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Synopsis 

The thermogravimetric analysis (TGA) of three block copolymers of poly(dimethylsi1oxane)- 
Bisphenol-A-polycarbonate was measured in nitrogen and air from just above room temperature 
to 1000 K. Measurements were made on a Perkin-Elmer TGS-2 system equipped with a System 
4 microprocessor controller. Weight loss curves were obtained for heating rates ranging from 1.5 
(or lower) to 80°C/min. Results were analyzed according to the method of Flynn and Wall. Two 
degradation reactions were observed in air and in nitrogen, respectively. In air, the activation energy 
was found to be 28-35 kcal/mol. In the inert atmosphere, activation energies were 44 f 3 kcal/mol 
and 11-27 kcal/mol, respectively. No straightforward relationship was found between the thermal 
stability of the copolymers and their composition. The morphology of char residues formed at  
8O0C/min heating rate to 1000 K have been examined in relation to the Si content. The degree of 
char formation at  different heating rates has been established in nitrogen and in air, respectively. 

INTRODUCTION 

Silicone polymers have thermal stabilities superior to many organic materi- 
a l ~ . ~ - ~  In combination with aromatic structures, such as polycarbonates, which 
also possess good thermal properties, the final product may possess some of the 
best qualities of both polymeric ingredien t~ . l ,~ .~ ,~J~  This is especially true when 
both constituents are present in block form2 and of variable or fixed length(s). 
Block copolymers1 are now well recognized as high performance thermoplastics 
that possess desirable qualities such as good (1) impact strength, (2) toughness, 
(3) flame resistance, (4) flexibility, (5) thermal stability, and other properties 
depending upon their composition and structure. Tailor-made qualities1J1J2 
may be incorporated in macromolecules through the judicious choice of sub- 
stituents and synthetic procedures. Optimum physical p r ~ p e r t i e s l , ~ J ~ J ~  can 
be arrived at  via the proper choice of chain backbone or substituents, degree of 
polymerization, and block dimensions commensurate with commercial andlor 
other requirements. Based upon experience or material evaluation procedures, 
the most apt characteristics compatible with cost or other constraints may be 
incorporated into the required polymer. 

Since this paper is primarily concerned with kinetic aspect of thermal stability 
in inert and oxidative environments, it is appropriate to review briefly the lit- 
erature information on bisphenol-A-polycarbonate (BPAC)15-18 and poly(di- 
methylsiloxane) (PDMS). In summary, BPAC exhibits thermal decomposition 
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below 250°C. Above 25OoC, the degradation begins with reactions at  the end 
groups. These are primarily oxidative reactions.16 Below 4OO0C, the carbonate 
group is degraded, while above 400°C depol ymerization reactions such as chain 
scission and condensation compete in the decomposition processes. Chain 
scission is the predominant reaction whenever degradation products remain in 
the system, whereas, if such products are removed, condensation reactions 
dominates.16 At temperatures in excess of 500"C, a more complex situation 
exists. Many reactions, such as chain scission, hydrolysis, crosslinking, and 
decarboxylation may compete in the thermal degradation of the polymer. 

to degrade in a two-step 
process between 320°C and 400°C. A thermooxidative reaction first occurs, 
oxidizing the methyl groups. Above 400"C, a randomly initiated depolymer- 
ization reaction takes place, giving rise to cyclic dimethylsiloxanes and low- 
molecular-weight linear residues. To some extent, cyclization reactions may 
be reduced through strengthening the Si-0 bond by attaching electron with- 
drawing groups to the ~ i l i c o n . ~ . ~  In this regard, phenyl type or carborane groups 
have proved to be effective. This modification either raises the threshold 
temperature for degradation or changes the mechanism for the formation of cyclic 
oligomers, thus promoting some degree of crosslinking and preventing ring for- 
mation and char formation at  high temperatures. So far, these two processes 
have not been identified and distinguished in the literature, although either 
homopolymer BPAC or DMS is relatively stable, but impurities will catalyze 
and/or impair their resistance to thermal stress. In practice, additives are usually 
employed industrially to combat degradation and discoloration. 

To some extent, the development of copolymers of BPACDMS (used in the 
present investigation) have benefited from recent advances in polymer tech- 
nology providing silicone-containing alternating block copolymers that have been 
designed to meet specific needs.lJ2J9 The purpose of this paper is to evaluate 
some of the thermal properties of a selected group of three block copolymers 
containing dimethylsiloxane block dimension which seems adequate to enhance 
many of the physical properties of the bisphenol-A-polycarbonate, which is the 
other copolymer constituent. Although each polymer has many characteristics, 
it is very difficult to optimize on all aspects of physical properties, as a recent 
report has indicated.l Still, major commercial goals can be met in order to satisfy 
stringent demands, particularly in regard to mechanical properties and flam- 
mability criteria. For instance, Limiting Oxygen Index values approaching 50 
have been found for some BPACDMS materia1s.l Furthermore, a correlation 
has been reported between residues formed at 700°C approximately and the SiO2 
level in the copolymer, but other complex reactions involving carbon are also 
contributory to residue formation. 

It has been suggested that the incorporation of polysiloxane components in 
a copolymer impart flame-retardant qualities without halogens, the latter fre- 
quently introducing toxicological problems20,21 when polymers undergo ther- 
mooxidative reactions. So far, not enough attention has been given to this 
problem, which is of considerable importance whenever the polymer encounters 
thermally hostile environments. Some evaluation of the thermal degradative 
behavior in BPAC/DMS copolymer is presented in this paper. 

PDMS is stable below 320°C. It has been 
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Fig. 1. Physical structure of the poly(dimethylsi1oxane)hisphenol-A-polycarbonate block co- 
polymer. (See Ref. 28.) 

EXPERIMENTAL 

Materials 

Copolymers of bisphenol-A-polycarbonate (BPAC) and dimethylsiloxane 
(DMS) with a DMS block size of approximately 20 units were kindly provided 
by Dr. Roger Kambour of the General Electric Co., Schnectady, New York. The 
chemical structure of the copolymer is illustrated in Figure 1, and the three 
sample compositions are listed in Table I; they are free of additives except for 
remanents of catalyst residues which are sometimes difficult to remove en- 
tirely. 

Measurements 

Thermal Analysis 

Thermal stability measurements were made in air and in nitrogen. A Per- 
kin-Elmer TGS-2 instrument with a System 4 microprocessor controller was used 
to perform the thermogravimetric analysis (TGA). Heating rates used in this 
investigation ranged mostly from 1.5 to 80"C/min. Sometimes rates as low as 
O.G"C/min were used. In all instances, gas flow rates were 25 mL/min. The 
sample size was 3 4  mg, approximately, for a given run. A t  least duplicate 
measurements were made a t  each specified heating rate. 

The char yield in any run was determined from the appropriate thermo- 
gram. 

SEMIEDAX Analysis 

The chars formed upon heating specimens at  80"CImin to 750°C in nitrogen 
and in air were examined in a scanning electron microscope, type AMR/200 fitted 
with energy dispersive analysis (EDAX) accessories. The morphological features 

TABLE I 
Composition of the PDMS-PBAC Block Copolymer Samplesa 

Sample 
no. Wt % DMSb 

Average 
DMS 
block 

Wt % PBACb length 

I 
I1 

I11 

65 (62.8) 
25 (21.9) 
50 (47.8) 

35 (37.2) 
75 (78.1) 
50 152.2) 

20 
20 
20 

a Materials were kindly provided by Dr. Roger Karnbour, General Electric Co., Schnectady, 

Later characterization of these samples26 indicates that the values in parentheses are more ac- 
N.Y. 

curate. The rounded numbers are retained here to facilitate comparison with earlier literature. 
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of these chars as well as their Si content was assessed by energy dispersive X-ray 
analysis (EDAX). Quantitative analysis of Si content in char residues was de- 
termined analytically by Galbraith Laboratories, Inc., Knoxville, TN. 

Kinetic Analysis 

Using the analytical approach of Flynn and Wallz2 activation energies E of 
polymer degradation were determined from the non-TGA runs. They were 
derived by making crossplots of the logarithm of the heating rate P (= d T / d t )  
vs. the reciprocal of the absolute temperature T at a selected degree of conversion 
C, which must not be too large. In these circumstances a t  constant conversion 
rate d C l d t ,  

where E is expressed as -4.35 d log P/d (T- l ) .  In this equation, A is a preex- 
ponential factor (constant) and R is the gas constant. 

RESULTS AND DISCUSSION 

(Thermograms were generated for each run for the three block copolymer 
samples investigated. Six and often seven different heating rates from room 
temperature up to 750°C were used in air and in nitrogen.) Representative 
thermograms, weight loss and first derivative curves, for the three copolymer 
samples a t  a heating rate of 1.5OC/min in both air and nitrogen respectively are 
shown in Figures 2,3,  and 4. Degradation curves at the other heating rates in 
similar environments are presented in Figures 5,6, and 7. These curves indicate 
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Fig. 2. Thermogram for the block copolymer sample I, containing 65 wt TO DMS (block size 20 
units) and 35 wt % PBAC with a heating rate of 1.5OC/min. Curves N and A are weight loss curves 
in nitrogen and air, respectively, and N1 and A1 are the corresponding first derivative curves. 



THERMAL ANALYSIS STUDY OF BPAC/DMS 605 

I .oc 

% 0.75 
v) 
E 
z 
5 0.5C 

0.25 

Temperature ('C) 
100 200 300 400 500 600 700 

1 1 1 1 1 1 1 1 1 1 1 1 1 1  

------- 
r---. 

1 1 1 1 1 1 1 1 1 1 1 1 1 1  

400 500 600 700 800 900 I ooc 
Temperature (K  1 

Fig. 3. Thermogram for the block copolymer sample 11, containing 25 wt % DMS (block size 20 
units) and 75 wt% PBAC with a heating rate of 1.5OC/min. Curves Nand  A are weight loss curves 
in nitrogen and air, respectively, and N1 and A1 are the corresponding first derivative curves. 

that two degradation reactions are present. The temperature ranges for the 
initial decomposition temperature (IDT) corresponding to the onset of 2.5% 
weight loss in the two different environments are presented in Table I1 for 
comparison. The thermal stability of the samples at  selected heating rates in 
air and in nitrogen are summarized in Tables I11 and IV. Values are expressed 
in terms of wt % of starting material. 
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Fig. 4. Thermogram for the block copolymer sample 111, containing 50 wt % DMS (block size 20 
units) and 50 wt % PBAC with a heating rate of 1.5OC/min. Curves N and A are weight loss curves 
in nitrogen and air, respectively, N1 and A1 are the corresponding first derivative curves. 
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Fig. 5. Thermogram for block copolymer sample 11, containing 25 wt % DMS (block size 20 units) 
and 75 wt % PBAC with a heating rate of 20°C/min. Curves N and A are weight loss curves in ni- 
trogen and air, respectively, and NI and A1 are the corresponding first derivative curves. 

Plots of log p vs. l IT(K) ,  at  constant conversion are shown in Figures 8-13. 
From these graphs, values of the activation energy(s) for thermal degradation 
were calculated by the method outlined by Flynn and and are tabulated 
in Table V. In Table VI, values of the activation energy for the homopolymers, 
polydimethylsiloxane, and bisphenol-A-polycarbonate, determined by other 
investigators, are shown for comparison with our results. 

Fig. 6. Thermogram for the block copolymer sample I, containing 65 wt % DMS (block size 20 
units) and 35 wt % PBAC with a heating rate of 80°C/min. Curves N and A are weight loss curves 
in nitrogen and air, respectively, and N1 and A, are the corresponding first derivative curves. 
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Fig. 7. Thermogram for the block copolymer for sample 111, containing 50 wt % DMS (block size 

20 units) and 50 wt % PBAC with a heating rate of 10°C/min. Curves N and A are weight loss curves 
in nitrogen and air, respectively, and N1 and A1 are the corresponding first derivative curves. 

In air, the activation energies for our copolymers ranged from 28.2 f .4 kcal/mol 
to 35.6 f 3.5 kcal/mol for the initial or first degradative reaction El .  This value 
compares well with results reported by other investigators. For instance, 
Thomas and Kendrick4 presented an initial activation energy of 30 kcal/mol for 
PDMS in air, Lee18 cited a value for the activation energy for BPAC of 33 kcal/ 

TABLE I1 
Initial Decomposition Temperatures (IDTP 

Sample no. Wt % DMS IDT (OK) Environment 

I1 25 657-787 air 
I11 50 613-719 air 

I 65 637-735 air 
I1 25 680-794 Nz 

I11 50 663-745 Nz 
I 65 6 8 ~ 3 1 0  Nz 

Initial decomposition temperatures occurred at  conversion, C = 2.5%. 

TABLE I11 
Thermal Stability of DMS-PBAC Copolymers in Air a t  Selected Heating Rates 

% sample 
Sampleno. 350°C 400°C 450°C 500°C 550°C 

Heating rate 1.5"C/min I 98 85 66 62 56 
I1 100 90 61 51 41 

I11 97 87 70 60 50 

Heating rate 20"C/min I 99.5 98 92.5 74 62 
I1 100 100 100 88 67 

I11 99.5 98 94 80 52 
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TABLE IV 
Thermal Stability of DMS-BPAC Copolymers in Nz at  Selected Heating Rates 

% sample 
Samde 350°C 4OOOC 45OOC 500°C 550°C 

Heating rate 1.5OC/min I 100 98 82 31 20 
I1 98 97 90 35 17 

I11 97 96 91 68 14 

Heating rate 20°C/min I 99 98 97.5 95 83 
I1 100 100 99 98 60 

111 98 97.5 96 94 55 

mol, and Knightlo quoted values of 29.4 kcal/mol for BPAC and 14.1 kcal/mol 
for PDMS, respectively. The latter value has been attributed3 to a high-tem- 
perature-catalyzed reaction. In general, it has been shown that replacing one 
of the methyl groups in PDMS lowers its activation energy. Where ethyl or 
propyl substituents are used, the value drops to 30 kcal/mol and 23 kcal/mol, 
respectively. However, a phenyl substituent raises it once more to 40 kcal/ 
mol. 

The Flynn-Wall model used for kinetic analysis is most reliable a t  lower de- 
grees of conversions. This limitation prevents an accurate evaluation of the 
activation energy for a second reaction, particularly for our copolymer samples 
that are degraded in air, since two reactions occur in all PDMS-PBAC co- 
polymers examined. The first reaction seen to occur in the lower temperature 
regime, illustrated in Figures 8, 9, and 10, is believed to be a thermooxidative 
reaction wherein the methyl groups of the dimethylsiloxane portion of the 
macromolecules and the end groups of the polycarbonate portion are involved. 
A second reaction, occuring at  higher temperatures, for which no activation en- 
ergy was determined, is most likely to be a depolymerization process wherein 
the chain backbone of the copolymer is attacked at the siloxane bond and/or the 
carboxyl group. 

Recently, detailed investigations7>* have demonstrated that electron with- 
drawing groups attached to silicon can strengthen Si-0 bonds through en- 
hancing the interaction of the oxygen lone pair electrons in bonding, thus re- 
ducing the propensity for cyclization reactions, as phenyl substituents have 
shown. Moreover, in poly(dodecacarborane-silanes), the percent weight mea- 
sured in argon at  800°C is reduced because the m-carborane impedes the chain 
depolymerization compared to poly(DMS) itself. Here23 it has been pointed 
out that phenyl-substituted carboranes impart additional thermal stability in 

TABLE V 
Activation Energies of Polymer Samples 

Activation energy (kcal/mol) 
Sample no. Wt % DMS El E2 E3 Environment 

air 
- air 
- air 

41.4 f 3.7 11.2 f 1.3 Nz 
43.3 f 3.2 26.9 f 6.0 Nz 

I11 50 - 47.0 + 2.7 24.8 f 3.5 N? 

I 65 32.7 f 0.8 - - 

I1 25 28.2 f 0.4 - 

I11 50 35.6 f 3.5 - 
I 65 - 

I1 25 - 
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Fig. 8. Plot of log p vs. 103/T for sample I, containing 65 wt % DMS (block size 20 units) and 35 

wt % PBAC, in air. Conversion (a): (@) 2.5; (0) 5; (0 )  10; (0 )  15; (0 )  20; (0 )  25. 

accordance with the fact that such groups promote crosslinking and, conse- 
quently, reducing sample weight loss. On the other hand, relatively short DMS 
side groups attached to polycarbonate only improved marginally the thermal 
behavior of this polymer compared with the original homopolymer. The fact 
that the activation energies for PDMS and PBAC homopolymers are not very 
different (see Table VI) poses a real problem which cannot be resolved without 
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Fig. 9. Plot of log p vs. lo3/?' for sample 111, containing 25 wt % DMS (block size 20 units) and 

75 wt ?b PBAC, in air. Conversion ( W ) :  (@) 2.5; (0) 5; (0 )  10; (8 )  15; ( 0 )  20; ( 0 )  25; ( 0 )  30; (8 )  
35; (0) 40. 
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I .o 
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103/T(K) 
Fig. 10. Plot of log @ vs. 103/T for sample 111, containing 50 wt % DMS (block size 20 units) and 

50 wt % BPAC, in air. Conversion (70): (e) 2.5; (0) 5; ( 0 )  10; (8 )  15; (0 )  20. 

recourse to a detailed GC/mass spectrometer analysis and concomitant molecular 
weight (GLC) analysis of the solid phase residue that arises. 

However, from the experimental thermograms in nitrogen, two reactions are 
indicated. The second activation energy is apparent in Figures 11-13; the lower 
activation energy found here may be indicative of a catalyzed reaction similar 
to that suggested by Kucera and Lanikova.21 Although it has been demonstrated 
that only C-H24 and Si-C25 bonds are ruptured when PDMS and polymethyl 

0.1 ' I 
1.10 1.20 I .30 1.40 1.50 I .60 

103/T(K) 
Fig. 11. Plot of log /3 vs. 103/T for sample I, containing 65 wt % DMS (block size 20 units) and 35 

wt % BPAC, in nitrogen. Conversion (%): (0) 5; (0 )  10; (8 )  15; (a) 20; (0 )  25. 
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75 wt % BPAC in nitrogen. Conversion (%): (@) 2.5; (0) 5; (0 )  10; (8 )  15; ( 0 )  25; (0 )  30. 

phenylsiloxanes are degraded by UV light, heterocyclic cleavage of Si-0 will 
occur in the presence of electrophillic and nucleophillic reagents (including 
impurities). The reaction associated with the higher activation energy in PDMS 
has been attributedl to the formation of a transition-state complex followed by 
Si-0 bond scission as suggested by Thomas et aL4 and others. In an extensive 
treatise on siloxanes from the Russian literature,26 it has been claimed that the 
cleavage of Si-0-Si occurs via a molecular transfer mechanism, thus ac- 

Fig. 12. Plot of log p vs. 103/T for sample 11, containing 25 wt % DMS (block size 20 units) and 
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Fig. 13. Plot of log p vs. lo3/" for sample 111, containing 50 wt 7% DMS (block size 20 units) and 

50 wt 9% BPAC in nitrogen. Conversion (%): (0) 5; (0 )  10; (0 )  15; (0 )  20; ( 0 )  25; ( 0 )  30. 
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TABLE VI 
Literature Values of Activation Energy for DMS-Type Polymers 

Reference 
Material El (kcal/mol) Ez (kcal/mol) Environment source 

Poly(dimethylsi1oxane) 44.5 17.1 Nz 2 
30 43 f 3 air 3 
14.1 32 air 9 

Poly(tetramethy1-P- 42.7 14.1 N2 2 
silphenylene) siloxane/ 
polydimethyl siloxane 

polycarbonatea 
Bisphenol-A 36.5 - air 16 

33 55 air 18 
29.4 41.3 air 9 

Poly(tetramethy1-P- 44.3 14.2 N2 2 
sibhenvlene) siloxane 

* Note that degradation values in nitrogen are not available. 

counting for the low activation energy (20-70 kcal/mol) for thermal degradation, 
compared to the calculated Si-0 bond energy from the heat of combustion 
(101-1 20 kcal/mol). 

Char Formation 

The char level was determined for each copolymer as a function of heating rate 
and environmental conditions. Generally, the residues formed in nitrogen ap- 
pear dark, whereas those formed in an oxidative environment also consist of 
relatively large amounts of greyish material (oxides of silicon). Figure 14 simply 
illustrates how the limiting char level corresponding to the upper flat region of 
the TGA curve depends upon heating rate from 0.6 to 80°C/min. Two trends 
in the char level are evident depending upon the environmental conditions of 
degradation. Heating in air, Figure 14 for instance, leads to a reduction in char 
residue where the weight losses recorded are in order I > I11 > I1 as the asymptotic 

1 I I I I I I I I  I I 1 1 1 1 1 1  I I I I l l 1 1  

0. I I .o 10 I 00 
Heating Rate ( K/min 1 

1.01 

Fig. 14. Char residue (wt W )  vs. heating rate (OK/min) for samples I, 11, and I11 pyrolyzed in air, 
A, and in nitrogen, N, respectively, at 80"C/min, heating rate. 
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limit is approached at  higher rates and temperatures. By way of contrast in a 
nonoxidative nitrogen atmosphere, a different trend is observed where levels 
lie in order I1 > I11 > I. With the exception of sample I1 with the lowest DMS 
wt %, the char production in air is usually larger than it is in nitrogen. Only the 
Si content of the char residues of these copolymers has been examined here, even 
though it is realized that the structure of the chars per se holds the clue to the 
innate fire retardant qualities of the copolymers in questi0n.l In this article, 
it has been shown that there is a strong correlation between Si content and LO1 
index in general. However, the volatile products of degradation cannot be ig- 
nored since they are generally related, inter aha, with the toxicity of the volatile 
products of degradation. In this work, however, only the silicone content of the 
residues for the highest heating rate used in air and in nitrogen was determined 
using an EDAX analyzer attached to the scanning electron microscope, which 
also provided the micrographs referred to later. (This rapid heating rate was 
used to simulate more closely the practical conditions experienced by samples 
under high heat fluxes.) The analytical results in Figures 15 and 16 contain 

8 7 5 S E C  1 8 8 C / S  
V S : l 8 8 8  H S :  5 8 E V / C H  

I---' 1 
I 

I1 

I11 

I 
E D A X  

8 7 5 S E C  l f l C / S  
V S : l 8 8 8  H S :  5 8 E V / C H  

E D A X  
8 7 5 S E C  1 7 1 C / S  

V S :  588 H S :  5 8 E V / C H  
I 

I 
E D A X  

Fig. 15. EDAX signal (in SEM) from pyrolyzed samples 1-111 of copolymers in nitrogen. Residues 
were prepared by heating at 8O0C/rnin to 750°C. Spectral lines are Si (K), Au (M), and Pd (L). Full 
scale is variable among samples for 75-s counting period. 
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Fig. 16. EDAX signal in SEM from copolymers 1-111. Residues obtained by heating in air to 750°C 
at 8O0C/min. Spectral lines are Si (K), Au (MI, and Pd (L). Full scale variable among samples for 
75-s counting period. 

spectral lines for Si (K) at  1.74 eV, Au (M) at  2.2 eV and Pd (L) at  2.9 eV. The 
Au and Pd comes from the coating material. The peak heights of Si relative to 
Au or Pd are evaluated later in regard to the Si or DMS content of the undegraded 
polymers. 

The corresponding char morphologies of the DMSDPAC copolymers, de- 
graded in nitrogen and air, are shown in Figures 17 and 18, respectively. Vari- 
ations in morphology are noted in Figure 19. 

Morphology and Analysis of Chars 

The chemistry and weight percent of each polymeric component of the co- 
polymer, as well as the environmental circumstances whereby the original sample 
is converted into char is significant. Although temperature gradients within 
samples are comparatively small in TGA work, nevertheless, thermal stresses 
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Fig. 17. Morphology of char residues of copolymers made by heating at 80°C/min in nitrogen. 
Scanning electron micrographs were prepared using gold-palladium-coated samples. 

exist so that the texture or morphology of the residue reflects to some degree the 
thermal decomposition conditions wherein gas and bubble evolution occurs. For 
identical heating rates, the thermal decomposition profiles (Figs. 2-7) differ 
because the ratio of DMSDPAC appears to influence char textures through the 
degradation kinetics. For instance, Figure 17(a)-(c) shows that when decom- 
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Fig. 18. Morphology of char residues of copolymers obtained under thermooxidative conditions 
(heating in air at 80°C/min). Micrographs were obtained from gold-palladium-coated speci- 
mens. 
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Fig. 19. The morphology of the fractured char residue from (a) sample I11 and (b) sample I1 
(fractured). Prepared in air at 80°C/min up to 750’C. 

position occurs in an inert atmosphere, similar-looking char textures result among 
samples I (65 wt % DMS) and I11 (50 wt % DMS), with I11 exhibiting smaller “cell” 
dimensions. Both materials possess relatively porous structures. For the same 
magnification (XSO), the char has more extensive smooth areas when the organic 
content of the residue is greatest as noted in sample 11, Figure 18(b). 

In a thermooxidative environment (air), a cellular structure is evident in 
sample I, Figure 18(a), and somewhat distended smoother areas are also no- 
ticeable here. This texture is in keeping with the morphology of sample 11, Figure 
18(b), which appears to possess a more compact char than either samples I or 
I11 [see sample 11, Figure 17(b)]. In the air-oxidized residues, cracks are more 
evident than in the nitrogen pyrolysates. For instance in sample 111, Figure 18(a), 
the cracks suggest that higher thermal stresses may have developed during de- 
compositionxeactions. Figure 19(a) also shows a micrograph of another area 
of sample I11 where the stresses may have been dissipated, without causing severe 
fracture, through “coiling” of the residue during degradation. In Figure 19(b), 
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TABLE VII 
Ratioa of Si in Chars Formed in Nitrogen (N) and Air (A) to Si in Original Copolymers (P) 

Sample no. 
Ratio I I1 I11 

Si(N)/Si(A) 1 
Si(A)/Si(P) 1 (1 )  
Si(N)/Si(P) 1 (1 )  

1.3 0.92 
4.5 (4.0) 1.7 (1.6) 
5.8 (5.1) 1.6 (1.5) 

a For EDAX peak heights appropriately normalized. 

a less porous texture is found. Elsewhere,l in degradative experiments it has 
been stated that void contents in the range 75-90% are commonly found and that 
the macroscopic char density usually increases with the DMS content for the 
BPACDMS copolymer system. Conclusions dealing with the morphology of 
these chars are somewhat tenuous, since artifacts can undoubtedly arise during 
sample handling and preparation for analysis. 

Silicon Residues 

Since silicone is the only element that is readily amenable to energy dispersive 
X-ray, analysis with minimal disturbance to the chars, a comparison of Si counts 
(Figures 14 and 15) provides the relative silicone levels listed in Table VII. (All 
readings are normalized with respect to gold and Pd for the respective scales in 
the figures for identical counting times.) A strong correlation between Si in the 
residue and Si in the virgin materials is not evident, thus indicating that signif- 
icant differences arise under inert and oxidizing conditions. As the DMS content 
is increased in these copolymers, more volatile cyclics are produced. Crosslinked 
structures must therefore feature in the reaction products as hydrogen ab- 
straction reactions occur a t  higher temperatures. As a consequence, C-C 
linkages from methyl groups in DMS as well as BPAC fragments have been 
fouridl in some chars. The fact that the Si residue ratios in Table VII do not show 
a strong correlation with the Si or DMS content of the original copolymers 
suggests that complex reactions take place under the fast heating rates, 80"C/min, 
used in this comparison. In support of this complexity is the fact that a strong 
correlation is not found between the Si content of char residue (determined 
analytically) and the Si in the original polymers (see Table VIII). 

In the review process, a referee indicated that the chemical structure of 
BPAC-DMS copolymers prepared by the method of Vaughn27 was more 
complex than originally believed. Rather than consisting of a continuous mo- 
lecular chain of random alternating sequences of bisphenol-A-polycarbonate 
and poly(dimethy1siloxane) blocks, sample I contains many isolated BPAC se- 
quences connected chemically to PDMS. On the other hand, sample I1 is com- 

TABLE VIII 
Si Content of Char and Original Polymers (P) 

Sample no. 
Ratio I I1 I11 

% Si(An) 10.7 
% Si(P) 24.7 (23.8) 

4.8 6.5 
9.5 (8.3) 19.0 (18.2) 

a A = air. 
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prised of PDMS blocks chemically linked to BPAC blocks. “Blockness” is 
therefore not so well defined as earlier work indicated, and the studies of Niznik 
and LeGrand28 attest to this fact. Reevaluation of the residual silicon or silica 
based upon the most recent characterization data for these copolymers only 
marginally alters the results in Tables VII and VIII. The new values are 
bracketed in these tables, notwithstanding the limitations of the SEM/EDAX 
technique for quantitative measurements. The length and type of sequences 
undoubtedly influences the thermal degradation behavior which will be even 
more complex than if well-defined blocks existed in all of these BPAC/DMS 
materials. This situation is partly responsible for the lack of an obvious corre- 
lation between thermal stability and polymer composition. 

The higher retention of Si noted for those copolymers with high BPAC content 
indicates that Char residue formation is more complicated.in “inorganic” poly- 
mers than van Kre~elan~~aO predicted for exclusively organic materials. As yet 
unknown but complex reactions, occurring within these copolymers, need to be 
investigated using infrared and GC/MS evaluation of the degradation process 
at  different stages of decomposition. 

CONCLUSIONS 

(1) The thermograms show that two reactions are present in both air and 
nitrogen. A t  the lower heating rates there are distinctive, but they gradually 
merge when the rate is increased. 

(2) In nitrogen, the activation energies for pyrolysis average about 44 f 3 
kcal/mol at  lower temperatures. For higher decomposition temperatures, the 
latter values are attributed to unknown catalyzed reactions, the range from 11 
to 27 kcal/mol. 

(3) In air, activation energy valves ranging from 28 to 35 kcal/mol were ob- 
tained. 

(4) Oddly, the activation energy averages obtained for sample I11 are the 
highest. 

(5) The thermal stability of the polymer, arbitrarily chosen as the temper- 
ature for 5% conversion, shows that all three samples behave similarly. In ni- 
trogen, the values are about 50°C higher, i.e., 700 K compared to 660 K ap- 
proximately. 

The Char yield depends upon heating rate and environment. Weight 
loss trends are noted between char levels and heating rates for the three co- 
polymers. The silicone content in the residue is strongly dependent upon de- 
gradative conditions for a fixed heating rate. The char morphology also depends 
upon silicone content and DMSDPAC ratio, but there is not a strong correlation 
between the Si content in residues and in corresponding virgin materials. More 
analytical work is required to establish the mechanisms of decomposition. 

(6) 

The authors express their appreciation to Dr. Roger Kambour for kindly providing the samples 
for this work. They are also indebkd to Mr. George McManus for making the SEM measurements. 
Partial support by the Office of Naval Research is gratefully acknowledged. 
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