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Many reports have been received in the past 
regarding the radiation degradation of polytetra- 
fluoroethylene. Nishioka,' et al. found a decrease 
in melt viscosity, elasticity, and creep fracture 
time. Density and crystallinity increases sup- 
pqrted the fact that the predominant reaction of 
palytetrafluoroethylene to ionizing radiation re- 
sulted in chain scission. Other references2J give a 
compilation of data, all of which tend to show that 
polytetrafluoroethylene undergoes degradation 
when irradiated, that chain scission predominates 
over any cfosslinking that may take place, and that 
the structural properties of the plastic are de- 
creased. In general, it is found that, when poly- 
tetrafluoroethylene is irradiated, tensile strength 
decreases, elongation decreases, and density in- 
creases. 

The original intent of this study was to compare 
polytetrafluoroethylene films that had been irradi- 
ated under various environmental conditions. It 
was desired to find a condition or conditions under 
which the degradation of polytetrafluoroethylene 
by irradiation could be minimized or by which 
crosslinking could be induced. Wall4 reported that 
in the absence of oxygen polytetrafluoroethylene 
retained 51% of its original tensile strength 
whereas the same dose of radiation applied in air 
caused the sample to become so brittle that it could 
not be tested for tensile strength. 

The environmental conditions, which were vslried 
in the present experiment, included irradiations 
in vacuo, at elevated temperatures, in a nonoxygen 
atmosphere, and with combinations of these condi- 
tions. The rather discouraging results found with 
polytetrafluoroethylene led to the evaluation of 
the two other fluorinated polymers, polyvinylidene 
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fluoride and polyvinyl fluoride. Both polymers 
have high melting properties and a heat resistance 
approaching, but not equal to, that of polytetra- 
fluoroethylene. It was felt that the presence of 
hydrogen atoms along the polymer molecules 
might tend to cause crosslinking of these polymers 
or at  least decrease the rate of degradation. .These 
polymers were studied with the object df comparing 
radiation resistance with polytetrafluoroethylene. 
Heat aging tests are reported as a by-product of the 
radiation resistance studies. 

EXPERIMENTAL PROCEDURES 

All polytetrafluoroethylene samples tested were 
0.010 in. thick, the polyvinylidene fluoride pellets 
were prepared into slabs 0.035 in. thick, and sheets 
of polyvinyl fluoride 0.003 in. thick were used. 
Samples were irradiated by passing them through 
the electron beam perpendicular to the axis of the 
beam. The geometry of the electron beam re- 
mained constant. The speed of passage through 
the beam and the point of entry into the beam were 
also constant. Radiation dose was varied either 
by varying the strength of the electron beam or by 
varying the number of passes through the beam 
that a sample would receive. Either method would 
be used, at  the discretion of the operafor, since the 
study was based on total dose and not on dose 
rate. Samples irradiated a t  elevated tempera- 
tures or in an atmosphere other than air or both 
were placed in a sealed rectangular container with 
the front face made of 0.0015 in. aluminum. This 
container was fitted with a gas inlet on one side and 
a hot plate in the rear. In this container either a 
controlled atmosphere or heat could be applied to a 
sample as it passed through the beam. The sam- 
ples irradiated in a vacuum were placed in a steel 
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cylinder fitted with a 0.002 in. titanium window. 
The samples were placed directly behind the win- 
dow and the container was evacuated to 30 p 

of mercury before being passed through the elec- 
tron beam. All polyvinyl fluoride and poly- 
vinylidene fluoride samples were irradiated in air a t  
room temperature. Dosimetry was accomplished 
with the use of an evacuated Faraday cage. 

The cage was passed through the electron beam 
and dose was determined as a function of current 
through the Faraday cage. The irradiations were 
accomplished by using a Model EA-1.0 Dynami- 
tron Electron Accelerator (from Radiation Dy- 
namics, Inc.). 

TESTING PROCEDURES 
Tensile strength and elongation measurements 

were made on a Dillon tensile strength tester. 
Tests on this machine were performed in triplicate 
and results reported as an average value. Density 
determinations were made with the use of flotation 
methods. One determination was made on each 
sample tested. The cut-through test was per- 
formed by draping a sample over a mandrel in an 
oven. Weights were placed on the strips so that 
each strip held 15 lb./in.* Maximum tempera- 
ture attained was 255°C. Results of this test are 
presented in length of time for the strip to break 
and oven temperature a t  the time of break. The 
deformation under load test was performed by 
suspending 2 by 1 in. strips of polyvinylidene 
fluoride in an oven with 250-g. weight attached. 
Oven temperature was preset to 200°C. With an 
Amps ovenproof deformation test micrometer, the 
thickness of strips was determined when they were 
placed in the oven and then after 1 hr. in the oven. 
Results are expressed in per cent of original thick- 
ness retained by the sample. All tests were per- 
formed at least 24 hr. after irradiation, to allow time 
for delayed free-radical reaction, annealing of initial 
reaction, or escape of gases formed by diffusion. 

RESULTS OF TESTS AND DISCUSSION 
Table I shows the results of physical tests per- 

formed on polytetrafluoroethylene samples irradi- 
ated to 2-8 Mrad in oxygen and nonoxygen at- 
mospheres. It is obvious from the results that the 
polytetrafluoroethylene samples in every case were 
degraded by ionizing radiation. Degree of degra- 
dation varied according to the conditions of irradi- 
ation; however, even the most favorable of condi- 
tions (irradiation in a vacuum) still resulted in 
relatively severe degradation. This sample lost 
44.6% in tensile strength and 66.7% in elongation. 

This severe decrease in physical proverties virtu- 
ally eliminates polytetrafluoroethylene as a radi- 
ation-resistant plastic under the conditions tested. 
It is also evident from this figure that density of the 
plastic increased with increasing radiation. The 
detection of unsaturation5 and the production of 
CF, gas6 when polytetrafluoroethylene was irradi- 
ated indicate that density should decrease, since 
the ratio of fluorine to carbon decreased as radiation 
dose increased. Figure 1 shows changes in density 
in polytetrafluoroethylene with increasing dose of 
radiation under various environmental conditions. 
Densities could not be measured beyond 8 Mrad on 
any sample other than the room temperature nitro- 
gen irradiation, owing to embrittlement of the 
samples. It is interesting to note that the slopes of 
the curves of samples irradiated a t  elevated tem- 

- peratures are more steep than room-temperature- 
irradiated samples. The results shown in Table I 
indicate that at low radiation doses and in the 
presence of air degradation is greater when radiation 
is conducted a t  elevated temperature. Density 
changes in polytetrafluoroethylene may also indi- 
cate degree of radiation degradation. Possibly 
molecular configuration is altered during radiation, 
causidg the decreased density. Since density 
changes in polytetrafluoroethylene are a function of 
void content and degree of crystallinity, and these 
values were not determined, conclusions were not 
drawn as to the cause of the density changes. 
Further work is being done on this phase, to deter- 
mine volume changes and density changes' when 
polytetrafluoroethylene is irradiated. Zero 
strength time measurements have paralleled 
tensile and elongation decreases. It will be 
noted that Wall reports that a dose of 6.56 Mrad 
gamma radiation in vacuum decreases 49Yo the 

TABLE I 
Physical Properties of Irradiated Teflon in Various 

Environments 
Radia- Zero 

tion Tensile Elonga- Den- strength, 
dose8 Temp., strength tion, sity, time, 
Mrad Atm. OC. lb./in.* % g./cc. 8ec. 

0 Air 25 5200 565 2 . 1 4 2  4 8 . 0  
2 Air 25 2740 40 2 .150  1 4 . 8  
2 N. 25 2647 183 2.162 1 5 . 6  
2 Air 100 2130 21 2 .177  1 0 . 2  
2 Air 200 1313 F 2.205 TBTT 
2 N. 38 2700 188 - 15.7  
2 N. 100 2413 142 2 .151  1 5 . 8  
2 Vac. 25 2880 188 - - 
8 Air 25 TBTT TBTT 2 .161  TBTT 
k N. 25 2513 55 2 . 1 6 0  1 4 . 7  
8 Air 100 1013 8 2 .197  TBTT 
8 N. 100 2440 27 2 .178  14 .05  
8 Vae. 25 2170 125 - - 

~~~ ~ 

TBTT, too brittle to test. 
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Fig. 1. Density changes in Teflon irradiated under different environmental conditions. 

tensile strength of polytetrafluoroethylene. At  
2 Mmd the evacuated sample in this test lost 44% 
tensile strength and at 8 Mrad the strip lost 52.5% 
tensile strength. This is an indication that this 
degradation in vacuum is independent of type of 
radiation and dose rate. 

Figure 2 shows the changes in tensile strength 
and per cent elongation of irradiated polyvinyl 
fluoride and polyvinylidene fluoride samples, and 
deformation under load of irradiated polyvinylidene 
fluoride. Sample thickness of polyvinyl fluoride 
was not great enough to perform the deformation 
under load test. These results show that neither 
polymer is degraded in structural properties, by 
radiation, to the extent that polytetrafluoroethyl- 
ene is degraded. Polyvinylidene fluoride is re- 
ported to have the structure (-CH2-CF2-)n 
and should be expected to degrade if compared 
with polyvinylidene chloride, a polymer known to 
undergo decreases in structural properties when 
irradiated. Even a t  the dose of 100 Mrad the 
polymer has a tensile strength greater than its 
tensile strength before radiation. This, coupled 
with the fact that elongation decreased with in- 
creasing dose, indicates that the polymer is cross- 
linked when irradiated. The deformation under 
load curve also indicates crosslinking. The 
tensile strength and elongation curves of polyvinyl 

fluoride, on the other hand, show degradation as 
dose is increased. However, the rate of degrada- 
tion is much less than that of polytetrafluoro- 
ethylene. At a 100-Mrad dose of radiation the 
polyvinyl fluoride sample has lost virtually all its 
structural properties. Density values of irradiated 
polyvinylidene fluoride showed an initial sharp 
decrease at  2 Mrad followed by a continuous slow 
reduction. Polyvinyl fluoride, on the other hand, 
showed an initial increase in density a t  2 Mrad 
followed by a return to its original density at  8 
Mrad. Its density remains at its original density 
at  32 Mrad. It appears that polyvinylidene fluo- 
ride could replace Teflon for use in a radiation 
field. To confirm this, the cut-through test was 
performed. It was found that in this test, at 
elevated temperatures, irradiated polyvinyl fluoride 
was superior to both irradiated polytetrafluoro- 
ethylene and polyvinylidene fluoride. Table I1 
shows the results of this test. The results must be 
considered with differences of the cross-sectional 
area of each strip in mind. Duplicate samples are 
reported. t o  indicate the consistency of results. 
Samples were hung at  random throughout the 
oven, to allow for temperature differences within 
the oven. Since the loads per cross-sectional area 
of each strip were equal, the cut-through test was 
considered a better indkstion of the relative heat 
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Fig. 2. Physical changes in irradiated polyvinyl fluoride and polyvinylidene fluoride. 

resistance of the three polymers tested. Results 
indicate that unirradiated polytetrafluoroethylene 
has the greatest heat resistance of the samples 
tested. No breakage or embrittlement occurred a t  
any time during the test. Polytetrafluoroethylene 
irradiated at  2 and 4 Mrad were cut through rela 
tively fast and showed extreme brittleness when 
removed from the oven. These samples crumbled 
when handled. Polyvinylidene fluoride cut- 
through at lower temperatures and faster even 
than the irradiated polytetrafluoroethylene. The 
effect of radiation on the cut-through of poly- 
vinylidene fluoride indicates a maximum value in 
time-temperature performance a t  8 Mrad. All 
samples darkened during heat treatment and be- 
came quite brittle. In general, the performance in 
the cut-through test was inferior to that of poly- 
tetrafluoroethylene. On the other hand, irradi- 
ated and unirradiated polyvinyl fluoride showed no 
cut-through during the test. The samples were 
the only substances that had been irradiated 
and did not cut through during the entire test. 
Discoloration occurred slowly throughout the 

TABLE I1 
Comparative Heat Aging Test on Irradiated Teflon, 

Polwinvl Fluoride. and Polwinvlidene Fluoride 
Cut- Oven Radi- 

ation Cross- Wt. through at 
do=, section added, Equiv. time, break, See 

Plastic Mrad area, in.* g. lb./in.* min. T .  note 
~ ~~ 

Teflon 

Polyvinyl- 
idene 
fluoride 

Polyvinyl 

~ 

0 
0 
2 
2 
4 
4 
0 

0 
8 
8 

32 
32 
0 

~ 

0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.0025 
0.00875 

0.00875 
0.00875 
0.00875 
0.00875 
0.00875 
0.0015 

18.7 15 735 
18.7 15 735 
18.7 15 55 
18.7 15 55 
18.7 15 43 
18.7 15 55 
60.0 15 18 

60.0 15 18 
60.0 15 27 
60.0 15 27 
60.0 15 20 
60.0 15 20 
10.2 15 735 

255 
255 
255 
255 
240 
255 
200 

200 
230 
230 
206 
206 
255 

1 
1 
2 
2 
2 
2 
3 

3 
3 
3 
3 
3 
3 

fluoride 
0 0.0015 10.2 15 735 255 3 
8 0.0015 10.2 15 735 255 3 
8 0.0015 10.2 15 735 255 3 

32 0.0015 10.2 15 735 255 3 
32 0.0015 10.2 15 735 255 3 

1411 samples irradiated insir at room temperature. 
Note 1. No embrittlement noticed. 
Note 2. 
Note 3. 

Samples embrittled, no discoloration. 
Samples Pmbrittled and browned. 
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test. It was interesting to note that the polyvinyl a t  2 Mrad was inferior to  polyvinyl fluoride at 32 Mrad in - .  - 
fluoride samples contracted during heating. Ap- 
parently, the 3-mil film had been stretch-oriented. 
The unirradiated samples decreased in longitudinal 
dimension about 50%. The 8-Mrad samples 
contracted about 20%, while the 32-Mrad samples 
showed no appreciable contraction. This strongly 
suggests that crosslinking had taken place during 
the radiation treatment of the samples. Although 
the irradiated polyvinyl fluoride samples withstood 
the cut-through test better than did the polytetra- 
fluoroethylene samples, the latter were embrittled 
during heat testing. The finished sample did not 
crumble in the hand as did irradiated polytetra- 
fluoroethylene, but could be flex-cracked quite 
easily. At the test temperature, irradiated poly- 
vinyl fluoride was far superior in cut-through to 
irradiated poly te t rafluor oe t hylene . 

The authors are indebted to the Du Pont Company for 
polyvinyl fluoride samples, to Pennsalt Chemical Company 
for polyvinylidene fluoride samples, to Hitemp WireA, Inc., 
for preparation of polytetrafluoroethylene samples and for 
permission to publish, and to Radiation Dynamics, Inc., 
for use of the Dynamitron electron accelerator and per- 
mimion to publish. 
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synopsis 
Polytetrafluoroethylene was irradiated in air, in a vacuum, 

at elevated temperature, in a nitrogen atmosphere, and in 
Rome combinations of these conditions. In  all cases the 
plastic was found to degrade in its structural rharacteristics. 
Even the ntmt favorable condition of irradiation (irradiation 
in vacuo) resulted in a 44% reduction of tensile strength at a 
dose of 2 Mrad. Polyvinylidene fluoride resieted radiation 
to a t  least 100 Mrad effectively. Polyvinyl fluoride was 
structurally degraded at this dose but retained its structural 
properties to a t  least 32 Mrad A cubthrough test under 
heat, comparing polytetrafluoroethylene with polyvinylidene 
fluoride and polyvinyl fluoride, showed: ( a )  Unirradiated 
polytetrafluoroethylene was most resistant t o  heat aging. 
( b )  Irradiated and unirradiated polyvinylidene fluoride was 
inferior to irradiated polytetrafluoroethylene in heat re- 
sistance. ( c )  Irradiated polyvinyl fluoride was superior to 
irradiated polytetrafluoroethylene; polytetrafluoroethylene 

cubthrough testing. ( d )  Polyvinylidene fluoride irradiated 
and unirradiated and polyvinyl fluoride and irradiated 
polytetrafluoroethylene all embrittled during heat testing. 

Resum6 
On a irradie le polyt6trafluoro6thylbne dans l’air, sous 

vide, 8. temperature 61evBe, sous atmosphere d’aeote e t  
dans diverse8 combinaisons de ces conditions. Dans 
toutes les exphriences, on a trouv6 que le plastique se 
degradait suivant ees caracteristiques de structure. Mame 
dans les conditions les plus favorable8 (sous vide), l’irradia- 
tion avec une dose de 2 Mrads provoque une diminution de 
la resistance 8. la traction. Le fluorure de polyvinylidhe 
rhiste efficacement aux radiations meme 21 des doses aussi 
61evBes que 100 Mrads. Le fluorure de polyvinyle est 
degrade structurellement 8. cette dose mais garde ses pro- 
pri6tds jusqu’h au moins 32 Mrads. Si on compare le 
fluorure de polyt&afluoro6thylbne, 1s fluorure de poly- 
vinylidene et  le fluorure de polyvinyle par un essai d’incision 
on trouve que ( a )  le fluorure de polyt6trafluoroCthylbne non 
irradi6 est plus resistant 8. la chaleur, ( b )  que le fluorure de 
polyvinylidbne irradi6 ou non a une r6sistance B la chaleur 
infbrieure 8. celle du fluorure de polyt6trafluoro6thyBne 
irradi6, ( c )  que le fluorure de polyvinyl irradiE est superieur 
au fluorure de polytRtrafluoro6thylbne irradi6. Ce dernier 
irradi6 avec une dose de 2 Mrads est inferieur au premier 
irradi6 avec 32 Mrads du point de vue de l’essai par incision; 
( d )  et  que le fluorure de polyvinylidene irradi6, le fluorure 
de polyvinyle nonirradie e t  le polyt6trafluoro6thylbne 
deviennent fragile par suit d’un traitement 8. la chaleur. 

Zusammen fassung 
Polytetrafluorolithylen wurde in Luft, im Vakuum, bei 

erhohter Temperatur, in einer Stickstoff atmosphare und 
unter einigen Kombinationen dieser Bedingungen bestrahlt. 
In allen Fallen wurde in der Strukturcharakteristik ein 
Abbau des Polymeren gefunden. Sogar unter den gun- 
stigsten Bestrahlungsbedingungen (Bestrahlung im Vakuum) 
nahm die Zugfestigkeit bei einer Bestrahlungsdosis von 2 
megarad um 44% ab. Polyvinylidenfluorid zeigte einen 
ausreichenden Widerstand gegen Bestrahlung bis 100 
megarad. Polyvinylfluorid wurde bei dieser Bestrahlungs- 
dosis strukturell abgebaut, behielt jedoch seine Struturei- 
genschaften bis zu 32 megarad. Anhand eines Durch- 
schneidetests bei erhohter Temperatur wurde Polytetra- 
fluorathylen mit Polyvinylidenfluorid und Polyvinylfluorid 
verglichen; dieser zeigte folgendes: ( a )  Unbestrahltes 
Polytetrafluorathylen war gegen Hitzealterung am best- 
andigsten; ( b )  bestrahltes und unbestrahltes Polyvinyliden- 
fluorid waren gegen Hitze weniger bestandig als bestrahltes 
Polytetrafluorathylen; ( c )  bestrahltes Polyvinylfluoid war 
hitzebestandiger als bestrahltes Polytetrafluorathylen. 
Polytetrafluorathylen mit 2 megarad war im Durchschneide- 
test weniger bestandig als Polyvinylfluorid mit 32 megarad. 
( d )  Bestrahltes und unbestrahltes Polyvinylidenfluorid, 
Polyvinylfluorid und bestrahltes Polytetrafluorathylen 
wurden wiihrend des Hiteetests sprode. 
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