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A novel silicon-/phosphorus hybrid (SDPS) was synthesized by a condensation polymerization of
diphenylhydroxysilane and spirocyclic pentaerythritol di(phosphate monochloride). The use of SDPS and
the cooperative use of SDPS with P—N hybrid in flame retardant epoxy resin (EP) were investigated.
Limiting oxygen index and cone calorimeter tests showed that the loading of SDPS and the cooperative
use of SDPS and P—N hybrid in EP provided enhanced fire resistance. TGA, TG-FTIR and SEM measure-

ments revealed that the enhancement in fire resistance was arising from the formation of a compact
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honeycomb carbonaceous structure hybridized by silica, the good char forming ability and the inhibition
of flammable gas release. Further analysis from Raman spectra revealed that the compact carbonaceous
layer may be originated from an increase in ordering of amorphous carbonaceous layer.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxy resins are globally used on a large scale for microelec-
tronics packaging materials, biotechnology, mechanical engineering
and environment engineering, owing to their excellent moisture,
solvent and chemical resistances, low shrinkage on cure, toughness,
high adhesion to many substrates and superior electrical resistance
property [1,2]. Flame-retardant treatment of epoxy resins by intro-
ducing halogens (mainly Cl and Br) was most widely used. However,
the uses of halogen-containing additives are evoking the environ-
ment issue as they produce toxic gases such as dioxine and furane,
during their combustion [3]. Recently, some ecological and friendly
flame retardants have been developed to improving burning resis-
tance of epoxy resins, involving natural mineral (montmorillonite,
kaolinite, aluminum hydroxide etal.) [4,5], phosphorous-, nitrogen-,
boracium- and silicon-containing compounds [6—38].

Phosphorus-containing compounds have shown promising
application as halogen-free, flame retardants in epoxy resins
[9—-11]. On one hand, phosphorus-containing compounds can
hindrance combusting of H or OH-, thus reducing the energy of
flame in the gas phase. On the other hand, they generally convert
into polyphosphoric acid in the solid phase during decomposition,
consequently catalyzing the formation of a protective carbonaceous
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layer, which is highly thermal stability and can retard further
decomposition of polymer chains. Moreover, research about the
flame retardancy of epoxy resins has shown a high independency
on the phosphorus contents. Increase of phosphorus contents can
effectively improve the flame retardancy of resins. However, high
loading of additive-type phosphorus-containing compounds
destroyed the mechanical properties and the thermal stability and
led to outflow phenomenon, further lowering the efficiency of the
flame retardant. Thus, phosphorus/nitrogen combined systems
have been developed. Most of these systems are based on phos-
phorus-/nitrogen-containing compounds, such as ammonium
polyphosphate (APP), and melamine phosphate (MP). In addition,
these compounds were commonly used in assistance with poly-
atomic alcohol like pentaerythritol (PER), consequently construct-
ing intumescent flame retardation (IFR) composed by a blowing
agent, a carbonization agent, and an acid source.

Silicon-containing compounds have also aroused much atten-
tion [12,13]. Compared with phosphorus/nitrogen containing
compounds, silicon-containing compounds are regarded as an
environmentally friendly flame retardant. More importantly, they
could migrate to the surface of polymer matrix at high temperature
due to their low surface energy, forming a protective silica layer to
hamper the penetration of air and heat into polymers. However,
some studies have shown that silicone-containing compounds
[14,15], e.g., polydimethylsiloxanes (PDMS), show unsatisfied flame
retardancy.
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In recent years, the P and Si combined system have been inten-
sively investigated and presented highly improved flame retardancy
[16—26]. For example, Schartel et al. reported a P and Si combined
flame retardant by cooperatively using Si-based and P-based FR. The
fire retardancy in PC composites was caused by both flame inhibition
in the gas phase and inorganic-cabonaceous residue formation in the
condensed phase [16—20]. Chen et al. reported a new flame retar-
dant containing silicon and caged bicyclic phosphate for polyamide
6. The condensed phase action was considered as the major flame
retardancy mechanism with the fuel reduction action as the minor
[21]. In the study of Sponton et al,, silicon-based and phosphorus-
based compounds were directly incorporated into the chemical
structure of polybenzoxazines to enhance the flame retardancy. The
fire retardancy mechanism was described as that silicon provides an
enhancement of the thermal stability of the char [22]. Yang et al.
synthesized a novel P/Si hybrid FR (DOPO-POSS). Its use in epoxy
resin, polyamide and polycarbonate were investigated, respectively.
An interesting blowing-out effect or synergistic effect of P/Si were
reported [23—25]. Overall, most current P and Si combined systems
generally involved the blends of P-based and Si-based FRs or small
molecular P/Si hybridized system. Polymeric P/Si hybridized sys-
tems, whose P-based and Si-based moieties were linked by chemical
bonds, were seldom reported. Compared with conventional P/Si-
combined systems, P/Si hybridized polymeric structures would
show some special flame retardant properties. First, polymeric
structures enabled chain entangling and chain folding, consequently
leading to high local concentration of phosphorus-related acidic
catalysts and possibly facilitating the char formation. Second, the P-
based units were linked with Si-based units by relatively weak P—O—
Si bonds, whose scission simultaneously produced active P and Si-
containing moieties. As a consequence, the phosphorous catalyzed
char forming and the silica forming processes may tend to take place
synchronously. This may be helpful to enhance the barrier effect of
charring layers.

In this work, a novel silicon-/phosphorus-containing flame
retardant (SDPS) was synthesized by condensation polymerization
of diphenylhydroxysilane and spirocyclic pentaerythritol di(phos-
phate monochloride) (SPDPC). This new flame retardant is char-
acteristic of polymeric structure with P—O-Si linkages in
mainchains. To construct an intumescent system, SDPS was coop-
eratively used with mono (4, 6-diamino-1,3,5-triazin-2-aminium)
mono (2,4,8,10-tetraoxa-3,9-di-phosphaspiro [5.5] undecane-3,
9-bis (olate) 3, 9-dioxide) (SPDM), which was a well-established
P—N intumescent flame retardant. The flame retardancy perfor-
mance of epoxy resin/SDPS and epoxy resin/SDPS/SPDM compos-
ites were evaluated by LOI and cone calorimeter tests. Thermal
decomposition property, char residue structure and morphology,
gas evolution of epoxy resin composites has been characterized by
TGA, FTIR/EDS, SEM, Raman and TG-FTIR, respectively. Finally, the
flame retarding mechanism was investigated.

2. Experimental
2.1. Materials

Phosphorus oxychloride (POCIl3), Pentaerythritol (PER), tripoly-
cyanamide (MA), triethanolamine (TEOA) and other common sol-
vents (Chengdu Kelong Reagent Co.) were purified with standard
methods before used unless noted otherwise. Diphenyldi-
chlorosilane (China Bluestar Chengrand Chemical Co.), Methyl
hexahydrophthalic anhydride (MHHPA, Puyang Huicheng Chemical
Co.), Epoxy resin, diglycidyl ether of biphenol A, DEGBA, with epoxy
value of 0.4083 mol/100 g (Lanzhou Bluestar Resin Co.) were used
without further purification. Diphenylsilanediol (DPSD) was syn-
thesized via the method reported by Burkhard [18].

2.2. Synthesis of 3, 9-dichloro-2, 4, 8, 10-tetraoxa-3, 9-
diphosphaspiro [5. 5] undecane 3, 9-dioxide (SPDPC) [19]

In a 1000 mL glass flask equipped with a magnetic stirrer, a
thermometer, a circumference condenser and heating bath, pen-
taerythritol (PER) (1.0 mol) and phosphorus oxychloride (POCls3)
(11.0 mol) were mixed at room temperature. Then, the temperature
was elevated slowly to 105—110 °C. The reaction was conducted for
more than 20 h until HCl was not eluted. The raw product was
filtered and washed by dichloromethane (CH,Cly), tetrachloro-
methane (CCly) and ether sequentially. The product was dried to
constant weight at 50 °C in vacuum oven, producing a white solid
powder (yield: 82%).

2.3. 3-((Methoxydiphenylsilyl) oxy)-9-methyl-2, 4, 8, 10-tetraoxa-
3, 9-diphosphaspiro [5. 5] undecane 3, 9-dioxide (SDPS)

SPDPC (29.7 g, 0.1 mol) were added in a 250 mL glass flask and
dispersed by acetonitrile (100 mL) at room temperature, and then
the temperature was elevated to 80 °C slowly. When SPDPC was
fully dissolved, diphenylsilanediol (DPSD) (20.7 g, 0.15 mol) was
added to the solution at once. The reaction was conducted at 80—
85 °C for 18 h under stirring and N environment. The solution was
charged into ethanol, producing a white solid power. The white
solid powder was washed with ethanol and ether sequentially, and
then dried to constant weight at 50 °C in vacuum oven.

2.4. Mono (4, 6-diamino-1, 3, 5-triazin-2-aminium) (2, 4, 8, 10-
tetraoxa-3, 9-diphosphaspiro [5. 5] undecane-3, 9-bis (olate) 3, 9-
dioxide) (SPDM) [27]

In a 250 mL glass flask, SPDPC (14.9 g, 0.05 mol), tripolycyana-
mide (12.6 g, 0.1 mol) and deionized water (125 mL) were mixed at
room temperature in N environment. Then the temperature was
elevated to 100 °C slowly and kept for more than 15 min. Resultant
solution was allowed for cooling at room temperature to produce
precipitates. The precipitates were washed with cold water for
several times and then dried to constant weight at 50 °C in vacuum
oven, producing a white solid power. FTIR data: 3412 cm™! (NH,),
1618 and 1515 cm™! (C=N), 1255 cm™~! (P=0) and 1025 cm™~! (P—O);
'H NMR data: 7.4 ppm (PO3—H"), 3.9 ppm (NH>), 3.4 ppm (CHy); 1°C
NMR data: 160.1 ppm (C=N), 67.8 ppm (PO—C), 35.4 ppm (C*-C4).

2.5. Preparation of epoxy composites

Epoxy resin (EP) and flame retardants (5.5 wt. % or 10.4 wt. % of
epoxy resin) were added into a three-necked flask equipped with a
mechanical stirrer. The mixture was heated at 90 °C until flame
retardant was completely disperse in EP to form homogeneous
system. Then curing agent, methyl hexahydrophthalic anhydride
(MHHPA, 68.8 wt. % of EP) and accelerating agent, triethanolamine
(TEOA, 2.0 wt. % of EP), were added sequentially. The reaction
mixtures were pre-cured in a mould at 100 °C for 1 h, followed by a
final curing at 120 °C for another 2 h, giving rise to pellet solid
resins.

2.6. Characterization

Fourier transform infrared (FTIR) spectra were obtained on a
Perkin EImer Spectrum One spectrophotometer with a resolution of
2 cm~ . Raman spectroscopy was recorded on Via-Reflex confocal
laser Raman spectrometer (Renishaw Ltd) with a resolution of
2 cm~ . 'H and 3C NMR spectra were collected on a Bruker Acance
spectrometer (400 MHz) using tetramethylsilane (TMS) as internal
reference and deuterated dimethyl sulfoxide (DMSO-dg) as solvent.
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Thermogravimetric analysis (TGA) was performed on a TA SDT Q600
at a heating rate of 20 °C/min under air. Limiting oxygen index (LOI)
was determined on a LFY-606 oxygen index instrument (Qingdao,
China.) with a test specimen bar of 100 mm x 6 mm x 4 mm ac-
cording to ASTM D-2863. Flammability of epoxy resin and their
composites was also characterized using a cone calorimeter per-
formed in Stanton Redcroft, UK device according to ISO 5660 with an
incident flux of 35 kW m~2 using a cone shape heater. Scanning
electron microscopy of fracture surface of composites was recorded
on a TM-1000 (Hitachi Ltd) scanning electron microscope at an
accelerating voltage of 10 kV. Dynamical mechanical analysis (DMA)
was performed on a TA Q800 dynamical mechanical analyzer in
three-point bending mode at a frequency of 1 Hz. TG-IR instrument
consists of analyzer (TGA-Q5000, TA Company, USA) coupled with
Fourier transform spectrometer (Nicolet 6700) via a transfer line. TG
was carried out at a heating rate of 20 °C/min and a flow rate of
80 mL/min under air atmosphere.

3. Results and discussion
3.1. Preparation of the flame retardants

Synthesis routes to SDPS and SPDM are shown in Scheme 1.
SDPS was synthesized via a condensation polymerization of SPDPC
and diphenylhydroxysilane in the presence of triethoxyamine. The
products can be precipitated from acetonitrile to ethanol, which is
an obvious evidence of an occurrence of high molecular weight
compounds. FTIR spectra of SDPS, DPSD and SPDPC are depicted in
Fig. 1. In the spectrum of SPDS, one can find that the characteristic
absorption peak of —OH groups at 3237 cm~! and P—Cl at 546 cm™!
disappeared and that of P—O—Si at 1080 cm~! appeared [28]. This
demonstrated a condensation reaction between P—Cl of SPDPC and
—OH of diphenylhydroxysilane. Moreover, the absorption bands at
1280 and 1200 cm™! assignable to the P=0 and P—O—C bonds
appeared [29,30]. The structure of SDPS was further confirmed by
'H and '3C NMR (Fig. 2). 'TH NMR spectrum (Fig. 2a) presents two
main proton signals at 4.0—4.5 and 7.0—7.8 ppm, which correspond
to the —CH; protons of spiro structure and the Ar—H protons,
respectively. The existence of two peaks of —CH; protons could be
attributed to the stable chair conformation of hexatomic rings,
resulting in a unequivalence of hydrogen atoms locating at axial
and equatorial bonds. This further revealed that the spiro structure
of SPDPC was well preserved in the condensation reaction of P—Cl
bond with Si-OH. The peaks at 6 = 35.7—35.9 ppm in 3C NMR

HO /—OH
POCI = E—
2 3 HO>¥0H
~ OH
OEO
—/  OH 0 /0
_— R \_ P_
o
SDPS

Diphenylsilanediol
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Fig. 1. FTIR spectra of SPDPC, diphenylhydroxysilane and SDPS.

spectrum (Fig. 2b) could be assigned to quaternary carbon atom in
the spiro moiety. The peaks at 68.1-68.3 and 125—135 ppm were
assignable to the carbons at —C*H,—O—P and benzene carbons,
respectively.

Molecular weight of SDPS is attainable by 'H NMR integration.
The integration result shows that the ratio of signal intensity of
phenyl hydrogen to that of methylene hydrogen is 1:0.91. Hence,
the DPSD/SPDPC ratio in SDPS can be calculated according to the
hydrogen number of SPDPC and DPSD. The calculated ratio is
0.1:0.114, indicating that the terminal groups of polymers are
SPDPC. This is linked with the excessive feed amount SPDPC rela-
tive to that of DPSD. The degree of polymerization, n, can be simply
obtained by following equation:

nt1_ 5114/01
n
so n is approximately 7. The molecular weight can be calculated by:
(Mspppc + Mppsp — Mycr) x 7 + Mspppc — Mci + Mon
The obtained value is 3486 g/mol. Further, the calculated
phosphorus content of SDPS is 14.4 wt%.

Scheme 1. Synthetic routes to SDPS and SPDM.
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Fig. 2. '"H NMR (a) and *C NMR (b) spectra of SDPS.

3.2. Thermal degradation of SDPS

Understanding thermal degradation properties of flame re-
tardants is helpful to reveal its flame retarding mechanism. In this
work, TGA/DTG, SEM-EDS, TG-IR and FTIR were employed to
investigate the decomposition behavior of SDPS. As shown in TG
curve of SDPS (Fig. 3a), the decomposition of SDPS shows a major
weight loss at the range of 300—500 °C. DTG curves of SDPS further
depict three-step decomposition in air with corresponding Tyax
(temperatures of maximum weight loss rate) of 358, 485 and
745 °C, respectively (the weight loss at 100—200 °C is attributed to
the release of water). The char residual weight ratio at 600 °C and
800 °C were approximately 40 wt.% and 20 wt.%, respectively. SEM
image of the char residue at 400 °C shows a loose carbonaceous
morphology (Fig. 3a). EDS measurement results (Fig. 3b) indicate
that the char residues consist of a large amount of P and Si ele-
ments, implying that P and Si mainly exist in solid phase as poly-
phosphates and silica without considerable evolution into gas
phase.

Chemical structure of condensed phase and released gas com-
pounds during the thermal degradation of SDPS in air was further
investigated by FTIR and TG-IR, respectively. Fig. 4 depicts the FTIR
spectra of SDPS heated at 100, 200 and 400 °C. Comparing the
spectra of different temperatures, one can find that the spectrum at
400 °C is obviously different with other spectra, indicating a sig-
nificant chemical structure change. In detail, the absorption bands
of P=0 stretching at nearly 1280 cm~!, P—O—C stretching at

120
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1200 cm~! and P—O—Si stretching at 1080 cm~! greatly decreased.
In the meantime, broad adsorption bands appear at 1170, 1000 and
492 cm™lindicating the appearance of new compounds such as
polyphosphoric acids and silica [31]. Fig. 5 shows FTIR spectra of the
evolved gas of SDPS at the main decomposition temperatures of
SDPS. The evolved gas analysis exhibit characteristic bands of aro-
matics (3080 cm™ 1), hydrocarbons (2942 cm™!), CO, (2360 cm™1)
and P—0 compounds (1100 cm™1), respectively [21,30]. The exis-
tence of hydrocarbons at about 300 °C indicates the break of P—O—
C bond and degradation of char residue. The peak of P—O com-
pounds should be arising from the break of P—O—Si bonds.

3.3. Preparation and flammability of epoxy composites

SDPS, SPDM and SDPS/SPDM were incorporated into epoxy
resin to prepare composites. The compositions and limiting oxygen
index (LOI) of the composites were listed in Table 1. The flame re-
tardants contents used in this work were 5.5, 10.4 and 15 wt%,
respectively. As a typical P—N hybrid flame retardant, SPDM was
used for comparison and was also jointly used with SDPS. LOI
measurement results show that both EP/SDPS and EP/SPDM com-
posites exhibit higher LOI value than pristine EP. When increasing
loading content of SDPS and SPDM from 5.5 to 10.4 wt.%, the LOI
values were further elevated. However, when increasing the con-
tent of SDPS from 10.4 wt.% to 15 wt.%, the LOI values only showed a
slight increase. Moreover, LOI values of EP/SDPS composites were
higher than that of EP/SPDM composites, in particular, EP/SDPS-2

1300
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Fig. 3. Thermal property of SDPS: a) TGA and DTG curve of SDPS under air (solid line) and N, (dotted line); b) EDS spectrum of char residual at 400 °C.
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Fig. 4. FTIR spectra of SPDS under heating at 100, 200 and 400 °C, respectively.

exhibited a high LOI value of 28.9%. These results demonstrate the
possible appearance of P—Si synergistic effect which leads to a
superior flame retarding performance over SPDM. The cooperative
use of SDPS and SPDM with the ratio of 1:1 in EP led to a further
increase of LOI value to 30.8% and 32.1%, when the FR contents were
10 and 15 wt.%, respectively. These values were apparently higher
than the LOI values attained from using SDPS and SPDM alone.
However, the use of SDPS/SPDM ratios of 3:1 and 1:3 showed
considerably low LOI values of 27.5 and 26.5%. Thus, it can be
concluded that LOI values of EP/SDPS/SPDM composites greatly
depended on SDPS/SPDM ratios and the enhancement in fire
retardancy can take place only when the flame retarding effect of
SDPS and SPDM was well balanced. Revealing how to achieve such
type of balance is crucial to understand the flame retarding
mechanism.

Fig. 6 shows the combustibility curves of neat EP, EP/SDPS-2 and
EP/SDPS/SPDM-2. Related data including heat release rate (PHRR),
the total heat release (THR), the average mass loss rate (AMLR), and
smoke generation rate are summarized in Table 2. As can be seen,
the loading of SDPS in EP resulted in an obvious reduction in PHRR,
demonstrating good fire retardancy of EP/SDPS. In contrast to
EP/SDPS, EP/SDPS/SPDM composite shows higher reduction

163 min |
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4000 3500 3000 2500 2000 1500 1000
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Fig. 5. FTIR spectra of the evolved gas of SDPS at 14.6, 16.3, 18.2, 25.0 and 35.5 min.

Table 1
The compositions and LOI values of Neat EP, EP/SDPS, EP/SDPM and EP/SDPS/SPDM
composites.

Samples DEGBA/g MHHPA/g TEOA/g SDPS/g SPDM/g FRs/ LOI

wt% (%)
Neat EP 52.3 36.6 1.05 0 0 0 202
EP/SDPS-1 49.6 35.2 1.0 4.96 0 5.5 241
EP/SDPS-2 47.0 333 0.94 9.41 0 104 28.9
EP/SDPS-3 44.8 30.8 0.90 135 0 15% 294
EP/SPDM-1 49.6 35.2 1.0 0 4.96 5.5 23.2
EP/SPDM-2 47.0 333 0.94 0 9.41 104 251
EP/SPDM-3 44.8 30.8 0.90 0 135 15% 27.2
EP/SDPS/SPDM-1 47.0 333 0.94 7.06 235 104 275
EP/SDPS/SPDM-2 47.0 333 0.94 471 471 104 30.8
EP/SDPS/SPDM-3 47.0 333 0.94 235 7.06 104 26.5
EP/SDPS/SPDM-4 44.8 30.8 0.90 10.13 3.37 15% 28.8
EP/SDPS/SPDM-5 44.8 30.8 0.90 6.75 6.75 15% 321
EP/SDPS/SPDM-6 44.8 30.8 0.90 3.37 10.13 15% 27.6

(approximately 35.3%) in PHRR to some degree. This result was
consistent with LOI test result.

3.4. Morphology of fracture surfaces of EP and EP composites

Scanning electron micrography (SEM) was used to determine
the microscopic fracture surface morphology of neat EP, EP/SDPS,
EP/SPDM and EP/SDPS/SPDM composites. SEM image of EP shows a
smooth fracture surface (Fig. 7a), reflecting a homogeneous struc-
ture. Similar morphology without phase separation was also
observed in the SEM image of EP/SDPS (Fig. 7b), indicating a good
dispersion of SDPS but a poor interfacial interaction between EP
and SDPS. In comparison, EP/SPDM and EP/SDPS/SPDM show a
number of micro-sized particles and a rough fracture surface with a
platelet-like morphology (Fig. 7c—d). The micro-sized particles
should be attributed to the aggregation of SPDM molecules, sug-
gesting a poor dispersion of SPDM. However, the rough fracture
surface apparently evidences that a toughening mechanism was
dominant in the EP composites, thus supporting a strong interfacial
interaction [32].

3.5. Dynamic mechanical analysis, DMA

Dynamic mechanical analysis (DMA) is an effective tool for the
characterization of the interfacial interaction of filled polymer
systems, especially the damping spectra. Fig. 8 shows the storage
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Fig. 6. Heat release rate curve for neat epoxy resin, EP/SDPS-2 and EP/SDPS/SPDM-2.
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Table 2
Cone calorimeter data for neat epoxy resin and composites with a loading of 10 wt%
of SDPS and SDPS/SPDM.

Formulation tign tPHRR PHRR THR AMLR
s s kW m—2 MJ m—2 gs !
Neat EP 86 138 1650 213 0.0837
EP/SDPS-2 62 122 1378 203 0.0828
EP/SDPS/SPDM-2 62 134 1122 207 0.0706

modulus and Tan (6) of neat epoxy resin, EP/SDPS, EP/SPDM, and
EP/SDPS/SPDM composites with filler loading of 10.4 wt% as a
function of temperature. The glass transition temperatures (Tg) of
neat EP and EP composites were extracted in terms of the peak
temperature of Tan (0)—T curves. T of the polymer composites is
determined by the dispersion of flame retardants and the interfa-
cial interaction. EP/SPDM presents higher T, while EP/SDPS pre-
sents a close Ty in contrast to EP. The storage modulus of EP/SDPS at
glassy state is also greatly lower than that of EP/SPDM. Further
consideration is given by the T; dispersion depicted in Fig. 8. The
internal friction peak width described by T;/T; (Ts is the tempera-
ture of maximum decrease rate in the storage modulus) was used,
which has been found to be correlated to the interfacial structure
between flame retardants and EP matrixes. The increase in Ty/Tg
generally implies an enhancement in the homogeneity [33]. The
order of Ts/T; is EP/SDPS > EP/SDPS/SPDM > EP/SPDM. This sug-
gests a better homogeneity of EP/SDPS and a better heterogeneity
of EP/SPDM. In terms of above analysis, it can be concluded that EP/
SPDM has a strong interfacial interaction while EP/SDPS has a
relatively weak interfacial interaction. This conclusion was in
agreement with that obtained from SEM (Fig. 7). Moreover,
EP/SDPS/SPDM exhibited higher Ty of 94 °C than that of EP/SDPS
and EP/SPDM. This is, we believe, because that the cooperative
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Fig. 8. DMA curves of neat EP, EP/SDPS-2, EP/SPDM-2 and EP/SDPS/SPDM-2.

incorporation of SDPS and SPDM leads to a combination of good
dispersion and strong interfacial interaction. This may be respon-
sible for the highly enhanced flame retarding performance of EP/
SDPS/SPDM.

3.6. Thermogravimetric analysis of EP and EP composites

Thermal properties of EP composites were investigated by TGA.
Fig. 9 shows the TGA curves of EP and EP composites and Table 3
summarizes the TGA data. The loading of SDPS, SPDM and their
mixtures into EP led to a facilitated decomposition of EP in the
range of 300—400 °C and an increase in residue weight ratio at
600 °C from 5.9 wt% to above 10 wt% (Fig. 9a—b). Both the

30 pm

300 um

Fig. 7. SEM images of fracture surface: NEP (a), SDEP-2 (b), SPEP-2 (c) and SD/SPEP-2 (d).
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facilitated decomposition and the increase in residue weight ratio
were related to the catalyzed char forming process. Fig. 9c—d depict
the TGA curves at the range of 300—400 °C and DTG curves. The
comparison among TGA and DTG results of EP/SDPS, EP/SPDM and
EP/SDPS/SPDM composites provides following information: 1) EP/
SPDM composite showed lower decomposition temperature
(Ts% = 305 °C) and higher residue weight ratio (15.9 wt.% at 600 °C)
than EP/SDPS composite (Tsy = 330 °C; 10.7 wt.% at 600 °C)
(Table 3). We suggest that the relatively low decomposition tem-
perature of EP/SPDM may be related to the relatively poor thermal
stability of SPDM (Fig. S1), consequently releasing phosphates at
lower temperature and resulting in more pronounced facilitation of
EP degradation. However, such a facilitated decomposition and
enhanced char forming ability didn’t result in a good fire resistance
of EP/SPDM composite (Table 1). This result reveals that the flame
retarding performance of EP/SDPS is not determined by the char
forming ability alone, but is also related to other factors, such as the
compactness of charring layer. 2) SDPS/SPDM ratio shows a

Table 3
TGA data of neat EP and EP composites.

Samples Tsy Ti0% Thax T ax Residue weight
¢C)  (°C)  (°C)  (°C) ratio at 600 °C (%)
Neat EP 355 378 422 574 5.9
EP/SDPS-2 330 359 406 582 10.7
EP/SPDM-2 303 326 406 598 15.9
EP/SDPS/SPDM-1 321 343 390 590 11.8
EP/SDPS/SPDM-2 327 344 382 582 183
EP/SDPS/SPDM-3 306 328 374 590 13.5

significant effect on thermal properties of corresponding EP/SDPS/
SPDM composites. In particular, the use of SDPS/SPDM ratio of 1:1
in EP led to a considerable larger residue weight ratio of 18.3 wt%
than other EP-SDPS/SPDM composites, which reflects an
outstanding char forming ability. This may contribute to the best
flame retarding performance of EP/SDPS/SPDM-2. 3) Tsy of EP-
SDPS/SPDM-1, EP-SDPS/SPDM-2 and EP-SDPS/SPDM-3 are 327,
321 and 303 °C, respectively, all of which are between that of EP/
SPDM and EP-SDPS composites. DTG curves show that Tyax of EP-
SDPS/SPDM is also between that of EP-SPDM and EP-SDPS. It is
reasonable to conclude that the catalysis by SDPS and SPDM on the
degradation processes of EP induced an enhancement in char
forming without altering degradation mechanism. Moreover, the
facilitation in char forming was also supported by AMLR and THR
analysis result (Fig. 9a) [34]. Overall, TGA results reveal that the
enhancement of fire retardancy for EP/SDPS/SPDM should be
attributed to a high charring residual weight ratio. However, such
high weight ratio is not simply originated from the catalyzed char
forming process.

3.7. Char morphology and architecture

The morphology and architecture of char residue recorded by
SEM is shown in Fig. 10. SEM image of char residue of neat EP resin
clearly shows a seriously damaged morphology without forming
protective layer (Fig. 10a). This should be responsible for the poor
fire resistance of EP. In comparison, char residue of EP/SDPS and
EP/SPDM composites showed relatively compact but open porous
architecture (Fig. 10b—c). Such open porous architecture presents
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Fig. 10. SEM images and Raman spectra of char residual: Neat EP (a), EP/SDPS-2 (b), EP/SPDM-2 (c) and EP/SDPS/SPDM-2 (d).

disadvantage in isolating the gas and heat. In these two composites,
EP/SDPS appeared to display smaller-sized porous and more
compact surface architecture. This explains that EP/SDPS exhibited
better fire resistance although it has lower residue weight ratio in
contrast to EP/SPDM as mentioned above. Furthermore, char res-
idue of EP/SDPS/SPDM-2 composite showed greatly different
morphology in contrast to above polymer systems. One can see a
honeycomb structure with thick and dense carbon layer, which is
the typical carbonaceous structure of intumescent flame retard-
ancy (Fig. 10d). Such a type of architecture could greatly hamper the
transfer of heat and oxygen in the combustion layer and matrix
(Fig. 10d), thus leading to enhanced flame retarding performance.

EP/SPDM-2
Io/16=0.6360
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Io/16=0.7913

Intensity (a.u.)

EP

PR I
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Fig. 11. Raman spectra of char residues of EP, EP/SDPS-2, EP/SPDM-2 and EP/SDPS/
SPDM-2.

In order to further reveal the microstructure of charring residue,
Raman spectroscope was conducted. Fig. 11 shows the diffusion
spectra of the char residues obtained from Raman spectroscopy. The
samples all have two absorption bands in the Raman spectrum of G
broad band (1580—1600 cm~') and D broad band (1350—
1380 cm™1). The D (A1g breathing mode) and G (E2g mode) peaks
were assigned to disordered and oriented graphitic, respectively. As
for polymers, there was no perfect graphite in the char residue which
means that the char residue in condensed phase of polymers only
composed of partly-graphitized or amorphous carbonaceous ma-
terials. As a result, the relative intensity ratio of the D peak to the G
peak, ID/IG, reflects the degree of ordering of amorphous

EP/SDPS-2

Absorbance

EP/SDPS/SPDM-2

4 T 4 T v T Y T ¥
3500 3000 2500 2000 1500 1000
A
Wavenumber (cm™)

Fig. 12. TG-FTIR spectra of gas phase in the thermal degradation of Neat EP, EP/SDPS-2
and EP/SDPS/SPDM-2.
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Fig. 13. The intensities of hydrocarbons and aromatics as a function of time for EP, EP/SDPS-2 and EP/SDPS/SPDM-2.

carbonaceous materials and microcrystalline planar size (La) [35].
The calculated results indicate that the charring residues of EP/SDPS/
SPDM composites exhibit a larger value of ID/IG (0.73) in contrast to
EP and EP/SPDM (0.59 and 0.64), implying more ordering of amor-
phous carbonaceous materials and larger microcrystalline planar
size. This may enhance the barrier effect of carbonaceous layer.

3.8. Volatile decomposition products

TG-FTIR was used to investigate the volatilized gas during the
degradation of EP and its composites. TG-FTIR spectra of gas phase
in the thermal degradation of neat EP and the composites are
shown in Fig. 12. The evolved gas analysis for neat EP exhibited
characteristic bands of hydrocarbons (2800—-3000 cm™!), CO,
(2250—2400 cm™ ') and aromatics (1600 and 1500 cm™!), proving
these to be the main decomposition products. Similar IR spectrum
was found for EP/SDPS (Fig. 12), indicating an absence of a
considerable change in gas evolution. In contrast, the addition of
SPDM in EP/SDPS led to an obvious change in IR spectrum. The
evolved gas analysis revealed that the gaseous products mainly
consisted of hydrocarbons and aromatics without detection of CO,.
The absence of CO, in gaseous products demonstrated a great in-
hibition of oxidation reaction, which presented an important
contribution for the enhancement in fire resistance. Moreover, the
absorbance intensity of hydrocarbon and aromatics with evolution
time was depicted in Fig. 13. One can find that EP/SDPS/SPDM
exhibited a lower gas evolution temperature than EP and EP/SDPS.
This can be easily explained by that the incorporation of SPDM
facilitated the thermal degradation process as revealed in TGA and
DTG. The evolution temperature of these gaseous products was in
agreement with the TGA results. Furthermore, as compared with EP
and EP/SDPS, one can observe a decreased intensity of hydrocar-
bons and an increased intensity of aromatics for EP/SDPS and EP-
SDPS/SPDM-2. This result demonstrated that the cooperative use
of SDPS and SPDM effectively inhibits the production of flammable
gas, meanwhile, implies an enhancement in the graphitization of
epoxy resin. Thus, apart from in condensed phase, the SPDS/SPDM
system should also act the flame retardancy in gas phase.

4. Conclusions

A dicyclic silicon-/phosphorus-containing flame retardant was
synthesized by reacting SPDPC with diphenylsilanediol (DPSD).
FTIR, SEM and TGA measurements suggest that polyphosphates and
silica were produced during the thermal degradation of SDPS. The
cooperative use of SPDM and SDPS with the ratio of 1:1 in EP
resulted in a relatively high LOI value and a relatively low PHHR.

TGA analysis indicated that the enhancement in synergistic effect
should be related to the high char residual weight ratio. Further, it
revealed that the high char residual weight ratio is scarcely related
to a facilitated char forming process. SEM images of char residue
results showed a honeycomb structure with compact surface.
Raman spectroscopy analysis concluded that the compactness of
this protective layer may be increased with increasing the content
of disordered graphite. DMA and SEM characterization of EP com-
posites showed that the interfacial interaction between EP and
SDPS/SPDM s relatively strong, which may also contribute to the
improvement in char stability. TGA-FTIR analysis revealed that
SDPS/SPDM also acted in gas phase by inhibiting the release of
flammable gas.
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