio-based flame retardant magnesium phytate (Mg-Phyt) was synthesized by a facile chelation reaction and characterized.
The feasibility of Mg-Phyt as flame retardant for epoxy resins was studied. In order to enhance its flame retardancy, the syn-
ergistic flame retardancy between Mg-Phyt and agricultural waste material rice husk ash (RHS) and the synergistic effects
of different ratios of these two were investigated. The results show that the addition of 10 mass% Mg-Phyt can reduce the
thermal decomposition rate and achieve good flame retardant performance for epoxy resins. Furthermore, the combination
of Mg-Phyt with RHS can have a synergistic flame retardant effect. Among them, the synergistic effect of 5 mass% Mg-Phyt
and 5 mass% RHS is the best when the two substances are added into epoxy resins. More specifically, compared to pure
epoxy resins, the peak heat release rate, total heat release, peak smoke production rate, and total smoke release of epoxy
resins with 5 mass% Mg-Phyt and 5 mass% RHS are reduced remarkably by 28.6%, 10.6%, 33.0%, and 7.8%, respectively.
The burning rate is also reduced by 42.4%. During the combustion process, this synergistic flame retardant effect is attributed
to the formation of a compact silica-rich char layer containing Si—P and P-O-C structures with strong thermal stability to
hinder the heat transfer into the epoxy resins substrate and reduce flammable gas emission, so that a better flame retardancy
and smoke suppression of epoxy resins can be attained.
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Introduction flame retardants that have been developed, halogen-con-

taining flame retardants have shown excellent performance,

Epoxy resins (EP) have excellent mechanical, electrical, and
agglutinate properties, and they are widely used in the engi-
neering field as coatings, composite materials, casting mate-
rials, and adhesives [1-4]. However, the high flammability
of epoxy resins is a big concern to life safety and property
safety during applications [5, 6]. To control the fire hazard of
epoxy resins in applications, improving the flame retardancy
is essential, in which flame retardants are usually embedded
into epoxy resins to improve their fire safety. Among the
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but their applications have been legislatively prohibited due
to severe health and environmental concerns [7]. In recent
years, more interest has been focused on the research and
development of halogen-free flame retardants [8, 9]. Some
halogen-free flame retardants such as phosphorus-based,
nitrogen-based, silicon-based, boron-based, carbon nano-
tubes, layered double hydroxides, and montmorillonite have
been widely used in polymers [10-16]. Phosphorus-based
flame retardants act by trapping free radicals (H- or OH:) in
the gaseous phase and facilitating the formation of char in
the condensed phase [17-19]. Moreover, most phosphorus-
based flame retardants have the advantages of high efficiency
and low cost [20].

In recent years, 9,10-dihydro-9-oxa-10-phosphaphenan-
threne-10-oxide (DOPO), ammonium polyphosphate (APP),
and their derivatives are common types of phosphorus-
based flame retardants, which have been used to improve
the fire safety of epoxy resins [21-25]. Compared with
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these chemicals, bio-based flame retardants can be derived
from green feedstocks and are environmentally friendly
[26]. However, the study of bio-based flame retardant for
epoxy resins is very limited. To develop environmentally
friendly and highly efficient flame retardants for epoxy res-
ins, the study of bio-based phosphorus-containing flame
retardants is of great importance. The phytic acid (inositol
hexaphosphate) present in cereals and beans is non-toxic,
shows good biocompatibility, and has high phosphorus
content. The phytic acid has strong chelation and can form
complexes (metallic phytate) with metal cation [27, 28]. So
far, the phytic acid has been found to have great potential
as flame retardant for polymers, but there are a few appli-
cations of metallic phytate as flame retardant for polymer,
especially for eposy resins [27]. For example, Costesab et al.
[29] studied the potential flame retardant effect of differ-
ent metallic phytates (Na-phyt, Al-phyt, Fe-phyt, La-phyt)
on PLA, and found that Al-phyt could significantly reduce
the forced burning intensity of PLA. Yang et al. [27] used
calcium magnesium phytate and carbon nanotubes as flame
retardants for polylactic acid (PLA) and achieved consider-
able reduction in the burning intensity. Metallic phytates
synthesized by direct precipitation method were used as
flame retardants for PVC, and the results showed that PVC
with 15 mass% metallic phytate had good carbonization
[28]. Rice husk ash (RHS) is an agricultural waste mate-
rial that could be useless because of its limited advanced
applications [30]. It is cheap and has high silicon content
[30-32], which has been used as a bio-based flame retardant
to improve the flame retardancy of polymers. Almiron et al.
[33] found that RHS and phosphorus-based flame retardants
(APP and pentaerythritol) have a synergistic effect on poly-
propylene. As a bio-halogen-free flame retardant, melamine
phosphate-modified lignin (MAP-lignin) and RHS can sig-
nificantly increase char residue of poly(3-hydroxybutyrate-
co-4-hydroxybutyrate) (P34HB) biocomposites and their
flame retardant performance can also be improved by adding
30 mass% MAP-lignin and 5 mass% RHS [34]. Since metal-
lic phytate is non-toxic and has high phosphorus content,
and the synergistic effect may be brought by the elements of
phosphorus and silicon on improving the thermal stability
and flame retardancy of epoxy resins [35], metallic phytate
and RHS are considered as potential bio-based flame retard-
ants for epoxy resins.

To find an environmentally friendly and highly efficient
flame retardant system for epoxy resins, the feasibility of
Mg-Phyt as a bio-based phosphorus-containing flame retard-
ant for epoxy resins was studied. Furthermore, to improve
the flame retardant effect, the synergistic effect of Mg-Phyt
and RHS on epoxy resins and the influence of the ratio of
these two on the flame retardant performance were also stud-
ied. In this study, Fourier Transform Infrared Spectroscopy
(FTIR) was used to investigate the structures of Mg-Phyt and
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RHS. Mg-Phyt and RHS were added into epoxy resins sepa-
rately or in combination to form different composites. Ther-
mogravimetric analysis (TGA), cone calorimeter, Under-
writer Laboratories 94 (UL-94), and limiting oxygen index
(LOI) tests were used to comprehensively study the thermal
properties and flame retardant properties of the epoxy resin
composites, coupling with Scanning Electron Microscopy
(SEM) and X-ray Photoelectron Spectroscopy (XPS).

Experimental
Materials

Bisphenol-A (DEGBA) epoxy resins were supplied by Blue
Star Synthetic Material Co., Ltd., China. The curing agent
(2-Ethyl-4-methylimidazole) was purchased from Shikoku
Chemical Co., Ltd., Japan. Sodium phytate (99 mass%) and
Magnesium chloride were purchased from the Sinopharm
Chemical Reagent Co., Ltd., China. The raw material of
rice hush was purchased from the market and rice hush
ash (RHS) was obtained from rice hush by grinding and
screening.

Preparation of magnesium phytate

Mg-Phyt was obtained by mixing a 0.5 mol L™' MgCl,-6H,0
aqueous solution with another 0.1 mol L™ Na-Phyt aqueous
solution. The system was refluxed at 100 °C for 1 h under
constant mechanical stirring to obtain Mg-Phyt precipitate
[29]. Then, the precipitated Mg-Phyt was washed by cen-
trifugation with deionized water for five times. Last, Mg-
Phyt was dried at 105 °C for 2 h.

Preparation of samples

The samples were prepared as shown in Table 1, in which
the mass fraction of different components is given. Dur-
ing the preparation, epoxy resins, Mg-Phyt, and RHS were
weighed accurately according to the mass fraction and then
mixed with a mechanical stirrer at 500 rpm and 90 °C until

Table 1 The mass fraction of each component in the samples

Samples Epoxy resins/ Mg-Phyt/mass% RHS/
mass% mass%

EP 100 0 0
EP-M10-R0O 90 10 0
EP-MO-R10 90 0 10
EP-M2.5-R7.5 90 2.5 7.5
EP-M5-R5 90 5 5
EP-M7.5-R2.5 90 7.5 2.5
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they were uniformly mixed. With a mass ratio to epoxy
resins of 5: 100, imidazole (curing agent) was added into
the treated epoxy resins while the stirring was continued
to obtain a uniform mixture. Then, the mixture was poured
into the mold. The material in the mold was cured at 90 °C
for 4 h.

Characterizations

FTIR spectroscopy analysis was performed using a Nico-
let 380 spectrophotometer (Thermo Scientific) at a spectral
range of 4000-400 cm™!, with a resolution of 4 cm™! and the
number of scans of 32. Thermogravimetric analysis (TGA)
was conducted using the DTG-60 (AH) thermal analyzer
(Japan) at the temperature range from 35 °C to 800 °C at
a heating rate of 20 °C min~! under a nitrogen atmosphere
with a flow rate of 50 mL min~!. The flame retardancy of
the samples was tested in a horizontal orientation using
the FTT-CONE-228 cone calorimeter (England) under the
irradiance heat flux of 35 kW m~2 with a grid. Cone calo-
rimeter tests were performed according to ISO 5660-1 pro-
tocol. The UL 94 tests were performed according to IEC
60695-11-10:2003 using a horizontal and vertical burning
instrument (CZF-5, China). Limiting Oxygen Index (LOI)
was tested according to ISO 4589-3 with FTT-OL-1402072
LOI test instrument (England). The morphology of char resi-
dues after the cone calorimeter test was characterized by a
scanning electron microscope (SEM) on a Hitachi SU3500
SEM (Tokyo, Japan) with an acceleration voltage of 10 kV.
X-ray Photoelectron Spectroscopy (XPS) was measured
on an ESCALAB 250Xi X-ray photoelectron spectrometer
(Thermo Scientific Company, USA) with an Al Ka X-ray
source to study the chemical structure of char residues. And

the software XPSPEAK was used to peak-differentiating and
imitating.

Results and discussion
Characterization of Mg-Phyt and RHS

The FTIR was performed to demonstrate the successful
synthesis of Mg-Phyt. Figure 1a shows the FTIR spectra
of Na-Phyt and Mg-Phyt. Figure 2 shows the structural
formula of Mg-Phyt. Na-Phyt and Mg-Phyt both show a
wide absorption band at 3394 cm™! and a weak absorption
band at 1646 cm™'. The bands observed at 3394 cm™" and
1646 cm™! are attributed to the stretching vibration mode of
O-H and the twisting vibration mode of the H-O-H, respec-
tively. Because the samples were dried at 105 °C for 2 h, Na-
Phyt and Mg-Phyt only contain crystalline or adsorbed water
molecules [36, 37]. The absorption peak near 1400 cm™"
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Fig. 1 FTIR spectra of Mg-Phyt and RHS
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is considered to be the stretching vibration of the P=0O
bond [38]. The sharp band of Na-Phyt at 1106, 978, and
834 cm~! were shifted to 1132, 1006, 871 cm™~! with Mg-
Phyt. The spectrum of Na-Phyt shows triplet bands at 978,
938, and 914 cm™', and another triplet bands at 834, 778,
and 746 cm™!, but there are no triplet bands in Mg-Phyt.
This indicates that the structure of Mg-Phyt is different from
that of Na-Phyt. Furthermore, the characteristic infrared
spectra of Mg-Phyt is from 1200 to 700 cm™', and there are
three absorption peaks in this characteristic infrared spectra
[37]. The absorption peaks at 1132 cm™!, 1006 cm™!, and
871 cm™! are the same as the characteristic infrared spectra
of Mg-Phyt, demonstrating that Mg-Phyt has been success-
fully synthesized.

Figure 1b shows the FTIR spectra of RHS. The main
component of rice husk ash is silica, and the three important
bands for identifying SiO, is seen in Fig. 1b. The band at
1097 cm™ is attributed to the asymmetrical stretching mode
of the Si—O-Si group; the absorption peaks at 799 cm™~! and
469 cm™! are attributed to the bending vibration mode and
the rocking mode of the Si—O group, respectively [33].

Thermal Analysis

The TGA and DTG (the first derivative curve of TGA,
which shows the mass loss rate relative to temperature or
time) curves of the samples in nitrogen are shown in Fig. 3.
The initial thermal decomposition temperature (7sq), the
maximum thermal decomposition temperature (7,,,), and
the char residues at 800 °C are shown in Table 2. It can be
seen that EP shows one main step of decomposition in nitro-
gen. This decomposition step is in the temperature range of
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Fig.3 The TGA and DTG curves of the samples in nitrogen

@ Springer

Table2 The initial thermal decomposition temperature (Tsq), the
temperature at the maximum thermal decomposition rate (7},,,,), and
the char residues at 800 °C

ax.

Samples T5q/°C T, /°C  Char Peak decomposi-
residues/  tion rate/% °C~!
mass%

EP 416 454 10.68 1.344

EP-M10-RO 400 440 13.59 1.207

EP-M0-R10 435 465 19.69 1.125

EP-M2.5-R7.5 413 457 18.99 0.943

EP-M5-R5 409 451 16.22 0.939

EP-M7.5-R2.5 402 446 15.74 0.952

350-500 °C, resulting from the decomposition of epoxy res-
ins [39]. This step corresponds to an obvious DTG peak at
454 °C. When RHS was added, EP-MO0-R10 still shows one
main step of decomposition, because RHS has high thermal
stability over this temperature range [40], so that this main
step is also related to the decomposition of epoxy resins.
However, when Mg-Phyt was added or Mg-Phyt and RHS
were both added, there are two main steps of decomposition
in nitrogen. The first step occurred in the temperature range
of 150-250 °C, and the second decomposition step occurred
in the temperature range of 350-500 °C. The temperature
ranges of the second decomposition step of EP-M10-RO,
EP-M2.5-R7.5, EP-M5-R5 and EP-M7.5-R2.5 are close to
that of EP and EP-MO0-R10, so that the second decomposi-
tion step of EP-M10-R0, EP-M2.5-R7.5, EP-M5-R5, and
EP-M7.5-R2.5 is the decomposition of epoxy resins. Thus,
the first decomposition step in the temperature range of
150-250 °C is ascribed to the decomposition of Mg-Phyt.
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It can be seen that Tsq decreases from 416 °C for EP
to 400 °C for EP-M10-R0, which occurs because Mg-Phyt
begins its decomposition before epoxy resins to promote the
formation of the char layer, and this behavior is necessary
to protect epoxy resins from further decomposition [33].
Therefore, the decomposition rate of EP-M10-RO is lower
than EP. The T, follows a similar trend to T, decreasing
from 454 °C for EP to 440 °C for EP-M10-R0. Besides, the
char residues of EP are 10.68%, while that of EP-M10-R0
is 13.59%, which indicates that the addition of Mg-Phyt is
beneficial to the char formation of epoxy resins. T, of EP-
MO-R10 increases to 435 °C due to the presence of silica
from RHS, which can contribute to increasing the thermal
decomposition temperature of epoxy resins [41]. With
the increase in RHS content, 75, and 7,,,, of all samples
increased. Therefore, when Mg-Phyt and RHS were added
to epoxy resins together, the initial thermal decomposition
temperature of epoxy resins is all higher than EP-M10-RO0,
but these initial thermal decomposition temperatures are still
lower than EP. This means that Mg-Phyt can still decompose
in advance to prevent the decomposition of epoxy resins.
The combination of Mg-Phyt and RHS leads to a further
reduction in the decomposition rate, for example, the peak
decomposition rate of EP-M5-R5 is 0.939% °C~!, which is
lower than EP-M10-R0 and EP-MO-R 10, indicating that the
synergism took place between Mg-Phyt and RHS to decrease
the decomposition rate. With the addition of RHS, the char
residue was higher than that in which Mg-Phyt was added
alone. Furthermore, the ratio of Mg-Phyt and RHS has some
slight influence on the synergistic effect. When the mass
ratio of Mg-Phyt and RHS is 5:5, the thermal decomposition
rate decreases the most and the synergistic effect is slightly
better.
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Fig.4 The curves of HRR and SPR of EP and EP composites
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In conclusion, the addition of Mg-Phyt slightly decreases
the initial thermal decomposition temperature of epoxy res-
ins, but it can slow down the decomposition rate of epoxy
resins. The combination of Mg-Phyt and RHS leads to a syn-
ergistic effect in reducing the decomposition rate of epoxy
resins, and the mass ratio of Mg-Phyt and RHS in 5: 5 can
have a slightly better synergistic effect. It is also interesting
to note that RHS plays a great role in the increase of T'sq,
T,...» and char residues.

max?®

Cone calorimeter tests

The cone calorimeter is the most versatile bench-scale
instrument for measuring the reaction-to-fire properties of
combustible materials [42]. Figure 4a, b shows the variation
of the heat release rate (HRR) and smoke production rate
(SPR) with time during the test. Figure 5 shows the peak
heat release rate (pHRR), total heat release (THR), peak
smoke production rate (pSPR), total smoke release (TSR)
of the samples, and the rate of reduction compared to EP.
Table 3 shows the cone calorimeter data for each sample at
the irradiance heat flux of 35 kW m~2.

It is seen from Table 3 that EP has intense flammability,
which was ignited at about 124 s. From the combustion, a
large amount of heat was released. Compared with EP, after
the flame retardant was added, the times to ignition (TTI)
of samples were all delayed, but the difference was small.
With the increase in RHS content, the delay of ignition is
more significant, which indicates that RHS is conducive to
the delay of ignition time. In addition, the HRR is consid-
ered as an important fire reaction property because the heat
released can provide additional thermal energy required
for the growth and spread of fire [43—45]. It is seen from
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Fig.5 The value of pHRR, THR, pSPR, TSR, and the rate of reduction compared to EP

Table3 Cone calorimeter . Samples TTI/s pHRR/KW m~2 THR/MJ m™> pSPR/m?s™! TSR/m? m™2

date of EP and EP composites

at the irradiance heat flux of EP 124 531 81.41 0.3824 17.53

) . . .

33 kWm EP-M10-RO 129 438 75.39 0.2698 16.45
EP-M0-R10 140 461 78.10 0.2834 16.49
EP-M2.5-R7.5 138 392 73.08 0.2607 16.21
EP-M5-R5 137 379 72.82 0.2562 16.16
EP-M7.5-R2.5 130 387 72.93 0.2584 16.19

Fig. 5a that in the sample containing 10 mass% Mg-Phyt
(EP-M10-R0), the pHRR value is significantly decreased
by 17.5%, which indicates that Mg-Phyt could reduce the
burning intensity of epoxy resins. In addition, for samples
containing both Mg-Phyt and RHS, the pHRR of EP-M2.5-
R7.5, EP-M5-RS5, and EP-M7.5-R2.5 samples decreased
by 26.2%, 28.6%, and 27.1%, respectively. Compared to
adding Mg-Phyt or RHS alone, the simultaneous addition
of Mg-Phyt and RHS has a synergistic effect on reducing
the pHRR. In all tested samples, the pHRR of EP-M5-R5
decreased the most by 28.6%, indicating that when the mass
ratio of Mg-Phyt and RHS is 5: 5, the burning intensity can
be reduced effectively.

From Fig. 5b, the effect of different flame retardants on
the THR of EP samples was similar to those on the pHRR.
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The THR of EP-M10-R0, EP-M0-R10, EP-M2.5-R7.5, EP-
M5-R5, and EP-M7.5-R2.5 samples are decreased by 7.4%,
4.1%, 10.2%, 10.6%, and 10.4%, respectively. It can also be
found that compared with pure epoxy resins, the addition of
Mg-Phyt reduces THR, indicating that it has a good flame
retardant effect on reducing the total fire load. When Mg-
Phyt and RHS are added together, the effect on reducing the
THR is more obvious due to the synergistic effect. Among
all the tested samples, EP-M5-R5 have the lowest pHRR and
THR than other formulas.

Figure 5c shows that with the addition of Mg-Phyt, the
pSPR value was decreased by 29.4%, compared with pure
epoxy resins, which indicates that the smoke suppression
effect of Mg-Phyt is good. For the samples containing both
Mg-Phyt and RHS, compared with the addition of a single
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additive, the pSPR was reduced more. For example, the
decrease in the pSPR of EP-M10-R0 was 29.4%, while that
of EP-M5-R5 was 33.0%. On the other hand, the addition of
Mg-Phyt and RHS reduces TSR (Fig. 5d), the change of TSR
was in the range from 5.9% to 7.8%. Therefore, Mg-Phyt
and RHS have synergistic effect in reducing pSPR and TSR.
Compared with other proportions of Mg-Phyt and RHS, the
smoke suppression effect of EP-M5-R5 samples is slightly
better.

Figure 6 shows the CO production rate (COP) and CO,
production rate (CO,P) during the test. It can be seen that
after the addition of Mg-Phyt, the release of CO and CO, are
decreased. When Mg-Phyt and RHS are added into epoxy
resin together, the CO and CO, production rates have further
declined, suggesting a synergistic effect between Mg-Phyt
and RHS to further reduce the toxic gas release. Among all
the tested samples, EP-M5-R5 samples have less toxic gas
release than other proportions.

In conclusion, the addition of Mg-Phyt can not only
reduce the heat release rate and smoke release rate, but also
reduce the release amount of CO and CO,. In addition, when
the Mg-Phyt and RHS are added together, each parameter
discussed here will be further reduced. Due to the synergistic
effect between Mg-Phyt and RHS, the flame retardant effect
of EP-M5-RS is the best.

UL 94 and LOI tests

The flammability of the samples was also evaluated by a
UL-94 flame chamber using horizontal test and LOI tests.
Table 4 shows the burning rate and LOI value for each sam-
ple. The EP burned quickly after ignition and the burning
rate was 17.2 mm min~'. With the addition of Mg-Phyt, the
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Fig.6 The curves of COP and CO,P
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Table 4 The rate of burning and LOI for each sample

Samples Rate of burning/  Change inrate of LOL/%
mm min~! burning/%
EP 17.2 - 21.4
EP-M10-RO 14.7 14.5 222
EP-M0-R10 15.5 9.9 23.8
EP-M2.5-R7.5 14.1 18.0 229
EP-M5-R5 9.9 424 22.1
EP-M7.5-R2.5 13.7 20.3 22.0

burning rate has decreased by 14.5%. It can be seen that the
addition of Mg-Phyt can reduce the burning rate of epoxy
resins. When Mg-Phyt and RHS were added together to
epoxy resins, the burning rate of EP-M2.5-R7.5, EP-M5-RS5,
and EP-M7.5-R2.5 decreased by 18.0%, 42.4%, and 20.3%,
respectively. It can be seen that with the addition of Mg-Phyt
and RHS, the burning rate of epoxy resins further slowed
down, which indicates that Mg-Phyt and RHS have syner-
gistic effect on reducing the burning rate, and compared with
other proportions, the burning rate of EP-M5-R5 samples
decreases most.

For samples containing Mg-Phyt only, LOI value can
be increased to 22.2%. When 2.5 mass% Mg-Phyt and
7.5 mass% RHS were added to epoxy resin, LOI value
increased to 22.9%, which was higher than LOI value when
Mg-Phyt was added alone, but the flame retardant effect was
not as good as that when RHS was added alone. Therefore,
the addition of RHS is more beneficial to improve LOI value
of epoxy resins.

In conclusion, Mg-Phyt can reduce the burning rate and
increase the LOI value of epoxy resins to a certain extent.
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(c) EP-M0-R10

(d) EP-M5-R5

Fig. 7 Digital photographs of chars left after the cone calorimeter test

When the Mg-Phyt and RHS are added together, the burn-
ing rate is lower, which indicates that the synergism takes
place between Mg-Phyt and RHS to reduce the burning rate.
When the mass ratio of Mg-Phyt and RHS is 5:5, the burn-
ing rate can reach the lowest. RHS has a great influence on
LOI value.

Morphology and XPS of the char residues

To understand the flame retardant mechanism, the morphol-
ogy of char residues was analyzed. Because EP-M5-R5 has
the lowest decomposition rate, pHRR, THR, pSPR, TSR,
and burning rate in the samples containing both Mg-Phyt
and RHS, it was selected for analysis. As a comparison, EP,
EP-M10-R0, and EP-M0-R 10 were also analyzed. The digi-
tal photographs of chars left after the cone calorimeter test
of samples are shown in Fig. 7a—d. It can be seen that EP has
almost no char residues left, but EP-M10-R0, EP-M0-R10,
and EP-M5-R5 all produce a char layer. The char layer of
EP-M10-R0 and EP-MO0-R10 have large cracks, while the
char layer of EP-M5-RS5 is more compact and has fewer
cracks. The compact char layer is beneficial to prevent heat
and mass transfer between flame zone and epoxy resins sub-
strate and thus protect the underlying materials from further
pyrolysis. Therefore, the combination of Mg-Phyt and RHS
can have a synergistic effect to make the epoxy resins form
a better char layer when it is burned.

The char residues were further observed by SEM to
compare the structure on the microscopic scale. The SEM
images of char residues left after the cone calorimeter
test of samples are shown in Fig. 8a—d. It should be noted
that due to the large holes on the surface of the EP char
residues, the picture with a magnification of 100 times
is provided, because if the magnification of 200 times is
implemented, only the holes can be observed. Therefore,
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Fig. 8 SEM images of char residues left after the cone
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Fig.9 XPS spectra of char residues of EP and EP-M5-R5

it can be seen that when the magnification is 100 times,
the char residues of EP already have huge holes on the
surface which are conducive to the release of smoke and
have a negative effect on its flame retardancy. The sur-
face of the char residues of EP-M10-R0, EP-M0-R10 and
EP-M5-R5 shows a particulate structure. The accumu-
lated particles on the burning epoxy resins surface slow
down the heat and mass transfer between the gaseous and
condensed phase and prevent the underlying polymeric
substrate from further attacking by heat flux during the
combustion process [27]. Compared with EP-M10-R0 and
EP-MO-R10, the particles on the surface of EP-M5-R5
are more compact, which means that it has a better effect
on preventing heat and mass transfer. This behavior can
explain why EP-M5-R5 has the lowest pHRR, THR,
pSPR, and TSR.
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Fig. 11 The proposed synergistic flame retardant mechanism of Mg-Phyt and RHS for epoxy resins

To further explore the synergistic flame retardant
mechanism of Mg-Phyt and RHS, XPS was performed to
study the chemical structure of char residues of EP and
EP-M5-RS. It is seen from Fig. 9 that the char residues
of EP are mainly composed of two elements of C and O,
while three new elements of P, Si, and Mg appear in the
char residues of EP-MS5-RS5 due to the addition of Mg-Phyt
and RHS. These new elements play a flame retardant role
in the condensed phase.

The XPS spectra of Cls, Ols, Mg2p, P2p, Si2p of the char
residues are shown in Fig. 10a—f. It is seen from Fig. 10a
that the Cls peak can be split into three peaks of 284.4 eV,
285 eV, and 286.1 eV, which is attributed to C—-H, C-C, and
C-0, respectively [46, 47]. Figure 10b shows that there are
two peaks in the Ols spectrum, which are 531.5 eV and
532.9 eV. The peak at 531.5 eV is attributed to C=0 and
—P=0 (phosphate), while the peak at 532.9 eV is attributed
to the -O- which is from aromatic compounds [47-50]. The
peak in Fig. 10c is 49 eV, which is from MgO [51]. As is seen
in Fig. 10d, there are two peaks at 134.1 eV and 134.8 eV,
which are attributed to the pyrophosphate and P-O-C [52,
53]. Moreover, P-O-C is a thermally stable structure that
facilitates the formation of char residues [52]. In the Si2p
spectrum in Fig. 10e, the peaks at 103 eV and 103.8 eV are
attributed to Si-P and Si—O-Si, respectively [47, 54].

Synergistic flame retardant mechanism
Based on the above results, the possible flame retardant
mechanism of Mg-Phyt and RHS is proposed in Fig. 11.

When the samples are exposed to a high temperature or
high heat flux, Mg-Phyt begins to decompose first. Since
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Mg-Phyt contains crystalline water, water vapor will be
released from the decomposition, which cools and dilutes
the combustible gas produced by the decomposition of
the epoxy resins. The existence of MgO in char residues
indicates that Mg produced by the decomposition of
Mg-Phyt is oxidized to MgO during the burning. MgO
can trap high-energy radicals responsible for flame propa-
gation [55]. XPS analysis shows that -P=0 (phosphate)
exists in char residue, and phosphate can further form
pyrophosphate [47]. The existence of pyrophosphate and
Si-P in char residues indicates that the silicon element
provided by RHS combines with pyrophosphate to form an
integrated and thermally stable char layer containing Si—P
structure [47]. Besides, the P-O-C structure with strong
thermal stability is also formed in the char layer [27].
The char layer could effectively isolate the heat radiation
and help to reduce the decomposition of the epoxy resins
matrix. On the other hand, the char layer could prevent
the flammable gases from the epoxy resins matrix to the
flame zone and impede the combustion of flame. Moreo-
ver, silica in RHS has poor heat conduction [56], which
also hinders the heat transfer within the epoxy resins sub-
strate. Therefore, both Mg-Phyt and RHS play an essential
role in improving the flame retardance of epoxy resins in
the condensed phase.

Conclusions

The feasibility of Mg-Phyt as a bio-based phosphorus-con-
taining flame retardant for epoxy resins was studied. The
synergistic flame retardant effect of Mg-Phyt and RHS on
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epoxy resins was also investigated. The conclusions are as
follows:

(1)

@)

3)

It is feasible that Mg-Phyt can be used as a bio-based
phosphorus-containing flame retardant for epoxy res-
ins. Mg-Phyt could reduce the decomposition rate of
the epoxy resins. Furthermore, compared with pure
epoxy resins, the pHRR, THR, pSPR, and TSR of
epoxy resins with 10 mass% Mg-Phyt (EP-M10-R0)
are reduced by 17.5%, 7.4%, 29.4%, and 6.2%, respec-
tively. In addition, Mg-Phyt could reduce the burning
rate of epoxy resins and increase LOI value.

Mg-Phyt and RHS have a synergistic flame retardant
effect on epoxy resins. The combination of Mg-Phyt
and RHS can further decrease the decomposition rate,
pHRR, THR, pSPR, TSR, toxic gas release, and burn-
ing rate of epoxy resins. When 10 mass% flame retard-
ant was added to the epoxy resins system, 5 mass% Mg-
Phyt mixed and 5 mass% RHS had a better synergistic
effect on these parameters. The pHRR, THR, pSPR,
TSR, and burning rate of epoxy resins with 5 mass%
Mg-Phyt and 5 mass% RHS (EP-M5-R5) are reduced
by 28.6%, 10.6%, 33.0%, 7.8%, and 42.4%, respectively.
It is worth noting that RHS has obvious influence on
initial thermal decomposition temperature (7s,), the
maximum thermal decomposition temperature (7,,,,,),
time to ignition (TTI) and LOI of epoxy resins. With
the increase in RHS content, the above four parameters
all increase.

Mg-Phyt and RHS have a synergistic effect on char for-
mation, which can help to form a silica-rich char layer
containing Si—P and P-O-C structures with strong ther-
mal stability to hinder the heat transfer into the epoxy
resins substrate and reduce flammable gas emission.
Therefore, the flame retardancy of epoxy resins can be
further improved.
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