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Abstract

The thermal degradation of polycarbonate (PC) containing methylphenyl-silicone with a branched structure (SFR-PC) was investigated by
the thermogravimetric analysis (TGA). The decomposition activation energies were determined using the Ozawa method. It was found that the
decomposition activation energy and the degradation residue of the SFR-PC at 800 °C in air atmosphere were much higher than those of the PC.
The addition of methylphenyl-silicone enhanced the thermal stability of PC and promoted the formation of char. The silicone was found effective
in retarding the combustion of the PC. The limited oxygen index of the PC containing 5wt.% of methylphenyl-silicone was 34%. Surfaces of the
SFR-PC before and after combustion were analyzed by energy dispersive X-ray analysis (EDX) and infrared (IR) spectroscopy. Based on these

results obtained, the flame retarding mechanism of the SFR-PC was discussed.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Due to excellent mechanical and thermal properties, bisphe-
nol A polycarbonate (PC) has been commonly used as
engineering plastics in a wide variety of applications. In some
applications including business machineries, electric and elec-
tronic appliances, automobile and building fields, it is strongly
desired to render the materials flame retardancy. To meet such
needs, numerous flame retarding techniques have been proposed
for PC [1-3]. Organic halogen compounds have been commonly
used for polymeric materials flame retarding because of their
extremely high flame retardancy [4]. However, these compounds
might generate highly toxic and potentially carcinogenic sub-
stance during combustion [5,6]. For this reason, efforts were
made on the technique of achieving flame retardance with no
or less amount of toxic substances forming during combustion.
Various halogen-free flame retardants have been tried to use for
polymers in recent years [7,8].
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Silicone has a characteristic of high heat resistance and
non-toxicity. It releases less amounts of toxic gases in case
of fire. Several types of silicone have been proposed as the
flame retardant for the PC, and some of them are of effec-
tive flame retardancy. The addition of relatively small amount
of silicone to polymeric materials can significantly improve
their flame retardancy. They are considered to be ‘environmen-
tally friendly’ additives [6,9]. Research efforts on the silicone
flame retardants are increasing [10-12]. Iji and Serizawa inves-
tigated some silicone derivatives as flame retardants for the PC
and its derivatives [13]. They found a special silicone with a
branched structure, a phenyl-rich mixture of phenyl and methyl
groups in the chain and methyl groups at the chain terminals
to be effective in retarding the combustion of PC. They pro-
posed that the superior flame retardant effect of the branched
silicone with methyl and phenyl owing to its excellent disper-
sion in PC and its rapid movement to the surface of PC to
form the highly flame resistant char barrier during combus-
tion. Hayashida et al. studied the flame retarding mechanism
of the PC with a trifunctional phenyl-rich silicone additive by
pyrolysis-gas chromatography (PY-GC) [14]. They suggested
that the formation of the cross-linking structures between the
PC substrates and the phenyl silicone additives might play
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an important role for the flame retardancy of the PC-silicone
system.

The flame retardancy of a polymer is closely related to
its thermal degradation behavior [15]. So, in order to clar-
ify the mechanism of the flame retardant, understanding the
degradation behavior of a polymer is necessary. In the present
study, the thermal decomposition behavior of the PC contain-
ing methylphenyl-silicone with branched structure at different
heating rates in air atmosphere was studied using the thermo-
gravimetric analysis (TGA), and the thermal decomposition
activation energies for the PC and the PC-silicone blend were
investigated using Ozawa method. There are many methods of
kinetic analysis of the thermal degradation of polymers [16-19].
Among these, the Ozawa method is the most useful one to obtain
decomposition activation energy. Using this method, there is no
need to consider any reaction models [20,21]. In addition, energy
dispersive X-ray analysis (EDX) was used to detect the change
of silicon content on the surface of the flame-retarded PC after
combustion. Its flame retarding mechanism was discussed.

2. Experimental
2.1. Materials

The PC used in this study was produced by Idemitsu Petro-
chemical Co. Ltd. (Japan). The silicone sample was synthesized
by hydrolysis and condensation of methoxysilane containing
phenyl and methyl. It consists of 75mol% phenylsiloxane and
25mol% methylsiloxane units. Its end groups were mainly
methyls with a few hydroxyls. The ratio of organic groups to
silicon atoms (R/Si) which was used to indicate the branched
extent of a polysiloxane structure was 1.2.

The PC was dried in the oven at 102°C for 24 h prior to
blending. The flame-retarded PC (SFR-PC) sample was blended
with 90 wt.% of the PC substrate and 10 wt.% of silicone flame
retardant by melt blending at 260 °C.

2.2. Thermal analysis

Thermogravimetry (TG) was carried outonaNETZSCH STA
409 PG/PC thermoanalyzer. About 10 mg of a tested sample was
heated from 25 °C up to 800 °C under an air flow using heating
rates of 5, 10, 15 and 20 °C/min, respectively. The temperature
reproducibility of the TGA is +-3 °C and error range of the mass
is +3%.

The thermal degradation activation energy was determined
directly from mass loss versus temperature data obtained at sev-
eral heating rates by the Ozawa method [19]. According to this
method, the equation of thermal decomposition can be expressed
as follows:

d(logr)
d@/7)

E
—0.4567—
R

where r is the heating rate, T the absolute temperature at the
different heating rate under the same mass loss, E the activation
energy of the decomposition reaction and R is the gas constant.

The above equation shows that log r is linearly proportional
to 1/T. The activation energy can then be determined by a cal-
culation of the slope from the log r — 1/T plots.

2.3. Energy dispersive X-ray analysis (EDX)

Scanning electron microscopy (SEM) was equipped with
an X-ray detector for energy dispersive X-ray analysis (EDX)
(EDAX GENENIS4000). Si atoms on the surface of the SFR-PC
sample before and after combustion were analyzed by EDX.

2.4. Infrared (IR) measurement

The solid combustion residues were collected and analyzed
using the standard KBr-pellet technique by an infrared analyzer
(AVATAR 360FT Nicolet).

2.5. Limiting oxygen index (LOI) test

The LOI value was measured on an oxygen index instru-
ment JF-3 produced by Jiangning Analysis Instrument Factory,
according to 1SO4589-1984 standard. The dimensions of all
samples are 130 mm x 6.5 mm x 3mm.

3. Results and discussions
3.1. Thermal analysis results

The thermogravimetric curves for the PC and the SFR-PC
samples observed in an air flow at different heating rate are
given in Figs. 1 and 2, respectively. Tables 1 and 2 show the
corresponding characteristic mass loss data. The curves of the
PC and the SFR-PC show a two-step degradation process. The
first stage of mass loss of the pure PC occurs at 450-540°C,
which is almost similar to that in N2 atmosphere [22]. A slower
second degradation stage is the char oxidation. The temperature
of degradation onset of the SFR-PC is lower than that of pure
PC. The lower degradation onset temperature of the SFR-PC
results from the thermal depolymerization of the silicone from
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Fig. 1. TG curves of PC in air at heating rate: (a) 5°C/min, (b) 10 °C/min, (c)
15°C/min and (d) 20 °C/min.
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Fig. 2. TG curves of the SFR-PC in air at heating rate: (a) 5°C/min, (b)
10°C/min, (c) 15°C/min and (d) 20 °C/min.

its chain ends. The end groups of the silicone to be used contain
a few hydroxyls, which induce decomposition of the polymer
from chain ends in lower temperature [23]. It is speculated that
the decomposition of the silicone in lower temperature might be
beneficial to cross-linking reactions and formation of the char
in the silicone-PC system. However, the temperature at 50% of
mass loss and the temperature at maximum mass loss rate for
the SFR-PC are all higher than those of the PC, respectively. At
the heating rate of 5°C/min, the temperature at 50% of mass
loss shifts from 470 °C for the PC to 511 °C for the SFR-PC. It
can be observed from the TG curves and the data that the char
residue at 800 °C in air atmosphere increased obviously when
the 10 wt.% of methylphenyl-silicone was added to the PC. The
char residue of the SFR-PC was 12.3% of the initial mass, but
only 1.0% for PC at the heating rate of 5°C/min. These results
indicate that the addition of methylphenyl-silicone enhances the
thermal stability of PC and promotes the formation of char.
With increasing the heating rate from 5 to 20 °C/min, the
decomposition curves of both the PC and the SFR-PC shift

Table 1
TG data of PC obtained in air atmosphere at different heating rate

logr
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Fig. 3. The logarithmic heating rate vs. the reciprocal absolute temperature for
PC with various mass loss (W: mass loss).

Table 3
The decomposition activation energies of PC and the SFR-PC

Mass loss Activation energy (kJ/mol)

PC SFR-PC
0.25 171.2 250.5
0.50 187.7 3035
0.80 127.0 167.8
Mean 162.0 240.6

to higher temperatures. The activation energies of the thermal
degradation of the PC and the SFR-PC were determined using
the Ozawa method. The linear plots of log r versus 1/T at mass
loss values 25, 50 and 80% are shown in Fig. 3 for the PC and
Fig. 4 for the SFR-PC, respectively. The calculation results are
shown in Table 3.

Heating rate (°C/min) Temperature (°C)

Char residue at 800 °C (wt.%)

Onset of degradation?

50% mass loss

Maximum mass loss rate

5 384 470
10 409 485
15 430 499
20 437 507

471 1.0
486 1.4
503 11
510 0.7

& Temperature for 1% mass loss.

Table 2
TG data of the SFR-PC obtained in air atmosphere at different heating rate

Heating rate (°C/min) Temperature (°C)

Char residue at 800 °C (wt.%)

Onset of degradation?

50% mass loss

Maximum mass loss rate

5 211 511
10 209 515
15 216 523
20 223 530

488 12.3
509 8.4
513 8.3
516 10.3

@ Temperature for 1% mass loss.



46 W. Zhou, H. Yang / Thermochimica Acta 452 (2007) 43—48

1.3 = W=25%
o W=50%
12 4 W=80%
1.1
—
g 104 . .
0.9
0.8
0.7 4 . n
T I T T T T T
1.10 115 1.20 1.25 1.30 1.35
1000/T (K)

Fig. 4. The logarithmic heating rate vs. the reciprocal absolute temperature for
the SFR-PC with various mass loss (W: mass loss).

Itis found that the activation energy of the SFR-PC is greatly
higher than that of pure PC. The branched silicone with methyl
and phenyl increases the thermal degradation activation energy
and reduces the decomposition rate of the PC. This result is con-
sistent with the thermogravimetric analysis that the SFR-PC has
an increasing char residue and higher thermal stability. The sili-
cone flame retardant promotes the formation of char during the
thermal degradation. The char layer might play an important role
for the flame retardancy of the silicone based flame retardant-PC
system.

3.2. Flame retarding mechanism of polycarbonate
containing methylphenyl-silicone additive

Flame retardancy of the molded plastics was determined
by the limited oxygen index (LOI) method, which detects
the minimum oxygen concentration needed to support com-
bustion after ignition. The LOI of the PC containing 5wt.%
of methylphenyl-silicone with branched structure was 34%,
while the LOI of pure PC was 26%. This result indi-
cated that the methylphenyl-silicone with branched structure
to be used had a sufficient flame retardant effect for
the PC.

The PC and the SFR-PC sample were thermally treated by
heating each of them at 400 °C for 40 min in an electric oven
under air atmosphere. The PC sample therefore charred and
became black substance-like after combustion. However, the
SFR-PC sample merely formed a thin brown char layer on
the surface. Underneath the thin brown char layer, the sample
remained white melting resin. This char layer was then put into
chloroform for 2 days. The char was found insoluble in chloro-
form. This indicated that the char layer formed by cross-linking
reactions in the silicone-PC system during the thermal degrada-
tion, and the char layer could serve as a good insulating barrier
to reduce the radiant heat and the decomposition rate of the PC.

EDX analysis was carried out for surfaces of the SFR-PC
before and after combustion, and the results were shown in Fig. 5
and Table 4. When the SFR-PC burnt for 5, the silicon content
of its surface was 2.13wt.%, which was less than that of the
SFR-PC before combustion. However, after that silicon content
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Fig. 5. EDX analysis of the SFR-PC: (a) before combustion, (b) combustion for 55, (c) combustion for 15s and (d) combustion completely.
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Table 4

Elemental composition of the surface of the SFR-PC by EDX measurement
The SFR-PC samples Si (Wt.%) C (wt.%) O (wt.%)
Before combustion 2.25 83.48 14.27
Combustion for 5s 2.13 82.88 14.98
Combustion for 15 4.02 81.22 14.76
Combustion completely 8.95 80.68 10.37

of the surface of the SFR-PC increased with the combustion
going on. The silicon content increased to 8.95wt.% when the
SFR-PC burnt completely. During the initial process of com-
bustion, the Si—O bond scission of the silicone has produced the
volatile products containing silicon, which resulted in a decrease
for the surface silicon content of the SFR-PC. After burning sev-
eral seconds, the thermo-oxidative degradation of PC became
faster, and the degradation of silicone was slower than that of
PC. Simultaneously, the silicone moved to the PC surface, and
silicon accumulated on the surface of the polymer to form a
barrier to mass transport and to protect the underlying polymer
from the flame.

To clarify the structure of the flame resistant barrier on the
surface, the SFR-PC was analyzed before and after combustion
by infrared (IR) measurement. The IR spectra of the SFR-PC are
shown in Fig. 6. The bonds in a region of the 2800-3200 cm 1
are for C-H stretching. Aromatic carbon hydrogen and sp®
carbon hydrogen stretching are above and below 3000 cm—1,
respectively. sp® carbon hydrogen peaks decreased while aro-
matic carbon hydrogen peaks almost remained unchanged when
the polymer had burnt for 5s. These peaks were almost not
observed when the SFR-PC combusted completely. The alco-
holic peak at 3440 cm~! appeared in the three spectra, and the
intensity of the peak increased after the SFR-PC combustion.
This indicated the presence of a considerable amount of alcohol
groups in the char. The peak at 1074 cm~1 was still observed
in Fig. 6(c), which was attributed to Si—O bond [24]. The peaks
at 798 and 1618 cm~—! appeared in Fig. 6(b), which might be
the condensed aromatic bonds, and the intensities of these two
peaks increased when the SFR-PC combusted completely. Dur-
ing the combustion of the SFR-PC, the dehydrogenation among
phenyl of the silicone took place and the condensed aromatic
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Fig. 6. IR spectra of the SFR-PC: (a) before combustion, (b) combustion for 5s
and (c) combustion completely.
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Fig. 7. Pathway of dehydrogenation among phenyl of the silicone.
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Fig. 8. Cross-linking pathway of the SFR-PC.

structure formed. The hydroxyl of the degradation products of
the PC attacked the carbon silicon bond in silicone to form
cross-linking structure at high temperature. The formation of
the condensed aromatic structure and the cross-linking process
were illustrated in Figs. 7 and 8. With the combustion going on,
the extent of cross-linking increased, therefore the structure of
the char became more complicated and compact.

Based on the observed results for the SFR-PC, it was pro-
posed that the methylphenyl-silicone with branched structure
induced cross-linking reactions and promoted to form a char
on the surface of the SFR-PC during combustion, which was
of cross-linking structure and consisted of condensed aromatic
compounds and siloxane units. The char acts as a good insulating
barrier, which reduces radiant heat of flame, suppresses the ther-
mal degradation of the polymers, and also restrains the diffusion
of flammable degradation products into the combustion zone.

4. Conclusions

The degradation residue of polycarbonate containing
methylphenyl-silicone with branched structure (SFR-PC) at
800°C in air atmosphere is obviously higher than that of the
PC. The decomposition activation energy of the SFR-PC is also
considerable higher than that of the PC. The addition of the sil-
icone enhances the thermal stability of the PC and promotes
the formation of char. The methylphenyl-silicone is effective in
flame retarding for the PC. The superior flame retarding effect
of the silicone is proposed from a result of the formation of
the cross-linking structured char, which consists of condensed
aromatic compounds and siloxane units on the SFR-PC sur-
face during combustion. The char acts as an insulating barrier to
reduce both radiant heat of flame and the diffusion of flammable
degradation products into the combustion zone.

Acknowledgement

This work was financially supported by the Key Science and
Technique Project (no. 2006C21084) of Zhejiang Province of
China.



48 W. Zhou, H. Yang / Thermochimica Acta 452 (2007) 43—48

References

[1] X. Huang, X. Ouyang, F. Ning, J. Wang, Polym. Degrad. Stab. 91 (2006)
606-613.
[2] D.J. Liaw, P. Chang, Polymer 38 (1997) 5545-5550.
[3] H. Sato, K. Kondo, S. Tsuge, H. Ohtani, N. Sato, Polym. Degrad. Stab. 62
(1998) 41-48.
[4] S. Zhang, A.R. Horrocks, Prog. Polym. Sci. 28 (2003) 1517-1538.
[5] G.E. Zaikov, S.M. Lomakin, J. Appl. Polym. Sci. 68 (1998) 715-725.
[6] S.Y. Lu, I. Hamerton, Prog. Polym. Sci. 27 (2002) 1661-1712.
[7] L. Qiu, R. Xie, P. Ding, B. Qu, Compos. Struct. 62 (2003) 391-395.
[8] R. Xie, B. Qu, Polym. Degrad. Stab. 71 (2001) 357-380.
[9] Itagaki, Akinari, Yamaya, Masaaki, US patent 2004. 6706825.
[10] R.P. Kambour, H.J. Klopfer, S.A. Smith, J. Appl. Polym. Sci. 26 (1981)
847-859.
[11] R.P. Kambour, J. Appl. Polym. Sci. 26 (1981) 861-877.

[12] Nodera, Akio, US patent 2004. 6727312.

[13] M. lji, S. Serizawa, Polym. Adv. Technol. 9 (1998) 593-600.

[14] K. Hayashida, H. Ohtani, S. Tsuge, K. Nakanishi, Polym. Bull. 48 (2002)
483-490.

[15] B.N. Jang, C.A. Wilkie, Thermochim. Acta 426 (2005) 74-84.

[16] J.H. Sharp, S.A. Wentworth, Anal. Chem. 41 (1969) 2060-2062.

[17] H.H. Horowitz, G. Metzger, Anal. Chem. 35 (1965) 1464-1468.

[18] J.H. Flynn, Thermochim. Acta 282/283 (1996) 35-42.

[19] T. Ozawa, Bull. Chem. Soc. Jpn. 38 (1965) 1881-1886.

[20] X.L. Lu, Q. Zhu, Y.Z. Meng, Polym. Degrad. Stab. 89 (2005) 282-288.

[21] R.Zong, Y. Hu, S.Wang, L. Song, Polym. Degrad. Stab. 83 (2004) 423-428.

[22] S. Liu, H. Ye, Y. Zhou, J. He, Z. Jiang, J. Zhao, X. Huang, Polym. Degrad.
Stab. 91 (2006) 1808-1814.

[23] N. Grassie, K.F. Francey, I.G. Macfarlane, Polym. Degrad. Stab. 2 (1980)
67-83.

[24] C. Zhou, G. Li, J. Song, Polym. Mater. Sci. Eng. 16 (2) (2000) 109-111.



	Flame retarding mechanism of polycarbonate containing methylphenyl-silicone
	Introduction
	Experimental
	Materials
	Thermal analysis
	Energy dispersive X-ray analysis (EDX)
	Infrared (IR) measurement
	Limiting oxygen index (LOI) test

	Results and discussions
	Thermal analysis results
	Flame retarding mechanism of polycarbonate containing methylphenyl-silicone additive

	Conclusions
	Acknowledgement
	References


