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The pyrolysis and fire behaviour of epoxy resin (EP) composites based on a novel polyhedral oligomeric
silsesquioxane containing 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO-POSS) and
diglycidyl ether of bisphenol A (DGEBA) have been investigated. The pre-reaction between the hydroxyl
groups of DOPO-POSS and the epoxy groups of DGEBA at 140 �C is confirmed by FTIR, which means that
DOPO-POSS molecules of hydroxyl group could easily disperse into the epoxy resin at the molecular
level. The EP composites with the DOPO-POSS were prepared through a curing agent, m-phenylenedi-
amine (m-PDA). The morphologies of the EP composites observed by SEM indicate that DOPO-POSS
disperses with nano-scale particles in the EP networks, which implies good compatibility between
them. The thermal properties and pyrolysis of the EP composites were analyzed by DSC and TGA, TGA-
FTIR, and TGAeMS. The analysis indicates that the DOPO-POSS change the decomposition pathways of
the epoxy resin and increase its residue at high temperature; moreover, the release of phosphorous
products in the gas phase and the existence of SieO and PeO structures in the residue Is noted. The fire
behaviour of the EP composites was evaluated by cone calorimeter (CONE). The CONE tests show that
incorporation of DOPO-POSS into epoxy resin can significantly improve the flame retardancy of EP
composites. SEM and XPS were used to explore micro-structures and chemical components of the char
from CONE tests of the EP composites, they support the view that DOPO-POSS makes the char strong
with the involvement of SieO and PeO structures.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Epoxy resins are very important thermosetting materials owing
to their excellent mechanical and chemical properties [1e3]. They
are widely applied as advanced composite matrices in electronic/
electrical industries where a remarkable flame-retardant grade is
required, but the fire risk is a major drawback of these materials [4].
Recently the research efforts on epoxy resins have been focused on
improving their thermal stability, increasing glass transition
temperatures and enhancing flame retardancy [1,5e7]. Tradition-
ally, halogenated compounds are widely used as co-monomers or
additive with epoxy resins to obtain fire-retardant materials.
However, flame-retardant epoxy resins containing bromine or
chlorine can produce poisonous and corrosive smoke and may give
super toxic halogenated dibenzodioxins and dibenzofurans [4].
Because of environmental concerns, some halogen-containing
ll rights reserved.
flame retardants that have high flame-resistant efficiencies have
been gradually prohibited [8,9].

Organiceinorganic hybrid composites are typically considered
a new generation of high-performance materials, as they combine
the advantages of inorganic materials with those of organic poly-
mers [10e13]. Polyhedral oligomeric silsesquioxanes (POSS) have
the chemical composition (RSiO1.5), where R is hydrogen or any
alkyl, alkylene, aryl, or arylene group, or organo-functional deriv-
atives thereof, similar to the compositions of both silica (SiO2) and
silicone (R2SiO) [14,15]. POSS molecules with a nanosized, cage-
shaped, three-dimensional structure can be incorporated into
almost all kinds of thermoplastic or thermosetting polymers to
improve their thermal properties and oxidation resistance and
flame retardancy [16e19].

Phosphorous compounds could impart flame retardancy
through flame inhibition in the gas phase and char enhancement in
the condensed phase [4,20e22]. Several either nonreactive or
reactive phosphorus-containing flame retardants in epoxy resins
have been investigated in recent research articles [23e26]. 9,10-
dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is
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Scheme 2. Preparation of EP composites.

W. Zhang et al. / Polymer Degradation and Stability 96 (2011) 1821e18321822
a cyclic phosphate with a diphenyl structure, which has high
thermal stability, good oxidation and water resistance [27e30].
Using DOPO or its derivatives as flame retardant, significant
improvement in the fire behaviour of epoxy resins has been
reported [23e26].

In our previous work [31,32], we described the successful
synthesis of DOPO-containing polyhedral oligomeric silsesquiox-
ane (DOPO-POSS) (Scheme 1). It is a novel phosphorus-containing
POSS with high thermal stability, which may be an efficient
halogen-free flame-retardant system for epoxy resin. In this article,
flame retardancy and thermal degradation mechanism of epoxy
resin composites based on the DOPO-POSS have been studied.
2. Experimental

2.1. Materials

Diglycidyl ether of bisphenol A (DGEBA, E-44, epoxy
equivalent ¼ 0.44 mol/100 g) was purchased from FeiCheng
DeYuan Chemicals CO., LTD. m-Phenylenediamine (m-PDA) was
purchased from TianJin GuangFu Fine Chemical Research Institute.
DOPO-POSS was synthesized in our laboratory [31,32]. DOPO-POSS
was mixture of perfect T8 cage and imperfect T9 cage with one
SieOH group on it.
Table 1
Compositions of EP/DOPO-POSS composites.

Materials EP control EP-1 EP-2 EP-3

DGEBA (g) 100.0 100.0 100.0 100.0
m-Phenylenediamine (g) 12.0 12.0 12.0 12.0
DOPO-POSS (g) 0 5.89 12.44 28.00
DOPO-POSS (wt%) 0 5 10 20
2.2. Synthesis of DOPO-POSS/DGEBA

The SieOH group in DOPO-POSS is expected to react with the
epoxide group in the DGEBA. The pre-reaction between DOPO-
POSS and epoxy resin may enhance the compatibility of them.
First, 28 g of DOPO-POSS and 100 g DGEBA were mixed in a three-
necked flask. The temperature of the reaction mixture was raised to
140 �C and held at that temperature for 2 h. After that, the mixture
was added into ethyl acetate. The resulting DOPO-POSS/DGEBAwas
obtained as a white powder after suction filtration. The synthesis
process is illustrated in Scheme 1.

2.3. Preparation of EP composites

To realize pre-reaction between DOPO-POSS and epoxy resin, all
of the DOPO-POSS was dispersed in DGEBA at 140 �C for 2 h before
the curing. The contents of the DOPO-POSS in the EP composites
were adjusted to be 5, 10, and 20 wt.%. After the system cooling to
70 �C, the curing agent (m-PDA) was then added. The equivalent
weight ratio of DGEBA to m-PDA was 25:3, which are listed in
Table 1. The mixtures were cured at 80 �C for 2 h and post-cured at
Fig. 1. FTIR spectra of DOPO-POSS, DGEBA, and DOPO-POSS/DGEBA.



Fig. 2. SEM micrographs of EP control and EP-3.

Fig. 3. EDXS spectrum of EP control and EP-3.
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150 �C for 2 h. The curing process and structure of EP composites
are shown in Scheme 2.

2.4. Measurements

Fourier transform infrared (FTIR) spectra were record on
a NICOLET 6700 IR spectrometer. The detection mode is ATR. The
Fig. 4. Photographs of EP composites.
spectra were collected at 32 scans with a spectral resolution of
4 cm�1.

Thermal gravimetric analysis (TGA) was performed with
a Netzsch 209 F1 thermal analyzer. Themeasurements were carried
out under nitrogen atmosphere at a heating rate of 20 K/min from
Fig. 5. DSC curves of EP composites.



Table 2
TGA and DSC data of DOPO-POSS and EP/DOPO-POSS composites.

Samples Tg (�C) Tonset (�C) Tmax (�C) Residues at 800 �C (%)

DOPO-POSS 106.6 334 479 40.6
EP control 137.9 372 390 11.6
EP-1 145.6 360 391 13.0
EP-2 146.6 359 394 16.1
EP-3 142.7 362 442 20.9
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40 �C to 800 �C. Typical results from TGAwere reproducible within
�1%, and the reported results are the average of three measure-
ments. To detect gas species, the TGA was coupled with Fourier
transform infrared spectrometry (TGA-FTIR, Nicolet 6700), and the
measurements were carried out under nitrogen atmosphere at
a heating rate of 20 K/min from 40 �C to 800 �C. The sample weight
was 10 mg for each measurement.

DSC curves of the EP composites weremeasured using a Netzsch
204 F1 differential scanning calorimeter with a pressure cell.
Samples (5e10 mg) were tested at a heating rate of 10 �C/min and
results from the second heating in the range 25e250 �C are
reported. Typical results from DSC were reproducible within �1%,
and the reported results are the average of three measurements.

TGA/MS characterization was performed on a Netzsch STA
449 CeQMS 403 C instrument. TGAwas performed in argon of high
purity at a flow rate of 25 ml/min. In the experiment, a sample
weighing approximately 10 mg was heated also at 20 �C/min from
Fig. 7. FTIR spectra of pyrolysis products of EP c

Fig. 6. TGA and DTG curves of DOPO-POSS and EP/DO
40 �C to 800 �C. Mass analysis was carried out using a spectrometer
with an electron-impact ion source (70 eV); energy scanning was
carried out in the range m/z 10e110 at a rate of 0.2/s for each mass
unit. The connection between TGA and MS was done by means of
a quartz capillary at 200 �C.

To investigate the condensed phase of the EP composites, the
residues corresponding to certainweight-loss in TGAmeasurement
were obtained by stopping the test and cooling the samples. Then
they were analyzed through FTIR (Nicolet 6700).

Scanning electron microscopy (SEM) experiments were per-
formed with a Hitachi S-4800 scanning electron microscope.
Samples (in morphological section) for SEM were prepared by low-
temperature fracturing and sputtering the surface with gold. The C,
O, Si, and P elements in the residue were verified by an energy
dispersive X-ray spectroscopy (EDXS EX-350) in the SEM (Hitachi S-
4800). Samples (in char analysis section) for SEM were the residue
after the cone calorimeter test and sputtering the surface with gold.

Cone calorimeter measurements were performed at an incident
radiant flux of 50 kW/m2, according to ISO 5660 protocol, using
a Fire Testing Technology apparatus with a truncated cone-shaped
radiator. The specimen (100 � 100 � 3 mm3) was measured hori-
zontally without any grids. Typical results from cone calorimeter
were reproducible within �10%, and the reported results are the
average of three measurements.

The X-ray photoelectron spectroscopy (XPS) data were obtained
using a PerkineElmer PHI 5300 ESCA system at 250 W (12.5 kV at
ontrol and EP-3 at different temperatures.

PO-POSS composites in the nitrogen atmosphere.



Table 3
Assignment of FTIR spectra of pyrolysis gases of EP control and EP-3.

Wavenumber (cm�1) Assignment

3650 OeH stretching vibration of CAreOH or water
3050 CAreH stretching vibration of styrene derivatives
3016 Methane
2969 ReCH2eR, ReCH3 stretching vibration of

aliphatic components
1748 C]O stretching vibration of compounds

containing carbonyl
1604, 1510, 1340 Aromatic rings vibration
1257, 1181, 1052 CeO stretching vibration
950 Ethylene
832, 749 CAreH deformation vibration
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20 mA) under a vacuum better than 10�6 Pa (10�8 Torr). The char
residues are obtained from the cone calorimeter tests. Typical
results from XPS were reproducible within �3%, and the reported
results are the average of three measurements.
3. Results and discussion

3.1. FTIR analysis of the reaction processes

Infrared spectroscopy was performed to characterize the
structures of the composites via the ring-opening reaction between
the epoxide group of epoxy resin and the SieOH functional group of
the DOPO-POSS. Scheme 1 shows the reaction process and the
Fig. 8. Gas releases with time according to TG-FTIR spectra of EP control and EP-3: ester/eth
(1743 cm�1), and methane (3016 cm�1).
structure of DOPO-POSS/DGEBA. Fig. 1 presents FTIR curves of
DOPO-POSS, DGEBA, and DOPO-POSS/DGEBA. The characteristic
peak of the SieOeSi group of DOPO-POSS is at 1060e1130 cm�1.
The change of the shape of FTIR spectra in this range for DOPO-
POSS/DGEBA demonstrates the occurrence of the reaction
between SieOH and epoxy ring [5]. In the curve of DOPO-POSS/
DGEBA, the vibration of aromatic ring in DGEBA at 1507 cm�1

and 825 cm�1 were observed. Moreover, the hydroxyl group in
DOPO-POSS at 3230 cm�1 has disappeared, and a new hydroxyl
group is formed at 3350 cm�1, meaning that the DOPO-POSS has
reacted with the epoxy resin [5,10]. Connections are created
between the organic and inorganic phases by covalent bonds. These
covalent bonds could enhance the compatibility of DOPO-POSS and
DGEBA.

3.2. Morphological properties of EP composites

The morphology of the fractured EP composites surface was
observed by SEM. In Fig. 2, the uniformly dispersed of DOPO-POSS
particles were observed in the morphology of EP-3. As seen from
the image of EP-3 in Fig. 2, majority of the DOPO-POSS particles are
in the size range 10e50 nm. Fig. 3 shows an EDXS spectrum of EP
control and EP-3. The Si and P element were observed in the EDXS
spectrum of EP-3. The compatibility of DOPO-POSS molecules in
epoxy resin is the key to achieving a well dispersed EP composite.
Moreover, the enhanced dispersion can be attributed to the exis-
tence of covalent bonds between DOPO-POSS and DGEBA. Some
DOPO-POSS molecules can easily disperse into the epoxy resin at
er components (1181 cm�1), aromatic components (1603 cm�1), carbonyl compounds
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the molecular level, which may result in composite properties that
are very different from those of conventional polymer composites.

Fig. 4 presents pictures of EP composites with different DOPO-
POSS contents. As can be seen from these photographs, the EP
composites exhibit excellent optical transparency, which is very
important characteristic for their application as protective coatings.
This result is attributed to the well dispersion of DOPO-POSS,
whose particles are smaller than the wavelength of visible light,
in EP composites.

3.3. Thermal properties of EP composites

The glass transition temperature (Tg) of the EP composites is
measured by DSC. The DSC curves of all the samples are displayed
in Fig. 5 and the results are summarized in Table 2. It is of interest to
point out that only a glass transition was identified for these EP
composites with 5, 10, and 20 wt.% DOPO-POSS compositions;
moreover, the DOPO-POSS/EP composites exhibit a higher Tg than
the EP control. These would be attributed to the reaction between
the DOPO-POSS and DGEBA; thus, the rigid structures of DOPO-
POSS clusters, which act as an anchoring point, are introduced to
the composites. Moreover, the nano-dispersion of DOPO-POSS in EP
composites may be another reason for unique Tg of each DOPO-
POSS/EP composites. Otherwise, Tg of EP-3 is lower than that of
other DOPO-POSS/EP composites. This would be attributed to the
feature of low Tg of DOPO-POSS is more obvious with growing of
DOPO-POSS content.

Thermal stabilities of the EP composites are evaluated by TGA.
TGA and DTG curves of DOPO-POSS and the EP composites are
Fig. 9. Ion current curves for species prod
presented in Fig. 6. The relevant thermal decomposition data,
including the Tonset, defined as the temperature at 5% weight-loss,
the Tmax defined as the temperatures at maximumweight-loss rate,
and the char residues at 800 �C, are given in Table 2.

Compared with the EP control, the DOPO-POSS/EP composites
exhibit lower Tonset with increase of DOPO-POSS load, which results
from the initial degradation of the DOPO-POSS at relatively low
temperature. However, the temperatures at maximumweight-loss
rate are higher than that of the EP control, and the Tmax of DOPO-
POSS/EP composites enhance with increment of DOPO-POSS
content. It is noticed that the residues of three DOPO-POSS/EP
composites increase with DOPO-POSS load and the curve of EP-3
is quite different from curves of EP-1 and EP-2, moreover, the
Tmax of EP-3 is 48 �C higher than EP-2. It is reported that some POSS
usually as a synergist can significantly reduce the flammability of
polymers and increase char yields. The chemical bonding retains
silicon in the condensed phase is an essential process that led to the
formation of a glassy char and acts as a barrier to heat and mass
transfer [5,10]. These results indicate that the interaction between
DOPO-POSS and epoxy resin not only increases the weight-loss
temperature at the rapid degradation region but also results in
a high char yield.

3.4. Analysis of volatile pyrolysis products of EP composites

3.4.1. TGA-FTIR analysis
Fig. 7 is the FTIR spectra of EP control and EP-3 at special

temperature and the assignment of the absorption peaks are pre-
sented in Table 3. The major pyrolysis gases detected from the
uced from degradation of EP control.
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decomposition process of EP control and EP-3 are phenol deriva-
tives/water (3650�cm�1), aromatic components (3036, 1604, 1510,
and 1340 cm�1), aliphatic components (3016, 2972, and
2869�cm�1) and ester/ether components (1257, 1181, and
1052 cm�1), which corresponds well with the literatures [1,6]. As
shown in Fig. 7 and Table 3, the evolving gas species for EP-3 are
similar to that for EP control, except for ethylene at 950�cm�1. No
other characteristic absorption of the gas products of DOPO-POSS
were found in the FTIR spectra of EP-3 in Fig. 7. It implies that
most of the decomposition products of DOPO-POSS remain in the
condensed phase. This phenomenon might be attributed to the
interactions between DOPO-POSS and EP networks.

Releases of the ester/ether components, aromatic components,
carbonyl compounds, andmethane as a function of temperature are
shown in Fig. 8 according to their absorbance intensities in TG-FTIR
spectra of EP control and EP-3.

As shown in Fig. 8, the initial decomposition temperature of EP-
3 is similar to that of EP control, which corresponds well with the
thermal analysis section. The thermal decomposition of EP control
and EP-3 start with the evolution of carbonyl compounds, more-
over, the release process is similar too. Although the initial release
temperature of ester/ether components and aromatic components
are same in Fig. 8, the quick release temperature is quite different.
The quick release temperature of ester/ether components and
aromatic components are enhanced with the DOPO-POSS load. It
can be interpreted that DOPO-POSS could improve thermal stabil-
ities of the DOPO-POSS/EP composites. The release of methane
during the thermal decomposition of EP control has two main
steps, whereas that of EP-3 is in only one step. The first quick
Fig. 10. Ion current curves for species p
release peak of methane in the thermal decomposition process of
EP control disappeared totally. This may be attributes to the cova-
lent incorporation of DOPO-POSS into the epoxy resin.

Furthermore, the absorbance intensity of ester/ether compo-
nents, aromatic components, carbonyl compounds, and methane of
EP-3 are lower than that for EP control. The change in the evolved
gases corresponds to the increase of char, because fewer volatiles
such as styrene derivatives and aromatic ether/ester were
produced through decomposition of EP-3 [33].

3.4.2. TGAeMS analysis
TG-FTIR measurement investigates only the functional group

information about the pyrolysis products, exact composition of the
pyrolysis products can be established by mass spectroscopy. The
exact compositions of the EP control and EP-3 degradation products
were determined by thermogravimetry coupled to a mass spec-
trometer. The volatilization profiles, represented as ion current, of
the fragments originating in the thermal degradation of EP
composites are shown in Figs. 9 and 10. The possible structural
assignments of that are listed in Table 4.

It can be observed from Figs. 9 and 10 that intensive signals of
the species with different ratios of mass to charge (m/z) appear
within the two temperature ranges. CO and ethylene can be
determined by them/z 28, formaldehyde can be determined by the
m/z 30, acetaldehyde and CO2 can be determined by them/z 44, and
acetone can be determined by them/z 58. These are released within
the temperature range of 350e500 �C. The beginnings of the
thermal decomposition of EP composites are the release of carbonyl
compounds which corresponds well with the TG-FTIR analysis
roduced from degradation of EP-3.



Table 4
Possible structural assignments in the TG-MS of EP-3.

m/z Structures m/z Structures

15 �CH3 64 HO2Pþ

28 CO 65

28 CH2]CH2 66
HH

30 O]CH2 74 H2C C
H

O
OH

CH2

44 CO2 77

44 H3CeCH]O 78

46 CH3eCH2eOH or H3CeOeCH3 91 CH2

47 OPþ 92 CH3

51 94 OH

58 H3CeC]OeCH3 107 OHH2C

63 O2Pþ 108 OHH3C

Scheme 3. Oversimplifie

W. Zhang et al. / Polymer Degradation and Stability 96 (2011) 1821e18321828
section. The Fragments of m/z 65, 66, 77, 78, 91 and 92 belong to
aromatic components. Phenol (m/z 94) andmethyl phenol (m/z 107,
108) can be also identified. These are released within the temper-
ature range of 500e650 �C, which is little higher than that of the
degradation stage described in the TGA-FTIR measurement due to
chromatography effect of macromolecules. In the Fig. 10, the signals
of m/z 47, 63, and 64 can be assigned to OPþ�, O2Pþ and HO2Pþ

produced from degradation of DOPO-POSS in EP-3. These datawere
supported by the TGA-FTIR analysis.

Associating with the pyrolysis products that have been dis-
cussed, the oversimplified fragments of EP-3 are shown in the
Scheme 3. It can be found that the degradation of EP-3 can be
divided into two steps. At the beginning, the degradation is mainly
attributed to the alkyl chain and polyol in the crosslink network.
With raising temperature, some aromatic molecules and
phosphorous-containing groups in the EP-3 are decomposed.

3.5. FTIR analysis of pyrolysis residues of EP-3

FTIR spectra of EP-3 and its solid products of thermal decom-
position collected in thermogravimetry at 25%, 50%, and 75%
weight-loss are shown in Fig. 11. It can be seen that peaks at
3200e3600, 3055, 2868e2962, 1602, 1504, 1455, 1226, 1025, 1178,
and 825 cm�1 are the characteristic absorption of EP networks [1,6].
The origins of absorption in EP networks are outlined in Fig. 12.
Moreover, the PeOephenyl stretching vibration at 909 cm�1 and
the CeH deformation vibration of phenyl rings of DOPO groups at
755 cm�1 from DOPO-POSS are identified [31,32].

After 25%weight-loss of EP-3, there is a decrease in the intensity
of the eOH and eNH related bonds (3200e3600 cm�1) and alkyl
ether bonds (1103 cm�1), indicating preferential decomposition of
the 2-hydroxytrimethylene and its fragments along with the
bisphenol A unit. Simultaneously, the aliphatic components
absorption at 1293 cm�1 decreases obviously.
d fragments of EP-3.



Fig. 11. FTIR spectra of the condensed phase of EP control and EP-3: initial (a), 25% weight-loss (b), 50% weight-loss (c), 75% weight-loss (d).

Fig. 13. Heat release rate (HRR) of the EP control and EP-3.
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After 50% weight-loss of EP-3, significant modifications in the
epoxy networks are observed. There is a decrease in the intensity of
the absorption of aliphatic components (2962e2868, 1386, 1360,
and 1178 cm�1) and alkylearyl ether bonds (1260 and 1025 cm�1).
It indicates the decomposition of the isopropyl group and
alkylearyl ether in the bisphenol A unit. Moreover, a new absorp-
tion at 950 cm�1 is observed after 50%weight-loss of EP-3. This new
absorption could be assigned to SieOephenyl and PeOephenyl
stretching vibration, which has been reported in previous papers
[34,35].

After 75% weight-loss of EP-3, dramatic changes are noticed in
all the spectral regions. The absorption of aliphatic components
disappears totally. The aromatic ring C]C stretching vibration at
1504 cm�1 disappears and that at 1590 and 1434 cm�1 becomes
broader, indicating the formation of polyaromatic carbons. More-
over, the broad absorption at 1080 cm�1 indicates the formation of
SiO2. The SieOephenyl and PeOephenyl stretching vibrations
around 950 cm�1 become broader and stronger, indicating the
reactions between DOPO-POSS and epoxy resin under pyrolysis.
These reactions are trusted that it would enhance the formation of
char, which have superior thermal stability.
O O
O

N

OH

O

1226 cm-1

1025 cm-1

3200-3600 cm-1

HO

HN

2962-2868 cm-1

1178 cm-1

3055 cm-1

1602 cm-1

1504 cm-1

1455 cm-1

825 cm-1

1103 cm-1

1293 cm-1

Fig. 12. The origin of main absorbance bands observed in the FTIR spectra.
3.6. Fire behaviours of EP composites

To evaluate the fire performance of DOPO-POSS/EP composites,
cone calorimeter test was carried out. The cone calorimeter enables
quantitative analysis of the flammability of materials through
providing parameters such as heat release rate (HRR), peak of heat
release rate (PHRR), time to ignition (TTI), and total heat released
(THR). Experimental results obtained by cone calorimeter for EP
control and EP-3 are summarized in Table 5 and Fig. 13.

As shown in Fig. 13, the fire behaviour is clearly modified by the
presence of the DOPO-POSS. A significant decrease (almost 50%) is
observed in the peak of heat release rate which is a major param-
eter in controlling flame propagation of fire [36]. Moreover, two
small peaks of heat release rate during the combustion processes of
EP control are observed at about 210 s and 300 s, respectively. It
indicates that the char of EP control could be destroyed during the
combustion process. However, the HRR curve of EP-3 is smooth and
Table 5
Cone calorimeter data for the EP control and EP-3.

Composites EP control EP-3

TTI (s) 45 57
PHRR (kW/m2) 855 431
THR (MJ/m2) 118 91



Fig. 14. Photographs of chars from EP control and EP-3 after cone calorimeter tests.
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decreases gradually. It shows that DOPO-POSS is helpful to the
formation of a char layer which is more firm and has higher
thermo-stability. In Table 5, the TTI of EP-3 is also slightly increased
and the THR of EP-3 reduced markedly with DOPO-POSS load.

After the cone calorimeter test, some interesting information is
found by the visual observation of the end of test residues (Fig. 14).
There is no obvious char of EP control could be observed, whereas,
a char layer of EP-3 which is intumescent and firm is created during
the combustion. Remarkable reduction of HRR values observed for
Fig. 15. Residue morphologie
EP-3 is likely to be due to the presence of this char layer which has
higher thermo-stability. The char layer generated is thought to act
as a barrier for both heat flow and mass transport [37].

3.7. Morphological analysis of the char

Fig. 15 shows the SEM photographs obtained for exterior and
interior char residues of the EP control and EP-3 samples. It is not
difficult to discern the differences of the chars between the exterior
and interior of the EP control. The char of EP control presents
a continual char layer which has many micro-sized cracks and pits
on it. As shown in the fire behaviours section, little char remainwas
observed after cone calorimeter test, which indicates the weakly
thermo-stability of the char of EP control.

The exterior char of EP-3 sample presents a continual and
rugged char layer. The interior char of EP-3 present micro-
structures of thin char layers and small pores. This phenomenon
could attribute to increase of the viscosity of thermal degradation
products which could swell during the gas release. The intumes-
cent and firm char of EP-3 indicates that the incorporation of
DOPO-POSS could enhance the thermo-stability of the char
efficiently.

3.8. XPS analysis of the char

The exterior and interior char of the EP control and EP-3 were
investigated by XPS analysis. The C1s, O1s, Si2p, and P2p spectra of
exterior char of the EP-3 are shown in Fig. 16. As shown in Fig. 16,
four bands are observed from C1s spectra: the peak at around
284.6 eV is attributed to CeH and CeC in aliphatic and aromatic
s of EP control and EP-3.



Fig. 16. C1s, O1s, Si2p, and P2p XPS spectra of the char of EP-3.
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species, the peak at around 286.0 eV is assigned to CeO in ether and/
or hydroxyl groups, the peak at around 287.2 eV corresponds to
carbonyl groups, another peak at around 283.7 eV is assigned to CeSi
band [10,35]. The O1s spectra have two peaks at around 531.5 and
532.8 eV. It is reported that the peak at 531.5 eV can be attributed to
the]O in phosphate or carbonyl groups and the peak at 532.8 eV is
assigned to eOe in CeOeC, SieOeC, and PeOeC groups [35]. The
Si2p spectra have two peaks at around 102.0 and 103.4 eV. It is
reported that the peak at 102.0 eV can be assigned to RSiO1.5 or SieC
in the char and the peak at 103.4 eV is attribute to SieO2 and SieO in
the char [10,35]. Theweak peak at around 134.0 eV in P2p spectra can
be assigned to the pyrophosphate and polyphosphate [1]. These
results mean that lots of SiO2, SieOephenyl, pyrophosphate, and
polyphosphate structures are created in the char of EP-3 after the
cone calorimeter test. It indicates that DOPO-POSS have an obvious
action in the condensed phase.
Table 6
XPS results of the chars of EP control and EP-3.

Elements Element concentration (%)

EP control
(exterior)

EP control
(interior)

EP-3
(exterior)

EP-3
(interior)

C 79 81 59 60
O 19 18 33 31
N 2 2 2 3
Si 0 0 5 5
P 0 0 1 1
The concentrations of C, O, N, Si, and P in exterior and interior
char of the EP control and EP-3 are listed in Table 6. The atom
percent of C element in the char of EP-3 is lower than that in the EP
control and the atom percent of O element in the char of EP-3 is
higher than that in the EP control. The reason is that the exterior
char is highly oxidized under the rich oxygen condition. Moreover,
a number of SieO2 and PeO structures are kept in the char, which is
another reason to lead higher O element in the char of EP-3. A
number of Si and P element are observed in the char of EP-3, which
is helpful to the enhancement of the thermo-stability of the char
[8]. The presence of Si and P element in char of the EP control
probably is derived from the cone calorimeter test.
4. Conclusions

Flame-retarded epoxy resin (EP) composites have been obtained
by incorporation of a novel polyhedral oligomeric silsesquioxane
containing 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO-POSS) into EP. The hydroxyl group of DOPO-POSS
and the epoxy group of DGEBA could pre-react, according to FTIR
analysis, which is helpful to improve the compatibility of the
DOPO-POSS with EP. The nano-scale dispersion of DOPO-POSS in
the composites was observed by SEM. An increase of Tg of the EP
composites with DOPO-POSS loading was confirmed by DSC; this
improvement may be attributed to the pre-reaction. The decom-
position temperatures and the evolved gaseous products were
investigated in detail by TGA, TGA-FTIR, and TGAeMS. Increases of
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thermal stability and char yield were observed by TGA analysis.
Phosphorous volatiles were discovered using TGA-FTIR and
TGAeMS. Associating with the pyrolysis products observed, the
decomposition reaction pathways of EP composites were suggested.
The characteristic absorbances of SiO2, SieO, and PeO structures
were observed in the char of EP-3 by FTIR. These results indicate that
DOPO-POSS have significant interaction with EP networks in the
condensed phase. The increased char yield and the release of
compounds containing phosphorus crucially improve the flame
retardancy of the EP composites. The fire behaviour of EP composites
evaluated by cone calorimetry indicate that DOPO-POSS can reduce
the HRR of EP composite significantly and accelerate the formation
of char layer. The chars of EP composites after cone calorimeter test
were investigated by SEM and XPS. These results explain the flame
retardancy mechanisms of DOPO-POSS in condensed phase.
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