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SYNOPSIS 

The effects of atomic oxygen on several classes of polymers were investigated. Particular 
attention was directed to the determination of erosion or mass loss mechanisms in relation 
to the physical and chemical structures of polymers. Nineteen polymeric materials were 
exposed to a thermal atomic oxygen environment at fluxes of 10" atoms/m2-sec. Bulk 
material temperatures were maintained at 10, 45, and 75°C during exposure. Mass loss 
rate, which was characteristic of the type of polymer, was proportional to the exposure 
area and was linear in time for most polymers except for Mylar, which produced a shielding 
high temperature ash. The mass loss rate for the atomic oxygen degradation of polymers 
was related to the bond strength of the polymer structure and to the shielding effect of 
pendant structures. This degradation process was strongly dependent on polymer temper- 
ature. Activation energies ranged from 1 to 48 KJ/mole and were found to be related to 
gaseous diffusion in polymers. Frequency factors were proportional to activation energies. 
Activation energies were found to increase with increased mol wt and crosslinking. An 
equation was developed relating exposure area, atomic oxygen flux, frequency factor, and 
activation energy to the rate of polymer mass loss. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Polymer films have been increasingly used in space 
missions. For instance, the films are utilized in 
spacecraft to maintain thermal control or to serve 
as structural substrates for solar arrays. Since these 
materials are subject to atomic oxygen attack, it is 
important to understand the nature of this attack 
on materials. Ground-based studies of atomic oxygen 
effects on materials generally involved the utilization 
of oxygen gas plasma that was activated by a radio 
frequency.' 

Atomic oxygen, along with other plasma activated 
gas species, is utilized to condition polymer surfaces 
for improved bonding.2-6 The majority of the re- 
search related to this process occurred in the 50s, 
60s, and early 70s. There are several categories of 
gas-polymer surface interactions: absorption of the 
gas, removal of a weak surface layer by oxidation, 
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cleaning of the surface by removal of adsorbed ma- 
terials through kinetic action, crosslinking of the 
surface, and chemical reactions, including the in- 
troduction of polar groups, such as ketones, hy- 
droxyl, ether, peroxides, and carboxylic acid groups. 
The surfaces of some polymers, such as polycarbon- 
ate, polypropylene, and polyethylene, have shown 
no indication of crosslinking, as evidenced by their 
failure, after exposure to an oxygen plasma, to pro- 
duce a gel.7 Yasuda et a1.8 concluded that crosslink- 
ing by the plasma was negligible unless the polymer 
had low plasma susceptibility and/or high capability 
to crosslink. Klein and Scheer' studied the addition 
of atomic oxygen to condensed olefin films and ob- 
served that the olefin films behaved as a sink for 
atomic oxygen atoms over a wide range of olefin 
concentrations, and suggested that the oxygen at- 
oms, once incorporated into the film, diffuse freely 
until they react with an olefin molecule. Ross- 
mann," in his bonding studies of polyethylene using 
a glow discharge, concluded from IR data generated 
on treated polyethylene that the improvement of 
bonding properties was accompanied by dehydro- 
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genation and subsequent partial oxidation of the 
polyethylene molecule. 

Hansen et al." presented the first mass loss rate 
data on polymers exposed to atomic oxygen produced 
by a radio frequency (R-F) discharge. Test pressures 
were 1 mm Hg, with atomic oxygen concentration 
estimated as 10'4-1015 atoms/cc and temperature 
believed to be less than 70°C. A mass loss rate for 
each of 36 polymers was generated. All polymers 
reacted, but the more highly branched polymers were 
more readily attacked. Gas spectra showed evidence 
of strong COz and OH bands for hydrocarbon poly- 
mers, such as polyethylene. Antioxidents appeared 
to have no effect on the magnitude of mass loss rate. 
Mass loss was immediate upon exposure with no 
induction period as is usually seen in photo or ther- 
mal oxidati~n. '~*'~ Hansen et a1.l' proposed that 
atomic oxygen behaved as a radical and initiated 
oxidation of hydrocarbons by the rapid reaction, as 
given by eq. (1) below. 

XH + O z d X '  + X"0 or X + OH (1) 

This reaction then would be followed by a rapid re- 
action of the product radical with atomic oxygen, 
eq. (2) .  

Hansen et al. further determined that irradiation by 
electrons resulted in acceleration of mass loss rates. 
In some cases, it was surmised that during oxidation, 
simple ablation of the polymer surface occurred be- 
cause the polymer surface oxidized and volatilized. 
MacCallum and RankinI4 exposed five hydrocarbon 
polymers to atomic oxygen. Mass spectrometry of 
volatile products revealed only carbon dioxide and 
water vapor. Examination of residual films by IR 
and UV spectroscopy revealed no chemical changek 
to have taken place. Taylor and Wolf l5 reported 
removal rates for 33 polymers, which were spun 
coated on silicon wafers and then exposed for 2 min 
to an oxygen plasma. While exposed to the oxygen 
plasma, the wafers were placed on a plasma pre- 
heated aluminum table, which Taylor and Wolf 
claimed to have stabilized at 35°C. Among their 
conclusions were that strong polymer backbone and 
backbone-side chain bonds confer stability to atomic 
oxygen, whereas weak backbone-side chain bonds 
afford enhanced degradation. They showed that the 
removal rate of poly (2,3-dichloro-l-propyl acrylate) 
and poly (N-vinylcarbazole ) are temperature sen- 
sitive. They suggested that the rate-determining step 
may have been cleavage of the backbone bonds, but 

that it was not apparent for crosslinking polymers. 
Further, they attributed the resistive nature of the 
polydimethyl silicones to the formation of a thin, 
protective - 100 A layer of SiOz. Several 
investigators 16,17 have confirmed this finding. 

in an effort to gain a better under- 
standing of the stripping process of plasma devel- 
opable photoresists, studied the effects of an oxygen 
plasma on the copolymers of methyl methacrylate, 
styrene, and vinyl naphthalene. No attempt was 
made to control substrate temperatures during these 
tests. Several stages to polymer/oxygen plasma in- 
teractions were suggested. These proposed stages 
consisted of radical site formation on the polymer 
followed by further reactions with the oxygen 
plasma. In addition, their studies suggested that the 
benzene ring-containing structures are more stable 
as a result of the formation of phenols on the ring, 
which block the initiation stage of plasma oxidation. 
Moss et al. tentatively suggested that the low etch 
rate of the glycidyl methacrylate homopolymer is a 
function of its relatively high degree of crosslinking 
rather than the primary structure of the parent 
polymer repeat unit. 

Torre and PippinIg extended the idea, concerning 
polymer resistance to atomic oxygen attack, through 
the interpretation of existing data and Boeing in- 
house measurements. Structures containing stronger 
bonds exhibited more resistance to attack than 
structures with weaker bonds. Side groups tended 
to shield atomic oxygen from attacking the back- 
bone. Fluoridation of the ethylene structure de- 
creased the mass loss rate relative to polyethylene. 
They suggested that recombination of oxygen atoms 
on the surface was energetic enough to break many 
types of bonds and could explain on-orbit mass loss 
as well as collisional processes. Arnold and 
Peplinski 2o suggested, from their studies of Kapton 
using a DC arc-heated atomic oxygen beam source, 
that the reaction rate had little dependence on rel- 
ative collision energies within the range of 1-5 eV. 

The purpose of this investigation was to obtain 
a quantifiable understanding of the nature of atomic 
oxygen attack on polymeric materials. This under- 
standing is necessary in order to select structural 
films or develop protective coatings for spacecraft 
surfaces that will have increased durability under 
atomic oxygen exposure. As a first step, an effort 
was made to characterize the nature of an oxygen 
plasma induced by radio frequency.' Relative con- 
centrations of various charged and neutral particles 
were determined. With a plasma pressure range of 
500 to 900 millitorr at 40 and 60 watts input power, 
the electron temperature was found to increase 

Moss et al., 
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slightly both with pressure and input power, while 
the electron concentration remained essentially 
constant a t  approximately 4.4 X 1014 mP3 over this 
same pressure and power range. Under the same 
conditions, the concentration of atomic oxygen at- 
oms ranged from 0.91 to 1.87 X lo2’, which repre- 
sented 1% or less of the total pressure. The ions and 
electrons in the plasma were found to contribute 
little to the mass loss of polymers. The effect of 
sputtering on the mass loss rate of polymers was 
also insignificant. Mass loss of polymers in the ox- 
ygen plasma environment was primarily caused by 
the atomic oxygen. 

With these considerations in mind, this study of 
several polymeric materials was undertaken with the 
following objectives: ( 1 ) Determination of the re- 
lationship of material structure to mass loss as a 
result of atomic oxygen exposure; ( 2 )  determination 
of the role of temperature in the atomic oxygen at- 
tack of these polymeric materials; (3 )  determination 
of whether or not a relationship exists between mol 
wt and atomic oxygen effects on selected polymeric 
materials. 

EXPERIMENTAL 

Polymer Mass Loss Determination 

Polymer mass loss rate was determined via the test 
system described earlier.’ This test system would 
allow a unit surface area of this film polymer to be 
exposed to the oxygen plasma for selected durations. 
Specimens could be exposed for several hours while 
the bulk material was maintained at  a selected con- 
stant temperature. The specimens were removed 
periodically from the plasma exposure to be weighed 
for mass loss rate determinations. 

The plasma reaction unit (“Plasmod” from Tegal 
Corporation) consisted of a RF generator, a vacuum 
pump, associated valving, and a Pyrex glass reaction 
chamber. The RF source could provide up to 100 
watts of continuous 13.56 MHz power to the reaction 
chamber. The RF energy was used to dissociate the 
molecular oxygen into an oxygen plasma. The re- 
action chamber, which was modified for these in- 
vestigations, consisted of a Pyrex glass chamber, a 
silicone gasket vacuum seal, and a coated Plexiglas 
door, which holds the material test plate. The ma- 
terial test plate consisted of a copper block base, a 
thermoelectric module, a material test sample, a 
glass cover plate, and a thermocouple. The details 
of this plasma reaction chamber have been specified 
earlier.’ 

Residual Gas Analyses 

Residual gas analyses (RGA) of the gases in the 
Plasmod chamber during material exposure were 
undertaken in order to provide additional insight 
into the erosion of the polymer under atomic oxygen 
attack. Analyses of residual gases, generated from 
the oxygen plasma-exposed materials, were mea- 
sured using a UTI Model Quadruple Mass Analyzer. 
The RGA system was composed of the mass spec- 
trometer with an associated vacuum pumping sys- 
tem. This system was placed adjacent to the Plasmod 
during testing and a stainless steel tube was routed 
from the RGA system through a specially configured 
Plexiglas door for this testing. On the Plasmod in- 
terior side to the Plexiglas door, the tube was glass 
and it extended approximately to the surface of the 
suspended material specimen in order to sample the 
evolved gasses as the material was exposed. Since 
the Plasmod was not operated as a high vacuum 
chamber, the mass spectrometer could not directly 
receive the evolved gases. The gases were pumped 
into the intermediate pressure chamber of the an- 
alyzer system. This allowed the gas pressure to be 
reduced from 800 millitorr to approximately 8000 
nanotorr so that gas analyses by the mass analyzer 
could be accomplished. 

Characterization of the Oxygen Plasma 

Since a plasma is an electrically neutral gas, but 
contains a collection of ions, electrons, and neutral 
atoms, it is necessary to characterize separately the 
charged particles and the neutral gases. The ap- 
proach to this characterization was to use an elec- 
trostatic probe31 for the charged particles and a cat- 
alytic surface3* for the neutral atoms. This has been 
accomplished earlier.’ 

Materials and Sample Preparation 

Nineteen polymeric systems, representing various 
bond strength configurations, which are of interest 
to the space program, were selected for the present 
study. These included polyethylene (three mol wts) , 
polymethyl methacrylate (two mol wts)  , PMMA 
(two mol wts) , polyethylene terephthalate, polyi- 
mide, polytetrafluorethylene ( PTFE ) , perfluori- 
nated ethylene propylene copolymer (FEP) , poly- 
propylene ( PP ) , and polyvinyl fluoride ( PVF) . 

Several methods were utilized to prepare films 
from the powders supplied by the National Bureau 
of Standards. Films of PE, PS, and PMMA were 
prepared by: ( 1 )  vacuum evaporation on a Teflon 
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sheet from a spectral grade acetone solution, ( 2 )  
melting and solidification in air on a Teflon sheet, 
and ( 3 )  hydrostatic pressing. These films varied in 
thickness and surface morphology. Consequently, 
differences were encountered in their mass loss rate 
determination, and morphological surface features, 
present in materials prior to oxygen plasma expo- 
sure, interfered with any characterization of surface 
features produced by the plasma. Films were cleaned 
with high purity acetone or ethanol, depending on 
compatibility, followed by distilled water wash. They 
were air dried and vacuum dried prior to weighing 
and plasma exposure. 

Analyses of Polymers and Polymer-Atomic 
Oxygen Interactions 

Polymeric films, including thermosetts and ther- 
moplastics, configured for constant projected area 
exposure and maintained a t  constant bulk temper- 
atures were subjected to a characterized active ox- 
ygen plasma. Mass loss was measured as a function 
of time and temperature. The time and temperature 
of exposure was set according to the reactivity and 
upper use temperature of the polymer and test sys- 
tem constraints. An activation energy of the tem- 
perature dependence of the atomic oxygen erosion 
process of materials under nominal operating plasma 
conditions was derived. 

Techniques, utilized to assist in the analyses of 
the materials and their interactions with atomic ox- 
ygen, included: 

Technique Rationale for Use 

Scanning 
Electron 
Microscopy 
(SEW 

Fourier 
Transfor- 
mation 
Infrared 
(FTIR) 

Residual gas Gaseous products, evolved 
analysis from materials, were 

determined during 
exposure for five 
polymers. 

Observation and comparison 
of surface structures of 
polymer surface 
morphology was 
accomplished by this 
analysis. 

This was highly sensitive 
analyses of polymer 
structures. By utilizing 
thin specimens, surface 
residue contributions to  
structure should have 
been visible. Chemical 

Electron 
Spectroscopy 
for Chemical 
Analysis 
(ESCA) 

Gel 
Permeation 
Chromatog- 
raphy (GPC) 

changes, due to atomic 
oxygen, would be noted 
through this technique in 
combination with ESCA 
analyses. 

These were sensitive surface 
analysis techniques. They 
should have yielded data 
on the surface residues. 

This yielded mol wt analyses 
of polymers and was 
required for both exposed 
and unexposed polymers. 
I t  was intended to be used 
to  indicate a change in 
surface mol wt as  a result 
of A 0  exposure. 

The FTIR, ESCA, and part of the GPC was ac- 
complished via contract. The effects of atomic ox- 
ygen on mol wt were studied using polyethylene, PS, 
and PMMA. Where possible, a comparison was 
made between flight data and laboratory data on 
these materials. 

The environment of the oxygen plasma was char- 
acterized according to total particle density, density 
of ions, and electron temperature a t  various pressure, 
and R-F energy inputs. Selected polymers were ex- 
posed at constant temperature to show effects of RF 
energy input and pressure differences. 

All materials were exposed to the oxygen plasma 
at  a specified input energy and pressure a t  three 
different temperatures up to a maximum tempera- 
ture of 90°C, where feasible. Exposure data for all 
test specimens was obtained over an area of ap- 
proximately 0.4 in2 (2.84 X m2).  

RESULTS AND DISCUSSION 

Mass Loss Data as a Function of Time 
and Temperature 

Representative mass loss rate data are shown in 
Figures 1-3, while the data on other polymers in- 
vestigated are given in Ref. 21. No mass loss could 
be detected for dimethyl silicone and NaC1. All 
polymers within experimental uncertainties were 
found to  lose mass linearly with time over the test 
durations, with the exception of Mylar, whose rate 
decreased with time and polystyrene, which provided 
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Mass loss per area vs. time for UHMWPE. Figure 1 

mixed results. Visible ash was evident on the Mylar 
surface and appeared to accumulate during testing, 
thus providing some surface shielding. Mass loss rate 
was found to be directly related to the exposure area 
and to be independent of sample thickness, as has 

been reported by other investigators previously 
mentioned. Comparative mass loss data is presented 
in Table I. Some general observations are made rel- 
ative to this data. These materials, which were ther- 
mally controlled, showed a different ranking for the 
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Figure 2 Mass loss per area vs. time for LDPE. 
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Mass loss per area vs. time for PE 50 K. Figure 3 

same materials tested by Hansen et al., l1 where the 
material temperature was uncontrolled. Comparison 
of mass loss for HDPE to that of LDPE showed 
essentially no differences, so that the trend of 
branched vs unbranched PE in this environment 
could not be distinguished based on mass loss rate 
alone. Other than the dimethyl silicones, the fluo- 
rinated polymers were more stable in this environ- 
ment with the resistance to attack increasing with 
an increase in the degree of fluorination. However, 
the effect of a single attached fluorine to the back- 
bone, per repeating unit, added little resistance to 
attack; this suggested that the fluorine atoms 
shielded the backbone structure from atomic oxygen 
attack. Torre and Pippin l9 also proposed that some 
side groups also shield against attack of the back- 
bone structure. 

Control of material temperature allowed confir- 
mation that the atomic oxygen-induced mass loss is 
a thermally activated process. Activation energies 
were determined from the referenced data and rep- 
resentative plots of this data are shown in Figures 
4-7. A summary of the activation energies are shown 
in Table 11. These activation energy values are 
smaller by a greater order of magnitude than the 
covalent bond energies,22 so that covalent bond rup- 
ture could not explain the source of these energy 
values. The lower A 0  energy values were determined 
for the fluorinated materials, while the larger energy 
values were derived for polymers such as polyamide, 

which have strong polar interchain  attraction^.^^ A 
trend toward an increase in activation energy with 
an increase in mol wt and crosslinking was observed. 

Mass Loss as a Function of Atomic Oxygen Flux 

Atomic oxygen flux increased both with increased 
pressure and increased Plasmod operational voltage 
(Table 111). This variation in A 0  flux was reflected 
in the mass loss data also shown for various poly- 
mers. As anticipated, mass loss was found to be di- 
rectly proportional to atomic oxygen flux within ex- 
perimental uncertainty. 

Theory of Mass Loss 

Mass loss rate variation with temperature suggested 
that this phenomena obeyed an Arrhenius law of 
the form 

d m l d t  = ce-Ea/RT 

where d m l d t  is the mass loss rate, c is a constant, 
Ea is the thermal activation energy, R is the gas 
constant and T is the absolute temperature. 

Since exposure area and flux contributed to the 
magnitude of d m l d t ,  they could be incorporated into 
eq. ( 1) through the following derivation. Mass loss 
per time per area was the experimental measured 
quantity. It could be described in general terms of 



MASS LOSS MECHANISMS OF POLYMERS 1347 

Table I Material Mass Loss Rate 

Rate of Mass Loss 
Po 1 y m e r (kg/h/Area) 

Dimethyl silicone 
NACL 
Polytetrafluoroethylene 
Polyvinylidene fluoride 
Fluorinated ethylene 

propylene 
caprolyner 

Polystyrene 
670 K 
2610 K 

Kapton 
Q 1013 p', 400 KeV 

Polycarbonate 
Epoxy 956 

~6 k 1 hcure 
Q 24 & 2 h cure 
Q 48 -t 2 h cure 
Q 72 k 2 h cure 

Mylar 
Epoxy 507 

@ 6  + l h  
~ 2 4 k 2 h  

Polypropylene 
Polyvinyl fluoride 
Polyethylene 

UHMWPE 
119 K PE 
50 K PE 
HDPE 

LDPE 
Nylon 6 

Q 1013 p+, 400 KeV 
PMMA" 

300 K 
1400 K 

Q 1013 p+,  400 KeV 

Indeterminate 
Indeterminate 

0.78 
0.80 

1.1 

1.5 
2.0 
1.1 
1.0 
2.7 

3.5 
4.1 
3.2 
3.8 

3.6 f .5 

4.3 
4.4 
5.5 
6.2 

6.3 
5.9 f 2.0 

6.2 
6.2 
4.7 
6.0 
7.2 
6.1 

22.6 
5.4 

Note: Material bulk temperature 45OC; atomic oxygen flux 

a Data a t  25'C. 
3.13 X 10" atoms/m*/sec. 

the observed phenomena occurring at the material 
surface. A certain flux of atomic oxygen ( A 0  ) atoms 
was incident on a prescribed area of material, which 
resulted in a specific mass loss. Mathematically, this 
can be expressed as 

1 / A  d m / d t  = 6 m / &  ( l / A 6 n / 6 t )  &/6n 

1 / A  d m / d t  = 6 m / &  (1 /4nuu)  &/6n  ( 2 )  

where A is exposed area of material, 6m/6t is the 
mass loss per mass loss event, nu is the number of 

A 0  atoms per volume, u is the average velocity of 
the A 0  atoms, and Gt/bn is the number of mass loss 
events per incident A 0  atom. Now &/an  can be ex- 
pressed as 

where 4 is a constant. 6t/6n, hereafter to be referred 
to as 7, is the mass loss probability or the mass loss 
event per atom impacting the polymer surface. In- 
cluded in the value of n are the surface reflected and 
recombined atoms. If eq. ( 3 )  is substituted into eq. 
(2 ) ,  the mass loss rate equation then becomes 

1 / A  d m / d t  = am/& (1 /4n,u)  4e-EaIRT ( 4 )  

The average magnitude of am/& was estimated from 
the kinetic studies of A 0  exposed molecules, which 
were representative of the constituents of the solid 
polymer molecules of interest here.24s25 Further, re- 
sidual gas analysis (RGA) of the plasma gases to be 
discussed was undertaken to contribute to this anal- 
ysis. Finally, the only unknown term of eq. ( 4 )  was 
4, which can be determined by substitution of the 
other quantities. The parameters of this equation 
for the various materials are presented in Table IV. 
These data are the values of the parameters in the 
equation, 7 = 4e-Ea/RT,  for the various test temper- 
atures. 

The activation energies determined were consid- 
erably less than covalent bond energies and macro- 
radical recombination energies.26 A comparison of 
activation energies for gaseous diffusion in 
 polymer^^^-^' is shown in Table V, along with the 
A 0  reaction activation energies. As noted, these 
energies are the same magnitude and suggest that 
the A 0  generated energy is an activation energy for 
diffusion of atomic oxygen. The oxygen atom di- 
ameter is estimated to be about 1.40 which 
makes it one of the smaller gas diameters. As ex- 
pected, since the activation energy for diffusion 
tended to increase with the increased diameter of 
diffusing atom,32 energy values for atomic oxygen 
diffusion were lower than those for O2 and N2 in the 
same polymer. 

Free volume in the polymer determined the ease 
or difficulty of diffusant atom t r a n ~ p o r t . ~ ~ - ~ ~  
M e i ~ s n e r ~ ~  has described the temperature depen- 
dence of electrical conductivity by a generalized, 
free-volume equation, in which the temperature 
coefficient of fractional free volume was allowed to 
assume different values above and below the glass 
transition temperature ( T,) . This extended the free 
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f = f o  + b ( T - TO) (5)  
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l / r  (Degrees K ) x 1 0 0 0  

Log (mass loss per area) vs. 1/T for PVDF. Figure 5 
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where T > To : b = bL 

T < To : b = bg, 

but f = fce-E'/RT 
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where f c  is a constant, T is the absolute temperature, 
and E' is the free volume activation energy. This 
representation is made in order that an equivalent 
activation energy might be produced to describe the ( 6 )  

3 3.5 
l / r  (Degrees K ) x 1 0 0 0  

4 

Figure 7 Log (mass loss per area) vs. 1/T for HDPE, irradiated and unirradiated. 
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Table I1 Activation Energy for Atomic Oxygen 
Exposed Polymers 

Material 
Activation Energy 

(KJ/mole) 

Polytetrafluoroethylene 
FEP 
PVDF 
Mylar 
PVF 
Kapton 

Q l O I 3  p+,  400 KeV 
Polyethylene 

UHMWPE 
HDPE 
Q 2 1913 p', 400 KeV 
LDPE 
119 K MWPE 
50 K MWPE 

Polycarbonate 
Nylon 6 

Epoxy 956 
Q 1013 p', 400 KeV 

Q 6 f 1 h cure 
@ 24 k 2 h cure' 
Q 48 f 2 h cure 
Q 72 f 2 h cure 

Q 6 f 1 h cure 
@ 24 f 1 h cure 

Epoxy 507 

Polypropylene 
PMMA 

300 K 
1400 K 

Polystyrene 
760 K 
2610 K 

Dimethyl silicone 

1.0 
3.0 
6.2 

9.8 k 1.5 
10.0 
14.0 
10.8 

13.3 
14.9 
18.3 
14.1 
11.5 
12.0 
15.4 
19.1 
31.9 

22.0 
17.4 
22.1 
23.6 

17.9 
19.6 
28.9 

21.1 
48.8 

8.4 
14.1 

Indeterminate 

a Considerable absorbed moisture in samples. 

temperature rate effect within a limited temperature 
region. 

Fractional free volume calculations were made 
from eq. (5 ) ,  primarily using data from A h a r ~ n i ~ ~ , ~ ~  
and Koo3' and literature/measured values of To, 
which was chosen to be the glass transition tem- 
perature, TB. By choosing To = Tg, we bias the anal- 
yses so that the E' values are relative values. The 
value of f o ,  the fractional free volume at Tg, was 
taken to be 0.037, which was derived from packing 
density considerations of polymers modeled as a 
three-dimensional array of hard spheres.40 These 
values were put into eq. (5)  and free volume acti- 
vation energies were generated for several polymers. 

A typical calculation was made for polyvinylidene 
fluoride, where the glass transition temperatures lay 
within the bulk material temperature range utilized 
here. 

bg = fo/To = fo /Tg  = 0.037/318"K 

= 1.163 X 10-40K-1 

Substituting bg into equation (5)  

f 283"K = 0.037 + 1.163 X 10-4(283-318) = 0.033 

where b = (bL - b g ) ,  

b = coefficient of free volume 

expansion and bL = 2.83 X 

f 3 " O K  = 0.037 + 2.83 X lop4 (348-318) = 0.455 

The values of f"T are substituted into eq. (6)  and 
the slope determined from the plot of In f vs. 1 / T. 
E' was determined to be 4.05 KJ molep1 for PVDF. 

A plot of these energies vs. the atomic oxygen 
activation energies is shown in Figure 8. E' values 
were generated for the fluorinated materials, PE and 
Nylon. The equation for this relationship was Ea 
= 2.023'-3.37. The mass loss rate ( M L R )  depen- 
dence upon E' could be written according to: 

which suggested that this process could involve a 
second order dependence on free volume (but left 
an unexplained temperature dependence). However, 
the correlation of Ea with the diffusion activation 
energy was straightforward and offered one point of 
attack for attempting a detailed model of atomic 
oxygen attack on polymers. 

The number of mass loss events per atomic ox- 
ygen atom, 7 ,  for materials at 45°C range from 
about three per ten thousand for the more stable 
fluorinated materials to about nine per thousand for 
the most reactive materials. The number of events, 
as expected, increased with increasing temperature. 
These numbers, for the estimated mass loss per 
event ( a m / & ) ,  accounted for only a small portion 
of the available atomic oxygen and implied that 
other processes occurred prior to, or in parallel with, 
these mass loss events. This would be the case even 
if 6 m / &  had been underestimated by a factor of 10, 
which, in itself, would be unlikely. This suggested 
that removal of material by oxygen attack or by re- 
combination of oxygen atoms was a more complex 
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Table I11 Mass Loss vs Atomic Oxygen Flux for Selected Polymers 

Mass Loss A 0  Flux 
Polymer Test Conditions (mg @ f h) (#/m'/sec) 

1.50 X lo2' 'VDF 40 wt/800 mt/45"C 0.206 k 0.016 
PVDF 60 wt/800 mt/45"C 0.390 k 0.020 3.13 X lo2' 
FEP 40 wt/700-850 mt/45'C 0.205 & 0.008 < 1.50 X 10'' 
FEP 60 wt/700-850 mt/45"C 0.449 k 0.048 < 3.13 X loz2 
UHMWPE 60 wt/600 mt/45"C 2.301 k 0.132 2.36 X 
UHMWPE 60 wt/800 mt/45"C 2.921 f 0.252 3.13 X lo2' 
Nylon 6 40 wt/800 mt/45'C 1.650 k 0.008 1.50 X lo2' 
Nylon 6 40 wt/600 mt/45"C 1.505 k 0.072 < 1.50 X loz2 

Table IV Mass Loss Equation Parameters 

d T 

Ea 
Material 10°C 45°C 75°C 10°C 45°C 75°C (KJ/mole) 

TFE 
FEP 
PVDF 
Mylar 
PVF 
Polyethylene 

UHMWPE 
HDPE 

LDPE 
119 K PE" 
50 K PE 

loi3 p+ 

Lexan 
Nylon 6 

Kapton 

Epoxy 956 

1013 p+ 

1013 p+ 

@ 6 f 1 h cure 
@ 24 f 2 hb cure 
@ 48 +. 2 h cure 
@ 72 f 2 h cure 

@ 6 f 1 h cure 
@ 24 f 1 h cure 

Epoxy 507 

Polypropylene 
Polystyrene 

760 K 
2610 K 

PMMA 
300 K 
1400 K 

0.00044 
0.0013 
0.0053 
0.202 
0.229 

1.27 
2.18 
6.43 
1.64 
0.457 
0.718 
1.12 
10.88 
907.7 
0.24 
0.08 

16.34 
3.87 
14.34 
34.71 

4.67 
9.18 
414 

0.050 
0.606 

148 
177 
lo4 c 

0.00042 
0.0013 
0.0047 
0.202 
0.242 

1.29 
2.32 
6.43 
1.63 
0.344 
0.778 
1.06 
11.34 
929.3 
0.24 
0.08 

19.50 
3.85 
12.64 
38.07 

5.04 
9.81 
414 

0.047 
0.657 

148" 
177x 
104 

0.00044 
0.0013 
0.0054 
0.202 
0.228 

1.27 
2.16 

1.65 
0.457 
0.710 
1.13 
10.82 
907.4 
0.24 
0.07 

15.97 
3.87 
14.56 
34.30 

4.57 
9.09 

- 

- 

0.051 
0.610 

- 
- 

0.00028 
0.00035 
0.00039 
0.0019 
0.0032 

0.0045 
0.0038 
0.0027 
0.0042 
0.0035 
0.0044 
0.0017 
0.0033 
0.0019 
0.0006 
0.0008 

0.0014 
0.0025 
0.0018 
0.0016 

0.0023 
0.0022 
0.0019 

0.0014 
0.0015 

0.0193 
0.0050' 

0.00029 
0.00042 
0.00046 
0.0032 
0.0054 

0.0085 
0.0081 
0.0063 
0.0080 
0.0045 
0.0083 
0.0032 
0.0084 
0.0054 
0.0012 
0.0014 

0.0047 
0.0055 
0.0042 
0.0051 

0.0058 
0.0060 
0.0074 

0.0020 
0.0028 

0.0303' 
0.0174 

0.00031 
0.00045 
0.00064 
0.0046 
0.0071 

0.013 
0.012 

0.013 
0.0089 
0.01 1 
0.0057 
0.0149 
0.0150 
0.0019 
0.0018 

0.0079 
0.0097 
0.0097 
0.0097 

0.0078 
0.0100 

- 

- 

0.0025 
0.0047 

- 
- 

1 .o 
3.0 
6.2 
9.8 

10.0 

13.3 
14.9 
18.3 
14.1 
11.5 
12.0 
15.4 
19.1 
31.9 
14.0 
10.8 

22.0 
17.4 
22.1 
23.6 

17.9 
19.6 
28.9 

8.4 
14.1 

21.1 
48.8 

a Nonuniform surface areas. 
Sample contained considerable absorbed moisture. 
Data a t  25OC. 
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Figure 8 Atomic oxygen activation energy vs. free volume activation energy. 

process. There was essentially no change in mass 
loss events with type of polyethylene or with epoxy 
cure time, but small differences were noted in Ea 
and 6. A decreasing trend in mass loss events oc- 

curred with Nylon 6 and high density polyethylene, 
which had been irradiated with 400 KeV protons to 
a fluence of 109/m2. Particle irradiation can cause 
crosslinking and/or chain scission to occur in poly- 

Table V Comparison of Activation Energya for Diffusion of 02, N2, H2, and He in Polymers 
with Atomic Oxygen Activation Energy 

Activation Energy for Diffusion, (KJ/mole) Activation Energy for 
Atomic Oxygen 

Polymer N2 0 2  H2 He Attack 

1.0 TFE 29.8 26.3 
FEP 38.5 34.7 25.1 20.9 3.0 

29.3 25.1 
PS - 37.7 16.7 13.0 8.4 

14.1 

- 13.1 Kapton 31.0 
LDPE 50.3 40.2 33.5 24.7 14.1 
HDPE 39.8 36.8 - 23.4 15.0 
PC - 32.2 20.9 - 15.4 

PP 41.9 36.5 34.7 30.6 28.9 
- 21.0 PMMA 20.9 

31.8 48.0 

- - 

Mylar 58.7 50.6 - 20.1 9.5 
- - 

Nylon 6 46.1 33.5 31.5 - 19.1 

- - 

a Data from references 46, 47, 48. 
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mers!l More specifically, irradiation, which results 
in crosslinking, tended to restrict molecular mobil- 
ity. This made diffusion more difficult, and there- 
after the rate of reaction was reduced. 

The range of 4, the frequency factor, for these 
materials extended over seven orders of magnitude 
with the most stable materials having the lowest 
values. Magnitude of these data appeared to have 
been characteristic for a type of polymer and prob- 
ably represented a fundamental polymer response. 

The examination of mass loss rates has indicated 
that the stability of the polymer increased with in- 
creased backbone bond strength and that pendent 
structures can protect the backbone. Further, if it 
is assumed that these rate processes are increased 
with pendent structure vibrational frequency, then 
the following approach could be correlated with p ,  
provided that it did not far exceed 1 in value. The 
rationale underlying this calculation was the phys- 
ical blocking of A 0  to the polymer backbone. Using 
the covalent radii for hydrogen, carbon, and fluorine, 
from Sanderson, of 0.32 A, 0.77 A, and 1.61 A, re- 
spectively, and the vibrational energies of 35.4 KJ/  
mole for C - H and 15.6 KJ /mole for C - F, as the 
C-C backbone attached bonds,42 p can be con- 
structed to be: 

where 

n 
0 
Q c 
0 
0 n 

4 = w - x  

X = E b / E u  X R/2L X 8 

8 

6 

4 

2 

0 

-2 

-4 

-6 

-8 

where Eb is equal to the C - C bond energy of 347 
KJlmole, Eu the vibrational energy taken from IR 
data, R the radius of the attached atom, L the bond 
length to the polymer backbone, and 8, an order 
factor defined as 0 I 8 I 1. Assuming 8 = 1 and a 
x 1, 

For TFE: 

X = (347/15.6) X (1.6112.43) X 1 / 2  = 7.4 

4 = e-x = 0.0006 

For PE: 

X = (347135.4) X (.32/1.09) X 1 /2  = 1.43 

4 = .24 

Generated values of 4 for polyethylene and TFE 
agreed with experimentally determined 4 from Table 
IV. However, values were found to exceed 1 for sev- 
eral polymers, so this analysis was not considered 
adequate for correlation to 4. 

A plot of activation energy versus In4 in Figure 
9 indicated that they were related and, as suggested 
by Stannett,43 may be approximately the same 
function in the appropriate variables. The preex- 
ponential factor for diffusion has been formulated 
by Eyring to be a function of the average diffusional 
jump length, 7 ,  and the entropy of activation 0s.  

0 5 10 15 20 25 30 35 
Ea. KJ/molo 

Figure 9 Natural logarithm of frequency factor vs. atomic oxygen activation energy. 
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Table VI Material Effects on Mass Loss Equation Parameters 

Mass Loss Equation Parameters 

Effect Materials d 7 Ea 

Crosslinking Epoxies 
Nylon 6 HDPE 

Chain Kapton 

Mol wt PE, PS, PMMA 
Fluorination TFE, FEP, 

Branching PE, PP, PS, 

scission 

PVDF, PVF 

PMMA 

Increase with cure 
Increase with 

irradiation 
Decrease with 

irradiation 
Increase with mol wt 
Decrease with 

increasing F 
Relative to PE- 

decrease with ring 
structure, increase 
with methyl, long 
side groups 

Constant 
Decrease with irradiation 

Increase with irradiation 

Constant to mixed 
Decrease with increased 

F 
Relative to PE-decrease 

with methyl, ring 
structure, increase 
with long side groups 

Increase with cure 
Increase with irradiation 

Decrease with irradiation 

Increase with mol wt 
Decrease with increased F 

Relative to PE-decrease 
with ring structure, 
increase with methyl, 
long side groups 

The polyethylene, epoxy, polystyrene, and PMMA 
data of Table V show a tendency of 4 to increase 
with Ea under conditions that favor a decrease in 
free volume. These conditions included increased 
crosslinking and increased mol wt. The results these 
effects on the activation entropy is unclear, but these 
effects would be expected to increase the jump 
length. Tables VI and VII contain summaries of the 
effects of crosslinking, mol wt, branching, fluori- 
nation, and bond strengths reflected in the mass loss 
equation parameters. 

The primary bonding magnitude was an impor- 
tant factor in the resistance of a material to atomic 
oxygen attack. Ionic bonded materials and strong 
covalent bonded nonpolymers show little or no 
reactivity. Metals showed a mixed reactivity with 
silver and osmium being highly reactive. Most other 

metals, while being reactive, tended to be self-pas- 
sivating. While the covalent bonded polymers were 
reactive with C - C backbone bond strengths of 347 
KJ /mole, some variation existed in the covalent 
backbone bond strength magnitudes, with Kapton 
having a C - N bond strength of 293 KJ/mole and 
dimethyl silicone having a Si - 0 bond strength of 
494 KJlmole. Other factors affected the overall 
reactivity of these materials, such as the formation 
of SiOz, which shielded the silicone polymer and the 
inclusion of a ring structure, which added stability 
to the backbone of Kapton. Nylon 6 contained in- 
termolecular hydrogen bonds, which was probably 
responsible for the activation energy of atomic ox- 
ygen diffusion being somewhat higher than that for 
polyethylene. However, this material contained the 
relatively weak C - N bond, thus making it more 

Table VII Bonding Effects on Mass Loss Equation Parameters 

Mass Loss Equation Parameters 

Bond Materials d 7 Ea 

Prim a r y MgF, 
NaCl 
Silver 
Other metals 
PE 
Dimethyl silicone 

Hydrogen Nylon 6 
Van der Waals PE  

TFE 
PVDF 

Indeterminate 
Indeterminate 

Mixed reactivity 
1-2 0.0080 11-15 

Indeterminate 
11 0.0054 19.1 

1-2 0.0080 11-15 
0.00044 0.00029 1.0 
0.0050 0.00046 6.2 

- - 9.8-27.0 
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reactive. While Van der Waals bonding applied to 
all of the polymers, it represented a weak bond on 
the order of less than about 8 KJ/mole. In the sym- 
metrical polymers, which were easier to analyze, the 
approach distance of atoms determined the mag- 
nitude of these forces and, as can be seen from the 
data of Table VII, those forces, as reflected in the 
activation energies of apparent diffusion, were less 
for the fully fluorinated materials. (The fluorine 
atom is greater in diameter than the hydrogen atom.) 
The mix of H and F atoms, attached to a polymer 
backbone, yielded an activation energy between that 
of PE and TFE. 

Using the mass loss rate, eq. ( 4 ) ,  the mass losses 
measured for the STS-8 flight samples of Kapton 
and polyethylene were calculated. The on-orbit val- 
ues for both these materials were essentially the 
same, but their temperatures were unknown. At- 
tempts were made to control on-orbit materials a t  
23, 70, and 120"C, but thermal labels indicated that 
these temperatures were exceeded. Calculated mass 
loss values were within a factor of 2 of the measured 
values. Another element affecting accuracy of cal- 
culations was that the on-orbit flux was known only 
within an order of magnitude. 

Effect of Annealing/Quenching on the Mass Loss 
Rate of Lexan 

The effect of structure order on the mass loss rate 
was studied using polycarbonate (Lexan) . This ma- 
terial was annealed at  and above the glass transition 
temperature for .5 h. It then underwent rapid 
quenching in ice water, air quenching, or was slowly 

Table VIII Effect of Annealing/Quenching 
on the Mass Loss Response of Lexan 
in Atomic Oxygen 

Mass Loss (mg) at  Sample Treatment Prior to 
T°C/800 mT/60 Watts Plasma Exposure 

10°C: 0.711 k 0.026 Control 
10°C: 0.617 ? 0.033 

10°C: 0.645" 

15°C: 0.758" Control 
15°C: 0.661 2 0.75 

15°C: 0.688" 

Heated to 149"C, quenched to 
O"C, vacuum dried 

Heated to 198"C, air 
quenched to 23°C 

Heated to 21O"C, quenched to 
O"C, vacuum dried 

Heated to 210°C, slowly 
cooled to ambient 
temperature 

a One sample tested. 

Table IX ESCA Data for Polymer Materials 

Polyethylene 
(C) 
(ExP) 

(C) 
(Exp) 

Polyvinyl fluoride 

Fluorinated ethylene 
propylene 
copolymer 

(0 
(ExP) 

(C) 
(ExP) 

Polytetrafluorethylene 

- - 29.3 
9.89 

- 36.2 3.18 
11.7 4.56 - 

- 0.596 6.75 
19.1 0.687 - 

0.610 3.13 
12.7 0.875 4.55 

cooled to ambient temperature. Following the 
quench process, it was exposed to atomic oxygen 
while being held at  10 or 15°C. Mass loss for the 
specific material conditions and plasma exposure are 
described in Table VIII. The data show a small trend 
of decreased mass loss for all the annealed and 
quenched samples. Statistically, no distinction was 
seen in the mass loss rates within the various an- 
nealed/quenched conditions. Some ordering of 
polycarbonate molecules is known to have occurred 
near the glass transition temperature. Further, the 
maximum rate of crystallization occurred near 
190°C with spherulitic structures formed at this 
temperature over several days.44 The reduced mass 
loss rate observed here could be accounted for 
through a more ordered structure that would be more 
dense, less permeable, brought about by the an- 
nealing/quenching process. 

Surface Analysis by ESCA 

Surface analyses by electron spectroscopy for chem- 
ical analyses (ESCA) were used to characterize se- 
lected material samples. In this evaluation, the ma- 
terial was irradiated with monoenergetic x-rays and 
the resulting photoelectrons were energy analyzed 
to determine their binding energies to the surface 
atoms. The analysis emphasized here was the de- 
termination of the ratios of surface constituent ele- 
ments, which provided an indication of the bonds 
more readily attacked and of the material lost from 
the sample surface. Five polymeric materials were 
examined by ESCA by the Chemical Engineering 
Department at Auburn and the results of that anal- 
ysis are provided in Table IX. Survey scans were 
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used to determine the elemental composition of the 
surface. Major peaks were then evaluated individ- 
ually to obtain a quantitative evaluation of the sur- 
face composition. 

All data showed oxygen to be increased in the 
polymer surface as a result of plasma exposure. The 
more fully fluorinated, exposed materials, FEP and 
TFE, contained more unreacted oxygen atoms per 
fluorine atom. This could, perhaps, be partially ex- 
plained by the relative electrophilic nature of oxygen 
and fluorine. While oxygen can readily diffuse into 
the surface of these materials, for reaction and mass 
loss to occur, the oxygen and fluorine, which are 
both highly electronegative, must compete for the 
same bonds. The ratios of carbon to fluorine indi- 
cated a small increase with exposure. As -CHI 
CF - and - CF2 - groups were lost, the carbon 
to fluorine ratio slightly increased, which accounted 
for the exposure ratios. From the standpoint of ma- 
terial attack, since the fluorine tended to shield the 
carbon-carbon backbone, in the more fluorinated 
materials the fluorine must essentially be removed 
to remove a carbon atom, thus suggesting that this 
ratio would not be expected to vary much from the 
unexposed sample. The presence of nitrogen on the 
FEP and TFE materials was considered to be the 
result of surface contamination. Chemical analyses 
indicated that the nitrogen content for the total 
sample was far less than surface analysis indica- 
t i o n ~ . ~ ~  

Three additional materials, HDPE, PVDF, and 
Kapton, were examined via ESCA by Dr. Brent 
Carter of the Georgia Tech Materials Engineering 
faculty. These materials included controls and ox- 
ygen plasma exposures for 30 min and 95 min. All 
samples showed a considerable increase in the 
amount of 01s oxygen upon exposure. Kapton in- 
dicated an increase in C = 0 / C - 0 = 0 on both 

Table X 
for TFE and PVF 

Nominal Mass Spectrometer Data 

Atomic Partial Pressure 
Material Mass Unit (%) 

TFE 31 (CF)a 
48 (CHFO) 
20 (HF) 
47 (CFO) 

0.57 
0.05 
0.04 
0.02 

PVF 20 (HF) 11.4 
48 (CHFO) 0.01 

“AMU 31 interpreted as CF, which may not be thermody- 
namically possible for duration to be seen in mass spectrometer. 

samples, which were exposed for different durations. 
No distinctions were found in the exposed samples 
as a result of the length of exposure. A slight con- 
centration change from 54 and 46% for CH, and 
CF2, respectively, to 51 and 49% was noted from 
the control to the 95 min exposed sample, but this 
was not considered to be significant. A shift in the 
01s and Cls  peaks in the exposed samples indicated 
the formation of 0 - C = 0 or C = 0. These find- 
ings are consistent with the work of Clark and 
Dilks,’ Egitto et al.,46 and Turban and R a p e a ~ x . ~ ~  
Further, these findings are consistent with those of 
Liang et al.,48 upon examination of polyethylene 
flown on STS-8. 

Residual Gas Analyses 

Mass spectra data was collected on five polymers 
during oxygen plasma exposure. This data was col- 
lected during a 30 min exposure period of each poly- 
mer. The major gas species, as expected, was mo- 
lecular oxygen, water vapor, carbon monoxide, and 
carbon dioxide, determined for exposure of the hy- 
drocarbon polymers. Species present, other than 
molecular oxygen, in the background spectra were 
expected. No atomic oxygen was detected, as ex- 
pected, since it was such a reactive species. The 
chamber was considered “dirty” relative to high 
vacuum chambers used for contamination studies. 
Periodically, the chamber was opened to ambient 
air during weighing of samples and water vapor col- 
lected on the chamber surfaces. Materials, such as 
Kapton, Mylar and Polyethylene, were primarily 
carbon and hydrogen structures, so that their dis- 
solution into AMU of less than about 50 could not 
be discriminated from the background species. Es- 
sentially, no AMU were found above 55. If any large 
molecular species left the polymer surface, they may 
have undergone reactions in the gas phase and the 
mass spectrometer would not have detected it. Al- 
though background mass spectra with no sample 
were run in the chamber, this could not be subtracted 
from spectra with sample to give definitive data, 
based on the above aspects and the fact that the 
sampling pressures could not be precisely controlled. 
Consequently, no attempt was made to analyze ex- 
tensively the gases by accounting for background 
gases. The RGA data for TFE and PVF are included 
in Table X. The fluorine atom was not found in the 
background spectra so that the presence of frag- 
ments containing fluorine could easily be discrimi- 
nated. Carbon /fluorine /oxygen fragments were 
found at various AMU less than 50 and in small 
quantities. 
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The values of am/& were assumed to lie between 
14 and 50 AMU, with TFE and FEP assigned at  50 
AMU based on ( - CF2 - ) , PVDF assigned at 31 
AMU (average of - CH2 - and - CF2 - ) , and 
the remaining hydrocarbons given values from 14 
to 18 AMU. These values were estimated from gas 
reaction studies of molecules, as mentioned previ- 
ously. The RGA data obtained here supported this 
assumption. 

FTIR Analyses 

Fourier Transform infrared analysis was performed 
on polyethylene samples using a Mattson Cygnus 
100 Fourier Transform Infrared Spectrometer. 
These analyses were performed via contract to the 
author. The initial evaluations failed to show any 
differences between the control and atomic oxygen 
exposed samples. At that point, an attenuated total 

reflectance attachment ( ATR) was used to acquire 
the surface spectra. In this analysis, the depth of 
penetration depended upon the angle of incidence, 
the wavelength of light, and on the relative refractive 
index of the sample and the ATR crystal. In this 
analysis, the KRS-5 crystal was used. This crystal 
has a high refractive index in order to minimize the 
critical angle ( sinp'n2/nl, where n, is the refractive 
index of the ATR crystal and n2 is the refractive 
index of the sample). As the angle of incidence de- 
creased, the depth of penetration increased as long 
as the angle exceeded the critical angle. 

The FTIR spectra were shown in the region from 
2000 to 500 cm-', since the ATR beam depth pen- 
etration decreased with increasing wavenumber and, 
therefore, the spectrum was less intense and noisier 
in the 2700 to 3000 cm-' region. At an angle of in- 
cidence of 35 degrees, an intense band appeared at 
842 cm-' on the exposed sides of the polyethylene 
samples. It also appeared at a considerably reduced 
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intensity of the HDPE control sample and on the 
unexposed side of the LDPE sample. It is suspected 
that the reaction responsible for this peak may occur 
in air also, but to a lesser extent. This band corre- 
sponded to a C = C band. It was surmised that the 
band could have arisen as a result of the following 

reaction paths. The atomic oxygen could have lit- 
erally stripped a carbon out of the polyethylene chain 
and the chain reform with a double bond in this 
position. CO would then be given off. Another pos- 
sible explanation for the reaction would be for the 
oxygen to have formed a C-0 bond as an inter- 

Figure 11 Atomic oxygen exposed UHMWPE. 
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mediate, and then to have had it react with another 
oxygen to form 02. The extra electrons would then 
have formed a double bond at that position. The 
FTIR spectra for HDPE for the exposed side, the 
reverse side, and the control sample are shown in 
Figure 10. 

Gel Permeation Chromatography Analyses 

Attempts were made to measure the various mol wts  
of plasma exposed polyethylene. The only infor- 
mation that could be inferred from the GPC work 
is that there were no polymer fragments created that 

Figure 12 Atomic oxygen exposed and control UHMWPE samples. 
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would be small enough in chain length and mol wt 
to have been solubilized at ambient temperature. 
This was consistent with the observations that the 
plasma exposure caused weight loss and that the 
FTIR analysis only supports the reformation of 
chain backbone after plasma exposure with no ev- 
idence of oxygen incorporation. 

Surface Characteristics 

The surface features of oxygen plasma exposed ma- 
terials were studied from scanning electron micros- 
copy (SEM) photographs. Selected SEM photo- 
graphs of oxygen plasma exposed surfaces and flight 
experiment samples are shown in Figures 11-18. 

Figure 13 Atomic oxygen exposed UHMWPE. 
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The polymer surfaces, exposed to the Plasmod 
produced thermal atomic oxygen at pressures of 800 
to 1000 millitorr, generally showed surface features 
of cones, etches, and fiberous patterns similar to that 
seen in ion etched polymers. A comparison of flight 
to Plasmod exposed surfaces showed surface mod- 

ulation to be more pronounced in the flight mate- 
rials. 

All of the commercially obtained polyethylene 
films have shown pits on or near the surface in the 
as-received materials (Figs. 11 and 12). In the 
UHMWPE, these pits, which appear in patterns, lie 

Figure 14 Flight exposed PE (top) and Kapton (bottom). 



1362 WHITAKER AND JANG 

just under the surface, as noted in the SEM of the 
unexposed material. No identification with respect 
to structure could be made for the pit pattern. The 
porous textured features, evident in the nonpitted 
areas, and shown in Figure 13, are characteristic of 
all the polyethylene samples exposed in the Plasmod 

system. In contrast to these features, STS-8 flight 
samples of PE (Fig. 14) ,  with specific directional 
orientation to the atomic oxygen, showed closely 
spaced cone features with aspects ratios of about 10. 

Surface features of Plasmod exposed Kapton were 
barely discernible, even at 100 K magnification (Fig. 

Figure 15 Atomic oxygen exposed (top) and control (bottom) Kapton. 
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15). However, the structure seemed to be similar to 
that obtained on STS-5 flight exposed Kapton (Fig. 
14), where the 5 eV atomic oxygen was allowed to 
impinge on the surfaces of various angles over 180 
degrees. Mylar, exposed on STS-5 where atomic ox- 
ygen was omnidirectional, showed evidence of re- 

sidual material on the surface. The Plasmod exposed 
Mylar gave a similar appearance. The surface residue 
could not be identified. However, it was noted that 
control Mylar (Fig. 16) contains similar concentra- 
tions of material. Plasmod exposed polyvinyl fluo- 
ride surfaces showed separated small cones, and ex- 

Figure 16 Flight exposed (top) and control (bottom) Mylar. 
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posed polytetrafluorethylene showed the develop- 
ment of pores with the remaining material having 
a fine fibrous structure. No flight exposed materials 
were available for PVF, and flight surfaces of TFE 
from the Solar Maximum Mission satellite46 have 
shown spaced cones with aspect ratios of 1 or less. 

The surface morphologies observed for these ma- 
terials showed a variety of structures, which were 
peculiar to the individual materials. Structures in 
the flight exposed materials were more pronounced, 
and differed in features. The flight materials were 
exposed under different environmental conditions: 

Figure 17 Atomic oxygen exposed (top) and control (bottom) PVF. 
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lower pressure, higher energy atomic oxygen, varying 
material temperature, and longer exposure times. 
These factors have been shown to affect the surface 
morphology produced on ion etched  material^?^ The 
residual stress condition of a material surface was 
also a contributor to developed structures/8 

Model of Atomic Oxygen Reaction With Polymers 

Interpretation of generated data suggested that the 
atomic oxygen reaction in polymers was a thermally 
activated, two-step process with A 0  diffusing into 
the polymer, then initially reacting more readily with 

Figure 18 Atomic oxygen exposed (top) and control (bottom) TFE. 
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the weaker polymer bonds. Bond strength was a fac- 
tor in the magnitude of mass loss rate and pendant 
polymer backbone structures can influence the mass 
loss rate. Typically for all polymers, out of ten thou- 
sand incident atomic oxygen atoms on a 45°C poly- 
mer surface, mass loss events accounted for the in- 
volvement of 1% or less of these atoms. This sug- 
gested a complicated process and implied that 
reflection and recombinations of A 0  were occurring, 
and the involvement of more than one atomic oxygen 
atom may be assumed in a mass loss event. ESCA 
and FTIR data suggest that low mol wt gases were 
formed from these reactions. RGA analyses also 
supported this data. GPC indicated no reduction in 
surface mol wt, which implied as the gases escaped 
the surface, bonds were reformed. Under constant 
exposure conditions, mass loss was linear in time 
with the exception of several polymers that tended 
to form partial or total self-passivating films, such 
as Mylar and dimethyl silicone. Activation energies 
were of the magnitude for diffusion in polymers and 
were consistent with diffusional effects found with 
polymer increased mol wt and crosslinking. The 
mass loss rate for atomic oxygen attack can be ef- 
fectively described by the equation: 

1/A d m / d t  = a m / &  X 1/4n,V X $e-EIRT 

CONCLUSIONS 

The following concluding remarks can be drawn 
from this investigation: 

1. The mass loss rate equation for atomic oxy- 
gen exposed polymers may be expressed as: 
1/A d m / d t  = 6 m / &  X 1/4n,V X $e-EafRT, 
where the parameters have their previously 
discussed meanings. 

2. Mass loss of polymers under atomic oxygen 
exposure is a thermally activated process with 
activation energies in the range of 1 to 48 
KJ  / mole. 

3. The model of polymer reaction to atomic ox- 
ygen describes a two-step process of atomic 
oxygen diffusion into the polymer surface 
with subsequent reactions with bonds to gen- 
erate low mol wt gases. 

4. The energies of both primary and secondary 
bonds are an important factor in the reactiv- 
ity of materials to atomic oxygen. 

5. Increased mol wt and crosslinking in poly- 
mers retard the atomic oxygen reaction. 
These factors improve the resistance of poly- 
mers to atomic oxygen diffusion. 

6. Pendant backbone structures can provide 
some shielding of the polymer backbone from 
atomic oxygen attack. 

7. The effect of higher energy atomic oxygen 
impingement on polymer surfaces is to pro- 
duce more pronounced structures similar to 
that observed in ion etched surfaces. 

This article was based in part on A.F.W.’s PhD disser- 
tation. A.F.W. would like to express thanks to Joey Nor- 
wood and David Esker for operation of the Plasmod and 
to Ed White and Bobby Cothren for maintaining the op- 
eration of the test systems. B.Z.J. would like to express 
thanks for the support of the Alabama Research Institute 
and National Science Foundation (Materials Engineering 
and Tribology Program). 
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