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MECHANICAL AND CHEMICAL EFFECTS OF ION-TEXTURING
BIOMEDICAL POLYMERS

Y by A. J. Weigand and M. A. Cenkus
AV National Aeronautics and Space Administration

Lewis Research Center
Cleveland, Ohio	 44135

ABSTRACT

To determine whether sputter-etching may provide substantial
polymer surface texturing with insignificant changes in chemical
and mechanical properties, an 8-cm-beam diameter, electron-
bombardment, argon-ion source was used to sputter-etch	 (ion-
texture process)	 nine biomedical polymers. 	 The materials included
silicone rubber, 328 carbon-impregnated polyolefin, polyoxymethy-w
lene, polytetrofluoroethylene, ultrahigh molecular weight 	 (UHMW)

w polyethylene, UHMW polyethylene with carbon fibers 	 (108), and sev-
eral polyurethanes	 (bioelectric, segmented, and cross-linked).
ion-textur.ad miorotensile specimens of each material except UHMW
polyethylene and UHMW polyethylene with 108 carbon fibers were
used to determine the effect of ion-texturing on tensile prop-
erties.	 Scanning electron microscopy was used to determine sur-
face morphology changes, and electron spectroscopy for chemical
analysis (ESCA)	 was used to analyze the near-surface chemical
changes that result from ion-texturing.

Ion energies of 500 eV with beam current densities ranging
from 0.08 to 0.19 mA/cm 2 were used to ion-texture the various
materials.	 Standard microtensile specimens of seven polymers were
exposed to a saline environment for 24 hours prior to and during
the tensile testing. 	 Tensile results showed that ion-texturing
reduces the average ultimate strength from as little as 18 for
segmented polyurethane to as much as 198 for polyoxymethylene.

Analysis of the full ESCA spectrum of the ion-textured samples
indicated detectable amounts of argon imbedded into the surface of
all samples except 328 carbo,. impregnated polyolefin and poly-
tetrafluoroethylene.	 For polyoxymethylene, polyolefin, and the
three polyurethanes the amount of oxygen relative to the carbon S

was reduced after ion-texturing. 	 The two polyethylene samples
showed an increase in the amount of oxygen relative to carbon

V after ion-texturing. 	 In general it is concluded that the surface
chemical changes resulting from sputter-etching are minimal in -

Y'spite of the often significant changes in the surface morphology.

INTRODUCTION

One factor which affects the biological tissue response to an
implant material is the surface morphology of the material (refs.
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1 and 2). Most surface morphologies that have been investigated
have a distribution of surface pore sizes (vitreous carbon (ref.

4!	 3), porous polyolefin (ref. 4)), which may cause nonuniform tissue
^.	 response to various parts of the implant. Pores too small will

I	 not allow cell ingrowth. Other pores that interconnect too far
11

	

	 under the surface will allow tissue ingrowth without proper nutri-
tion, causing inflammation and, if severe enough, necrosis. A
technique which uses technology developed from the National Aero-
nautics and Space Administration's electric propulsion program has
been used to obtain controlled surface morphologies with well de-
fined dimensions (ref. 5). By using implants with known surface
roughnesses, a systematic investigation can be performed to eval-
uate the tissue response to surface morphology. An optimum im-
plant surface texture for bone, soft tissue, or thrombus attach-
ment can be deduced from in vivo tests of implants with con-
trolled, precise surface morphologies.

To determine the effect of sputter-etching on the near-surface
chemistry and bulk tensile properties, an electron-bombardment,
ion thr,ister was used as a neutralized-ion-beam source to modify
surface morphology of biomaterials (refs. 5 to 8). A beam of di-
rected, energetic ions, produced by an ion source, can alter the
surface morphology and/or chemistry of many materials (metals,
polymers, ceramics). The process of sputter roughening or ion-
texturing (ref. 9) involves the selective removal of atoms, mole-
cules, or molecular fragments from the surface of a target mate-
rial. Because each element has a certain and often different
sputtering rate or because there is inho.mogeneity within the mate-
rial (crystalline and amorphous regions), the surface morphology
usually will change as a result of ion sputtering. The surface
chemistry is also very likely to change. Thus, the bilogical re-
sponse to an ion-textured surface may be significantly different
from the response to an untextured surface because of changes in
morphology (ref. 10) and/or chemistry (ref. 11).

The transfer of energy from the impinging ions to the target
material results in localized heating of the material. Many poly-
mers are heat sensitive such that their bulk mechanical or chemi-
cal properties degrade as a consequence of being heated. The re-
sults of ion-texturing a polymer surface which often produces a
submicron and micron size roughness may also alter the mechanical
properties. Therefore, an investigation was undertaken to deter-
mine the extent of near-surface chemical changes and tensile prop-
erty changes resulting from ion-texturing.

Nine biopolymers were examined. They included silicone rubber
(Silastic ), 32% carbon-impregnated polyolefin, polyoxymethylone
(Delrin ), polytetrafluoroethylene (Teflon), ultrahigh-molecular
weight (UHMW) polyethylene, UHMW polyethylene with carbon fibers
(19%), bioelectric polyurethane, segmented polyurethane (Biomer),

LS

q

e

'^ r	 ,..	 - .... '.w^^vti	
_ 

t u 11 J , ::!:^:J" .^MNu' . 'l ^ _ $.w':rY ^^p-^f4R i^aaR151.fhtt.w.

i

r

f'

N

`i



3

and cross-linked polyurethane ,(Tecoflex). Ion-textured, standard
microtensile specimens of each material (except UUMW polyethylene
and UKMW polyethylene with carbon fibers (10%) for which no ten-
sile data were obtained) were used to determine the effects of
ion-texturing on tensile properties. For all materials scanning
electron microscopy was used to examine surface morphology
changes, and electron spectroscopy for chemical analysis (ESCA)
was used to analyze the near-surface chemical compositional
changes that result from ion-texturing.

All the sputter-etching and SEM observations were performed at
the Lewis Research Center. The tensile testing apparatus was the
property of Case Western Reserve University, and these tests were
performed in the Mechanical Engineering Department laboratory.
ESCA determination was performed separately by Surface Science
Laboratories under NASA contract and by Dr. David Dwight at Vir-
ginia Polytechnic Institute and State University under a NASA
grant.

APPARATUS AND PROCEDURE

Ion-Texturing

An 8-cm-diameter ion source utilizing argon as the working gas
was used to ion-texture all the polymers reported herein. This
type of ion source can also 'operate with any of the inert gases,
nitrogen (ref. 8), freons (ref. 12), and other gases. The ion
source is used in a vacuum system with pressures ranging from
1.3x10- 3 to 4x10- 5 pascal (1x10- S to 3x10-7 torr).

A schematic drawing of an 8-cm-beam diameter ion source is
shown in figure 1. The basic design of the ion source includes a
ribbon cathode which, when heated, is the source of bombarding
electrons used to ionize the working gas. The cathode is made of
a triple-strand of 0.5-mm (0.020 in.) diameter tantalum wire which
is coated with a low-work-function material, BaO. The Ba0 aids in
the electron emission process. The electron emission is con-
trolled by the amount of power applied to the cathode filament.
The discharge chamber is the volume in which the cathode electrons
ionize the working gas atoms. A concentric-cylinder anode, oper-
ating at approximately 40 V higher positive potential than the
cathode, is used to attract the electrons. A magnetic field, pro-
vided by six to eight 0.6-cm (0.25-in.) diameter permanent bar
magnets equally spaced around the ion source, increases the bom-
barding electron path length through the discharge chamber. By
extending the path length, the probability of ionization in-
creases. The multiple-aperature ion extraction system consists of
two grids with concentric, circular holes (ref. 13). The screen
grid (adjacent to the discharge chamber) operates at a positive
high voltage (300 to 2000 V), while the accelerator grid operates
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at a negative voltage (-200 to -1000 V). A neutralizer, whico for
this ion source is a heated loop of double-strand, tantalum wire
coated with BaO, provides electrons to neutralize the extracteA
ion beam_ There is very little (approximately 18) recombination 	 E
of ions and electrons. This directed, slightly divergent, bulk-

,,	 neutralized ion beam can then be used to sputter target material.
Ion current densities from less than 0.1 to 1 mA/cm2 are pro-
duced by the 8-cm-diameter ion source. The maximum target area
over which the ion current density is uniform (within 158 of maxi-
mum) is 3x3 cm at a distance of 20 cm (7.9 in.) from the accel-
erator grid plane of an 8-cm-diameter ion source. All samples
were textured within this uniform current density area.

For this investigation the target samples were centered on the
ion-beam axis and placed 20 cm from the accelerator grid plane.
Each material was exposed to a 500 eV argon-ion beam for 1 hour.
Table I lists the ion current densities to which each material was
exposed. The ion current densities were selected to minimize ion
impingement heating effects.

Target samples (2.5x2.5 cm) of each material were ion-textured
separately. The thickness of the samples ranged from 0.51 mm for
segmented polyurethane to 3.18 mm for UHMW polyethylene (table
I). These samples were used for SEM analysis and ESCA. Five
standard microtensile specimens (ASTM D638-76) of each material
(except UHMW polyethylene and UHMW polyethylene with carbon fibers
(108) for which no tensile data were obtained) were ion-textured
simultaneously. As shown in figure 2, only the gage length sec-
tion of both sides of each specimen was ion-textured. These sam-
ples were exposed to the same ion-beam conditions as the square
samples (table I).

Tensile Property Measurements

To determine the effects of ion-texturing on the tensile prop-
erties of each biopolymer investigated, five standard microtensile
specimens made from untextured (control) material and five ion-
textured specimens were tested. The width and thickness of each
sample was measured and recorded. The samples were put in a sa-
line solution (0.98 NaCl) for 24 hours prior to the tensile tests
and were in a saline solution during the test. Figure 3 shows the
tensile testing apparatus used for the tests. Each sample was
placed in self-aligning grips according to standard procedures.
The constant strain rates or crosshead speeds used were those sug-
gested by the manufacturer of each material and are given in table
II. A strip-chart recorder was used to record the stress-strain
curve for each sample. Each sample was tested to failure. Sever-
al samples came loose from the grips before failure. These data
were not included in the determination of tensile properties.
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ESCA

ESCA was performed on samples of each material that were ex-
posed to three environmental conditions, The first set of samples
was untextured and used as a control. These samples were
biodegradable-detergent cleaned in an ultrasonic cleaner. Another
set of samples was similarly cleaned and exposed to the vacuum
environment but not ion-textured. The third set of samples was
cleaned and ion-textured in the same vacuum environment. By ana-
lyzing all three sets of samples, the separate effects of vacuum
exposure and ion-texturing can be determined. The ESCA was per-
formed by two independent laboratories (refs. 14 and 15) to obtain
a consensus of opinion of the interpretation of results.

RESULTS AND DISCUSSION

Tensile Properties

Typical engineering stress-strain diagrams for untextured and
ion-textured samples of silicone rubber, 32% carbon-impregnated
polyolefin, polyoxymethylene, polytetrafluoroethylene, bioelectric
polyurethane, segmented polyurethane, and cross-linked polyure-
thane are shown in figures 4 to 10, respectively. The average
tensile strength at failure were also the ultimate tensile
strength and is given in table II for untextured and ion-textured
samples of each polymer. The percent reduction in tensile
strength resulting from ion texturing is also given in table II.
Ion-texturing reduces the ultimate strength from as little as 1%
for segmented polyurethane to as much as 19% for polyoxymethy-
lene. Because of sample to sample variation of the individual
tensile strength data, as indicated by the range of variation giv-
en in table II, it can be concluded that the reduction of tensile
strength after ion-texturing is not a significant change.

Both the untextured and ion-textured specimens of each polymer
failed at the ultimate tensile strength. The general shape of the
stress-strain curves for both untextured and ion-textured samples
of all the polymers was the same. The two exceptions were poly-
oxymethylene (fig. 6) and polytetrafluoroethylene (fig. 7). The
stress-strain curves for the ion-textured polyoxymethylene samples
did not show an initial low elastic modulus deformation (large
strain for small stress, ref. 16) which was characteristic of the
untextured samples. The stress-strain curves for the polytetra-
fluoroethylene samples reveal an effect of ion-texturing that is

C
similar the effect of increasing the bulk temperature (ref. 17).

SEM Photomicrographs
F

Figures 11 to 19 are scanning electron photomicrographs of the
ion-textured polymer surfaces (textured under the conditions given
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in table I). The carbon-impregnated polyolefin (fig. 12), bio-
electra,c polyurethane (fig. 15), segmented polyurethane (fig. 16),
and cross-linked polyurethane (fig. 17) develop a worm-like sur-
face structure. Polyoxymethylene (fig. 13) and polytetra-
fluoroethylene (fig. 14) develop a needle-or cone-like structure.
Silicone rubber (fig. 11), UHMW polyethylene (fig. 18) and UHMW
polyethylene with 10% carbon fibers (fig. 19) did not develop a
pronounced surface roughness after ion-texturing.

ESCA

General results and discussion. - Detailed ESCA were done for
each polymer subjected to t Fee different treatments (control,
vacuum exposure, and ion-textured). A survey ESCA spectrum of
each sample indicated which elements were present. The photo-
electrons, emitted from a surface as a result of X-ray excitation,
have a certain small range of energy. For example, the Cls
electron has a nominal energy of 284 eV. The elements to which
the carbon is attached will affect the energy. Thus, there may be
several overlapping peaks (components) close to 284 eV which indi-
cates that the carbon is attached to several elements. A high
resolution spectrum for each element detected was then taken to
assist in the interpretation of the overlapping peake. The re-
sults of these analyses are given in tables III, IV, and V. The
surface elemental compositions estimated from the data and ex-
pressed as atom percent r'.or the detected elements are listed in
table XII for all polymers. The surface composition data were
then renormalized to present the number of atoms of the major con-
stituents relative to the total number of carbon atoms defined as
1.00 (table IV). When the photoelectron spectrum for an element
showed more than one component, the region was fitted using a the-
oretical model which assumes Gaussian line shapes and a particular
shape fot the background. With this technique, each component or
functional group is resolved.

The C(ls) spectrum fitting calculations produced estimates for
the fraction of the total C(ls) intensity in each component and
the binding energy and line width for each component. These C(ls)
components are listed individually in table IV in :. uizion to the
0, N, F, and Si detected. The C(is) components are listed Ca,
C b , Cc , and Ca in oruer of increasing binding energy. Thus,
Ca is the heading for the C(ls) component at the lowest binding
energy for each sample. This method of presenting the surface
composition data emphasizes the ESCA information related to the
organic components of the surface and the changes produced 'therein
by the two treatments applied.

The third and final set of numerical data is the list of bind-
ing energies extracted from the spectra (table V). The binding
energies are normalized so that the Ca component is set to 284,0

L
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eV for each sample. General comments applicable to the entire
sample set as well as specific comments on the apparent effect of
the vacuum and ion texturin g on specific polymers are given below.

From the data in tables III, IV, and V there are several ob-
servations of a general nature that deserve emphasis or special
comment. The first point concerns the detection of argon for the
ion-textured samples. All ion-textured samples except 328 carbon-
impregnated polyolefin and PTFE showed detectable amounts of argon
in the surface (probably either implanted or surface adsorbed).

Another general observation is that there appears to be only
minor differences between the control and vacuum-exposed samples
of each polymer. However, the ion-textured samples do appear to

1 differ from the control and vacuum-exposed samples for many of the
polymers. This fact is readily apparent in the oxygen/carbon por-
tions (0/C) of the data. For the three polyurethanes, polyolefin,
and polyoxymethylene the ion-texturing caused a reduction in the
amount of oxygen relative to carbon. This reduction is particu-
larly pronounced for polyoxymethylene where 0/C'dropped from 0.75
(contro).) to 0.16 (ion-textured). Ion-texturing increased the 0/C
for the two polyethylene samples.

A surface constituent element common to each of the polymer
samples was silicon (Si). The detergent cleaning did not seem to
affect the amount of Si detected to any great extent except for
the polyoxymethylene sample. Ion-texturing did not seem to pro-
duce any significant change in the Si level either, except for
polyethylene with 108 carbon fiber and polyolefin. Both of these
samples had in common the fact that elemental carbon was listed as
a component of the material.

Among the hydrocarbon polymers, only USMW polyethylene shows a
pronounced chemical effect after ion-texturing (ref. 10). Oxida-
tion appears to be introduced after ion-texturing. The oxygen
concentration increases and an oxidized carbon peak arises. The
ion-texturing effects on surface morphology are far more pro-
nounced than the effects on surface chemistry. Moreover, roughen-
ing the surface reduces the depth of penetration of ESCA, thereby
emphasizing the functional groups in the top surface layers. For
UHMW polyethylene, which did not develop much of a surface texture
(fig. 18), the chemical changes after ion-texturing indicated by
ESCA analysis should be representative of the gross surface struc-
ture.

The near-surface chemical composition of the polyurethanes is
not drastically changed by the ion beam. Each of the polyure-
thanes may have been reduced (decrease in oxygen content) by the
ion beam.

.— .
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Polyoxymothylene shows the most dramatic chemical changes, but
this effect may be :.elated to the fact that this polymer shows the
most pronounced ion-roughening. PTFE shows a small increase in
hydrocarbon after ion-texturing.

The two separate laboratory ESCA results showed good agreement
with regard to these general comments. However, there were slight
differences which may have been due to sample preparation or ship-
ment. Therefore, the discussion of the ESCA of each polymer will
be based on one set of data (ref. 11).

Specific comments for each polymer.
1. Bioelectric polyurethane. - The C(ls) spectrum for the con-

trol sample of this set shows three components which can be as-
signed to carbon bonded to other carbon or hydrogen (Ca), carbon
singly bonded to oxygen (Cb), and carbon doubly bonded to oxygen
(CC). For the vacuum-exposed sample the C(ls) spectrum is simi-
lar to that kor the control sample except that there is a fourth
carbon peak, Cd . Also, detectable amounts of fluorine were
noted. These observations suggest that C d for the vacuum-
exposed sample be assigned to a fluorocarbon surface contaminant.

The C(ls) spectrum for the ion-textured sample showed a lower
intensity for peak Cb (relative to Ca) than was found for the
control and vacuum-exposed samples. This result is concomitant
with a smaller amount of oxygen for the ion-textured sample. The
amount of nitrogen detected was lower by about a factor of 2 for
the ion-textured sample as compared with the control and vacuum-
exposed samples. These changes suggest that after ion-texturing
the surface is no longer identical to the surface before ion-
texturing. The principal difference appears to be a greater
amount of Ca relative to other features, which reflect the func-
tional groups expected for polyurethane.

Spectrum for the ion-textured sample showed signals assigned
to argon, sulfur, and iridium not detected for the other samples
in the set. The detection of signals assigned to Ir was
considered unusual. No other assignment could be given these
signals which would match all the data, however.

2. Segmented polyurethane (Biomer") . - The C(ls) spectra are
qualitatively similar to those recorded for bioelectr.ic polyure-
thane, and the assignment of the components is the same. The sur-
vey spectra of the three samples of t)is polymer are very similar,
indicating that the ion-texturing had little effect on the surface
chemical composition. The ion-textured sample did show a smaller
amount of oxygen, which was concomitant: with a lower amount of
silicon. It may be that the lower oxygen content after ion-
texturing is due to a reduction in the ,amount of silicon/oxygen
containing material present at the surf;ice. Also, the control and

-.
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vacuum-exposed samples
while the ion-textured
no detectable S. Iron
exposed samples and fl
sample only.

showed si3nificant amounts of S and Cl
sample showed only a minor amount of Cl and
was detected for the control and vacuum-
3orine was detected for the ion-textured

3. Polyoxymethylene (Delrin). - The C(ls) spectra for the con-
trol and vacuum-exposed samples of this set are qualitatively sim-
ilar. There are two distinct components separated by about 2 eV..
Peak C b is the carbon associated with the C-0 group of the poly-
oxymethylene structure while Ca must arise from an additive or
surface contaminant, Note that the atom ratio Cb/O is very
close to 1.00 for both the control and vacuum-exposed samples as
would be expected for the polyoxymethylene structure.

The ion-textured sample of this set is very different • from the
other two, The O/C atom ratio dropped from 0.75 to 0.16 after
ion-texturing. The C(ls) spectra show a strong peak at the posi-
tion expected for carbon bonded to other carbon or hydrogen, but
only a weak peak at the position expected for the C-o group of
polyoxymethylene. Apparently, the ion-texturing has reduced the
surface of the polymer or led to the deposition of a hydrocarbon
on the sample surface. Of the nine polymers studied, polyoxy-
methylene shows the most drastic differences between the ion-
textured and untextured surfaces.

4. UHMW polyehtylene. - The C(ls) spectra for this set show a
strong line associated with the polyethylene carbon and weaker
lines on the high binding energy side which arises from carbon-
oxygen functional groups. These peaks are small, and it is diffi-
cult to extract much useful information concerning intensities or
positions from the C(ls) spectra. It is clear, however, that the
ion-textured sample shows both a higher oxygen content and a
greater intensity in the C-O peak s... It can be concluded that ion
sputtering produces a surface richer in oxygen and C-O functional
groups than the untextured samples.

All three spectra of the samples of this set showed Si and Mg
signals. The ion-textured sample spectrum showed a quite intense
line for Zn not detected for either nonsputtered samples.

5. UHMW pol^thYlene with 10% carbon fibers. - Each of the
samples showed an intense main C(ls) peak associated with the
polyethylene carbons plus much weaker and less well-defined compo-
nents associated with C-0 functional groups. The ion sputtered
sample spectrum showed slightly more oxygen than did the other two
nonsputtered samples.

6. 32% carbon-impregnated polyolefin. - The C(ls) spectra for
the samples of this set show an intense peak associated with the

1
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polyolefin carbons. Ali three of these samples showed detectable
amounts of oxygen with the ion-textured sample ex liibiting the low-
est oxygen value. Zinc, S, and F were found for each sample.

7. Silicone rubber (Silastic }.
this silicone is dimethyl silicone.
between the samples which may not be
ments detected in addition to C, Si,
ion sputtered sample.

- The ESCA data indicate that
There are slight differences
significant. r,he only ele-
and 0 were (3 and Ar for the

8. Cross-linked polyurethane (Tecoflex ). - The results for
this set are very similar to those for bioelectric polyurethane
(1). The C(ls) spectra show the sAme structure, the 0/C ratios
are essentially the same, ana Si is a common surface contaminant.
However, Sn was detected for all three samples. In addition,
quite large amounts of fluorine were found for the vacuum-exposed
sample concomitant with the appearance of a fourth carbon peak in
the C(ls) spectrum. This peak is assigned to carbon present as
fluorocarbon. The appearance of fluorine maybe due to fluoro-
polymer from vacuum tank wall deposits.

9. Polytetrafluoroethy:enr. (Teflon). - The spectra for the
control and vacuum-exposed samples are typical of PTFE. The prin-
cipal C(ls) peak at 291.4 eV (Co,arises from the CF2 group
carbon. Note that the F/Cb atom ratio is 2.07 for the control
sample and 2.09 for the vacuum exposed sample. For the ion-
textured sample the C(ls) spectrum is more complex with several
weak components. These weaker components are also assigned to
carbon atoms bonded to fluorine but differing in the number of
fluorines or in structural arrangement. The ratio of fluorine to
total carbon was only slightly lower than the values for the con-
trol and vacuum-exposed samples. This result indicates that the
ion-texturing process produces a surface only slightly diffel:ent
from the untextured samples.

SUMMARY

An eight-centimeter diameter, electron-bombardment, argon-ion
source was used to sputter etch nine biomedical polymers. The
materials included silicone rubber (Silastic), 328 carbon-
impregnated polyolefin, polyoxymethylene (Delrin), polytetra-
fluoroethylene (Teflon), ultrahigh molecular weight (UHMW) poly-
ethylene, UHMW polyethylene with carbon fibers (10%), bioelectric
polyurethane, segmented polyurethane (Biomer), and crosslinked

t	 polyurethane (Tecoflex). Scanning electron microphotographs indi-
cate that the carbon-impregnated polyolefin, bioelectric poly-
urethane, segmented polyurethane, and cross-linked polyurethape
develop a warm-like surface structure as a result of ion sputter-
ing. Polyoxymethylene and polytetrafluoroentylene develop a
needle-or cone-like structure. Silicone rubber, UHMW poly-
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ethylene, and UHMW polyethylene with carbon fibers did not develop
a pronounced surface roughness after ion sputter etching.

The results of tensile tests of microtensile specimens of each
polymer indicated a percent reduction in ultimate tensile strength
resulting from ion-texturing ranging from 18 for segmented poly-
urethane to 19% polyoxymethylene. Because of the large range of
variation of some of the results, it can be concluded that the
reduction of tensile strength after ion-texturing is not a signif-
icant change. The general shape of the stres-strain curves for
both untextured and ion-textured samples of all the polymers was
the same. The two exceptions were polytetrafluoroethylene and
polyoxymethylene. Ion-textured polytetrafluorothylene samples
showed a slight change in the stress-strain curves that was simi-
lar to the effect of slightly elevating the sample temperature.
Ion-textured polyoxymethylene samples did not have a forced low
elastic modulus deformation portion which was characteristic of
the untextured samples.

ESCA data revealed only minor differences between the
untextured control samples and vacuum-exposed samples of each
polymer. Therefore, any changes in the near-surface chemical
composition after ion-texturing can be attributed to the texturing
phenomenon.

All ion-textured samples except 328 carbon-impregnated poly-
olefin and 'polytetrafluoroethylene showed detectable amounts of
argon on the surface. Silicon was found an all samples before
ion-texturing and all samples except polyethylene with 108 carbon
fibers and 328 carbon-impregnated poleyolefin after ion-texturing.

Among the hydrocarbons UHMW polyethylene became oxidized after
ion-sputtering (The oxygen concentration increased and an oxidized
carbon peak arose.) UHMW polyethylene with 108 carbon fibers
shows an increase in the oxygen content at the expense of the sil-
icon but there is no oxidized carbon peak. The 328 caibon-
impregnated polyolefin sample showed an increase in the carbon
content relative to the oxygen.

The near-surface chemical composition of the polyurethanes was
not drastically changed by the ion beam. Each of the polyure-
thanes may have been reduced (decrease in oxygen content) by ion
bombardment.

Polyoxymethylene showed the most dramatic chemical composition
change after ion-texturing. The oxygen content relative to the
carbon went from 0.75 for the untextured sample to 0.16 for the
ion-textured sample. Polytetrafluoroethylene shoved a small in-
crease in the hydrocarbon component after ion-texturing.
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In general the ion sputtering effects on surface morphology

r are more pronounced than the effects on surface chemistry.
r
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'FABLE 1. - SAMPLE MATERIAL THICKNESS AND ION CURRENT
DENSITY IMPINGING ON EACH POLYMER

IAryon ion beam energy, 500 eVl target dlslonce from
ion !source, 20 cm; 1011-textullny duration, 1 hr.l

Materlal ion-beam cutient
den sit
mA/cm

Average sdmFle
thickness,

mm

Bioelectric 0.10 U.66
polyurethane

Segmented .19 .51
polyurethane

Polyoxymethylene .08 .81
Ultra high molecular weight .19 3.18

(UHMw) polyetylene
UHMW pLlyethylene with 10* .19 3.18
carbon fibers

32% Carbon-impregndted .10 1.12
polyolefln

Cross-linked polyurethant , .10 .76
Polytetrafluuroethylene .19 .25

N
to

W

7AHLE It- - TF.NSILE TEST RESULTS OF UNTEXTURE.D AND ION-TEXTURED POLYMERS

material Sample Numb,-r Average tensile Percent tanye Percent loss of Crob;;head speed
surface of strength at of	 va,:ation tensile strength

mm^min (:n./min)condi- samples failure )max - m1r1 X 100 between untex-
t,nn • avq tuied and	 ion-

textured samplesN/M2x10-7 psi

Hioelectric polyurethane U 4• 2.22 1220 26 3.0, 125 5
T 5 2.15 1120 12

Segmented polyurethan U 5 4.07 S91U 7 1.3 500 20
(Biomeri T 2• 4.01 5830 2

Polyoxymethylene U 4• 6.34 910U 6 19.4 5 U..
(Delrin) r 5 5.01 7420 15

321 Carbon-impreynated U 4• 1.61 [340 4 13.3 125 S
voletin T 4• i.39 :020 20
ne rubber U 5 0.76 1100 28 9.6 500 2U

ib.lastic) 'i 5 0.68 990 19
Crosi-linked polyurethane

(Trcofl

U
T

3•

3•
2.61
1.16

4880
1290

10
50

15 500 20

Pulytetra
fl
fluoroethylene U 5 3.18 46tl0 11 18 SO [

(Teflon) T 5 2.64 3830 34

-

-Not eyial to 5 because sample(s) slipped out of grip prior to failure.
•• U • Untexturedf T • ion-textured.

A

f

s



- 0	 1I f I	 i f I	 1 1	 1  1	 1	 1 I	 I M 1	 ••1 I 3 1
.( 1	 1 I	 1	 • ^	 ^ 1  1	 1	 1 1	 1 1	 • 1

I O 1	 1 1 1 1 1	 1	 1 1	 1 11 11	 1 14ul A
1
1

1
N .D 	 1

1	 1
M	 1	 1 r l M

1
1	 1

I r	 l
V O I

1	 1	 1
1	 1	 I

r	 l	 l
I	 I

1	 1
1	 1

O 3
ti A

(^

I .
O

•	 1	 1
1

•	 1	 •
1

1	 1
1	 1

••	 1
1

1	 1	 1
1	 1	 1

1	 1	 1
11	 1

1	 1	 1
11

U'7
^

(^•• A G	 '1	 1	 OI	 M	 I	 1	 I	 I	 1	 1	 1	 1	 I
z I	 i	 f I(1 M O N 7 I 1 J1 a cV •'1 M Y .Y M 1	 1^ 1	 1	 1 1 ] 3
W ;n ;	 1	 • •	 •	 • •	 • ; 1	 •	 • •	 •

•
•	 • 1	 1	 • 1	 1	 1 ;	

.1 0 1 ••^ I	 1 1	 1	 1 3 O

..^
•• Q

I	 1	 1	 1	 I	 1	 1	 1	 1	 a
y 1^ •+ N	 1	 1 1	 1 M 1	 1 •a 1 ••^ I O	 O 3 W
q

,•. 1
1 O V

•	 1	 1
1	 I

I	 1	 1
1	 1	 1 1	 1	 1

•	 1	 1
I	 1

•
.r M I

1	 1	 I
r 

^1 V •!1 v 10 7
•] 'Qlil 1 1	 1 1	 1	 1 1	 I 1	 1 1	 1 -^ •O a •O QI

1	 •^•
I	 I	 h

1	 1	 1
1	 1	 1

r	 1
1	 1	 1 1	 1

1	 1	 1
1	 1

1	 1
1

1	 1
1

I	 1	 1
I	 1	 1

:J
it

C A
41 •-•

F 1	 ^- I 1	 1	 1 1	 1	 1 1 1	 1	 1 1	 1	 ^ 1	 1 1	 I i!	 7
W I	 I M 11	 I 1	 1	 1 1	 1	 1 1	 1 1	 1	 1 1	 I 1	 1	 1 1 v U
:] .-• 1 0 1	 1	 1 1	 1	 1 1	 1 1	 1	 1 1	 1 1	 1 1	 1	 1 1 4 -r

11 0
I	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 I	 I 1	 1	 1 1	 1	 1 1 fY A

:IJ 1	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 (Jx
F ^ y

I M I .n 1	 I 1	 1 1	 1	 1 1	 I I .7 A•Yi 7 1	 1 1 1 I	 1 1 1	 1	 1 1	 1	 1 I	 1 •• j
C I	 I 1	 1 O 1 I	 I I	 I I 1	 1	 1 1	 1	 1 1	 1	 1 y

1•• N 3

r.
1	 1

1
1	 1	 1

I	 1
1

I
1	 1

1	 1
1 1	 1	 1

1	 1	 1
1	 1	 1

1	 1	 1
f

O a 0
1	 1

I	 1P'•
Q
W n

' I/1 1	 1 I	 I 1 1	 1	 1 1	 1	 1 1	 1	 1 .. 1	 1
^ /1 1 I 1	 1 I	 1 1	 1	 1 1	 1	 1 G I	 1	 I y 1
J 3 A

C

N
1	 1

1	 I
1
11

I	 I	 1
1
1	 1	 1

1	 I	 I
1	 f'I

^
1	 1;

I	 I
N•O I	 I

1	 1	 1

1	 1
I	 I
1	 1
1	 I

1
I	 I
I	 I

S
41
0•

C

6
] V

Q^

3 1^.
41 C LI	 I	 I ^7 1	 1	 1 1	 I	 1 1	 1	 1 I	 I	 ^ 1	 1	 1 1	 1	 I I	 1	 ^^: --I 41 7^.II ^ 1	 I :V N O 1	 1 1	 1 1	 1	 1 I	 1	 1 1	 1	 1 1	 1	 1 1	 1 E

4 1	 1 1	 1 1	 1 1	 1 1	 1	 1 I	 1 1	 1 1	 1 v C
Q 1	 1	 1 O	 V 1	 1	 1 I	 l	 t 1	 1	 1 1	 1	 1 I	 I	 I 1	 1	 1 1	 1	 1 -•1	 A

V1 3
1 1	 1 I	 1 r M• n O N m 1	 1	 1 1	 1 1 1.>; 41	 •^

T I 1 1	 1 • •	 • 1	 1	 1 1	 1 1 1	 1 L a
q = I	 I	 I I	 I	 1 .	 1	 1 O	 •-^ •^ 1	 t	 1 1	 1	 1 1	 I	 1 I	 I	 1 3
iJ

1/` E 941
1	 1	 1 1	 1	 1 1 11	 1 1	 1 1	 1	 1 r	 l	 l 1	 1	 1(n O>

W 1	 1	 1 1	 [•. 1	 1	 1 I 1	 1	 1 1	 1 1	 1	 1 1	 1 1	 1	 1 V 4

a

6• •0
1	 1	 1
1	 1	 1

1	 `-1♦ I!1
1	 1	 1
1	 1	 1

I

1
1	 1	 1

1	 1	 1
1	 1	 1

1	 1	 1
1	 1	 1

1	 1	 1
11	 1

1	 1	 I
1	 1	 1

1	 I	 1 W 41y
Y(

I
1. 1	 1	 1 1 0 1 1	 1	 1 r r '^ 1	 1	 1 1	 1	 1 1	 1	 1 1	 1	 1 1	 I H

W 1	 1	 1 1 11	 1 •	 1	 • 1	 1	 I 11	 1 1	 1	 1 1	 1	 1 1	 1	 1 A O	
`

Z

I
1	 1	 1 1 0 1	 1	 1 1 1	 1	 r 1	 1	 1 I	 I	 I 1	 1	 1 11	 1 C

T y	 ^

wrM N f r N N -•I N ? ^-• Jl r H ul •n a 1 I m M m v 0 u1 N N y 2

N
/1 O J V J! f•i M .l1 M In ^1f T^'^	 I MMN Y-•

m A	 ^'
'>'^ 31 'ti 01m IA	 1	 1 N l n .rr v 7 n l 1	 I	 1 •n Ol r 1	 1 j U,

Q
Z •

^ N N -^ 1	 1
.^	 1	 1

•	 1
1

•
I

1	 1
I	 I	 1

•
-'1	 .•i

1	 1
1	 1	 I A vl

^J

ry a N 1	 Nn! n N 0.•1 .: C A
Q
F o ,T C7 -+ r My a n nJI ry mmN O• m'^ -r - •I A	 C(^ 41 pl
iC N N ^-•14

•••I 	 ^•N M f -+ ^-•	 •••I ♦
MN In
N N N •-1 —. -. v w	 f

47 D 3 y
i1

'iLS •C+ N Av Na	 N .ti In	 rr In	 .-+m "1	 n M •o	 In Mln	 Ow-•. •, •o v	 ulna,n r n n r m •n 000 m m n m m m m m OI In f r .a m '•1 M M
r• •O w

W TC+ O••
v v c.4 c
W A	 Y O C O

L	 C ,1v v 41 d	 ..
3 	 A O •+ d 7 ul A5

V1 d	 r .^ A v ^. o 3 >

1
4
7	 L L

C
p•

7
T

L
3

•• Y
^1 E v

T	 w 41 3 41 v O '•+ yN
y

7
O	 'O T C

'O	 6. 'O
-.	 ••

'O 2 '^ 'Q
v

^
O w.. L

^E CI n Q^ O! O QI y C.. .7.
E

4 pp
U	 O O.

^. T
O t

H v
O c 41O c g

u ..
O

..	 v
c	 >>

u •U> v ^ .+ ^•O v O OO	 c	 '^

y^
N

w3 O E 41 41 O E 41 E O E 41 T O E 41 T O E 41 S 4/ O E w 0 O E 41 -Ci O E Y w O E Q' > U y
4
F

U 4 7 3 3
W 3 Ol c

v 7 «+ T
u 7 1 X 3

1. 7 •1 L
7 1 3 3

u a •! L C
7 1 3 O 3

u 7 lu u
7 I	 A

ti u 7 u G
O 3 2 1 0

V 7 3 -•1 ••
3 7	 1	 1	 41

4 7 1u ,-'
3 7	 1	 41

v 7 u
3 7 1

3 •+
V A

.1 C u c w C u G O C u C 41 C u C N D c U C U T C u c u c u C In c c U C u c ^• 'O Uy 0 A 0 E
O U > •-• CPU

0 A O T
> — -r

O to	
>' T O A O >. •+U > - - U > - -r A O A OU > ..• w O A O -1

O U > ... -. O A O y A;^ > ..r O t 0 to O T
U > ...r

O A CU > .. v	 -•.
3 v •O

4/
W	 cn

Oa 0a O u
m

N
M

LL
V1

1. 3
U

0
W

O L CZ 3 ..

r/I
'4L^R tigc^

Pv,^ A ^s

I	 ^'^Y

I



F

E

N
ul
.•r

w

^_	 T

H	 v
c
v

w
a4	 rn

c

X	 'v
C

4	 ^

4.	 D
O	 U

CY	 v
W

S	 T
O O	 ^.
Z O U

C
y ^^	 1+a
^ 4 c
w
In o ^

W z
= - .0
CL w
x w U
w 	 U
Z Z v
00
r.• m	 .r
F aG rn
.•• Q	 4
In U	 41

c
J	 6/

E 4
O F 01
u  c

F
J	 O

a	 c
H	 •+2	 A
W

LU
W	 v

W	 ?,
U	 Ta	 4
w	 v
x	 c
O	 4^
w

rn
1	 c

>	 C

W
J	 .0

a U
F

V.

r

1	 O' .r	 n	 1	 1 1	 1	 1 1	 1	 I 1	 1	 1	 I	 I	 1 1	 1	 1 1
1 00	 O I	 1 1	 1	 1 1	 1	 1 1	 1	 1	 I	 I	 1 1	 1	 1 -rn l	 .n 1 N

(y 1 0 0	 O I	 I 1	 I 1	 1	 1 I	 1	 I	 1	 1 1	 1	 I O '•1	 1	 O. m .l'1
I	 .	 •	 I	 I 1	 1	 1 1	 1	 1 I	 I	 I	 11	 1 1	 1	 1 ••	 1

I	 O v	 I	 1 I	 1	 ^ 1	 1	 1 1	 I	 1	 1	 1	 1 1	 1	 1 1	 •^+ ^+	 ^

r.r	 n n •W NN D In In N 0 D	 1	 1 N.r e	 wu' n
10 m .n	 r 'a— In 7O .D ^r- S a o	 In 1	 I •n m In In s N	 -0 o

{p o 00	 0 00 ^^00 000 OA O	 In 1 1 Il11A ♦ 000	 00 O
• .	 .	 .

^ 1	 1

.71 I	 l	 t 1	 1	 1 1	 1	 1	 1	 1	 1 1	 1	 1 1	 1	 1

JO I.1IAP 1	 1	 1 1	 1	 1 1	 1	 1	 I	 1	 1 1	 1	 I O .T O,	 1	 1	 1
Z -^ r1 0	 N V N 1	 1	 1 1	 1	 1 /	 1	 1	 1	 1 1	 1	 1 N

 140 
	 I	 1	 1

0 0 0	 0 0 i3 1	 1	 1 I	 1	 1 1	 1	 1	 1	 1	 1 1	 1	 1 O O o	 11	 1

11	 1 1	 1	 1 11	 1	 1	 1	 1 1	 1	 r •..	 1	 1	 1

O I.	 1 1	 11 1	 1	 1	 1	 1	 1 11	 1 11	 1

r N m
n n OI	 .D OIN wrn.D ••t OIm m.-1 ♦ 	 O,.DN r PO •O n.D	 N.0 ^'t

N Q N N •^	 N N^ •1 •D n -y ON 0.	 000 O f rn NN •-+	 000
L •	 •	 •	 •	 . •	 •	 . •	 •	 • .	 •	 .	 •	 .	 . .	 .	 . .	 .	 .	 .	 .	 .
C O
^J

E
v I	 IcD	 I	 I	 r I	 1 I	 1	 1 1	 I	 I	 I	 I 1	 1	 I I	 1	 1	 1	 r

.-1
W

(y	 '^
1	 CJ

1	 0	 1	 I	 1	 ^
1	 ^	 1	 I	 1	 1

I	 1
1	 1	 ^

1	 1	 1
1	 I	 1

I	 1	 1	 I	 I	 I
1	 1	 1	 1	 1	 1

I	 1	 I
1	 1	 1

1	 1	 I	 1	 r	 'D
I	 1	 I	 1	 1	 f^

U I	 •	 1	 1	 1	 1 1	 1	 1 I	 1	 1 1	 1	 1	 1	 1	 1 1	 1	 1 1	 1	 1	 I	 I

1	 0	 1	 1	 1	 1 1	 1	 1 1	 I	 I 1	 1	 1	 I	 I	 I 1	 1	 1 1	 1	 1	 I	 I

Ih M d	 r O, to 1	 r 1	 1	 I 1	 1	 I	 I	 1	 r 1	 I	 1 N W ^1	 I	 1 m
!.^	 U 0 0 0	 Ono 1	 1 0 I	 1	 1 1	 1	 1	 11	 1 1	 1	 1 Ono	 I I C

II	 („) .	 .	 . I	 I	 . 1	 1	 1 1	 1	 1	 I	 1	 I I	 1	 1 1	 ,
,,. O 1	 1 1	 I	 I 1	 1	 I	 I	 I	 I I	 1 1	 1

•"1 n In	 O, O, In N n `o N O I	 1	 r	 1	 I I	 I p, In ,D	 a aD aC
Q	 -4 e	 N	 • 1 "1 N \ D n o On— I	 1	 1	 1	 1	 r 1	 1	 1 In n9 C14	 O, a 0 a 0
1	 V •	 •	 •	 •	 • •	 • •	 •	 • 1	 1	 I	 1	 1	 1 1	 I	 1 •	 •	 •	 •	 .
U 7 11	 1	 1	 1	 1 I	 I	 I

v
1

•7 O ^1	 'T N N co /"1 .D n ao o Ono	 O O O 0 0 0 ,D N as
4	 ra In .On	 n nn 1'1Nap O, O, m Ooo	 Ono Ono •n ,G r• 	O-+O
o	 U
x

C 41

M11	 4 O G
L'	 C dP 41 1 pi
3 	 Id O W r
Q,	 c -+ a 4 7
4	 N C 7 L
a	 v L rn ^, 3

N y	 C 4	 4 O O
v o	 v^.	 ov o oi^ va	 vv vo. '04	 v

-+ C4	 v -r	 4> ^••^ 4'	 •• 4>	 4 43 E	 d A W 4/	 0	 4>
a 4	 4 TI 4 Q! 4 4! d 4 ^.•	 •`	 4 D L •^ 4 7	 4
E U	 7 p,	 7 L 7 C '? C L 7	 C	 7 7 7 4>
M ^I	 3 	 3 3 3 41 3 41.• N G •^	 3 4 3 Y 4jW	 N
fA w •-1	 x 	 x 4+ -•.	 X .^ -^	 X .r w .-1	 x O w •^	 x .^	 X C .^	 x 0 .-.	 x

4j 	 E N 4. O E d E O E 41 J, O E N ^. O E a .O 41 0 E Y W O E 0 O E v 4 O E 41
U 4 7 ♦I 3 4 7 3 ^, 4 0 3 L 4 7 3 L C L. 7 3 4 .-1 4 7 3 C 4 7 3 .^ •• 4 7 4, 41 4 7 3
4! 3 7	 I	 C +^ 7 1x 3 7 1 33 7 1 3 1)n I m O 3 7 1	 U +-r 	7	 1	 1	 0 au 7	 1	 4J 4j 7	 1
.-/ C U C y C U- 0 0 0 C v C U C y C U C U >.c U C U C U G: N C C U C 3 C U C
4> O m O E O 10 o >1 O 10 O >> O N0 h 4 0 10	 •0	 •-I O N O .• m 10 O N 10 0 N 0 D+ O 10 O
OU> •-+ Ul u>--q u> -+ U> r-+	 Mu >'•ao oU>_-U >.-I OLU >.-I.rU>—

v	 o 0 0 U N a .. o
m	 W	 a a a M	 in u a

r.



m fg	 1 1	 1	 1 .^^ ^	 1 ao O
1 1	 1	 1 •	 1

.D .1D	 1 1	 1	 1 .D .10	 1 JD J. ,v

.p JD	 1 1	 1	 1 .n a01 10 .10 co
^p .p	 1 1	 1	 1 y .p I 10 10 10

• •
.n n 1 .p a .n IN v -f v .0 v

1

In .A	 1 Oo0 ono 000

1	 1	 1 I	 1	 1 J .^ a 1	 1	 1
1	 1	 1 1	 1	 1 1	 1	 1

1	 1	 1 1	 1	 1 .l•. J^ 110 1	 1	 1
1	 1	 1 1	 1	 1 a a a 1	 1	 1

/	 1	 1 1	 1	 1 M I"^^ 1	 1	 ^

vvv ,o..iw r^rap •^o v
..4 .r .y -4
t31 I" r•1 I , N M ,h ,n M
.n In In 1n .A .n .n In 1n ON .rf

1	 1	 1 1	 1	 1 I	 .f	 l I	 i s
1	 1	 ^ 1	 1	 1 1	 •	 1 1	 1
1	 1	 1 1	 t	 1 1^ 1 I	 I J

I	 1	 1 1	 1	 I l	 a	 l 1	 1	 ,T
1	 1	 1 1	 I	 1 1	 ,V	 1 1	 1	 IN

1	 1	 1 I	 1	 1 --1 .70 ,V I	 1	 v
1	 1	 1 1	 1 1	 1

1	 1	 1 1	 1 .D 1` 
'CO

1	 1	 ,D
1	 1	 1 1	 1	 1 'N ,D I	 1	 .0
1	 1	 1 I	 1	 1 ,V N N 1	 1	 ,V

1	 1	 1 1	 1	 1 v ,h IQ Y 1n '-1
1	 1	 1 1	 1	 1

I	 1	 1 I	 1	 1 4l J1 .fl ^ .-1 10
1	 1	 1 1	 I	 I m .10 m a a m
1	 1	 1 1	 1	 1 ,V N ,V N .V V

W
C

1 ^

CI ^
4 ^

7 G
- N

^b p1 'O OI 'D 'D
d il a QI O G
w ^ w '0 N 7 4

7 7 at 7 •-1 _f
Ai w 41 Y u w y

..	 x •.	 x c -+	 x 10 -•	 x
O H L Jf J k W ,+ O E W .. O EE
w 7 N C w 7 N ^• E N ^• 7 Y
41 7 1	 0 11	 7	 1	 1	 4! 41 7 	 Of

,
N 7 1

C V C U C U C N C C U C s.f C	 (.1	 C
O N O-
U> M .-4

O N O N ^
U 'S H O

1 M O %40  N O
0> 1^4 U' w

O
U1 U O,

N
d

a
m
N

N	 4̂
V

ti

1
v
N
O
Z



PERMANENT

II
	 MAGNETS	 rNEUTRALIZERL J	 WIRE

LOOPT
„

^^	 I

PLENUM	
DISCHARGE
CHAMBER	

ION PEAM
ii

^^	 1L TANTALUM
RIBBON	 SCREEN'%'^

GAS	 CATHODE	 GRID-

INLET 	 ACCELERATOR
GRID

INTERMEDIATE
MAGNETIC POLE PIECE-J

Figure 1. - Cross section of ion-beam source.
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Figure 5.	 Stress-strain diagram for untextured and ion-textured 32 percent carbon-
impregnated po!yc!ehn,.
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Figure 6. - Stress strain diagram for untextured and ion-textured po!yoxymethy!ene.
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figure 7. - Stress-strain diagram of untextured and ion-textnred polo
fluoroethylene.
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Figure 8. - Stress - strain diagram of a ntextured and ion-textured bioelectric polyurethane.
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Figure 9. - Stress-strain diac;ram of untextured and ion-textured segmented polyurethane.
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Figure 10. - Stress-strain diagram of untextured and ion-textured cross-linked polyurethane.
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