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High molecular weight PTFE (/14n = 10 4 to 10 6) normally exhibits high thermal stability 
and melt viscosity. When contacted by high surface area metal blacks (Au or Pt) or porous 
sintered metals (Au or Ni) and heated near the melting temperature, the effective 
viscosities and thermal stabilities of the PTFE are orders of magnitude lower than those 
normally exhibited by the polymer. These results are discussed in terms of capillary flow, 
heterogeneous catalytic degradation, and the diffusion controlled evolution of volatile 
decomposition products. 

1. Introduction 
Some molten polymeric materials are characterized 
by low surface tension values and tend to adhere 
strongly to so-called high energy surfaces such as 
those of metals and metal oxides [1 -3 ] .  The rate 
at which a molten polymer will spread upon a high 
surface energy material will, in general, decrease 
with increasing melt viscosity [3]. Since the vis- 
cosity of high molecular weight PTFE in the 
vicinity of the melt temperature (330 to 350 ~ C) 
has been reported to be between 101~ and 1012p, 
good interfacial contact between molten PTFE 
and porous metal or metal oxide surfaces should 
be achievable only after very long periods of 
heating [4 -6 ] .  

In addition to the high melt viscosity, high 
molecular weight PTFE is commonly considered 
to have the highest resistance to thermal degrada- 
tion of any synthetic polymer in general use. This 
is one of the most important characteristics of high 
molecular weight PTFE so far as its. technological 
usefulness is concerned. Gravimetric analysis is the 
usual method used to detect PTFE degradation, 
and the gases given off have been found to contain 
at least 95% monomer [5]. Although there is mass 
spectrometric evidence to show that PTFE degra- 
dation begins at temperatures as low as 300~ 
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[7, 8],  gravimetric methods have generally not 
been useful at temperatures below 360 ~ C, and 
appreciable rates of weight loss are not seen below 
425~ (0.1% per hour) [5]. Above this tempera- 
ture, the weight loss data have yielded a pre- 
exponential factor of about 1019 sec -1 and an 
activation energy of about 81 kcal mo1-1 for PTFE 
decomposition in vacuo [9, 10]. In this tempera- 
ture range, the decomposition has been shown to 
be independent of molecular weight over a range 
from 5 x l0 s to 107 [10]. The extrapolated rate 
for vacuum decomposition is about 3 x 10-6% 
per min at 350 ~ C. 

In the work reported here, we have examined 
the rheological behaviour of the PTFE as well as 
the thermal degradation that occurs when thin 
layers of high molecular weight PTFE are heated 
in the vicinity of the melt temperature while in 
contact with porous metals and metal blacks. The 
results are not at all those that would be expected 
based upon the reported viscosities and thermal 
stabilities of bulk PTFE. 

2. Experimental 
Two finely divided PTFE materials were used with 
average molecular weights of approximately 
6 x 104 and 5 x 106. Layers of these two materials 
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(with 6 cm 2 geometric_surface areas and containing 
between 1 and 2 mg of PTFE per cm 2) were pre- 
pared by Filtration of aqueous or alcoholic disper- 
sions upon sheets of porous nickel or gold. The 
porous metal substrates were prepared by the high 
temperature sintering of pressed layers of the 
metal powders and were approximately 50% po- 
rous with pore diameters ranging up to a few 
microns. In some instances, a layer of gold or 
platinum black (1 mg cm -~) was formed subsequen- 
tly by filtration from an alcoholic dispersion in 
such a way that the metal black and PTFE layers 
overlapped. All samples (contained within alumi- 
nium foil pans) were then heated in an air filled 
convection oven at 335 to 337 ~ C. 

Two series of  measurements were performed on 
the samples containing only a layer of  PTFE 
deposited upon the porous sintered metal sub- 
strate. The thermal degradation of the PTFE was. 
monitored as a function of time at temperature by 
periodically weighing the samples using a Mettler 
analytical balance. When porous nickel (rather than 
porous g01d) substrates were used, they were 
heated in the air at 335 to 337 ~ C until the rate of 
weight gain due to nickel oxidation reached a small 
and constant value before the PTFE layer was 
deposited by filtration. For purposes of com- 
parison, weight loss measurements were performed 
simultaneously upon two other samples consisting 
of pieces of  smooth gold foil upon which about 
8 mg of PTFE were deposited. These two samples 
were heated in the same oven as were the samples 
of PTFE deposited upon the porous sintered metal 
substrates. 

Penetration of the PTFE into the pores of the 

PTFE LAYER 

I " I I  I I J l ] l l l [ l l [  J r l l l l l l  I [ I  I l l ]  

lal CROSS-SECTION [BEFORE HEATINGJ 

metal substrates was also examined as a function 
of time at temperature using conventional optical 
microscopy as well as with the use of a JEOL JXA- 
50A electron probe microanalyser. The cross- 
sectioned samples were prepared for examination 
by mounting in epoxy, grinding, and polishing. A 
thin film of carbon was deposited by evaporation 
upon the surface of each polished sample to esta- 
blish electrical continuity. The distribution of 
PTFE within each sample was determined by the 
X-ray mapping technique using the FKa wave- 
length. 

Water wettability was used as a probe to 
monitor the penetration of the PTFE into an over- 
lapping gold black or platinum black layer as a 
function of time at temperature (see Fig. la). 
Small droplets of  distilled water were placed at 
various points upon the metal black layer. Before 
the sample was heated, the entire metal black layer 
was always completely wettable. After a few min- 
utes of heating, however, that portion of the metal 
black layer which overlapped the PTFE layer was 
no longer water wettable. With further heating, a 
band of non-wettable metal black was observed to 
advance from the original PTFE/metal black inter- 
face (see Fig. l b). The width of this wetproofed 
band of material increased with time at tempera- 
ture and was determined by the use of a micro- 
scope-camera assembly. Chemical analysis of the 
wetproofed portion of the metal black layer 
indicated the presence of a fluorine-containing 
material. 

The scanning electron microscope was also used 
to investigate the penetration of PTFE (average 
molecular weight 5 x 106) into an overlapping gold 
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Figure ] Schematic diagram of sample configuration: overlapping layers of PTFE and metal blacks. 
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black layer. After heating in the air at 335 to 
337~ for about 50h, the sample was exposed to 
hot (80 ~ C) aqua regia for successive 5 sec time 
intervals. After each exposure to the concentrated 
acid solution, a portion of the sample was removed 
for later microscopic examination. To facilitate the 
scanning electron microscopic analysis, the cleaned 
and dried samples were sputter coated with a 
100 A layer of platinum. 

3. Results and discussion 
Experimental data for the penetration of two high 
molecular weight PTFE materials (average molecu- 
lar weights of 6 x 104 and 5 x 106) into contacting 
layers of sintered porous gold and oxide-covered 
nickel at 335 to 337~ are shown in Fig. 2. The 
maximum distance of penetration has been plotted 
versus the square root of the time at temperature 
and it is seen that linear relationships are obtained. 
In particular, after one hour at 335 to 337 ~ (2, the 
PTFE materials have penetrated about 15/~m into 
the pores of the sintered gold substrates. 
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Figure 2 PTFE penetration into porous metal substrates 
at 335 to 337 ~ C: FKa X-ray mapping data. (e) M n 
6 X 104 , on porous Au; (o) ~r n ~ 5 X 106 , on porous Au; 
(D) M n ~ 6 x  104 , on porous Ni; (=) ~r n~  5X 106 , on 
porous Ni. 

Owing to the observed linear relationships, it is 
tempting to apply the Washburn equation for 
capillary flow, Equation 1, in order to calculate 
the apparent viscosities of the two PTFE samples. 

x2 _ 3" cosO r t (1) 
2~7 

In this equation, x is the distance of penetration in 
time t, 3' is the PTFE surface tension (taken to be 
20dyncm-1),  r/ is the viscosity, r the pore radius 

(0.5 to 2.5~m for the porous sintered gold and 
nickel), and 0 the contact angle (assumed to be 
0~ Using these values, the data yield calculated 
viscosities of (1 to 5) x 106p for the 6 x 104 aver- 
age molecular weight PTFE sample and (2 to 10) 
x 107p for the 5 x 10 a average molecular weight 
material, values several orders of magnitude smaller 
than the commonly accepted viscosity range. 

The data shown in Fig. 2 were obtained using 
the electron microprobe X-ray mapping technique. 
It should, however, be noted that with conven- 
tional optical microscopy using standard metallur- 
gical techniques, it was difficult to detect the 
presence of the PTFE within the pores of the 
highly reflective gold and nickel substrate layers. 
Nevertheless, penetration of the PTFE into the 
porous sintered metal sheets could always be in- 
ferred from the disappearance of the PTFE from 
the external surfaces of the porous substrates. 

In view of the anomalously low effective vis- 
cosities of high molecular weight PTFE materials 
heated near the melting temperature while con- 
tacting porous gold and oxide covered nickel 
substrates, the thermal stabilities of these PTFE 
materials were examined under the same experi- 
mental conditions. For purposes of comparison, 
the thermal stabilities of the 6 x 104 and 5 x 106 
average molecular weight polymers were also 
determined with the use of smooth gold foil sub- 
strates in place of the porous ones. 

All of the experimental results are plotted in 
Fig. 3 as percentage volatilization versus time at 
335 to 337~ The 6 x 104 and 5 x 106 average 
molecular weight PTFE samples supported on the 
smooth gold foil substrates lost about 2% and 
0.5% of their total initial sample weights, respect- 
ively, after about 700h at temperature. Fur- 
thermore, the entire observed weight losses for 
these samples occurred in about the first 300h of 
heating suggesting that the volatilization of low 
molecular weight impurities initially present in the 
samples might have been responsible for the bulk 
of the measured weight losses. 

In contrast, the 6 x 10 4 and 5 x 106 average 
molecular weight PTFE samples supported on the 
porous sintered gold substrates lost about 31% and 
19% of their initial sample weights, respectively, 
during 700 h of heating. Thus, these high molecular 
weight PTFE materials supported upon porous 
gold substrates volatilize between one and two 
orders of magnitude faster, at 335 to 337 ~ (2, than 
do the same PTFE materials heated at 335 to 
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337 ~ C while contacting the porous gold substrates. 
Similarly, the volatilities of the PTFE materials 
heated at 335 to 337~ while contacting the 
porous gold substrates are between one and two 
orders of magnitude greater than those predicted 
by extrapolation of higher temperature data for 
comparable materials reported by other investi- 
gators [9]. 

As shown in Fig. 3, the data obtained using 
porous oxide covered nickel substrates indicate 
even lower thermal stabilities under these con- 
ditions for the two PTFE materials examined. 
Specifically, in about 650h at 335 to 337 ~ C the 
6x  104 and 5 x 106 average molecular weight 
samples had lost about 83% and 60% of their 
initial sample weights, respectively, assuming con- 
stant substrate weights. The porous sintered nickel 
substrates were preheated in the air at the experi- 
mental temperature until the rate of weight gain 
due to nickel oxidation had reached a small and 
constant value prior to the deposition of the PTFE 
materials. While the rates of substrate weight gain 
or loss subsequent to contacting the PTFE are not 
known, they are expected to be small. Nevertheless, 
the volatilization rates indicated in Fig. 3 for the 

~>  

tfh r 
6Ofl 

Figure 3 Volatilization of PTFE contacting metal sub- 
strates at 335 to 337~ (e) 7.4rag, Mn ~- 5 X 106 , on 
porous Au; (o) 8.3 mg,~r n ~ 6 • 104 , on porous Au; (D) 
7.6mg, )1r n ~ 5 X 10 6, o n  porous preoxidized Ni; (zx) 
8.1 rag, /Qn ~ 6 X 104, on porous preoxidized Ni; (i) 
8,6rag, 3~r n ~ 5 • 10 6, o n  smooth Au; (A) 7.6 mg, Mn 
6 X 104, on smooth Au. 
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samples containing porous nickel substrates are not 
as reliable as those obtained using the gold sub- 
strates. 

Taken as a whole, these results indicate that, 
when high molecular weight PTFE materials are 
heated in the vicinity of the melt temperature 
while contacting porous metal and oxide covered 
metal substrates, the effective viscosities and ther- 
mal stabilities of the PTFE are orders of magnitude 
smaller than those characteristic of PTFE heated 
at the same temperatures but not in contact with 
such porous materials. The results also indicate 
that, the lower the average molecular weight of the 
PTFE, the lower the effective viscosity and ther- 
mal stability. 

Similar rheological characteristics have also 
been found for  PTFE heated near the melt tem- 
perature while in contact with layers of gold and 
platinum black. As mentioned previously, the 
experimental configuration consisted of overlap- 
ping layers of PTFE and metal black, both sup- 
ported upon a porous nickel substrate. Before 
heating, the metal black was always found to be 
water wettable as shown in Fig. la. After a short 
period of heating in the air at 335 to 337 ~ C, the 
portion of the metal black layer which overlapped 
tile PTFE layer was found to be non-wettable. 
With further heating, a band of wetproofed metal 
black was found to advance from the original 
PTFE/metal black interface as shown in Fig. lb. 
This wetproofed band of material was shown by 
chemical analysis to contain fluorine-containing 
materials. The width, L, of the wetproofed band of 
metal black has been plotted in Fig. 4 versus the 
square root of the time at temperature for over- 
lapping structures of gold black or platinum black 
with the 6 x 104 average molecular weight PTFE 
material, and for an overlapping structure of gold 
black with the 5 x 106 average molecular weight 
PTFE. As in the case of PTFE penetration into the 
sintered porous gold and oxide covered nickel sub- 
strates, the greatest distance of penetration, as- 
sumed to be at least proportional to the width of 
the wetproofed band of metal black, increases 
approximately linearly with the square root of the 
time at temperature. 

The scanning electron microscope revealed that 
a honeycomb network of thin PTFE films remains 
after the dissolution of the wetproofed gold black 
in hot aqua regia. In Fig. 5 are shown typical high 
resolution electron micrographs of the surface of 
this porous PTFE structure at a point about 4 mm 
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Figure 4 PTFE penetration into overlapping metal black 
layers at 335 to 337~ water wettability data. (o) 
/Qn ~ 6 X 104, Au black; (o)/1~ n ~ 5 X 10 6, All black; (c~) 
/O n ~ 6 •  104 ,Ptblack. 

Figure 5 High resolution electron micrographs of the 
porous PTFE structure remaining after dissolution of the 
wetproofed gold black. 

from the original PTFE/gold black interface. The 
apparent thicknesses of the PTFE films are on the 
order of 100 A. The actual thicknesses are certainly 
considerably smaller since, to prevent electrical 
charging effects during electron microscopic exam- 
ination, the samples were coated with a layer of 
platinum which was itself about 100 A thick. The 
cells formed by these thin PTFE films are about 
500 to 10003, across, roughly the size of the gold 
black particles which presumably resided within 
these cells before being removed with the hot aqua 
regia. 

Of the possible causes of the very high rates of 
thermal decomposition observed for PTFE heated 
in the vicinity of the melt temperature while con- 
tacting porous sintered metals and oxide covered 
metals, two seem most probable. First, as a result 
of the high metal/PTFE interfacial contact area 
achievable within the sintered porous metal sub- 
strate, Catalytic effects from the metal surface 
acting upon the degradation of the PTFE can 
become important. In cases where only relatively 
low metal/PTFE interfacial areas are encountered 
(e.g. when the PTFE is heated while contacting 
smooth metal foils) the relative importance of this 
catalytic effect might not be readily apparent. The 
recent findings of Dwight and Riggs [11] support 
this. 

The second hypothesis which can explain the 
high PTFE volatilization rates observed in this 
work concerns the possibility of achieving very 
high polymer/air interfacial areas as the PTFE 
penetrates into the contacting porous sintered 
metal substrate. If the volatilization process is dif- 
fusion controlled under these prevailing experi- 
mental conditions, then the attainment of a high 
surface to volume ratio would lead to short dif- 
fusion path lengths and, hence, to the rapid re- 
moval of volatile decomposition products which 
are assumed to be primarily low molecular weight 
fluorocarbons [10, 12, 13]. This explanation is 
favored in view of the extremely thin (~< 1003,) 
PTFE films observed in the photomicrographs ob- 
tained after the dissolution of the wetproofed gold 
black. 

In view of the commonly accepted view that 
PTFE thermal degradation is initiated by a random 
chain scission step followed by a short chain 
unzipping [10, 14, 15], it is certain that the rapid 
decomposition of the polymer is accompanied by 
a correspondingly rapid decrease in average mol- 
ecular weight to a value much lower than the 

213 



initial one. This reduction in average molecular 

weight will likewise lead to a lower melt viscosity, 

at least in part explaining the low effective vis- 
cosities observed in this work [ 16]. 

4. Conclusions 
The penetration of high molecular weight PTFE 

into porous sintered gold, sintered nickel and metal 

blacks (Au or Pt) on heating to temperatures near 

the melting temperature (335 to 337 ~ C) is most 

pronounced. Scanning electron microscopic analy- 

sis revealed that the metal black particles are 

enveloped by PTFE films which are on the order 

of 100A thick. Since the penetration distances 

increase linearly with the square root of time of  
heating, apparent viscosities can be calculated by 

means of the Washburn equation. Such derived 
viscosities are orders of magnitude lower than 

those expected for the bulk materials. In addition, 

significant weight losses for the PTFE were ob- 

served, indicating volatilization of low molecular 

weight fragments of the polymer. 
The high surface area substrate apparently en- 

ables the attainment of very high polymer/air 

interfacial areas facilitating the rapid removal of 

volatile decomposition products. Likewise, cata- 

lytic effects from the metal surface acting upon 

the PTFE degradation may become important by 
virtue of the high metal/PTFE interfacial contact 

area achievable within the porous metal substrate. 

The rapid decomposition of the polymer is doubt- 

less accompanied by a decrease in average mole- 

cular weight, leading to a lower effective viscosity. 

References 
1. F. P. BOWDEN and D. TABOR, Proceedings of the 

2nd International Congress on Surface Activity, Vol. 
3 (Butterworth, London, 1957) p. 386. 

2. W . A .  ZISMAN,Advan. Chem. Set. 43 (1964) 1. 
3. H. SCHONHORN, Surface Properties, in "Encyclo- 

paedia of Polymer Science and Technology" Vol. 13, 
edited by H. F. Mark (Wiley, New York, 1970) 
p. 533. 

4. J. F. LONTZ, Sintering of Polymer Materials, in 
"Fundamental Phenomena in the Material Sciences", 
Vol. 1, edited by L. J. Bonix and H. H. Hausner 
(Plenum Press, New Jersey, 1964) p. 25. 

5. D. J. MCCANE, Tetrafluoroethylene Polymers, in 
"Encyclopaedia of Polymer Science and Tech- 
nology", Vol. 13, edited by H. F. Mark (Wiley, New 
York, 1970) p. 623. 

6. G.AJROLDI,C. GARBUGLIO and M. RAGAZZINI,  
J. AppL Polymer Sci. 14 (1970) 79. 

7. P.P. LUFF and M. WHITE, Vacuum 18 (1968)437. 
8. R. D. COLLINS, P. FIVEASH and L. HOLLAND, 

ibid 19 (1969) 113. 
9. S. L. MADORSKY, V. E. HART, S. STRAUS and 

V. A. SEDLAK, J. Res. Nat. Bur. Stand. 51 (1953) 
327. 

10. J. C. SIEGLE, L. T. MUUS, T. P. LIN and H. A. 
LARSEN, J. Polymer Sci. A 2 (1964) 391. 

11. D.W. DWIGHT and W. M. RIGGS, J. Coll. Interface 
ScL 47 (1974) 650. 

12. R. E, FLORIN and L. A. WALL, Macromolecules 3 
(1970) 56O. 

13. A. BARLOW, R. S. LEHRLE and J. C. ROBB, 
MakromoL Chemic 54 (1962) 230. 

14. R. E. FLORIN, M. S. PARKER and L. A, WALL, 
J. Res. Nat. Bur. Stand. 70A (1966) 115. 

15. C. A. SPERAT1 and H. W. STARKWEATHER, 
JUN., Fortschr. Hochpolm.-Forsch. 2 (1961) 465. 

16. T. G. FOX and V. R. ALLEN, J. Chem. Phys. 41 
(1964) 344. 

Received 18 July and accepted 29 July 1975. 

214 


