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ABSTRACT: To study flame retardant mechanism of epoxy resin (EP) by octaphenyl silsesquioxane and 9,10-dihydro-9-oxa-10-phos-

phaphenanthrene-10-oxide, an experimental method is set up to investigate the residue of the EPs, which is extinguished during the

cone calorimeter testing at different times. The chemical structures of the residues are investigated by the FTIR and XPS. The break-

down of EPs network and formation of new crosslinking structure are supported by the FTIR analysis. The changes of C and O con-

centrations in the condensed phase during the combustion are investigated by XPS in detail. Moreover, formation of organic carbon

is uncovered by the plasmon loss curves based on XPS that could track the carbon crosslinking. These results exhibited a whole deg-

radation and charring process of EP during the combustion: degradation of EP chain, more crosslinking charring, and thermal oxida-

tion of the char. Furthermore, a program of combustion and degradation process of EPs is described in this research. VC 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 130: 4119–4128, 2013
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INTRODUCTION

Epoxy resins (EP) have been widely used in surface coating,

adhesives, painting, and potting materials, composites, lami-

nates, encapsulants for semiconductor, and insulating materials

for electric devices because of their great versatility, toughness,

low shrinkage on cure, good moisture resistance, solvent and

chemical resistance, outstanding adhesion, and superior elec-

trical and mechanical properties. However, flammability is one

of the main drawback of EPs.1–5 Traditionally, halogenated

compounds have been widely used as co-monomers or addi-

tives with EPs to obtain fire-retardant materials. However,

flame-retardant EPs containing bromine or chlorine can pro-

duce poisonous and corrosive smoke and may produce highly

toxic halogenated dibenzodioxins and dibenzofurans.6–8 There-

fore, the development and application of halogen-free flame-

retardants has been a subject of extensive investigation in rela-

tion to EPs.

In our previous work, a DOPO (9,10-dihydro-9-oxa-10-phos-

phaphenanthrene-10-oxide)-containing polyhedral oligomeric

silsesquioxane (DOPO-POSS) was successfully synthesized.9 An

interesting phenomenon, termed the “blowing-out effect”, has

been detected in flame-retarded EPs with DOPO-POSS load-

ing.10 Moreover, the “blowing-out effect” can also take place in

EPs flame-retarded by a mixture of OPS (octaphenyl silses-

quioxane) and DOPO.11 The “blowing-out effect” has been

described as follows: “after the sample was ignited, it showed an

unstable flame for several seconds; with the pyrolytic gaseous

products jetting outward from the condensed-phase surface, the

flame was extinguished; it looks as though the gas blew out the

flame”. A model of the blowing-out effect is shown in Figure 1.

This concept reveals that the blowing-out effect is simultane-

ously determined by the rate of production of gases and the

properties of the condensed phase.12

The thermal degradation behaviors and flame retardancy of EPs

have been reported a lot.13–18 However, mechanism on the

blowing-out effect still needs to be researched. In this article, in

order to uncover the secret of the “blowing-out effect”, an effec-

tive method is used to get the residue of EP flame retarded by

OPS and DOPO during combustion. By analyzing these resi-

dues, the information on degradation and charring process of

EP is obtained.

EXPERIMENTAL

Materials

Diglycidyl ether of biphenol A (DGEBA, E-44, epoxy equiv-

alent 5 0.44 mol/100 g) was purchased from FeiCheng DeYuan

Chemicals. The 4, 40-diaminodiphenylsulphone (DDS) was

purchased from TianJin GuangFu Fine Chemical Research

Institute. DOPO was purchased from Eutec Trading

VC 2013 Wiley Periodicals, Inc.
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(Shanghai). OPS was synthesized by hydrolysis and condensa-

tion of phenyltrichlorosilane according to a previously

reported procedure.19 The OPS obtained in this way had a

perfect T8 cage structure.

Preparation of the Cured EPs

The cured EPs were obtained using a thermal curing process. At

first, DOPO was added to DGEBA by mechanical stirring at

140�C for 1 h, and then OPS was dispersed in the DGEBA/

DOPO for a further 1 h. After that, the curing agent DDS was

then added in an amount relative to DGEBA. The equivalent

weight ratio of DGEBA to DDS was 9 : 2. The EPs were cured

at 180�C for 4 h. The contents of OPS and DOPO in the prod-

ucts are listed in Table I.

Measurements

Cone calorimeter measurements were performed according to

ISO 5660 protocol at an incident radiant flux of 25 kW/m2. The

equipment is Fire Testing Technology apparatus with a trun-

cated cone-shaped radiator. The specimen (100 3 100 3

3 mm3) was measured horizontally without any grids. Typical

results from the cone calorimeter tests were reproducible within

610%, and the reported parameters were average value for

three measurements.

To get the condensed phase residues at different times during

the EP combustion, the specimen was cut into four pieces

before the cone calorimeter test, and then they are recombined

to a whole sample for cone test as shown in Figure 2. During

the combustion of the EP in the cone testing, at different times,

respectively, the four pieces were taken out, and extinguished

very fast by a cover as shown in Figure 2. Then, the residue was

cooled down naturally. In this way, four samples of the residues

were obtained through one cone calorimeter test.

The heat release rate (HRR) curves for the pure EP and

EP/DOPO/OPS are presented in Figure 3. It can be observed

that the pure EP burns rapidly after ignition and HRR reaches a

sharp peak with a peak HRR (p-HRR) of 635 kW/m2. The

p-HRR of EP/5%DOPO/5%OPS is 341 kW/m2, which is much

lower than that of the pure EP.

Table I. Compositions of the Investigated Materials

Content of flame retardant
(wt %)

Samples
Cured epoxy
resin (wt %) OPS Si DOPO P

Pure EP 100.0 / / / /

EP/DOPO/OPS 89.6 4.1 0.9 6.3 0.9

Figure 1. Model of the blowing-out effect. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. The sample preparation instruction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 3. Heat release rate curves of pure EP and EP/DOPO/OPS. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 4. The positions of different residues. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. FTIR spectra of pure EP and EP/DOPO/OPS. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. The origin of main absorbance bands observed in the FTIR

spectra.

Figure 7. FTIR spectra of external and bottom residues of pure EP during

the combustion. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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According to Figure 3, the sampling time was designed as 150,

200, 250, 300, and 350 s. To do this, the cone calorimeter test

was repeated twice. In the first, the sampling time was at 150,

200, 250, and 300 s, respectively; in the second, it was 200,

250, 300, and 350 s, respectively. For every solid residue, fur-

ther sampling was achieved at three local positions (external,

internal, and bottom) as shown in Figure 4. For residues of

the pure EP, further sampling was only at the external and

bottom.

All the samples of solid residue were ground carefully. Then,

they were analyzed by FTIR (Nicolet 6700) in ATR mode and

by X-ray photoelectron spectroscopy (XPS) measurements

(Ulvac-PHI) at 25 W and 15 kV under a vacuum better than

1026 Pa. In XPS analysis, the sample was neutralized by both

an ion-gun and an electronic-gun. To compensate for sample

charging all binding energies were referenced to C1s at 284.9

eV. A variation in the position of each peak of 60.1 eV was

considered acceptable.

RESULTS AND DISCUSSION

FTIR Analysis on the Degradation and Charring of EP

Composites

FTIR spectra of pure EP and EP/DOPO/OPS are shown in

Figure 5. It can be seen that peaks at 3200–3600, 3055,

2868–2962, 1591, 1504, 1455, 1293, 1226, 1181, 1143, 1101,

1030, and 825 cm21 are the characteristic absorbance of EP

networks.1,2,20 The chemical bonds corresponding to the absorb-

ance are outlined in Figure 6. Moreover, the P-O-phenyl stretch-

ing vibration at 915 cm21 and the C-H deformation vibration

of phenyl rings of DOPO groups at 755 cm21 from DOPO-

POSS are identified.20,21

Analysis for Solid Residue from Pure EP. FTIR spectra of

external residue of pure EP at different times are shown in Fig-

ure 7(A). For the external residue corresponding ignition time

(150 s), the main characteristic absorbance of EP network

remain, nevertheless, an evident decrease of absorbance of

C-O and -O- at 1101 and 1030 cm21 can be observed, which

indicates that the scission of C-O occurring in the early step

of thermal degradation of the epoxy network.2,20 Similar deg-

radation for the O5S5O bond in DDS at 1293 cm21 also hap-

pens in this early step.1 These results mean that the initial

combustion is caused by the ignition of flammable volatile

fragment created by the scission of EP chains in the surface

zone. In the external residue at 200 s, the significant changes

of the epoxy network are observed. The absorbance of -OH

and -NH bonds (3200–3600 cm21) disappear totally. The ali-

phatic components (2962–2868 and 1181 cm21), aromatic ring

C5C stretching vibration (1591, 1504, and 1455 cm21),

alkyl-aryl ether bonds (1226 and 1030 cm21), and alkyl ether

bonds (1101 cm21) decrease remarkably. These indicate that

the molecular structures of EP are destroyed seriously. In the

residue at 250 s, the absorbance of aliphatic components dis-

appears totally, the aromatic ring C5C stretching vibration at

1591 and 1504 cm21 disappear, and a new broader absorbance

at 1575 cm21 appears, indicating the formation of polyaro-

matic carbons by crosslinking.11 Moreover, the broad absorb-

ance at 1160 cm21 indicates the formation of C-O bond by

thermal oxidation of polyaromatic carbons.11 For the residue

at 300 and 350 s, their FTIR spectra are similar to that at 250

s, indicating the chemical structure of residue after 250 s

became stable with consumption of this residue through the

thermal oxidation process.

Figure 8. Main thermal degradation steps of EP matrix.
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FTIR spectra of bottom residues of pure EPs are shown in

Figure 7(B). For the residue at 150 and 200 s, their chemical

structures are similar to that of 0 s, there are only little shift

and decrease of absorbance of N-H and O-H at 3200–

3600 cm21 can be observed. Furthermore, the diminishing

absorbance of C-O at 1030 cm21 from 0 to 200 s samples also

can be detected. This means the scission of a few of C-O bonds

in EP happen in the early stage. In the residue at 250 s, the

absorbance of -OH and -NH related bonds disappear totally.

The aliphatic components, aromatic ring C5C stretching vibra-

tion, alkyl-aryl ether bonds, and alkyl ether bonds decrease

remarkably. These changes in bottom residue are almost similar

to the external residue at 200 s in Figure 7(A). In the bottom

residue at 300 and 350 s, the polyaromatic carbon at 1575 cm21

is detected. Thermal degradation of the EP at bottom is a little

later than that of the external EP.

The thermal degradation process of the EP is shown in Figure

8, including scission of main chain, random scission, crosslink-

ing, and thermal oxidation.

Analysis for Solid Residue from EP/DOPO/OPS. The spectra

of external residue of EP/DOPO/OPS samples are shown in

Figure 9(A). From 0 s sample to 250 s sample, the absorbance

of -OH and -NH related bonds (3200–3600 cm21), the aliphatic

components (2962–2868 and 1181 cm21), aromatic ring C5C

stretching vibration (1591, 1504, and 1455 cm21), alkyl-aryl

ether bonds (1226 and 1030 cm21), and alkyl ether bonds

(1101 cm21) decrease remarkably. Moreover, the polyaromatic

carbon at 1575 cm21 is detected for the 250 and 300 s sample.

For the 350 s sample, some dramatic changes are detected in

Figure 9(A). The C5C stretching vibration of polyaromatic car-

bons at 1575 cm21 is clearly enhanced and some CAr-H defor-

mation vibration could be detected at 781 cm21. In addition,

Figure 9. FTIR spectra of external, internal, and bottom residues of

EP/DOPO/OPS during the combustion. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Table II. Element Concentration of the Residues of Pure EP by XPS (%)

External Bottom

Sample C O C O

0 s 80.58 17.00 80.58 17.00

150 s 84.83 11.64 83.86 13.35

200 s 86.10 9.88 83.85 12.40

250 s 89.61 6.96 86.97 9.93

300 s 86.93 11.28 90.06 6.63

350 s 84.08 13.34 86.17 10.48

Table III. Element Concentration of the Residues of EP/DOPO/OPS by

XPS (%)

External Internal Bottom

Sample C O C O C O

0 s 78.63 17.55 78.63 17.55 78.63 17.55

150 s 84.22 11.55 82.87 11.71 79.18 15.01

200 s 85.13 10.46 82.80 11.34 76.55 14.83

250 s 85.93 10.00 82.62 12.17 77.30 15.66

300 s 86.20 9.19 82.57 12.27 77.80 15.41

350 s 83.20 11.40 83.80 11.80 78.28 15.11
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the new broad absorbance at 1059 cm21 becomes apparent,

which means more C-O and Si-O structures exist in the residue.

Another new absorbance peak at 954 cm21, which represents

the Si-O-phenyl and P-O-phenyl stretching vibrations, is

detected.20,22

The internal residues of EP/DOPO/OPS are shown in Figure

9(B). During the combustion, its thermal degradation process is

similar but later than in external residue of EP/DOPO/OPS.

The absorbance for Si-O, Si-O-phenyl, and P-O-phenyl do not

appear in the internal residue at 350 s.

The spectra of bottom residue of EP/DOPO/OPS are shown in

Figure 9(C). The thermal degradation of bottom EP matrix is

apparently late. The main chemical structures of EP such as -

OH and -NH related bonds (3200–3600 cm21), the aliphatic

components (2962–2868 and 1181 cm21), aromatic ring C5C

stretching vibration (1591, 1504, and 1455 cm21), alkyl-aryl

ether bonds (1226 cm21) are kept until 250 s; moreover, the

crosslinking structure of polyaromatic carbons at 1575 cm21

cannot be detected in the 350 s sample.

It can be easily find that the EP matrix of EP/DOPO/OPS

undergoes similar thermal degradation process to the pure EP

as shown in Figures 8 and 9. Because of the existence of

DOPO/OPS, the formation of Si-O, Si-O-phenyl and P-O-

phenyl structure that can enhance the thermal stability of char

layer can be detected in the external residue of EP/DOPO/OPS.

Addition of DOPO/OPS slows down thermal degradation of EP

matrix in the bottom.

XPS Analysis on Residues of EP Composites

Analysis for Solid Residue from Pure EP. The C and O concen-

trations in the residue obtained for the pure EP and EP/DOPO/

OPS are shown in Tables II and III. The plasmon loss (�EL)23–26

is defined as the difference between the main peak in C1s

spectra and the plasmon peak in C1s spectra. The plasmon loss

data of pure EP and EP/DOPO/OPS are summarized in

Tables IV and V.

Figure 10(A) shows the C concentration in external and bottom

residues of pure EP as a function of combustion time. It should

be noted that the C concentration increase gradually for exter-

nal residue from 0 to 250 s and for bottom residue from 0 to

300 s. The early increase of the C concentration of implies that

the other elements, probably hydrogen-rich fragments, are los-

ing from the surface with crosslinking processes in condensed

phase caused by the interaction between radical fragments.23–26

As shown in Figure 10(A), from 0 to 250 s, the C concentration

in the bottom residue are lower than that in the external resi-

due, which indicates the crosslinking reaction in the bottom are

later than that in the external.23–26

At 250 and 300 s for the external and bottom residues, respec-

tively, the C concentration reaches the maximum, later it starts

to decrease. This correlates with thermal oxidation in condensed

phase.

Change of the O concentrations with time in residues of the

pure EP is contrary to that of the C concentration shown in

Figure 10(B). The reduction of oxygen corresponds to

Table IV. Plasmon Loss Data for the Pure EP

External Bottom

Sample
C1s
(eV)

C1s Plasmon
(eV)

C1s
�EL
(eV)

C1s
(eV)

C1s Plasmon
(eV)

C1s
�EL (eV)

0 s 284.9 308.0 23.1 284.9 308.0 23.1

150 s 284.9 308.3 23.4 284.9 308.5 23.6

200 s 284.9 308.8 23.9 284.9 308.5 23.6

250 s 284.9 310.8 25.9 284.9 309.2 24.3

300 s 284.9 311.0 26.1 284.9 310.2 25.3

350 s 284.9 311.2 26.3 284.9 311.4 26.5

Table V. Plasmon Loss Data for the EP/DOPO/OPS

External Internal Bottom

Sample
C1s
(eV)

C1s
Plasmon (eV)

C1s
�EL (eV)

C1s
(eV)

C1s
Plasmon (eV)

C1s
�EL (eV)

C1s
(eV)

C1s
Plasmon (eV)

C1s
�EL (eV)

0 s 284.9 307.7 22.8 284.9 307.7 22.8 284.9 307.7 22.8

150 s 284.9 308.5 23.6 284.9 308.3 23.4 284.9 308.2 23.3

200 s 284.9 309.5 24.6 284.9 308.6 23.7 284.9 308.4 23.5

250 s 284.9 310.9 26.0 284.9 309.6 24.7 284.9 308.5 23.6

300 s 284.9 311.0 26.1 284.9 309.9 25.0 284.9 308.7 23.8

350 s 284.9 311.1 26.2 284.9 310.2 25.3 284.9 308.9 24.0
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Figure 10. Dynamic change of C and O concentration in external and

bottom residues of pure EP as a function of combustion time. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 11. Plasmon loss as function of combustion time for pure EP.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 12. Dynamic change of C and O concentration in external, inter-

nal, and bottom residues of EP/DOPO/OPS as a function of combustion

time. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 13. Plasmon loss as function of combustion time for EP/DOPO/

OPS. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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degradation reactions of the EP network structure through scis-

sion of C-O and -O- bonds with releasing volatile fragments

until the minimum O concentration. After that, thermal oxida-

tion of the condensed phase C becomes dominant, which leads

to the accumulation of oxygen in the residue.

The process of degradation and charring can be examined by

exploring the formation of organic carbon by the plasmon loss

curves of carbon as a function of time as shown in Figure 11. An

increase of the plasmon loss value is correlated with the extent of

organization of carbon, and hence with crosslinking.23–26 We can

clearly see that this parameter increases slowly from 0 to 200 s,

rapidly from 200 to 250 s for external residue and from 200 to

350 s for the bottom residue, which means early a little, and late

large amount, crosslinking among polymer chains through radi-

cals recombining. For the external residue after 250 s, the plas-

mon loss value increases very slowly. This may be because of that

thermal oxidation is dominant after 250 s.

Analysis for Solid Residue from EP/DOPO/OPS. Figure 12(A)

shows the C concentration in external, internal, and bottom res-

idues of EP/DOPO/OPS as a function of combustion time. It

should be noted that the C concentration in the external residue

increases quickly from 0 to 300 s, and then shows a rapid

decrease after 300 s. The increase of carbon indicates the rapid

crosslinking processes, and its decrease does thermal oxidation

in the condensed phase. It seems that for the EP/DOPO/OPS,

the C concentration keeps constant basically in long time

(150–300 s) according to Figure12(A), which means stable C

crosslinking structure in the condensed phase. This could

explain well the reason of the low p-HRR of EP/DOPO/OPS

(Figure 3).

Figure 14. Comparison of C concentration of external and bottom residues for pure EP and EP/DOPO/OPS. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 15. Simulation program of combustion and degradation process of EPs as a function of time. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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For the bottom residue, the C concentration decreases at 200 s.

This is caused by the increase of Si element at the bottom

because of the subsidence of OPS at the early stage of thermal

degradation process.

Change of O concentrations in the external residue [Figure 12(B)]

is contrary to that of C concentration because of the rapid cross-

linking processes in the beginning and thermal oxidation later in

the condensed phase.

In addition, it is noted that in the bottom residue, the O and C

concentrations are much higher, or lower, than that those in

external residue, respectively. These may indicate that the EP

matrix in the bottom maintains stable because of insulation of

the more char above it.

In Figure 13, the plasmon loss values increase with time for the

external, internal, and bottom residues, which means an

enhanced extent of organization of carbon caused by crosslink-

ing. Furthermore, it is also noted that the external, internal, and

bottom residues have the maximum, middle, and minimum

plasmon loss values, respectively, meaning high, moderate, and

weak crosslinking in them.

Comparison of XPS Analysis for Pure EP and EP/DOPO/OPS.

As shown in Figure 14, the addition of DOPO/OPS causes a

remarkable difference in C concentrations of residue in pure EP

and EP/DOPO/OPS. In the external residue, the C concentra-

tion for pure EP is a little higher than for EP/DOPO/OPS; in

the bottom residue, the C concentration for pure EP is much

higher than for EP/DOPO/OPS. This may imply high thermal

stability of the EP/DOPO/OPS because of existence of Si-O, Si-

O-phenyl, and P-O-phenyl structure in the residue.

Discussion about the Combustion of Pure EP and EP/DOPO/

OPS

According to analysis on the residues at different time for the

pure EP and EP/DOPO/OPS, we can conclude that the ignition

is caused by flammable volatile fragments from the scission of

the EP chain in surface, then, the internal EP matrix begins to

decompose and feeds the gaseous product to the surface to sup-

port the combustion, with formation of the crosslinking struc-

ture from the external to bottom. With acceleration of thermal

degradation of the EP matrix, rich combustible fuel feed leads

to the flashover. After it the thermal oxidation degradation of

the char layer becomes a dominant process. The program of

combustion and degradation process of the EPs with time is

shown in Figure 15.

For the EP/DOPO/OPS, the existence of Si-O, Si-O-phenyl, and

P-O-phenyl structures in the external charring could enhance

the thermal stability of the char layer, and supply a better pro-

tection to the EP matrix below it.

CONCLUSIONS

Through cutting the specimen for the cone calorimeter test into

four pieces, and sampling one piece at different time one time,

we set up an experimental method to study char structure dur-

ing combustion of the EP flame retarded by OPS and DOPO.

Through analyzing the residues at different combustion time by

FTIR and XPS, we find the changes of chemical structures in

the external, internal, and bottom residues.

The FTIR and XPS analysis on these residues indicate that the

ignition of EP is caused by flammable volatile fragments

because of the scission of the EP chain in surface. Then, the fast

internal degradation and combustible gas release lead to the

flashover with charring, and the C element begins to increase

because of fast crosslinking reaction. Finally, the thermal oxida-

tion degradation in the char layer becomes a dominant process.

The DOPO/OPS as flame retardants are helpful to enhance the

thermal stability of external char layer. This char layer can

inhibit the degradation and gaseous products release of the EP

matrix.
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