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T he rate of decom lJOsition of polytetraAuoroethylene, exposed to gamma radiation in a Aowing 
helium atmosphere, was studied in the range of te mperatures 330 to 450 °C, dose rates 0.1 to 7.6 
MR/h, and sample thicknesses 0.0006 to 0.01 e m. Rate measureme nts were made with a the rmal 
co nductivity ce ll in th e exit s trea m, which recorded essentially the difference between the thermal 
and radiation· ind uced rate, in total molecules of volatiles per second. At te mperatures below about 
400 °C, the vo lati le products were a complex mixture. Above 400 °C, tetraAuoroethylene was the 
major product, and the radiation·induced rate had an activation e nergy' of 70 to 84 kJ / mol. The 
radiation-indu ced rate is proportional to square root of dose rate, after appropriate allowance for the 
thermal in it iat ion is made. Analysis of the res ult s sugges ts that the rate of the the rmal initiation 
has a very high preexponential factor, 10'" to 10"0 s- ' . The activation energy [or termination is large, 
E. > 155 kJ/moJ. Diffus ion and reverse reaction appear to be minor fac tors above 400 °C, but a surface 
reaction may be important. The thermal decomposition mechanism seems dearly to cons is t" of random 
initiation, termination by bimolecular recombination and a short kinetic chain (13 at 480 °C). 

Key Words: Depolymerization, po lyLetraAuoroethylene, radiolysis, thermal decomposition, 
mec hanisms of degradation, and gamma ray effects. 

1. Introduction 

It appears that the normal pyrolytic reactions of 
polymers can be much accelerated by the action of 
ultraviolet light and will then occur at measurable 
rates below the normal temperatures for pyrolysis. 
T his has been demonstrated for polymethyl methacry
late [1).2 T he reason for this effect is that in the set of 
chai n reactions 

kt 
On -> Ri + Rn-i 

k? 
Rn -"-> Rn- t + M 

(Rn + Om .!sJ.... > R:n. + On] 
R ' k3lL R Q i+j-> ;+ j 

Rate 

2kt nOn 

*Research based on work supported by the National Aeronautics and Space Admin
is trat ion. 

1 Present add ress: IBM Manufacturing Research Division, Endicott. New York. 
l! Figures in brackets indica te the literature references at the end of this paper. 

for pyrolysis [2, 3,4], the thermal initiation reaction of 
high activation energy is replaced by a photoinduced 
initiation reaction whose rate is proportional to the 
light intensity 1 and essentially independent of tem
perature. 

On --> Ri + Rn- i 2<hlOnl. 

In the above mechanism for polymer decomposition 
we have depicted only random initiation in anticipation 
of the conclusions made in this paper. The symbols 
are defined as: On, concentration of polymer mole
cules with degree of polymerization n, Ri concentration 
of polymer radicals, M monomer, and <P a factor in
cluding the quantum yield of radicals. 

The same result can be anticipated from initiation 
by y-rays and other forms of ionizing radiation. T he 
effect is of some practical importance in limiting the 
service life of polymers exposed to ionizing radiation 
at relatively high temperatures, for example, in space 
applications or nuclear installations. It also can be 
applied to deduce more detailed information concern
ing the individual rate constants in pyrolysis, as illus
trated by Cowley and Melville [1]. 

Initiation by gamma radiation is especially conven
ient in the study of polytetrafl uoroethylene, which 
does not absorb ultraviolet very effectively at con
venient wave lengths [5]. 
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The kinetics of the thermal decomposition of poly
tetrafluoroethylene have been reviewed in a recent 
experimental paper [6J- Investigators are in agree
ment that -in vacuum between 360 and 510 °C, the 
product is nearly pure monomer and the rate is given 
rather closely by the eqs [7-10]. 

IdC ----:~ =4.7 X 10'8e- 8o.50o/HTs - ' , (1) 

2: nQn(O) 
ro = (1- C)dt 

where '-0 is the fractional rate of volatilization of the 
polymer. The conversion C, that is, the fraction of 
the original sample volatilized, is defined by 

2: nQII(t) 
C=I----

2: nQII(O) 

(2) 

In eq (1) and subsequent expressions, R takes 
the numerical value 1.98646 cal °K-l mol- 1 and 1 cal 
= 1.4840 1-

The kinetic chain length has been estimated from 
molecular weight changes [6], but it and other param
eters are still subject to large uncertainties. 

Recent summaries of the radiation chemistry are 
available [11-13]. It is noteworthy thqt two radical 
species are formed, - CF2 • and - CF2CFCF2 -, and 
that numerical G-values are low, for radical formation 
and other processes at room temperature [14, 15]_ 
When polytetrafluoroethylene was exposed to radia
tion at a very high dose rate, the weight loss increased 
rapidly over a short temperature interval [16]. 

In the present work the decomposition of poly tetra
fluoroethylene has been studied in the range of tem
peratures 330 to 460°C and dose rates 0.1 to 7.66 
megaroentgens per hour (MR/h), and expressions have 
been deduced for the thermal initiation rate, the chain 
length under various circumstances, and the activation 
energies of elementary rate processes. Rate of 
monomer evolution was measured by changes in 
thermal conductivity of a flowing stream of helium. 

2. Experimental Procedure 

2.1. Apparatus 

The polymer samples were usually polytetrafluoro
ethylene cast film, of thicknesses 0.0062, 0.0025, and 
0.01 cm. In certain studies related to molecular 
weight, powdered samples were used, of molecular 
weights 1 to 2.5 X 105 , 1 to 3 X 106 , and 1 X 107, esti
mated by the standard specific gravity method of 
Sperati and Starkweather [121. 

Tetrafluoroethylene for calibration was prepared 
by low-pressure pyrolysis of the polymer [17]. Helium 
was the commercial gas of 99.99 percent assay. Mass 
spectrometer analysis indicated no appreciable im
purities, and specifically less than 0_07 percent of H2• 

Attempts to concentrate CO2 by trapping out from the 
stream at 77 OK led to inconsistent results, from less 
than 0.002 to 0.01 percent. 

Helium was led from a cylinder through one side 
of a thermal conductivity cell, thence to a pyrolysis 
chamber containing the sample in the radiation source, 
and finally to the other side of the thermal conduc
tivity cell and to a trap immersed in liquid nitrogen. 
The principle of the method has been applied before 
[18]. The pyrolysis chamber was constructed of 
stainless steel, in two pieces, joined at the top by a 
flange and an O-ring. The outer wall was 40 cm in 
length by 5 cm diam. The top member contained an 
extension, 35 cm length by 4.5 cm diam, which projec
ted downward inside the chamber space, and carried 
at its lower end a helium inlet tube and a detachable, 
perforated hollow stalk bearing four aluminum trays 
4.5 cm in diameter and 0.6 cm apart, upon which 
circular sheets of the sample were laid. An internal 
thermocouple was mounted near the middle of the 
stalk; its leads were brought out through the helium 
inlet tube and a picein seal. The helium outlet tube 
was connected to the top flange. A controlled furnace 
was wound about the outer wall covering the lower 15 
cm of its length and extending 4 cm below the bottom. 
A control thermocouple was mounted in the furnace 
insulation. The furnace assembly was mounted in a 
cylindrical can at the end of a long tube which car
ried the electrical leads and the helium connections 
and served as a handle. Helium going from the tank 
to the furnace and from the furnace to the detector 
passed through 4 m of plastic tubing and 4.5 m of 
copper tubing in each line. The copper tubing was 
mounted in a thermos tatted cabinet containing the 
detector. Helium flow and pressure were monitored 
by two flow meters and a manometer. Each side of 
the thermal conductivity cell contained a pair of 
tungsten filaments, in series, with a resistance of about 
100 n, in each arm of the bridge. The bridge current 
was 250 rnA, well above the recommended level, for 
increased sensitivity. Bridge unbalance was fed to a 
recorder. In the absence of the cabinet and copper 
heat exchange coils, the output of the bridge suffered 
considerable drift and a fluctuation of a large fraction 
of 1 m V, correlated with changes of room temperature. 
These fluctuations were reduced about lO-fold by the 
heat exchange coils and by controlling the room tem
perature to within 0.2 °C by a sensitive room thermostat. 

Measurements were made by bringing the sample 
to temperature in the furnace at a chosen helium flow 
rate in a region of negligible radiation dose rate, estab
lishing a recorder base line at this temperature, then 
placing the furnace in a position of known dose rate. 
A typical recorder cq.rve is shown in figure 1. From 
the theory of vapor chromatography instrumentation 
[19], the height of the response will be nearly propor
tional to the mole fraction 'of non helium components 
in the gas passing the detector, minus the mole frac
tion of such components, if any, under base·line 
conditions. The shape of the experimental curve 
is roughly what is to be expected of a flow chamber 
with thorough mixing, in which product formation 
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at a constant rate begins and ceases sharply after the 
starting and cutoff ti mes [20 J. There is an additional 
delay, as shown in figure 1, for the time of travel 
through the tubing system. Most of the experiments 
were done at a helium flow rate of 0.217 c m:l/s, 
which involved a time delay of the order of 15 to 20 
min to reach maximum response. This time delay 
obscures any short·lived transient phenomena in the 
kinetics of the decomposition. The weight loss was 
usually held to less than 20 percent during a series 
of experiments with a given sample. The apparatus 
was calibrated by bleeding pure tetrafluoroethylene 
into the helium line to the furnace, from a 30-ml bulb 
in which the pressure (1.1 to 2.0 atm) was accurately 
measured as a function of time by a mercury column 
and cathetometer. At low feed rates, precision was 
impaired by fluctuations of barometric pressure. 
Measurements at various flow rates are consistent 
with a sensitivity of 0.03 mol percent C2F4 per milli
volt. The response was not noticeably influenced by 
variations of furnace temperature from 20 to 400°C, 
nor by the presence or absence of radiation. It would 
presumably be the same within errors of measurement 
for most other gases of reasonably low thermal con
ductivity. A few attempts were made to measure 
changes with temperature of the purely thermal rate 
of decomposition by estab li shing a preliminary base 
line at about 250°C. The results were in fair agree
ment with the thermal decomposition rates in the 
literature if a correction of abou t + 27°C is applied 
to the internal thermocouple reading, see table 1. 
However, factors other than the thermal decomposi· 
tion rate could have contributed to the response of 
the instrument to changes of temperature, and it is 
probable that only ra1e differences at constant tem
perature are reliably detected. 

TABLE 1. Detector re.'/lOlIses ill the absellce of radiatioll 

'1' .. ",1' .. ' (:" I~J -3 1.>.S 
H! · ... poll ~(·. III \ 0 0.08. 

.:?! 
Eqllivalt'nl ralt'. f'; I. X 10 7 10 0 0.6. 

r ,l) 

Thermal fait'. X 1 07 ~' < 0.00 I < 0.00 1 
-- ---_. 

a Conc( ' lt,d. s l' e "E'qwrillltc'lllal Pr!lcedtlrt'," 
II 0.002S (-m Ihicknt·!'o~ . O.:~S g. 
t' Data of \-lador:::. "). rd. 7. 

-

:IS6 .. > 10:1.1 
0.21 V.SH 

1.9 7.'2 

O.OOl 05l 

,1:l7.Y 
l.:n 

IY.O 

11.0 

The losses in weight measured after fixed long 
periods of time in the absence of radiation cou ld be 
correlated with the thermal weight loss data of Mador
sky [71 only if a correction of + n °C was applied to 
the interior thermocouple temperature. The data 
of Madorsky on polytetrafluoroethylene appear to be 
nearly free from the usually encoun tered un certa inties 
of temperature in pyrolysis experiments. Since it 
was desired to correlate our resu lt s with these data, 
a temperature correction of + 27 °C has been applied 
to all data except the temperature scale of figure l. 
A nearl y constant correction of thi s magnitude is not 
unreasonable for apparatu s of th e present shape, in 
which radiant heat transfer predominates [8]. 

100 
OUT 

50 

IN 0L==t== __ ~~ __ ~~ 
o 20 

Minutes 

FIG URE I . Experimental detector res/JOllse as a jilJl('tion of time. 
Timt' ~ amplt· i:o, plaet·J ill and laJ..t·n IJul uf y-ra y ~ Ollrct ' i ~ irltlici.llt'd _ . 

2.2. Dosimetry 

Dose rates were measured by cobalt glass dosim
eters placed inside the furnace and exposed for meas
ured times at several fixed sites. The ultimate 
calibration was referred to the Fricke ferrous sulfate 
dosimeter. The sources were a nominal 2000-Ci 
(curie) C0 60 source a nd a 1O,000-Ci source co nsisting 
of a cylindrical assembly of vertical pencil-shaped 
capsules, in a pool of water. Dose rates from some
what idealized sources of this geometry are described 
mathematically in the literature [21] . At relatively 
small distances outside the source there appears to 
be little deviation from an inverse square relationship. 
Accordingly, the dose rate measurements were cor
related by a plot of log (/X2) against Xw , where 1 is the 
dose rate, X the distance from the center of the source, 
and Xw that part of the distance occupied by water. 
Such plots were nearly linear, with some downward 
curvature. The smooth-curve values were chosen as 
the dose rate at the given position. 

Despite the cons iderable variation of distance within 
a circular sample, outside the sou rce, the dose rate 
at its center can be shown to give good approximation 
to the dose rate averaged over sample area, and an 
excellent approximation if the square root of dose 
rate is averaged. 

To estimate dose rate within the 1O,000-Ci source, 
dosimeters were exposed at a variety of location s 
within the apparatus, and correlated with the aid of 
functions given in the literature [21], to obtain an 
average over the total sample. The measured values 
inside the source were about 20 percent lower than 
would be predicted from the values outside the source 
with the given mathematical description . The error 
may be in the dosimetry, as rather short exposure 
times were necessary, with large relative errors. 
Although the precision of individual measurements 
was never better than 5 percent, the relative values 
from the smoothed curve are presumably better. 

The factor 0.526 X 1020 eV/g MR, derived from 
interpolated atomic absorption factors [22], was used 
to convert megaroentgens to e V /g in polytetraflu oro
ethylene. 
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Because the samples were quite thin, the dose rates 
in them may be subject to systematic errors associated 
with secondary electron equilibrium [22, 22a]. These 
errors may be nearly constant in a series of samples 
of the same thickness, but may vary with thickness . 
Considering the dimensions and materials, and neglec t
ing the thi ckness of the helium atmosphere, 0.0002 
to 0.0008 g/cm\ the received dose will be hi gher than 
that computed from atomic absorption factors, and 
will be highest in the thinnest samples. 

2.3. Product Analysis 

In a number of instances the gases produced by the 
deco mposition were collected in liquid nitrogen traps 
and analyzed by mass spec trometry and by vapor 
chromatography in a 60-c m column of si li cone grease 
on Chromosorb at - 80 'C. 

A large excess of carbon dioxide was usually found, 
which was gre atly reduced but not e liminated by the 
provision of a liquid nitroge n guard trap following th e 
collec tion trap. The weight in crease in the collection 
trap usually exceeded the weight loss of the polymer, 
presumably because of backward diffu s ion of atmos
pheric water and carbon dioxid e. The chromato
graphi c me thod e mployed produced re latively poor 
resolution: CF4 was se parated almost completely 
from CO:! bu t not from air or CF4 : CF6 coin cid ed 
with CO:!: and the complex mixture from atmos pheric 
pressure pyrolys is of Te flon [17] yielded five di stin c t 
but not totally resolved pea ks. 

Used polym er sa mples were adherent to the trays 
and apparently uniform in thickness. Thi s was 
c hecked in a few instances by meas urin g the thic k
ness of residue plus supportin g tra y with a micromete r 
thickness gage. The used film was discolored to a 
medium brownish gray , with nearly black lin es ex
tending outward from the helium flow orifi ces. 

2.4. Chlorine Fixation 

The radiation-indu ced fixation of chlorine was also 
measured by exposi ng sample tubes co ntaining about 
] g polytetrafluoroethylene film and 30 c m:l c hlorin e 
gas at 200 torr (measured at 25 °C), in a furnace at a 
dose rate of 7_6 MR/h , to a total dose of 20 to 30 MR. 
A large excess of chlorine remained. The product 
was then heated for 2 h at 270 °C under vacuum to 
remove volatile chlorine compounds, the res ultant 
weight loss bei ng a few percent , and the residue was 
analyzed for c hlorine . 

3. Results 

3.1. Rate of Reaction 

In general summary, th e radiation-produced in
cremen ts in gas e volution were small absolutely, 
always a fraction of the total weight loss, and exhibited 
a low temperature coe ffi c ient. In the volatile prod
ucts, the monomer C:!F4 was a principal component 
at the higher te rn pera tures inves tigated , but rarely 
the only component. 

The results of th e rate experiments are shown in 
figure 2 as logarithmic plots of the rate-difference. 
due to radiation, I' - 1'0, S- I, versus the reciprocal of 
absolute temperature, for each of several dose rates 
and sample thicknesses. It is evident that these 
values are all rather low, and that their temperature 
coeffi c ient is smalL Supplementary results outside 
the range of the figure, and usually of lower precision, 
are listed in table 2. Since the detector response 
goes approximately as the number of moles of gas 
regardless of identity, the correct units for 1'- 1'0 may 
be regarded as 

moles total gas 
(base mole polymer) (sec) 

TABLE 2. Radiation-inr/aced decomposition 0/ polytetruJluoro
ethylene; supplem ent to figure 2 " 

Te mp °C 1, :154.6 417.0 369.9 386 .6 .401.2 405.~ 

Dust' ri.ll t', M BIll 0.2:2 0.22 7.66 7 .66 7.66 7.66 
Rat e. r - ru. 

5 - 1, X 107 2.tJ 3.4 19 19 :W 15 

a Thi ckness or film. 0.0025 ('Ill. 
t. C •• rr('cted. s('e "Expe rim l' lltal Pr.,{',-,dun ', ,. 

The method of operation made it possible to obtain 
with fair precision only the difference between the 
actual rate I' and the thermal rate in the absence of 
radiation, 1'0. Under the most favorable conditions 
recorder fluctuations seldom exceeded ± 0.03 m V for 
periods of 1 h. At the flow rate most used, this is 

equivalent to 0.03 X 2.82 X 10- 7 mol/(base mol) (s) 
w 

where w is the sample mass in grams. The resultant 
uncertainty is about 0.24 X 10- 7 S-l fGr the samples 
0.0025 cm thick (mass 0.33 g), about 1 X 10- 7 S - 1 for the 
0.00062-cm samples, and 0.06 X 10- 7 S - l for the 0.01-
cm samples. For less favorable periods these esti
mates should be multiplied three-fold to allow for 
occasional unexplained drifts. An additional error 
of 5 to 10 percent of the reported value may be ex
pected for experiments not near the beginning or end 
of a sequence, where the weight of the sample at the 
time of the experiment was uncertain. The curves 
of figure 2 would be activation energy plots for the 
'Y-ray induced reaction if the thermal rate 1'0 were 
negligible and the product composition constant over 
the temperature interval. Since these conditions did 
not usually prevail. the curves constitute merely a 
device for displaying and interpolating results. Fig· 
ures 3 and 4 illustrate the variation of rate difference 
with dose rate in a carefully controlled sequence of 
experiments on 0.0025·cm film at 402.5 °C. It is 
evident that the rate-difference, 1'- ro, is not linear in 
either dose rate I or square root of dose rate. This 
appears to be generally true for the 0.0025-cm and 0.01-
cm films at all temperatures, as far as the much more 
limited data go, but not for the 0.0006-cm films, for 
which the variation seems nearly linear in dose rate, 
table 3. In this table, reduction to constant tempera
ture has not been attempted; by reference to figure 2, 
the corrections cannot be much greater than the ex
perimental error. 
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FIGURE i Increments in gas evolulion rale produced by radialion , 
[- [0, as a function of temperature, dose rate and film thickness. 
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... 0.22 ,\ill / h. 0.01 em 

Temperaturt· uncorrected. 

TABLE 3. Evolulion of volaliles /iwll 0.0006 cm Jilm 0./ /lOlylelrll
filloroelilylelle lIS a funclion of dose role 

T t' llllJ. 0( ;;' 

DUM' rak. ~lH / h 
r - ro.s I,X 101 
(r - ru)/ I .X 101 

l2 k:! 
0.1 ~I 
1.6 

II 

127.0 
O.:!:! 
2.5 

II 
------ -- -'---------'-------'-

;, Corrt'clt,d. :0.('(' "Expninwlltal Pro('t'!lun', 

~:!S.2 
0.:1.37 
:1.9 

II 

l2S.2 
0.6~1 

S.:l 
H 

2.2 
12.9 
6 

-
1:17 

7.6IJ 
HH 
II 

The thinnest samples are also exceptional with 
respect to '--'-0 considered as a [unction of sample 
thickness, figure 6. 
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TABLE 4. Weight loss and gas evolution rates a 

Temp, °c b 354.6 41 7 477.6 329 369.9 400 <WI 447 452 
Dose rate, MR/h 0.22 0.22 0.22 7.66 7.66 7.66 7.66 7.66 7.66 
Gas evolution, rate increment , 

mol/base mol· s, X 101 3.1 3.5 15 21.7 20 21 30.4 37 
WI loss rate, S - I, X 107C 1O±1O' 1O±1O' 165±15 d < 150 72 120 100 120 180 
Units lost -- < 10 3.3 6 4.8 4.0 4.9 
mol gas 

a Sample thickness 0.0025 cm. 
b Corrected, see " Experime ntal Procedure." 
C Computed as O/t)ln(w/wo) for the period irradiated, exclusive of preheating. 
d Limits estimated from assumed weighing error of 1 mg. 

In table 4 the weight losses are compared with the 
rate-increment of gaseous product formation under 
various conditions. The weight loss is always several 
times the rate-increment measured by gaseous prod
ucts. At the higher temperatures such large discrep
ancies can of course be explained by the existence of 
an appreciable thermal rate. At the lowest tempera
tures, the thermal rate is negligible and other factors 
are important. For example at 369.9 °C (corrected) 
and 7.66 MR/h the gaseous product rate increment 
was 21.7 X 10- 7 s- I, the observed weight loss rate 
72 X 10- 7 S-1 and the thermal weight loss rate, from 
the literature [7], should be 2 X 10- 9 S - I. Hence, the 
large ratio of weight loss to gas molecule production 
at this temperature must depend entirely upon the 
predominance in the product of unknown molecules 
much larger than monomer. 

3.2. Products of Reaction 

The mass spectra of collected volatile products were 
very complex, with mass peaks as high as 300 (C6Ft1)' 
and defeated any attempts at full analysis. They also 
showed the presence of much carbon dioxide, 3 to 10 
times as much as the maximum possible fraction of 
CF4 • Silicon tetrafluoride was absent except for a 
trace on one occasion. A large sample collected at 
477.6 °C (corrected) and 0.22 MR/h was exceptional, 
consisting of CF4 and 0.3 percent C:lF(;. 

The large amount of C01 was probably a result of 
the trapping arrangements. This is supported by 
observations that the weight collected usually ex
ceeded the polymer weight loss, and that the propor
tion of C01 was less in experiments with a second 
guard trap. 

Other sources for some of the C01 require considera
tion. The analysis of the helium does not exclude 
10- 5 parts of 0 1 , and more could have diffused in 
through the 3 to 4 m of flexible tubing in the helium in
let line. From the quoted permeability of plasticized 
polyvinyl chloride [23] to oxygen, stated as 50 to 305 
(Cm:l) (mol)/(100 in2) (24h) and the measured length 
(4m), diameter (0.75 em), and wall thickness (0.19 em), 
an amount equal to 1 to 10 X 10- 10 mol/s- I could have 
entered by diffusion, which if it reacts stoichIOmetri
cally, is equivalent to a rate of 0.3 to 3 X 10- 7 S - I in 
a 0.33 g sample. Golden r24] has reported and dis
cussed a reaction of polytetrafluoroethylene with 
oxygen, forming COF1 as a primary product, which 
can s ubsequently yield C01 and SiF4 by reaction with 

glass or water. The failure to find SiF4, as well as 
the low press ure at which any oxygen would be pres
ent, makes it unlikely that these reactions were im
portant here. Possibly COFt could have been formed 
and reacted in the plastic part of the exit tube with 
small amounts of hydroxylic compounds or water, the 
resultant HF being totally absorbed in the plastic. 
It is assumed for the present that all the CO2 found 
was of extraneous origin. 

Another possible product from oxygen is the oxide 
CF2CF2Q=J, recently reported from the radiation
induced reaction of C2F4 and O2 [25]; however, no 
trace of the corresponding fragment ions was found 
in mass spectra. 

A few tentative conclusions may be drawn by con
sidering the largest peaks of some of the mass spectra, 
table 5, in the light of the known cracking patterns 
of fluorocarbons [26]. The most important omissions 
in available cracking patterns are probably hexa
fluorocyclopropane , octafluorobutene-2 and the higher 
perfluoroolefins. The C2F3 peak is major for C2F 4 

and much smaller for other known fluorocarbons, the 
CnF 2/1-1 and C"F 2n peaks are large for a perfluoroolefi n 
CnF2n , and the CF3 peak is major in perfluoroparaffins 
and less important in perfluoroolefins. 

Unless hexafluorocyclopropane and octafluorobu
tene-2 are present in large amounts and have large 
C2F3 sensitivities, the amount of C2F4 is probably 
not much lower than that computed from the sensi· 
tivity of C2F 4 at this peak. The CF3 peak height is 

TABLE 5. Relative intensities oImass spectra oIvolatiles produced 
/rom polytetra/luoroethylene (0.33 g) irradiated at the indica ted 
temperatures" with 7.66 MR/h 

Helative In ten!:'ilies at 
mfr. iun 

<:~60 °c <W7 ·C 462 ·C 

31 CF 1,550 300 390 
44 CO, > 10,000 2.190 2.610 
50 CF, 570 70 I 177 
69 CF" 2.310 234 198 
81 C,F" 880 105 250 
93 elF:! 132 ·15 36 

100 C, I.', 775 84 189 
119CY, 280 29 22 
13 1 C, I'" 3,130 258 197 
150 C,F. 184 13 14 
18 1 CF, 520 558 66 
200 C~F~ 126 7 7 
231 CY. 98 
250 C:;FIO 21 
281 CYII 33 
300 C"'" 5 

a Corrected. 
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too small to accommodate any large proportion of 
perfluoroparaffins. Provisional constructions based 
on C2 , C3 , and C4 olefms and perfluorocyclobutane are 
roughly compatible with the analyses suggested in 
table 6. 

TABLE 6. Decomposition products 

Tempera
IUJ"e OCH --

I\lnl(' percl'nt in non-CO:? 1)lIrlion 

,------, 

elF" i - CIFII 

407" ,10 13 18 
162 " 6:1 9 13 
187 ,. 97 3 

HCurrt'('It'd. 
h Dose rate 7.66 J\1H / h. thj('knl'~s 0.0025 elll. 

I" Dust' ralt' 0.22 MK/h, thickness 0.01 ('111. 

l - elFK 

28 
II 

ry - C,F" 

Vapor chromatography was complicated by the 
large amounts of CO2 , which was not removed chem
ically. The overlap of CO2 and C3Fs is almost com
plete, and because of the long tail region of CO2 and 
great breadth of higher component peaks one can 
only say that no higher olefin amounted to as much as 
10 percent of the CO~, i.e., 100 percent of the C2 F4 • 

A clear separation of C2r4 and CO2 was effected; how
ever, any CF4 would appear with C2F 4 • Air, which 
could also interfere, was removed by degassing at 
77 oK. The principal utility of the chromatograms 
was to demonstrate that C2F 4 was indeed present, 
and that its ratio to CO2 was about that estimated 
from mass spectra. 

The product composition showed no clear trend 
with dose rate or radiation history up to 100 MR, 
although such trends should exist. The only per
siste nt correlation was with temperature; the mass 
spectral data suggest, for the non-C02 portion, about 
40 percent C2F 4 at 407°C, 60 percent C2F4 at 462°C, 
and nearly 100 percent CF4 at 487 0c. 

The product compositions and their trend with 
temperature introduce errors of the order of 50 percent 
into the rate data. Corrections for this appear futile, 
in view of the inexactness of the composition results, 
the slowness of the trend with temperature, and 
especially the lack of any demonstrable variation with 
dose rate. At temperatures below the range of figure 
2, the complexity is too great for kinetic treatment. 
It is curious that despite this complexity, no waxlike 
deposits of high-molecular-weight products were ever 
found in the cooler regions of the decomposition 
chamber. 

3.3. Chlorine Fixation 

The G-value computed from fixation of chlorine in 
the polymer by radiation was 3.0 ± 0.1 atoms of chlo
rine fixed per 100 eV absorbed, at temperatures of 
327, 340, and 380°C. A thermal chlorination blank 
at 327 °C was negligible. The polymer strips were 
unchanged in appearance in the thermal blank, but 
melted in the radiation experiments. The G-value 
for chlorine absorption may be somewhere near that 
for creation of radicals escaping the primary cage. 

4. Discussion 

4 .1. Kinetics 

Assuming random initiation and moderate zip le ngth 
and permitting monomer only to evapora te, one can 
derive the following rate expression for the process 
of decomposition 

(3) 

where dM/dt is the moles of monomer evaporated per 
second from a sample containing RT moles of polymer 
radicals. Since this is an open system and the sample 
volume, which is decreasing, is proportional to weight, 
the formulation depends to so me exten t on the con
centration units used in bimolecular s teps. For our 
purpose we choose R as moles of radicals per c m3 . 

Then the steady condition is written 

(4) 

where Qn is now moles of polymer molecules per c m3 . 

The 2: nQn is simply p/m where p is the density and 

m the monomer molecular w('ight. The radical con· 
centration is then 

R- --_ (kl P )1/2 
k4 m 

and 

dM W m 2: nQn(t) 
-=k-,RV=k2R -=k-,R . dt - p - p 

Since 

2: nQn(t) = [1- CI 2: nQIl(O), 

If conditions are such that initiation does not occur 
thermally but is induced photochemically or by ionizing 
radiation, and if the character of all species involved 
is unchanged , then the steady state condition, eq (4) 
is replaced by 

$1 ~ nQ =k R2 ~ n 4 

where I is the intensity of radiation. 
The resulting rate becomes 

(6) 
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The ratio r-y/- ' /1 should be independent of intensity. 
The constant cP is derivable from the quantum yield 
or the radiation G-value for radical formation, and is 
normally almost independent of temperature. 

From the comparison of ro and ry, the thermal and 
the radiation rates, a number of facts concerning the 
elementary reaction steps may be deduced. Thus 
the thermal initiation rate is given by the relation 

r5 k, 
(ry/ - ' /t)2 cP (7) 

I.e., 

(8) 

and all the activation energies can be obtained with 
the aid of bond dissociation energies and thermo
chemical information. 

In the present instance, at leas t two complications 
are present: (a) the initiation process is not the same 
for gamma-ray and thermal initiation, and (b) the 
thermal rate is appreciable. 

4.2. Mechanism of Initiation and Termination 

In thermal initiation, the C-F bond strength is 
great enough [27] so that only C - C splitting need be 
considered. Therefore, we write 0 - > 2R, where R 
stands for ~ CF1 CF1 ·. Radiation seems to produce 
radicals by two reactions 

fl O- > Rll + F 

where Rll stands for the structure "'" CF1CFCF2 -

The evidence for Rll is old and direct [28] while that 
for R depends upon subtractions and upon identi
fication of an oxygen reaction product --CF1 CF10. 
[29, 30]. Separation of the pairs R, generated ther
mally or by process a, may be strongly hindered by 
cage effects, whereas in process (3 separation of F 
from Rll could be much easier. Thus, although the 
bond scissions in the radiation processes a and (3 
may be temperature independent, both the separa
tion of radicals and the recombination reactions can 
be diffusion limited and thus in principle temperature 
dependent. For a diffusion-limited combination 
A + B. Smoluchowski [31] has shown that the second
order rate constant is proportional to t (DA + DB), 
i.e., to the sum of diffusion constants. Since F is of 
small volume (cf. Ne , N) and highly mobile, not only 
the separation efficiency of F but the combination 
rate of F with large radicals will be very large , (ex: t D,.· ) , 
while that for R + R will be much smaller. There is 
thus no neces sary equi valence between the thermal 

and radiation processes, in either initiation or ter
mination, and complete temperature independence 
of radiation initiation is doubtful. In special circum
stances both the equivalence of species and the tem
perature independence of radiation initiation can be 
valid. 

Two contributing circumstances can be noted. For 
termination, Siegle, Muus, Lin, and Larson [6] have 
postulated the reaction R + R k4U > S + U where S is a 
saturated molecule and U an olefinic molecule of 
polymer. The radical Rll should also decompose at a 
rate which is comparable with propagation 

Rll--->U+R 

-CF1CFtCFCFtCFtCFt---> -- CF1CFtCF=CF t 
+ . CF2CF2-, and is therefore rapid if there is a chain 
process at all. Therefore, the decomposition of RII 
can produce as many olefinic groups as initiation 
process (3 produces F atoms. If the termination of 
Siegle et aI., occurs to an appreciable extent, olefinic 
groups will accumulate more rapidly than F atoms. 
It is likely that the addition of F to a double bond 
occurs with near zero activation energy (cf cases in
volving Cl [32D and at a rate roughly comparable to 
combination. Ultimately the large number of olefinic 
groups U will compete successfully with all radicals 
to consume nearly all F and produce further radicals 
R almost quantitatively. These processes with ini
tiation (3, in the presence of olefins, can produce 2R, 
not in a cage, and almost no F. Other processes 
which compete similarly with R + F ---> S may be 
F+-CF1 - CFt - --> - CF3 +. CF2 [33]: F 
+ CF1 = CFt --> CF3 CFt .: and F (polymer 
melt) ---> F (vapor). The combination F + F can 
be neglected, because of the low bond energy of F1 , 

37 kcal [27], favoring dissociation at high tempera
ture and low total concentration, and the low or zero 
activation energy for numerous reactions with F1• 

If termination is by combination exclusively, but Rn 
decomposition is complete, more complex quadratic 
relations prevail among the several concentrations. 
Including the thermal rate of initiation 1,1(0) and de
noting the rates of processes a and (3 by 0'(0)1 and 
(3(0)/ , it is probably safe to assert the inequality 

[hi + 0'1] [0] < [R]2 < [I,I + (a + (3)1] [Q]. 
k4 1,4 

To the extent that F atom reactions occur they may 
reduce the pair correlation, cage effect, and tempera
ture dependence involved in the coefficient a. 

4.3. Radiation Initiation Rate 

Experimentally, the constant G-value of 3.0 for 
chlorine absorption suggests that in the temperature 
range 325 to 380°C some sort of initiation process is 
temperature-independent. 
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This experimental G-value refers to some unknown The composite initiation rate is represented by 
composite of the reactions: 

Q --> 2-CF2CF2 • 

Q--> """ CF2 CFCF2 -+F' 

-CF2CFCF2---> -CF =CF2 +' CF2 -

~vCF2CF2'+ Ch-- > .... CF2CF2Cl + Cl 

- CF 2CFCF 2 - + Ch --> - CF 2CFCICF 2-+ Cl 

-CF =CF2+CL-->- CFCICF2Cl 

Losses from scission of C - Cl bonds wer e presumably 
reversed by the excess c hlorine present. An in
creased ra te of scission at sites adjace nt to C - Cl 
bonds could have raised the overall scission rate in 
the sample, but th e p ubli s hed rates of pyrolysis of 
polychlorotriAuoroethylene [34, 35] sugges t that this 
increase would be moderate for the temperatures 
and times used . At the low Cl2 concentrations sol
uble in polytetraAuoroethylene at 300 to 400°C, the 
uptake of Cl must -be a measure only of radicals whi ch 
have escaped the primary cage. Propagation reac
tion s s hould not inte rfe re with the measurement unless 
chains are complete ly consumed; the only require
ment is that reaction with Ciz s hall compete success
fully with termination. . 

If radicals Rn,"" CF 2CFCF 2 - do not deco mpose to 
R, then G(CI) measures [2a+,B][QJ in the notation 
used earlier. If they decompose quantitatively ac
cording to 

RII -->R+U 

""" CF 2CFCF 2"" --> - CF = CF 2 + . CF2-

and the products combine with c hlorine to yield 
- CF CICF2 CI + CICF2-, then G(Cl) measures [2a 
+ 3,B][Q]. 

Other es timates of the G-value for radical formation 
in polytetraAuoroethylene, principally at room tem
perature, vary be twee n 0.2 and 10 [14, 15, 36]. 

With reservations, the radiation initiation rate will 

be consolidated as cP £. I and it will be considered m 
tentatively as te mperature-independe nt and equal to 
the experimental c hlorine absorption , 

i.e. , d CI = 2<P £. I. 
dt experimental m 

4 .4 . Reduction of Experimental Data for Mixed Thermal 
and Radiolytic Initiation 

The data of fi gures 2 to 4 and table 1 are differences 
r - ro of the actual rate r and the thermal rate roo 

kl 2: nQn + <PI 2: nQn. (9) 

The total decomposition rate is 

(10) 

therefore, 

( <P )1 /2 
r - l'o= ro 1 + 7:; 1 - roo 

The relation be tween the photo incremen t r - 1'0 

and /1 /2 describes a hype rbola which has an asymptote 

(<P) 1/2 
r - ro = ro --:- /1 /2 - 1'0 . 

J" 
(11) 

( <P) 1/2 
The asymptote has the slope ro 7:; and intercepts at 

11 /2= ~ and (1'- 1' ) =- r Thus both the thermal ( k )1 /2 
<P 0 o_ 

rate a nd the ideal radi ation rate para meter, eq (6) 

( <P)1 /2 
ry/ - 1/2 = ro 7:; can be isolate d . In fi gure 4 a rea-

sonable correspo ndence to the hype rbola 

is seen. 

(r- ro+l0.37 X 10- 7)2 
(l 0. 37 X 10- 7)2 

(I1 /2F 

(0.792)2 

If the hyperbola of fi gure 4 does not include nu
merous points a t high /1 /2, de termination of the as
ymptote is unsatisfactory, and moreover the form is 
not well distingui shed from a parabola. Sin ce the 
initiation rates are to the half power in the rate ex· 
pression it also follows that ry the pure y-ray in itiation 
fractional rate of monomer volatilization is related 
to the total and thermal rates by the expression 

(12) 

Using eqs (5) and (10) 

(13) 

Fac toring th e right s id e of eq (12) permit s th e 
formulation 

r - ro = 0 /( r+ ro) (14) 

r + ro = rfl ( r - ro) 
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or 
., 

2 + ry 
r - ro =- 1'0 ( ) 

r- ro 

Rearranging and inserting the expression (eq (13)) for 
r~ we obtain 

k~ m ¢I 
r - ro=- 2ro+-:-- ( ) 

,,'4 P r- ro 
(15) 

If r - ro is plotted agains t (_1_), a strai ght line is 
r-l'o 

obtained. The ideal radiation rate parameter 1'y / - 1/2 

(¢) 1/2 
= 1'0 "'£ is given by the square root of the slope, 

and the thermal rate ro by one-half the negative inter
cept. The diffic ulty with this type of plot is that at 
low r- ro the error in the abscissa I / r - ro is very 
large. Within the large error fi gure 5 appears to 
constitute the required line. The value of the nega
tive intercept is somewhat uncertain because of th e 
long extrapolation: therefore, ro is not accurately de
termine d. An algebraically equivalent value of ro 
can also be obtained as half the produ ct of the slope 
and the intercept on the (1 / r - ro) axis. 

Plots similar to fi gure 5 were made for various 
temperatures and film thicknesses, utilizing the data 
of fi gure 2. They s uggest a trend to upward c urva
ture, diffic ult to establi s h because of the few points 
and large associated errors. 

If the radiation process involves radical pairs which 
remain correla ted throughout their life times, l'y and 
r - ro should be lin ear in I. Figure 3 shows tha t 
r - l'o is not. Likewise figure 4 should be a parabola, 
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FIGURE 5. Photo increment of rate of volatilization of poly tetra· 
jluoroethylene (1' - 1'0) plotted as a function of l /( r - ro), see eq (15). 

Corree led temperature 429.5 "C. 

which is more difficult to disprove, and figure 5 should 
be a vertical straight line. The possibility of so me 
linear component, either from correlated pairs or 
molec ular processes, is diffic ult to inves tigate . If the 
contributions are independent and the rate can be 
represented as 

(16) 

where a = ¢ /k l it is possi ble to develop r- ro and such 
ratios as (r - ro) /I , (1'- ro)/- 1/2 as seri es in l or 11/2, for 
low and hi gh values of 01. In particular , a plot of 
(1' - ro )/ - I/" versus [1 /2 has a limitir:g slope rob and a 
high dose asymptote with an intercept on the Y-axis 
equal to roo 1/2. The data of fi gure 4, treated in thi s 
fashion, did not indicate a large linear component. 

The rate data for film 0.0006 cm thick (table 2) 
were anomalous and corresponded to linear variation 
with dose rate. 

The radiation rate constant ryl - I/2 was evaluated 
for the 0.0025-c m film by two methods - from the 
square root of slope of plots like figure 5, and from the 
highes t available two points on plots like figure 4. 
These results are assembled in table 7. For 0.0025 cm 
film , these data fit the equations 

ryl - I/2= 6 .24 exp (-2 1,200/R1) s - IMR - l/2h l /2 (17) 
(slopes of fig. 5 plots, first line of table 7) 

ry[- 1/2= O.28 exp (- 16 ,900/RT) s - IMR- I/2h l /2 (18) 
(highest two points of fig. 4, plots , second line of 

table 7) 

TAB LE 7. Pure radiation rate constants for decomposition of 
polytetrafiuoroethylene 

Thic kness, O'()025 em 

T e mperature , °e a 403.l 420.5 429.5 429.5' 443.7 453. 1 468.1 
IQi f'y /-1/~. 

s- ' MR- '/2 hl /?b · 8. 1 11.2 
107 /)' / - 1 ::. 

s- IMR - ,n hl/2C 8.S 12.2 

a Corrected , see "Experime nta l Prucedure." 
h From square ruol of slope, as in figu re 5. 

13.6 

14.6 

C From t wo poi nts at high dose rate, as in figure 4. 

1:'.0 

10.7 

d Data from figures 4 and 5: all ot hers interpola ted from fi gure 2. 

4.5. Therma l Init ia ti on 

19.0 24.0 43.:1 

17.0 20.3 35.6 

The rate of thermal initiation may be computed if 
the description outlined in eqs (6), (12), and (17) or (18) 
is valid. By eq (8) 

The rate parameter <I> for radiation InJtJation is esti
mated from the polymer density, the polymer segment 
molecular weight, and the experimental G-value for 
chlorine absorption. The re fin ed representation de-
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veloped by S iegle, Muus, Lin , and Larse n [6] can be 
re wriU e n with littl e loss of accuracy 

EWI =5.25 exp (1393/RT) mol/lite r 750 > T oK > 650. 
171 

For presen t purposes the value at 400 °C will be used, 
neglect in g t pmpera t ure variation, viz, 

E 10'1 = 14.38 mol/l. 
171 

From th e e x pe ri mental G(C!) = 3.0, and the estimated 
[22] r elation for polytetrafluoroethylene, 1 MR = 0.526 
X lO~o eV /g t he value of cp beco mes 

(19) 

By combi nin g eq s (17) and (19) with Madors k y's [71 
thermal rat e, 

"0 = 4.7 X ]OI H e xp { - 80,500/RT} S- I (5) 

the re s ulting th e rmal initiation rate is, 

A s imilar es timat e utilizing e q (18) in place of eq (17) 
yield s 

hi = 1.0 X 1O'lII ex p {-127,200/RT}s- l. (21) 

Substitution of the the rmal rat e equation of S iegle, 
Muu s, Lin, and Larsen [6] will yield nea rly th e sa me 
res ult s . 130th th e activation e ne rgy and th e preex po
ne ntial factor are re markably high , the pree xpon e ntial 
factor be ing out s ide th e range of usual ex pe ri e nce. 

4 .6 . Propagation 

Act i vat ion energies of other steps can be com put e d 
from e qs (5), (17) or (18), (19) or (20), and the known 
bond dissociat ion e nergy [27] and equ ili brium-press ure 
r elation s hips [6] 

From I3ryant's C - C bond dissoc iation energy [27] 

Dc- c = EI - E., = 81.5 kcal 

I 
E~ = Eo -2 Dc_c=80.5-40 .75. or 39.75 kcal , 

inde pe nd e nt of th e prese nt radiation results. 

E4=2{Eo-~ Dc- c-Ey } 

= 2{80 .5 - 40.75 - 21.2} 

=37. 10 kcal, 

where Ey = 21.2 kc al is derived from e q (17). Utiliz
ing eq (18) , th e corresponding E4 is 45.70 kca l. Th e 
value of E~ = 39.75 kcal is in agreement with the 
eq uilibrium press ure relat ion [6] a nd heat of polymer
ization [27] and a reasonabl e allowance for th e acti
vation e nergy E_ ~ of the reverse propagat ion of ° to 
7 kcal. 

= 37.57 + (0 to 7) kca l. 

4.7_ Termination 

Th e value of E4 = 37 .IO kcal is in qualitative agree
me nt with th e co nce pt that te rmination is diff"u s ion
controll e d and limit ed by the hi gh me lt vi scos ity. 
Melt viscosity meas ure me nt s [37] have bee n variou s ly 
inte rpre ted to indic at e that th e activation e ne rgy for 
vi scous flow is 36 kca l 137 1 or e lse [38 1 that below 
365 °C it is about 25 kcal , and above thi s te mpe raturc 
it is 52 kcal , poss ibly with a c hain-sc iss ion mec hani s m. 
It re main s un ce rtain whether th e apparent c hange 
nea r 365 or 380 °C is physical or c hem ical in nature, 
s ince a pe rm ane nt degradation a bove 380 °C affects 
th e measurements 139, 401. 

More direc tl y, th e disappearance of radi ca ls in 
irradiat ed polyt e tra fluoro e th ylene at te mpe ratures up 
to 220°C [41J appears to fit seco nd-ord e r rate ex pres
s ion s with re lative ly high activation energies 

h = 6 X 10"1 ex p {-30,000 ± 3,000/RT} liter/mol· sec 
(amorphou s phase, 46% crystalline sample) (22) 

1. = 6 X 10 17 exp {-4.0,000 ±4,000/RT} lite r/mol· sec 
(crys talline phase, 46% crys tallin e s ample) (23) 

1. = 6 X lo~r; exp {-65,000 ±5,000/RT} liter/mol· sec 
(crystalline phase, 74% crys talline sample). (24) 

Although the radical species 
-CF~CFCF~"""'· rather than _ . CF2 • , 

diffusion and recombination should 
pecially in the amorphous phase. 

is pres u mably 
the barri e rs to 
be similar, es-

By assuming one of these equations as a description 
of 21.4 a rough es timate of 1.2 can be obtained by way 
of eq (8), which implies 

(25) 
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Substitution of 

ryI- I /~=6.24 exp {-2I,200/RT} (17) 

2k4 = 6 X 1013 exp {- 30,000/RT} (22) 

and [~ 103J = 14.38, 2cI> = 7.29 X 10- 8, as previously 

used, gives 

h = 7 X 1011 exp {- 36,200/RT} sec- I (26) 

which is close to the a priori estimate of Siegle, Muus, 
Lin, and Larsen [6] 

k2= 1013 exp {-36 ,800/RT}. 

Comparisons involving the de polymerization equi
librium [6] and the measured propagation rate In 

polymerization [11] would require knowledge of 
monomer solubility in the polymer melt. 

4.8. Kinetic Chain Length 

The kinetic chain length, Y, propagations/initiations 
is given by 

r 

2(1,1 + cI>I) 
(27) 

Table 8 lists a few values of Y computed from '-0 
(eq (1)), r - ro (fig. 2 with corrected temperatures), 
hi (eq (20)) and cI> (eq (19)). Thermal kinetic chain 
length at high temperature are much less than the 
estimates of Siegle et al. [6], e.g., 13 instead of 720 at 
480°C. Approximate equations for the thermal ki
netic chain length Yo and the fi c titious radiation chai n 
length neglec ting thermal initiation Yy are, 

4.9. Molecular Weight as a Function of Conversion 

The molecular weight changes given by these authors 
th en imply not that the chain length is long, but that 
termination occurs almost exclusively by combination. 
To show this, let Q(t)=the total~oles ofyolymer 
molec ules in Wet) g of sample. MII(t) = mP(t)=the 
number average molecular weigb,!, where m is the 
monomer molecular weight and P(t) is the number 
average degree of polymerization. The sample volume 
is given by V(t) = W(t)/ p; the conversion to volatiles by 
C=I-W(t)/W(O). 

The rate constants and kinetic parameters are kl' k~, 
k3, h4, k4 ([, r, and Y, as used previously. Radical con
centration, mol/cm:l, is denoted by [R] , and r = frac
tional weight loss rate, S- I, Y = kinetic chain length, 

h:l[R]p/m 
hAR]/h40 [RF· Also le t h40 = k4 + k4 (1, and (7"= 2k40[R]2 ' 

th e chain transfer constant. 
A constant s teady-s tate radical concentration IS 

maintained as in eq (4): 

By virtue of the cons tant fractional weight loss rate r 

Vet) = Wet) = W(O) e-rl 

p p 

= W(O) e- 21'1 II. 

P 

The total number of polymer molecules is left un 
changed by initiation and combination, an d in c reased 
by one by disproportionation and by c hain transfer. 
Therefore, 

10glO Yo =- 9.958 + 8320/T (28) Noting that 

10glO Yy=7.932-4640/T-~ log lo I. (29) 

In all the radiation experiments, the kinetic chain 
length is small. At low temperatures the chain length 
can be great only at extremely low dose rates, involv
ing immeasurably low decomposition rates, while at 
high temperatures it is s mall because of ex tensive 
thermal initiation. 

TABLE 8. Kinetic chain lengths for polytetrajluoroethylene 
decomposition 

T e mperature, °c . ..... ............ 496 480 468 417 394 
Y, O MR/h, thermal ... 8 13 18 J:lZ :1.10 
Y, 0.2Z ·MH /h ... 13 20 19 \0 
Y. 7.66 MH/h ... 1.1 16 4 3 
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Since 

QU) = W(t) = W(OH I - CUn , 
M,,(t) mP(t) 

1- C _ _ 1_= (k4f1 + (T) ~ ' 
P(t) f lO) k40 2Y 

conversion and in our case related to the rate cons tant 
by the expression 

1- C 
A plot of - --- ve rs us C should be linear, with a 

P(t ) 

where e is the base for the natural logarithm and L 
the critical size for evapora tion [4]. H ydroge n appears 
to be the best inhibitor studi ed [33] showin g a maximum 
in dC/dt , albeit not quite at C = 0.26. Applying the 
above expression to the maxima of the earlier data 
[33] one obtains 

slope 1..- (k4f1 + (T)' From the data of Si egle e t a!. 
2Y k40 

[6] , one es tim a tes for th e slope the valu e 6.4 X 10- 4 • 

Th e equ a tion utilized previously [6] is some what un
necessarily imprecise and was de rived ass uming all 
te rmin ation to be by di s proportionati on. By sub stitut· 
ing the c hain le ngth Y= 13, it can be concluded , with 
rese rvation s due to th e large experime ntal e rror, th a t 
neither k l,,/k40 nor (T is much large r th a n 3 X 10- :1. 

Alte rnatively, the molec ular we ight c han ges c it ed 
could be a co nsequ e nce of reac ti on with impuriti es . 
If e ach molec ule of impurit y reac ts to ge nerate a c hain 
brea k, th e number of moles of impurities that have 
reac ted a t 16 pe rce nt conve rs ion I S give n by 

Q(0.16) = Q(O) +x 

x = W(O) (l - 0.16)_ W(O) . 
1.2 X lOll 9 X 10~ 

x m 
Thu s, reac ti on of impurities to the ex tent Wo =5.9 

10- ;' of the number of moles of c hain segme nts could 
also account for th e observed molec ul ar weight de
crease a t 16 percent conversion. Half of thi s re ac ti on 
co uld have ta ke n place before 4 percent convers ion, 
as judged by the earli es t experime ntal molec ul ar 
weight. The present pic ture of low kinetic chain 
len gth and little, if an y, di sproportion ation is consis tent 
with ma ny other observations in the literature , viz , 
the failure to observe di s proportionation produc ts in 
experime nts with perfluoroalkyl radicals [43], and 
inhibition s tudies in which the polyme r was de
co m posed in the presence of various gases and fluorin e 
atoms [33J. The d ecomposition of polytetrafluoro
e thyle ne if carri ed out in the presence of a perfect 
inhibitor, i.e., a c he mical species that reacted only with 
th e radi cals formed by random the rmal initi a tion to 
produ ce a s ta ble molecule, should exhibit a net random 

decom position type of ~~ versus C curve [4], and the 

ra te co ns ta nt for the random deco mposition should 
be id e ntical to the thermal initi ation cons tant for the 
th erm al vola tili zation reac tion studied he re. Random 
deco mpositi on can be shown to give a behavior c har
ac te ri zed by a maximum in dC/dt at 26 perce nt 

which is in very good agreement with the initi ation 
con s tant deduced from the comparison of the thermal 
and y-ray rates. 

4 .10. Diffusion Effect on Initiation and Termination 

Th e large ac tiva ti on e nergy and pre -expon e ntial 
fac tor for thermal initiation, AI a nd £1 , diffe r con
s iderabl y from previou s ad hoc spec ulation s. Th e 
experim ent al valu es re ported here are se ns itive to 
e xpe rime ntal e rrors, as illu s trated by the differences 
be twee n eqs (20) and (2 1), a nd th e ir va lidity de pe nd s 
upon the reali zation of th e rath er strin ge nt condition s 
a lread y di sc ussed in conn ec ti on with th e initi a tion and 
termin ation in th e prese nce of radi ati on. The hi gh 
EI can be a ttributed to the need for diffu sion of radicals 
out of the prim a ry cage, co mpa ra ble to th e high
e nergy diffusion process gove rning £4 . The large 
preexpon e ntial fac tor , 4 X lO~H, is diffi c ult to explain on 
th e basis of diff usion out of th e cage. For s mall 
molec ul es, the analysis of Rabinowit c h [44] , especially 
hi s eqs (8) and (3), leads to a fr ac tion f escapi ng recom
bin ation 

(38) 

Here Doe - ,o' f) /HT is the diffusion coefficient in obvious 
notation , a is the distance between lattice points in 
cm , y is a ratio of total to ineffective lattice displace
ments , v is a frequency close to the limiting Debye 
frequency == 5 X 101~ sec- I and Ec is the activation 
energy for combination within the cage, taken as zero. 
A factor eM'* /H has been inserted to allow for a possible 
entropy of activation for cage recombination. 

If the fraction f is to be of Arrhenius form with the 
requisite preexponential factor, 
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this requires 

and 

These conditions can be met only if e - I'; n !IIT ~ 10- 14, 

which at 650 oK requires the excessively high ED 
> 83 kcal. The second condition alone is impossible 
unless either Do -is much greater than the ideal small-

molecule value Do = ~ a2 nv given by Rabinowitch, or 

tl.S * is large and negative. 
Alternatively, the large AI could be explained by 

supposing that several bonds are loosened in the transi
tion state. According to this view, the loosening 
effect contributes about 40 eu to the transition state 
for dissociation of ethane [45] and raises the pre
exponential factor to 10 17 ; in the present instance a 
contribution of about 80 eu is needeJ. 

It is also conceivable that escape from the primary 
cage occurs mainly when dissociation is followed by 
one propagation step. Essentially this idea has been 
used to explain the transition from low-temperature 
radiolysis of petroleum products to a so-called radiation 
thermal cracking, the rate of which is proportional to 
dose rate but has a high activation energy [45]. 
Applied to thermal decomposition of polytetrafluoro
ethylene , the activation energy increment would be 
E2 and the effective EI would be Dc- c+ E2 , which is 
numerically not far from the EI deduced here. How
ever, arguments similar to those for cage escape 
would require A1CA2/A4C = 102H, where the subscript 
C denotes cage reactions, and this cannot be met with 
"normal" preexponential fac tors. In general, the 
kinetics of these authors should not apply here, since, 
in polytetrafluoroethylene, decomposi tion to olefin, 
i.e., propagation, does not destroy a radical as in their 
system, but leaves it unchanged as a kin eti c entity. 

For related reasons, it is very difficult to devise 
kinetics of radiolysis involving "unzipping" for a 
kinetic chain length which is long but less than the 
degree of polymerization, which can result in decom
position linear in dose rate. The usual conclusion , 
that about half of the radical pairs escaping the primary 
cage will never recombine with their original partners 
[47, 48], implies that the steady-s tate concentration 
of all radicals, paired and unpaired, will be governed 
largely by bimolecular termination and thus go as the 
square root of dose rate . Perhaps a complex interme
diate behavior could be observed in special situations. 

4.11 . Diffusion Effect on Propagation 

The idea that the reverse propagation reaction 

(31) 

could be a factor is suggested by the appreciable 
partial pressures of monomer existing in some of the 
present experimental work , and by the low values of 
the published thermodynamic equilibrium pressure 
[6]. The equilibrium pressures could be in error by 
a factor of ten. Preliminary arguments against 
reverse polymerization as a serious influence are 

(1) At different helium flow rates, the partial 
pressure of monomer varied widely, but the observed 
rate of evolution remained approximately unchanged. 

(2) The observed rates were nearly the same in 
0.01- and 0.0025-cm sample thicknesses, despite the 
four-fold difference in monomer partial pressure. 

(3) In the pyrolyses reported by Siegle et al. [6], 
the presence of excess monomer pressure, although it 
profoundly altered the product composition, reduced 
the rate of weight loss only by about 50 percent. 
At 380 °C, when polymerization should have been 
highly favored by thermodynamics, it proceeded only 
very slowly, although it s reverse had measurable 
velocity in independent experiments in a vacuum. 
It is possible that the monomer concentration was 
actually maintained at a low level either by thermal 
dimerization (not favored at too Iowa pressure) [49] 
or by transfer to monomer 

or 

which is only very slightly endothermic [27]. 
The problem of diffusion-limited monomer evolution 

in depolymerization has been treated by Cowley and 
Melville [1]. However, the possibility that reverse 
depolymerization occurs to an appreciable extent, 
arising from a buildup of the concentration of monomer 
in the bulk polymer, does not appear to have been 
treated explicitly. 

The sample can be regarded as a slab of thickness 
1 em, with no flux of material through the bottom 
surface (x = 0) and open at the top (x = I). This 
differs from the slab of Cowley and Melville [1] which 
corresponds to two such slabs assembled bottom to 
bottom. Monomer is generated within a volume 
element of 1 cm3 of the slab at a net rate 

where [M] is monomer concentration, in units of 
mol/cm3, [R] is radical concentration in the same units, 
the latter being constant throughout the slab, t is 
in seconds, k2 is in S- l, and k- 2 is in cm3 mol- 1 S - l. 

Monomer at x = 1 is in solubility equilibrium with 
monomer in the gas phase at a partial pressure p, 
with a Henry's Law constant S: 

[M]I=Sp. 
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The differential equation governing monomer concen
tration in the slab is then 

where D is the diffu sion constant, cm2/s_ . The initial 
condition IS [M] = 0 everywhere and boundary condi
tions are 

[M]=Spatx=1 

[aM] = 0 at x = 0 (no flux)_ 
ax 

The steady-state solution, for d~~J = 0 is given by the 

usual me thods for linear differe ntial equations with 
constant coeffic ients. 

The rate of monomer escape per unit area or flux out 
of the top surface is give n, in mol/cm2 s, by the usual 
condition applied at t he surface x = I 

F _ ds ) __ Da[MJ) 
dt .r=1 a x ,,-,=1 

where s refers to moles of monom er passing through 
a 1 cm 2 surface element in an imaginary plane at 
position x. 

The rate per unit volume is given by AF/V, i. e., by 
F/I , and the rate per unit weight by F/pl , where A is 
the surface area, V the volume and p the density. 
Evaluation of the derivative amd multiplication give, 
as the rate in moles/(base mole)(sec) 

D (k2 ) {L2[RJ}1 /2 {L2 [RJ}1 /2 
100 pI L2 - Sp -D- tanh l - D- ·(34) 

Utilizing the relationship between rate constants and 
equilibrium constants 

and th e composite parameter 

the rate in moles/(base mole)(sec) is 

A. 2 [RJ {l -~} tanh Z. 
100 P Kp Z 

(35) 

Although p is related to the monomer evolution rate, 
gas flow rate and sample weig"ht by an easily derived 
proportionally constant, the insensitivity of observed 
results to flow rate suggest that it is safe to neglect 
the term p/ K". 

For th e case p = 0, Carslaw and Jaeger [50] give a 
comple te solution including the time-dependent be
havior, which becomes identical with the equation of 
Cowley and Melville [7] upon proceeding to the limit 
of no re verse reaction . 

The steady s tate in the limit of infinite thi c kness is 
easily derived from the general solution given above 

{ ( p) ( (kARl )IN) } [M] = SKp 1- 1- K" exp -x DSKp • 

(36) 

(37) 

If p/Kp is negligible, the monomer concen tration is 
within e- 2 of its limiting value at a depth in cm 

_. (kARl )-1/2 
x-2 DSK.p 

The cor respo ndin g time-dependen t surface flux is 

(38) 

if I) = O. This form may possibly apply a t very low 
temperatures and great thic knesses, if monomer pro
duction alone is measured, but does not apply in the 
present experiments. 

In the present work, the time-dependent region is 
masked by holdup of vP.por in the reaction furnace, 
and the steady-s tat e is reached before 20 min and 
perhaps lon g before this time. Thus the steady-s tate 
form eq (35) applies. The solid lin«1 in figure 6 shows a 
logarithmic plot of the ratio, rate/k2R, as a function 
of Z, according to eq (35) with p = O. The exper i
mental rate-differences, r- ro, are shown on the same 
plot as a function of thickness at cons tant temperature 
and dose rate . A logarithmic plot of the rate r versus 
I should have the same shape as the curve, with co
ordinates shifted. It is seen that there is no corres
pondence with the curve. The use of the correct but 
somewhat uncertain r in place of r - ro would not 
appreciably alter the disagreement. Dose rate varia
tions could be explored somewhat similarly if thermal 
initiation were negligible. The simplest explanation 
of the very high rate at a thickness of 0.0006 e m is a 
combination of uniform bulk rate b with a high surface 
rate {f_ A plot of rate versus thickness would be a 
hyperbola, r=b+ {f /I which appears to be the varia
tion encountered. The surface rate (/ co uld involve 
either the polymer-gas interface or the polymer-metal 
interface, as suggested by recent s tudi es at much 
higher temperature [51]. 

It is conceivable that the observed surface rate is a 
result of a higher temperature in the thinn er samples. 
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FIGURE 6. Gas evoLlition rates as a Iunction oI sampLe thickness , 
eq (35). 

Upper cu rve. theoreti ca l va ria ti on of r with thickness for ral e limited by reverse reaction 
a nd diffus ion. Luwer curve experimenta l. r - ro_ for pulylelrafluoroe thylene at 4:29.5 0c. 
7.60 Mil /h. 

Sample temperature is not easily controlled arid 
measured with s uch thin films. The sample tempera
ture is a func tion of many factors, heat of reaction, 
thermal conductivity of polymer, radiative heat trans
fer, heat capacity of the furnace, and others. An
other reaso nable mechanistic concept for the greater 
rate from the thi n films is that the concentration of 
polymer radicals is greater as a result of a more rapid 
loss of small radicals whose only function would be 
in termination. 

Although our rate studies indicate that diffusion 
and reverse reaction do not dominate the radiation
induced decomposi tion, it is very likely from the 
produ ct compositions, table 6, that the process is 
appreciably perturbed by these influences and by side 
reactions not pr~sent in the usual thermal decompo
sition in a vacuum. At a low enough temperature 
these influences will be major. A rough estimate of 
these effects can be made with the aid of eq (38), 
which asserts that in a semi-infinite slab the monomer 
concen tration is 1 - e- ~ of the equilibrium value at 
a depth 21<i.l~DI / ~(k~ [R])- ' / ~. 

For temperatures low enough to avoid appreciable 

thermal initiation, k~ [R] = ry [~J is taken from eq 

(17): in mol/cm:l s, this is approximately 

mol 
9.0 X 1 O-ql /~ exp {- 2l,200/RT} -'l-' (40) 

cm' s 

D is estimated from the room temperature value of 
Goldfarb et al. [42] , and an activation energy in the 
range 8.4 to 14.6 kcal found for various gases in poly
tetrafluoroethylene [51]. Using the corrected value 
[42] of D = 1.2 X lO- H cm2 /s at 24 °C and taking ED = 
9_000 cal, the es timate gives 

D(T)=5.2 X 1O- ~ exp (-9,000/RT). (41) 

The solubility could be estimated similarly from the 
same sources. 

A likely upper limit can be found by assuming ideal 
solubility in polymer segments and extrapolating the 
vapor pressure equation [53] far beyond the critical 
temperature [54]. On this basis the solubility S is 

S = 5.2 X 10- 7 exp (+ 3,965/RT)mol/cm3 allll. (42) 

Combination with the thermodynamic equilibrium pres
sure data [6] yields 

1(, =4.37 X 101 exp {-31,735/RT}mol/cm3 (43) 

over the range 390 to 480 °C. The depth for 
C = 1(,(1- e- 2 ) is, by substitution in eq (38) 

2 .2I- ' /~ exp {-9,700/RT}cm. (44) 

At a temperature of 340°C and a dose rate of 1 MR/h, 
thi s is 8 X 10- 4 cm, and films of thi s thickness would be 
approaching semi-infinite behavior, with a rate of 
monomer evolution dependent mainly upon surface 
area. Under these circumstances it is not surprising 
that the principal products observed at the lowest tem
peratures are complex mixtures, arising from termina
tion and from side reactions. 

5. Summary 

The decomposition of polytetrafluoroethylene ex
posed to gamma radiation at dose rates of 0.1 to 7.6 
MR/h appears to be a process with a relatively short 
chain length and a rate near 400°C not many times 
greater than the thermal rate. The rate is essentially 
proportional to the square root of the dose rate and 
mutual termination occurs. The very low activation 
energy, 84kJ/mol for the y-ray process indicates a very 
high activation energy for thermal initiation which is 
supported by earlier observations. It is unlikely that 
diffusion of the monomer through the polymer is hin
dered to such an extent that repolymerization is impor
tant. The deduced rate of thermal initiation has an 
abnormally high preexponential factor and a high 
activation energy, and the activation energy for termi
nation is also high. The very short kinetic chain 
length and well-known independence of initial molecu
lar weight together indicate that thermal initiation is 
random. 

The short chain length and the previously observed 
molecular weight changes indicate that the termina
tion step occurs nearly exclusively by radical combi
nation. The observed decrease in DP over that 
anticipated for termination exclusively by combina
tion can be the result of very small amounts of other 
processes such as disproportionation, transfer or 
impurities. At lower temperatures but above the 
melting transition, the y-ray induced decomposition 
has little temperature dependence and the volatile 
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products are very complex and presumably the 
result of direct radiolysis. This co mplex low-tem
perature process is probably what was observed by 
Taubman and lanova. 

The authors thank Dr. C. A. Sperati and E. I. 
du Pont de Nemours & Co., for the molecular weight 
sam ples and data. 
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