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A b s t r a c t - T h e  thermal degradation of pol~etrafluoroethylene in flowing helium atmosphere was studied in the 
temperature range 510-600~C. The products of thermal degradation were analyzed by an on-line gas chromatography 
and the rates of degradation were obtained. At relatively lower temperatures (less than 530=C) the rate curves as 
a function of time showed two peaks. This phenomenon was explained in terms of diffusion limitation of the gaseous 
products. Further research was carried out by scanning electron microscopy (SEM) in order to observe the diffusion 
limitation and these facts were confirmed by observing the matrix of partially degraded polymer. The rate curves 
which have two peaks indicated that the diffusion limitation was disappeared above ca. 50% conversion. The activation 
energy in diffusion limitation free region was 78.1 kcal/mole and it was very similar to the result obtained by Madorsky 
(80.5 kcal/mole). The activation energy was also consistent with that obtained by thermogravimetry. 
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INTRODUCTION 

When polymer is thermally degraded, the rate of thermal de- 
gradation is very important quantity to describe the progress of 
reaction. The rate of thermal degradation of polytetrafluoroethy- 
lene (PTFE) has been studied by several investigators [VIadorsky 
et al., 1953; Florin et aL, 1954; Wall and Michaelson, 1956; Mi- 
chaelson and Wall, 1957; Madorsky and Straus, 1960; Siegle et 
al., 1964; Goldfarb et al., 1962; Madorsky, 1964], because of its 

relatively high thermal stability. 
In 1953, Madorsky studied on the rates and activation energy 

of thermal degradation of PTFE in vacuum and the ternperature 
range 400-500~ using pressure method and loss-of-weight method 
[Madorsky et al., 1953]. He reported that the rate of thermal 
degradation of PTFE was the first order with respect to the sam- 
ple weight and that the activation energs" was 80.5 kcal/mole. 

Thereafter, the similar researches have been performed on the 
relatively small size of PTFE sample under vacuum condition 
and at relatively low temperature in order to reduce extra factors, 
such as the diffusion limitation and side reaction ESiegle et al., 
1964: Goldfarb et al., 1962]. Many efforts were also made to iden- 
tify the degradation mechanism of PTFE [Siegle et al., 1964; Gol- 
dfarb et al., 1962: Madorsky, 1964; Wall, 1972: Kim and Rhee, 

1980]. 
However, it has been known that the rate of thermal degrada- 

tion of polymer is a complex function including the chemical reac- 
tion rate, the diffusion rate through the polymer matrix, and the 
vaporization rate of volatile fragments from the surface j~Goldfarb 
et al., 1962]. In some papers, it was shown that the slow diffusion 
of products in the sample may lead to some changes it, the rate 

*To whom all correspondences should be addressed. 

behavior with respect to the conversion for thick samples EWall 
and Michaelson, 1956; Siegle et al., 1964]. The degradation rate 

had a zero-order depending on the sample weight at the relatively 

low temperatures and had a pseudo retarded character for thick 

samples. 
In this paper, the relatively larger size of PTFE was thermally 

degraded in a flowing helium atmosphere. This report describes 
new information on the diffusion limitation of gaseous products, 
the state of polymer depending on degradation time, the effect 

of helium flow rate as carrier gas and the influence of initial sam- 

ple weight. 

EXPERIMENTAL 

!. Reagent 
PTFE used was obtained from Mitsui Fluorochemicals Co., Ltd. 

(Teflon 7A-J) and in the form of powder for molding. The sample 
was placed and tested in a furnace at 300~ None of the volatile 
gases were detected by GC. Thus, the sample was used without 

further purification. 
2. T h e r m a l  D e g r a d a t i o n  of P T F E  in Helium-Flowing Reac- 
tor 

The reactor system used for the experimental studies is shown 
schematically in Fig. 1. The sample boat was a stainless steel 
rectangular groove (2.7 cm length X 1.4 cm width X0.7 cm depth) 
and was placed inside the nickel tube decomposition chamber 
(2.54 cm diaX 128 cm long). The needle valve and capillary mano- 
meter  were placed in front of the decomposition chamber to con- 
trol the flow rate of carrier gas (0-150 ml/min). The reactor was 
heated using Lindberg electric furnace and temperature control- 
ler. The temperature was controlled from 200 to 1200~ by three 
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Fig. 1. Apparatus for the pyrolysis in He carrier gas flow. 
(A) Helium cylinder 
(B) Needle valve 
(C) Capillary manometer 

(D) Furnace 
(E) Sample boat 

(F) Ni reactor 

(G) Rubber stopper 
(H) KOH column 
(I) Six-port vai[ve 

(J) Gas chromatograph 
(K) Vent 

electrical heaters. 
The decomposition products from the reactor were passed into 

GC through KOH column in order to remove solid particles and 
HF that might be carried along in the gas stream. The products 

were sampled with a 720 lul gas sampling valve connected to Va- 
rian 920 gas chromatograph equipped with TCD. 

For each experiment, the reactor was purged with helium for 
a while to flush out the hold-up in the gas phase. The degradation 

temperature and the flow rate of carrier gas were set for the 
experiment. When the conditions were reached at steady state. 

the rubber stopper of exit side was opened and the ,~ample boat 
filled with PTFE was pulled into the middle zone of reactor. After 

the rubber stopper was closed again, the decompo,fition gases 
were sampled and analyzed by GC in every 4 rain. For GC analy- 

sis, helium was the carrier with a flow rate of 30 ml/min. Porapak 
Q column (0.25 c m •  m) was used. 

Under most conditions, the main products were tetrafluoroethy- 
lene, perfluoropropene and cyclic-perfluorobutane. ] 'he  rate of 

thermal degradation was calculated as following equation. 

Qs 
F 1 -  IgC,RT/P (rag/rain) (1) 

where Q is the flow rate of carrier gas in the reactor, R is the 
gas constant, T is temperature and P is pressure. C's and M's 

are the molar concentrations and the molecular weights of the 
products, respectively. The molar concentrations at any time were 

calculated by the peak heights of products in chromatogram and 
the sample loop volume of six port valves (720 pl). 

3. T h e r m o g r a v i m e t r y  
Thermal analyzer 990 with TGA 951 of Du Pont was used to 

determine the weight loss during the thermal degradation of the 
PTFE. Initial sample weight was about 12 mg and nitrogen as 

carrier gas was flowed at rate of 100 ml/min. 

R E S U L T  AND D I S C U S S I O N  

1. Thermal  Degradat ion  of  P T F E  in the H e l i u m - F l o w i n g  
Reac tor  

The rates of the thermal degradation of PTFE under  the var- 
ious conditions were plotted as a function of time. Fig. 2 demon- 
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Fig. 2. Effect of degradation temperature on the ,'ate of thermal degra- 

dation of PTFE. 
Degradation conditions; He flow ra te -100  ml/min.: initial 
weight= 1 g. 
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Fig. 3. Effect of helium flow rate on the rate o1[" thermal degradation 

of PTFE. 
Degradation conditions: T=515C; initial weight-  1 g. 

strates the behavior of rate curves with respect to the temperature 
under carrier gas of 100 ml/min. Figs. 3 and 4 show the effects 
of carrier gas flow rate on the thermal degradation of PTFE at 
515 and 564~, respectively. It can be seen that the flow rate 
of carrier gas does not severely influence on the rate of thermal 

degradation. 
In Fig. 2, it shows that the rate curves at relatively lower tem- 

peratures (515 and 530~C) have two peaks, while the rate curve 
at higher temperatures has one peak. Because the degradation 
rate at the high temperatures was fast and the retention time 
of GC was relatively long (4 minutes), the continuous analysis 
was not possible. But it is expected that the rate curves are the 
same in pattern with the only differences in 1:he progressive time 
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Fig. 4. Effect of helium flow rate on the rate of thermal degradation 

of PTFE. 
Degradation conditions; T=564C': initial weight=], g. 

(a) 

of degradation. These curves can be divided into fou:r regions. 
Region I is considered as the pre-conditioning region (from the 
starting point to the apex of first peak) because the sample tem- 
perature increases sharply from the room temperature to the de- 

gradation temperature. Region II is the decomposition region (the 
down slope side of the first peak) because the decomposition rates 
decrease with the increase of time. If the rate of the thermal 
degradation is the first order for the remaining sample weight, 
it is expected that the rate decreases exponentially with the in- 
crease of time. In general, the rates of the thermal degradation 
of PTFE at the relatively higher temperatures (547, 564 and 58TC) 
fit the exponential curve well. At relatively lower temperature, 

however, the decomposition rates decrease temporary for a short 
period of time. Region III is the growing-rate region (from the 
valley to the apex of second peak) due to the decomposition rates 
increase again to establish the second peak. Region IV is another 
downslope side of the peak and it is considered as ttie second 
decomposition region. In this region the decomposition rate de- 

creases exponentially with the increase of time. 
From these results, the thermal degradation can be explained 

in terms of the diffusion limitation of gaseous products in the 
polymer matrix. In order to confirm these phenomena, the poly- 
mer matrixes partially degraded were observed by SEM. The 
samples (1 g) were degraded for 15, 24, 44 and 58 min at 530~ 
and were cooled to room temperature. The samples cooled were 
crosscut and observed by SEM. The results are shown in the 
Fig. 5. In case of the sample after 15 rain degradation, which 
corresponds to the first apex in the rate curve, the apparent vol- 
ume was the same as the initial volume. The small pores of about 
10 ~ were non-uniformly distributed in the polymer matrix. In 
case of the sample after 24 min degradation, which corresponds 
to the valley in the rate curve, the pores increased in size and 
the apparent volume appeared to be slightly larger than initial 
volume. However, the pores were not interconnected yet. In case 
of the sample after 44 min degradation, which corresponds to 
the second apex, the pore size became much larger than the pre- 
vious one and the apparent volume was not changed. Even though 

(b) 

(c) 

(d) 

Fig. 5. SEM pictures of PTFE partially degraded at 530~ and under 

He flow rate of 100 ml/min. 
Degradation time: (a) 15 min, (b) 24, (c) 44, (d) 58. 
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Table 1. Comparison of the maximum rates of thermal degradation 

of  PTFE 
•  : : : : : = : _ _ : . = = : =  : : = :  = = : : : : :  = = : :  . . . . .  : . :  . = :  = =  

Temperature Maximum rate (g/rain) 
(C) Experimental Cah;ulated" 
515 0.00633 0.01324 

5230 0.01423 ~' 0.03459 
5,17 0.03459 0.09846 
564 0.07213 0.26890 
582 0.10303 0.74410 
600 0.20483 1.97666 

a )  Using the r;iie constant by Madorsky FMadorsky and Straus, 

1957]. 
b) Value at the second peak. 

the degradation was further progresse& the apparent volume was 
almost same as that of the sample after 24 min degradation. How- 
ever. the pores were enlarged and then interconnected each 
other. In case of the sample after 58 min degradatior, which cor- 
responds to the plateau, the pore size was little larger than that 
of the sample after 44 rain degradation and the apparent w>lume 
was smaller than initial wHume. Thereafter, the sampM was even- 
tually converted to the transparent liquid phase and the liquid 
phase of sample was remained even at the room temperature. 
it is assumed that the polymer does not have its properties b,> 
cause the size of polymer chain decreases too much throughout 
the long period of degradation. 

Each region of the rate curves with two peaks can be explained 
on the basis o:5 diffusion limitation of gaseous products. In the 
region [, the active sites for the thermal degradation of PTFE 
is initiated and formed in the polymer matrix of sample. So it 

is assumed that a small portion of the thermal degradation takes 
place under this region. In region II, the thermal degradation 
of PTFE occurs actively. Most of products are isoated in the 
pores around the active sites and partially diffused out to the 
surface of polymer matrix because the producls are captured in- 
side the dense :matrix of the undegraded polymer. It is considered 
as a strong-diffusioi>limitation region. As the degradation progres- 
sed, the pores increase in size and then, begin to be interconnec- 
ted. In the region III, the rate of thermal degradation increases 
with time because the diffusion of gaseous products in the sample: 
becomes nmch easier than that in Region II. It seems that the 
gaseous products inside the large pores are readily out from the 
sample matrix that those captured inside the isolated pores. The 
region III is a partial-diffusion-limitation because the diffusion 
limitation still remained. In Table 1, the: maximum rates of PTFE 
degradation in this experiment are compared with th . se  calculat- 
ed using the rate constants of Madorsky. The conditions for PTFE 
degradation are virtually the same in all cases with the differences 

in the pressure and sample size. It indicates that the diffuskm 
of gaseous products is readily occurred under  vacuum conditkm 
and in the small size of sample. Lastly, the region IV is expected 
to be the no-diffusion-limitation region because the pores are big 

enough and the products are released easily. 
In order to examine the effect of sample thickness on the rates 

of thermal degradation, the various initial weights were used. The 
results are shown in Fig. 6. As the initial weight decreases, the 
second peak diminishes gradually. However, the position of the 
second peak does not move with the initial sample weight. In 
Fig. 2, we already showed that the position of the second peak 
moved toward the left with the increase of temperature. Compar- 
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Fig. 6. Effect of  the initial weight on the rate of thermal degradation 

of  PTEE. 

Degradation conditions: T: 530C; He flow r a t e = l ~ )  ml/min. 

Table 2. Conversion up to the second peak in the rate curves 

Temp. He flow rate Initial weight Degraded weight Conversion 
(C) (ml/min) (g) (g) (~) 
515 5!) 1.0 0.517 51.7 

100 1.0 0.529 52.9 
150 1.0 0.495 52.9 

530 50 1.0 0.495 49.5 
100 0.3 0.157 52.3 

100 0.5 0.250 50.0 
100 1.0 {1.,:;21 52.1 

150 1.0 0.509 50.9 

ing these two results, it can be known that the position of the 
second peak is related with the conversion. The conversions up 
to the second peak under  various conditions, which can be calcu- 
lated from the areas under the rate curves, are shown in Table 

'2. It shows that the values are not depending on the flow rate 
of carrier gas, temperature and the initial weight of sample. How- 
ever, it shows that these values are related to those at about 
50~ conversion. If it is assumed that the active sites are uniformly 

distributed in the sample and that the pores at the second apex 
m the rate curve are completely' interconnected, the conversion 
up to the second apex can be easily calculated. 

Number of pores•  of iaj}re 
Conversion :: 

Initial size of sample 

[ L W H 4  d ':~ 

7 :  

L•  W X H 

= n/6 = 0,52 (2) 

Here, L, W and H are the length, the width and the height of 
'the initial sample, respectively. The d is the diameter of pore 
just interconnected. Therefore, it is expected that up to 52q con- 
version, the rate curves are influenced by the diffusion limitation 
due to the dense matrix of polymer. 
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Fig. 8. Arrhenius plot for the thermal decomposition of PTFE. 
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Table 3. The activation energies from various sources 

Sample Temperature Atmos- Activation 
Source Methods size range energy 

(mg) (~ [:)here (kcal/mole) 

Madorsky" Pressure & 7 400-500 in vacuum 80.5 
Loss-of- 

weight 
Siegle ~ Manometric 30-100 360-510 in vacuum 83.0 

& Weighting 
Ballistreri' LPTD-MS 1.5 Overall N2 flowing 74.8 
This work GC 1,000 510-560 He flowing 78.2 z 

TGA 12 Overall N., flowing 75.5 
a) Madorsky et al., 1953; Madorsky and Straus, 1960. 
b) Siegle et al., 1964. 
c) Ballistreri et al., 1984. 
d) Value obtained from the diffusion limitation free region. 

100% 

100% 

100% 

50~ 

20~ 

10~ \ 

In order to verify whether  the region IV is free from the diffu- 

sion limitation, the activation energies were calculated in the re- 
gion after 52% conversion. If the rate of thermal degradation of 
PTFE is the first order for the remaining weight w, the rate equa- 
tion is given by 

dw 
F -  - kw (3) 

dt 

where k is the rate constant of degradation and t is time. Eq. 

(3) can be integrated: 

w = wo exp( - kt) (4) 

where wo is the initial weight of the sample. Eq. (4) is substituted 
for w into Eq. (3) and the logarithm is taken. 

In F = In(kw,) - kt (5) 

If In F is plotted against t, the rate constant k can be, obtained 
from the slope. The In F vs. t for each temperature after the 
conversion of 52c, zc is represented in Fig. 7. The Arrhenius plot 

300 400 500 

Temperature (~ 

Fig. 9. Thermogravimetric analysis for PTFE. 
(a) Heating rate = 10~ (b) 20. (c) 50. 

600 

for the temperature dependence is given in Fig. 8. From the slope 
of Arrhenius plot the activation energy is obtained as 78.2 
kcal/mole (Table 3). This value is very close to Madorsky's result 
(80.5 kcal/mole) measured under  vacuum at 400-500~ Therefore, 

it implies that region IV is free from the diffusion limitation. 
2. T h e r m o g r a v i m e t r i c  Ana lys i s  

The results of the thermogravimetric analysis of PTFE are 
shown in Fig. 9. In case of the heating rate of 10~ the ther- 
mal degradation of PTFE was started from about 490~ Kissinger 
used the following equation in order to calculate the activation 
energy from TGA curves [Kissinger, 1957]. 

dln(13/Tm 2) = _ E (6) 
d(1/Tm) R 
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where [3 is the heating rate ('g/min), E is the activation energy-, 
R is the gas constant, and T,, is the temperature at the deflection 
point of the TGA curve. The value of T,, was obtained from Fig. 
9. The calculated activation energy' is 75.5 kcal/mole. "['he activa- 
tion energies from various sources are shown in "['able 3. The 
activation energies obtained in the inert gas flowing and the rela- 
tively higher temperature range are slightly lower than those ob- 
tained in vacuum and in the temperature range less than 500~.7. 
It is expected ~hat the difference of the activation energies may 
be due to the different temperature range and the flow rates. 
in which PTFE is thermally degraded. In fact, it indicates that 
the difference of the activation energies can be expressed in 
terms of the degradation mechanism of PTFE or the product dis- 
tribution of the degradation. However, the further research is dis- 

cussed in the companion paper [Jun et aI., 1995]. 

CONCLUSION 

The thermal degradation of PTFE has been carried out in the 
flowing helium and the temperature ranges 510-600C. The rate 
of thermal degradation could be explained in terms of the diffu- 
sion limitation of gaseous product. The half of conversion for the 
initial sample weight occurred in the diffusion limitation region 
and the values for the conversion up to the diffusion limitation 
region was almost same not depending on the degradation tern- 

perature, the flow rate of carrier gas, and the initial weight of 
sample. 
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