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7. Photochemical fabr icat ion o f  l a q e  area i o n  
opt ics 

8. Fabrication processes f o r  the production of 
h igh span t o  gap i on  opt ics 

9. Long l i f e  i on  source and c m n e n t s  
10. Control led porosi ty o f  re f rac tory  mater ia ls 
11. Sputter y i e lds  fo r  materials a t  very lou  

vol t rgcs 
12. E f f i c i e n t  production and p rac t i ca l  cont ro l  

o f  low pressure plasnas 
13. Broad k m  i o n  sounes 

Many o f  these technology amas have and w i l l  contin- 
ue t o  f i n d  r g p l i c a b i l i t y  i n  the norpropulsive sec- 
tor. A t  present there i s  a t  least  four  colpanies 
w i th in  the United States tha t  fabr icate and supply 
broad beam ion sources as a imt resu l t  o f  ion  
thruster  t u h n o l o p l  splnof f? At  least s i x  c o c  
panies cur rent ly  provide ton b e u  sputtering ser- 
r i ces  f o r  research a d  indust r ia l  users. 

SPUTTERIN6 PROCESSES 

Although many applications o f  ion  thruster  
techno log^ u t i l i z e  colponents andlor processes oc- 
curr ing w i th in  the ion  source, a broader range o f  
applications re la te  t o  u t i l i z a t i o n  of the exhaust 
i on  be-. Ion bean i n te rac t ion  w i th  materials 
placed domstrean o f  the ion  source has been a sub- 
j e c t  o f  in te res t  o r  concern since t h e i r  ea r l i es t  
days o f  ion thruster  tes t ing  i n  vacuum f a c i l i t i e s .  
Only i n  the past decade has any concerted e f f o r t  
been *pl ied t o  constructively use ion  beans f o r  
sputtering. 

Most o f  the applications discussed i n  t h i s  re- 
po r t  involve sputter etching, sputter deposition 
andlor sputter texturing. These phenomena w i  1 1 be 
discussed separately i n  the fol lowing sections. 

SPUTTER ETCHING 

Sputter etching i s  the remnval o f  material f r o m  
a surface by energetic ion  or  neutral p a r t i c l e  bonk 
bardnent. The banbarding pa r t i c l es  in terac t  w i t h  
the surface through c o l l i s i o n  processes so as t o  
cause the e jec t ion  of surface atoms, molecules, o r  
molecular fragments. Figure 5 depicts an ion source 
used fo r  sputter etching a target that  i s  p a r t i a l l y  
protected by a sputter mask. The sputter mask ma- 
t e r i a l  also i s  sputter etched and i s  t yp i ca l l y  chos- 
en o f  a material more sputter resistant  tPan the 
t a q e t .  Depending upon the specific sputter etching 
appiication, the mask may be a polymer applied as a- 
photo resist ,  a metal o r  a metal-oxide. Docmnta- 
t i o n  o f  the sputter y i e l d  of many materials has been 
performed by Wehner and others.%14 Table I from 
Ref. 15 l i s t s  the sputter y i e l d  of various elements 
and compounds f o r  500 eV argon ion bombardment a t  
normal incidence. The sputter y i e l d  i n  terns o f  
atoms ejected per incident ion i s  sometimes more 
usefu l ly  rppreciated i n  terms o f  sputter etch ra te  
i n  angstrom per minute. Figure 6, from Ref. 16, 
l i s t s  a range of values o f  observed ion beam sputtzr  
etch rates i n  Atnin f o r  various materials bombarded 
by a noma l l y  incident !%O eV argon ion beam a t  a 
current density of 1 n b l c d .  The Fig. 6 values 
a r e  measurements made separately f raw Table I and 
are not necessarily canpletely consistent wi th it. 
Other materials not shown i n  Fig. 6 that  have ex- 
tremely high ion beam sputter etch rates are poly- 
t e t r a f  luoroethylene (PTFE Tef 1 nQ), f luor inated 
ethy len t  propylene (F Tef l on3 .  c h l o m t r l f  luoro- 
e t b l e n e  (CTFE Tef Ion , perfluororlkoxyn (PFA Tef- 

lo#), and p o l ~ t h y l e n e  (Delving .lTml8 Ref- 
erence 17 pro u t s  i o n  b e w  etch r a t  s o f  g p r o x i -  d 8 u t e l y  6 . 2 ~ 1  A l l i n  f o r  PTFE Teflon being bom- 
barded y 500 eV argon ions a t  r current density o f  S 1 &/c . 

The sputter etch r a t e  o f  materials i s  dependent 
t o  varying degrees upon the fol lowing p a r w t e r s :  

. boabarding species . target  l a t e r i a l  . energy o f  the borrbardl species 1 . current density o f  the ncident ion  bean . angle o f  incidence w i th  respect t o  tht 
ta tpet  surface . background e n v i r o n m t a l  gas pressure and 
carpos i t ion  . target  temperature (which may also be in- 
f luenced by the ion beam parer density) . target  p u r i t y  and colposi t ion o f  i w r i t i e s  . target  c rys ta l  lographic structure and 
or ien ta t ion  o f  c rys ta l ine  planes 

Uany o f  the above parmeters that  have a s ign i f i cant  
influence upon the sputter etch ra te  can be u t i l i z e d  
advantageously when sputtering i s  being perfotued as 
a fabr ica t ion  process o r  as a diagonist ic  technique. 

Ion bems ~ s e d  t o  sputter etch mater ia ls o f f e r  
some advantages over other sputtering techniques 
such as D.C. o r  R.F. sputtering. The di rected na- 
tu re  o f  the ion  bean and the separation o f  the 
source o f  energetic ions from the sputter target  
allows sputter etching w i th  nonnomal incidence and 
t o  do so a t  a lower o r  more inciependently cont ro l led  
pressure and temperature environrent than by other 
processes. High ra te  sputter etching can be more 
read i ly  acconplished by D.C. and R.F. discharge 
sputtering tecnniques provided that  target tcaprr- 
ature i s  not o f  concern o r  can be controlled. 

SPUTTER DEPOSITION 

Sputter deposit ion i s  the accwulat ion o f  ma- 
t e r i a l  that occurs i f  the sputter etched mater ia l  i s  
allowed t o  deposit on another surface. Deposition 
u t i l i z i n g  e lec t r i c  discharge processes has been ob- 
served and reported as ear ly  as 1775 by Joseph 
Pr ies t ley  i n  h i s  "Experiments on the Ef fec ts  o Giv- 
ing a Metal l ic  Tinge t o  the Surface of G1assm.f9 
W.  R. Grove i n  1852 reported experiments i n  which a 
p a r t i a l  vacuum e l e c t r i c a l  discharge was elnployed t o  
produce deposited f i lms.20 

Ion beam sputter deposit ion i s  simply the dep- 
o s i t i o n  o f  the sputter e f f l u x  f ran  the ion beam 
sputter etched target material. Ion beam sputter 
deposit ion d i f f e r s  from ather O.C. and R.F. dis- 
charge sputter deposition techniques i n  tha t  the 
deposition substrate can be placed i n  a bwer  pres- 
sure and thennal l y  isolated Q i v i  rorment. Figure 7 
depicts sputter deposition wi th an ion source. The 
sputter deposition ra te  is, of course, dependent 
upon the sputter etch ra te  of the target. the angu- 
l a r  d i s t r i bu t i on  of sputter e f f l ux  as we l l  as ge* 
metric factors. For nomal ion beam incidence sput- 
t e r  ejected atoms t yp i ca l l y  leave the target  surface 
i n  approximately a cosine d i s t r i bu t i on  about the 
surf ace nonnal if the surf ace i s  po lycrys ta l l  ine. 
However, s ingle c rys ta l  targets give r i s e  t o  a much 
more structured e jec t ion  pattern. 

Ejection energies of sputtered ejected atoms 
are considerably below those of the ion beam and are 



typ ica l ly  reported t o  be i n  the 1-20 eV range.15 
These ejection energies are s t i  11 considerably 8bove 
those experienced by thermal ejection pmesses such 
as t h e m 1  evaporatidn. 

Depending upon the corposition of the target, 
the sputter depositing species .qy k atons, aolc- 
cules, or  mlecular scisslon fragments. Thus the 
chemical properties of the dcposits may d i f f e r  from 
those of the t a q e t s  especially i f  the targets ar? 
colpwffis or alloys. Often, f o r  exrrple, e t a 1  
oxide targets w i l l  require the introduction of rddi- 
t ional  env i ronrnta l  oxygen t o  produce a metal oxide 
deposit. Sputter deposited fluoropolyllers from 
fluoropolynrer targets are highly crosslinked as a 
resul t  of the sputter e f f lux  being predamlnmtly 
caqwsed of JOY molecular w igh t  f ree rrdlcals.r7 
Sputter deposition fwnn a nomagnetic stainless 
steel target w i l l  resul t  i n  a magnetic deposit be- 
cause the deposition builds up as an atarric mixture 
rather than an a1 loy. 

Shutter deposits on row tcrperature substrates 
generally are arorphous or have extreaely small cry- 
s t a l l i t e  sites. 

Succer f u l  sputter deposit ion of adherent f i lms 
usually requires that the substrate surface i s  clean 
p r io r  t o  sputter deposition. This can be acco, 
plished by ion be- sputtering of the substrate sur- 
face ilrnediately pr ior  t o  deposition t o  remove sur- 
face oxides, organic contminants, and adsorbed 
gases. 

SPUTTER TEXTURIIIG 

Sputter texturing i s  the micromugheniny of the 
bombarded surface of a sputter target that occurs i f  
there are spatial variations i n  the sputter y i e l d  of 
the target surface. There are a variety of  ways i n  
which spatial variations i n  the sputter y ie ld  of 
target surfaces can occur. The target may be conc 
posed of t*, or more materials or fonns of materials 
that are present i n  a spat ial ly segregated hetero- 
geneous mixture throughout the target. Such targets 
develop a natural texture when sputtered. I f  the 
target i s  a homogeneous and pure material, sputter 
texturing can be produced by seeding the surf ace 
with a t a s  of a di f ferent material and allowing 
these atoms t o  nucleate in to  segregated microscopic 
sites of sputter resistance. 

Natural Texturing 

Sputter targets conposed of materials that pre- 
sent a spat ial ly varying sputter y ie ld  surface t o  
incident ions w i l l  cause natural texturing. A chem- 
i ca l l y  pure material may be composed of randomly 
oriented crysta l l i tes  with each having a di f ferent 
sputter y ie ld  which i s  dependent upon the i r  o r i e n t s  
tion. Sputtering sbch surfaces results i n  a patchy 
textured surf ace sh ing enhanced v i s i b i l i t y  of 
these crystal 1 ites. 

Some mcterials such as fluoropolymers are corn- 
posed of segregated amorphous and crystal l ine re- 
gions. The amorphous regions sputter etch faster 
than the crystal l ine regions which causes l e f t  
stanaing surf ace structures t o  appear as a resul t  of 
preferential sputter removal of the amorphous nlater- 
ia l .  Figure 8 depicts natural texturing by ion beam 
sputtering. Figure 9 i s  a scanning electrdn photo- 
micrograph of a natural textured polytetraf luoro- 
ethylene (PTFE ~ e f  lona) surf ace. Depending upon the 

sputtering conditions and duration, the surface 
cones can be u d e  t o  k submlcron t o  hundreds of 
microns high. The hclgMs o f  the surfrce cone 
structures are clpproximately 1 percent of  tha 
t o t a l  depth of sputter etchlrqPiaO 

Hcteroganeous u t e r i a l s  with microtcagic s i tes  
o f  colposit ional segregation w l l  l produce a natur r l  
textured surface i f  there 4s adequate d i f  e nces i n  
the sputter y ields o f  the various sites. 2$-8 
Figures lO(a) a l  (b) a n  scanning electron photo- 
microgrrghs of m untreated a d  sputter textured 
surfaces of a s r p l e  of coal. As can be seen by the 
difference k t m n  the two photaricrogrrphs, natural 
texturing develops w l l  defined p i l l a r s  and cows 
which are probably due t o  s i tes of capos i t i on r l  
segruqat ion. 

Holloqeneous materials my also develop a natur- 
a l  texture i f  the target i s  suf f ic ient ly  hot t o  pro- 
vide surface atom migration t o  resu l t  i n  s i tes o f  
nucleation of segregated r l e r n t s .  Nucleation s i tes  
of nore sputter resistant e l c m t s  cowring i n  a 
patch l i ke  unner  less sputter reslstant bulk mater- 
i a l  wwld then becm the tops a d l o r  sides of l e f t  
standing surface structures. Figure 11 i s  a scan- 
ning electron photomicrograph o f  natural textured 
W35N a mult'phase a l loy  of 3S%Ni, 35%Co, 208Cr. 
and 10 k Clo) .  A t  low temperatures t h i s  al loy does 
not develop any signi f icant natural texture, however 
exposure t o  a high pouer density ion beams raises 
the target teaperature suff ic ient ly t o  p m t e  sur- 
f ace atom lnigrat ion and segregated nucleation whSch 
i n  turn pronotes the development of a natural tex- 
ture. 

Pure materials nay also develop a microrough 
natural texture i f  there are small voids distributed 
throughout the bulk that are exposed by the ion 
beam. Variations i n  sputter y ie ld  with angle of 
incidence and the presence of voids can resu l t  i n  a 
p i t ted  surface as shown i n  Fig. 12 f o r  natural tex- 
tured Al203. 

Seed Texturing 

Sputter target surfaces can be supplied via 
sputter or vapor deposition with atoms of a lower 
sputter y ie ld  t o  foster the development of nucle- 
ation si tes of higher sputter resistance and resul t  
i n  l e f t  standing surface microstructures. This 
sputter texturing seeding technique, referred t o  as 
seed texturing i s  extremely useful f o r  texturing 
nonrrfractory metals. Seed texturing has been o b  
served fo r  nu rous combinations of target and seed 
materials.2sR Figure 13 depicts a m d  textur- 
ing technique u t i l i z i n g  ion beam putter ing. The 
simultaneous sputter etching of the target t o  be 
t e~ tu red  and the seed target provides a continually 
replenished supply of seed atoms on the t a  t sur- 
face to  be textured. Figure 14 from Hudso# i s  a 
periodic chart of the elements indicating those ele- 
ments which can be textur d using tantalum as the S seed material. ~obinso& has made analytical 
model of the dynamics of Seed texturing. Both Rob- 
i n ~ o n ~ ~  and Wehner30 report that a suf f ic ient ly  
high sputter target surface teaperature must be pre- 
sent to  enable surface oi f fusion and clustering of 
the seed mater 1, otherwise texturing w i l l  not take $1 place. Wehne f inds that the seed material 
sputter y ie ld  does not always have t o  be lower than 
the target material i n  order that t xturing occur. 
He presentd experimental evidence38 indicating 
that the seed material must simply have a higher 



melting tarperrtura than the t a q e t  wterirl t o  be 
textured. 

Figure 15 show scanning electron photmicra- 
graphs o f  same of the types o f  surface aorphologies 
created by setd texturing u s i q  t a n t a l u  as r seed 
material. Types of mlotphologies t yp i ca l l y  gener- 
ated include: painted cones, f w e t e d  cones, b lunt  
grass l i k e  stalks, and various foms  o f  r i l l  l i k e  
structures. The type o f  st ructure depenas upon both 
the setd and ta rget  mater ia l  along w i th  the seed 
t e x t u r i q  conditions, gcoutr ies,  and e n v i r o n m t a l  
gas species. 

APPLICATION RESEARCH PROJECTS 

Brginning i n  1975 e f f o r t s  were i n i t i a t e d  a t  the 
NASA Lewis Roearch Center t o  investigate potent ia l  

s ive ~ p l i c a t l o n s  of i on  thruster  technol- D0wj9Pg A wide spread indust r ia l  technology ow. 
transf e r  had a1 ready sontancously occurred f o r  many 
high resolut ion micrce lu t ron ics  applications o f  ion  
bem technology. Houtver, t h e m  were many generi- 
c a l l y  d i f f e ren t  types o f  po tent ia l  i ndus t r i a l  and 
bitmedical g p l i c a t i o n s  tha t  might emerge i f  suf f  i- 
cient  appl $cat ions research and evaluation e f f o r t s  
mre carr ied out t o  demonstrate t o  the user industry 
the a e r i t s  o f  these spec i f i c  technology a p p l i c b  
tions. Rather than assist ing i n  the already-recog- 
nized high resolut ion microelectronics applications 
area. the efforts o f  t h i s  program were focused a t  
broadening the scop? o f  technology appl icat ion 
through the tdent i f i ca t ion  o f  new areas of applica- 
t ions. 

Several univers i ty  and indust r ia l  contractual 
e f f o r t s  have been supported by the Lewis Research 
Center o 'dent i fy  new potent i a l  dppl ica- 
t i o n s .  Potent ia l  appl icat ion concepts were 
then p r i o r i t i zed  i n  a team manner i n  accordance w i th  
the fol lowing fonnula: 

where the largest p r i o r i t y  number represents the 
concept assessed wi th  the highest expectation and: 

n . number of tndividuals assessing each concept 
T i  - the technical f e a s i b i l i t y  of the concept, as 

evaluated by the ith indiv idual  
E i  - the ease of demonstration of technical feasi- 

b i l i t y  i n  terms of f inanc ia l  and marpower re- 
sources, as evaluated by the ith indiv idual  

P i  - the grobabi l i t y  o f  user acceptance o f  the 
concept i f  i t  i s  demonstrated t o  be technical ly  
feasible, as evaluated by the ith indiv idual  

1 j - the inpact o r  s i  r l i f  icance of successful 
i m p l a n t a t i o n  o! the concept, as evaluated by 
the ith individual 

Quant i t ies between 0 and i were indfv idual ly  assign- 
ed t o  each of the T i ,  $ , Pi, and I i parim- 
eters t o  re f lec t  quanti lver va\ue judgements f o r  
each parameter. 

Over 100 appl icat ion concepts were i den t i f i ed  
and over one-third of these had su f f i c i en t  p r i o r i t y  
t o  warrent Lewis Research Center In-house andlor 
contractual e f f o r t s  involvtng various degrees of 
evaluation, development and technology transter. 
The specif ic applications highl ightea i n  t h i s  report 
represent many o f  these more promising crppl ica- 

tions. Som of the p p l l c a t i o n  concqats involve 
u t i l l z r t i o n  o f  i o n  thruster  caponants o r  th rus ter  
f a b r i c r t i o n  processes. Harcwr, nost of thr cgpli- 
cations i on  barn i n te rac t ive  processes. Experlmn- 
t a l  evaluation o f  wny of  the ~ p l i c a t i o n  concepts 
has repu i r td  i on  b c u  pracesslng I n  the form o f  ion  
btrn sputter etching, daposlt ion or tex tur ing  
through use o f  e i t he r  8 o r  30 n d i u c t e r  ion  
sources i n  conjunction w i t h  t h e i r  vacum f a c i l i t i e s  
as shown I n  Figs. 16 t o  19. 

INWSTRIAL APPLICATIONS 

Cold Yelding o f  Ion  Bem Cleaned Surfaces L 

Ion  bew sputter etching c m  be used t o  remove 
surface oxides, contminants, and adsorbed gases t o  
produce m a to r l ca l l y  c lean mctal surface. Two such * 
w t a l  surfaces w i  11 bond t o  each other a t  moll to 
perature i f  Dressed i n t o  int imate contact. Figure 
20 shows such r co ld  welding systm.35 copper to  
copper, a l u i n u a  t o  alminum and copper t o  r l a i n u c l  
welds were successfully made using t h i s  systm. 
Figure Z l j a )  depicts a copper t o  copper cold wela 
m d e  by t h i s  s i l lp le spring pressure r o l l e r  systcw. 
Figure 21(b) shows the resu l t  of heating the welded 
sanple t o  al low s o w  gra in  gt-owth across the weld 
inter face indicat ing meta l l i c  bonding a t  s i t e s  along 
the weld. This process may have appl icat ion f o r  
precious metal a l l oy  cladding of microelectronic 
lead frames. A larger ion b e w  cold welding system 
has bee11 constructed t o  al low a broader range of 
materials t o  be c lad  and permit quant i f i ca t ion  o f  
the indust r ia l  requirements f o r  ion  beam co ld  weld- 
ing (see Fig. 22). For high ra te  indust r ia l  co ld  
welding, gross cleaning would probably be done by 
magnetically enhanced discharge sputtering i n  d i f -  
f e r e n t i a l l y  punped chmbers p r i o r  t o  the nets1 
s t r i ps  being maintenance cleaned by the ion beam. 

Potential space a p p l i c a t i o ~ s  of such a cold 
welding technique include fabr at ion and assembly 
of large space structures (see Figs. 23(a) and 
(b)). S ~ c h  applications would advantageously u t i  l- 
ize  the vacuum environment of space t o  perform the 
sputter cleaning. 

Corrosion Inh i  b i t  ion by Ion Bmbardmerrt 

Energetic ion bombardment of surfaces w i  1 l 
cruse inrplantation of the bombarding species which 
may a l t e r  the corrosion character is t ics of metals. 
For the typ ica l  ion energies (t10 key) p'oduced by 
most conventional ion  sounes, only very Shall0w 
inplantat ion occurs Hobever, preliminary t es t s  
perf onned by ~i l b d 6  using only a 200 eV .enury 
ion  beam h indicated that  ion b o m b a m n t  doses d f  f7 5 t o  15x10 mercury ionslcm2 reduces oxidation 
of carbon steel. The cause o f  the observed c o r r s  
s ion i nh ib i t i on  is, a t  present, not known and i s  
somewhat surprising becbuse i t  i s  achievable a t  such 
low energies. C w a r i s o n  w i th  other bocnbardinq s p e  
c ies  nldy provide sow ins igh t  as t o  the phy j ica l  or 
chemical processes involved. The use o f  broad low 
energy ion beams may allow a convenient process f o r  
creating corrosion i nh ib i t i ng  surisces on sheet 
steel. 

Die Casting Die Coatinqs 

Dies used f o r  indust r ia l  production of cast 
aluminum parts are qu i te  expensive and represent a 
s ign i f i cant  por t ion  of the cost of the cast a r t i c l e  
t o  the consumer. Unfortunately, d ie  casting dies 



h a w  a l im i ted  l i fe t imes due t o  thc  cyc l i c  stress o f  
t h e i r  operational environwnt. Typically, molten 
alu inura i s  in jected i n t o  a d i e  u d e  o f  H-13 d i e  
steel  causing the d l e  sk in  i n  int imate contact w i t h  
the Injected a l m i n w  t o  r r p i d l y  thermally expand. 
After the a l w i n u  cools t o  a frozen s ta te  the d i e  
i s  stpn.ated and the cast a r t i c l e  ejected. The hot 
d i e  surfaces are then sprayed w i th  a water-lubricant 
t o  cool the d i e  and t o  provide a surface coating 
tha t  aids i n  the release of the cast a r t i c l e  whi le 
preventing the a lminua from soldering t o  the d i e  
surface. T k  water lubr icant  spray quickly contracts 
the hot d i e  skin thus pu t t i ng  i t  i n  tension. This 
process i s  t yp i ca l l y  repeated f o r  tens o f  thousands 
o f  castings. As a resu l t  o f  t h i s  cyc l i c  stressing 
o f  the d i e  surface, themal  fa t igue cracking o f  the 
d i e  skin in i t ia tes .  With continued d i e  use the 
cracks grow as shown i n  Fig. 24 t o  becone so large 
tha t  the cast a r t i c l e  has t h e i r  inpression and of ten 
requires addit ional f in ishinq f o r  aesthetic accept- 
ab i l i t y .  Ult imately gross d i e  f a i l u r e  occurs fm 
these large cracks. 

MQ. Durable rubber bonding t o  the brass coat ing 
requires the &e l  pmn t  of Cu-1.9 S a t  the 
brasslrub!m lntr!ac.c.. The zinc %I the brass MI@ 
i n  con t ro l l i ng  the Cu t o  S rat io.  The copper to  
zinc r a t i o  o f  the brass and the th id tn tss  of the 
brass coating influence, i n  a ti- dtpemdant fash- 
ion, the specif ic copper su l f i de  present m d  thus 
slqn i f  i can t l y  a f f ec t  the adhesion. 

Through the use o f  sputter cleaning m d  dtposi- 
t i o n  one can deposit thln md un l fom copper or c a p  
pcr and zinc coatings on the steel  b e l t i n g  strands. 
The a b i l i t y  t o  contro l  composition and thickness of 
the depostt may enable increased d u r a b i l i t y  o f  the 
rubber adhesion t o  the belt ing. By use o f  ion berm 
sputter cleaning and deposition o f  0.05 fl copper 
f i lm were de s i t ed  by R i r t i c h  (of  NASA Lewis Re- 
search Centerron steel  l l t t n g  strands. These 
strands were then vulcanized t o  rubber and evaluated 
fo r  adhesion i n  an Ins t ron  tens i l e  machine. The 
resu l t s  t o  date are very encouraging and warrent 
f c r t h n  experiments.34 

A po tent ia l  technique t o  increase d i e  l i f e t ime  
may come through i nh ib i t i on  o f  crack i n i t i a t i o n  o r  
the retardat ion o f  crack propagation. Use o f  d i f -  
fe rent  bulk d i e  m t e r i a l s  would be very expensive 
because o f  the machining costs assx ia ted  w i th  these 
tough iow-thenaal-expansion materials. A t h i n  ad- 
herent sputtered deposited coating over the H-13 d i e  
s iee l  r ay  be a cost-effective technique t o  reduce 
thennal fat igue cracking. The Lewis Research Center 
i n  col laborat ion w l th  the h r i c a n  Die Casting In- 
s t i t u t e  and the Hetal lurgy Department o f  Case Nest- 
ern Reserve Univers i ty  i s  cur rent ly  evaluating the 
use o f  sputter deposited coating t o  increase d i e  
lifetime.3'*ZS A wide var ie ty  o f  candidate coat- 
ing materials have been tested by ~ i r t i c h 3 9  fo r  
s u i t a b i l i t y  i n  terns o f  coating adherence f o r  var- 
ious f i l m  thicknesses from 0.5 t o  10 rat. The coat- 
ing  materials included precious and re f rac tory  met- 
a l s  and metal oxides, n i t r ides,  and carbides. Var- 
ious coating deposition processes have been evalu- 
ated including ion  beam sputter cleaning and deposi- 
t ion, H.F. sputter deposition, and ion plat ing.  
Promising candidate d 'e  coating mater ia ls were then 
evaluated by b l a l l a ~ e ~ ~  i n  cyc l i c  ( IS  000 cycles) 
molten aluminum dunk tes t s  using sputter deposited 
coatings over H-13 d i e  steel  specimens (see Figs. 25 
and 26). Preliminary resu l ts  of these tes t s  ind i -  
cate that  1 um th ick  molybden~ . tungsten, and p la t -  
inum ion beam sputter deposited coatings (a f t e r  
sputter cleaning) red e the maximm crack length 
and t o t a l  crack area.jS Actual production d ie  
cav i ty  tests w i l l  be performed t o  deternine the mer- 
i t s  of such coatings i n  a functional environment. 

Coatings for Steel Bel t ing i n  Radial Tires 

The t i r e  industry produced approximately 183 
m i l  1 ion t i r e s  i n  1978 wi th a large percentage o f  
these being rad ia l  p l y  t i res .  Warrenty adjustments 
associated wi th the typ ica l  2 t o  3Sre tu rn  r a t e  t o  
the manufacturer fo r  rad ia l  t i r e  defects has been 
conse rva t i v~ l y  estimated t o  represent a year ly cost 
of 20 t o  30 m i l l i o n  dollars.34 

Problems associated w i t h  r ~ b b e r  adhesion t o  
steel  be l t i ng  i n  rad ia l  t i r e s  has been o f  s i g n i f i -  
cant concern. Van Doi j,40 discusses the fundamen- 
t a l  aspccts o f  rubber adhesion t o  brass plated steel  
ti:.e cords. Currently, the steel  be l t i ng  wires are 
electroplated wi th brass then drawn through dies t o  
reduce the brass coating thickness t o  0.1 t o  0.3 

Diaarond) ike  Coatings 

Diamond i s  i n  a metastable s ta te  o f  equi l ibr ium 
a t  raon tcmperat,. E and pressure and i s  therefore a 
d i f f i c u l t  c rys ta l  t o  fabricate near such condi- 
t ions. Various techniques have been used, however, 
t o  deposit diamond l i k e  films both e p i t a x i a l l y  on 
d i m d  and on other substrate materials. Because 
most o f  the processes resu l t  i n  degosit ion o f  both 
graphi t ic  and tet rahedral  bonds, per iodic se1e;tivc 
remval  o f  the ! .@h i t i c  phase i s  required.41 
~isenberg42 and spencer41 have r e  or ted the use 
o f  i on  beans t o  d e p ~ s i t  d iamondl ib f i lms  through 
simultaneous c a r b n  sputter deposit ion and etching. 
 penced dl reports t ha t  carbon ions along w i th  car- 
r i e r  gas ions w i th  energies o f  40-55 eV were i l lping- 
ed upon various substrate materials i n  a manner so 
as t o  produce polycrystal  l i n e  f i l m s  o f  tetrahed- 
r a l  ly-bonded cubic didmond wi th  p a r t i c l e  sizes of 
50-100 A and w i th  s ingle c rys ta l  regions up t o  5 mm 
i n  diameter. Single aperature ion  sources were e?+ 
ployea i n  which carbon surfaces a t  cathode potent ia l  
w i th in  a ca r r i e r  gas discharge were used as the 
source o f  carbon ions. The use o f  broad beam mu l t i -  
aperture ion  sources t o  perform the diamondlike f i l m  
deposit ion was considered i n  the IW program t o  be 
worthj o f  evalcation because o f  the potent ia l  o f  
using these devices t o  coat large areas a t  higher 
deposit ion rates as would be needed f o r  any industr- 
i a l  product ion  o f  these f i lms. S a m  of  the potent- 
i a l  applications of d iamndl ike  f i lms  include semi- 
conductors and protect ive coatings f o r  opt i c d l  sur- 
faces such as eyeglasses and high speed a i r c r a f t  
polycabonate windshields. 

A col laborativ+- research e f f o r t  has been e s t a b  
l ished wi th  NASA, bW nanufacturing Co. Applied 
Science ~aborator ies43 and the Angus Research 
~ o r ~ . ~ 4  t o  use a 30 cm diameter ion  source a t  the 
NASA Lewis Research Center t o  sputter deposit carbon 
f i lms. The deposited f i lms are being characterized 
by such technologies as elemental analysis, e lectron 
microscopy, Auger e lectron spectroscopy, X-ray d i f -  
f ract ion,  e lectron d i f f rac t ion ,  mul t ip le  t o t a l  re- 
f l e c t i o n  infrared spectroscopy, and X-ray photoelec- 
t ron  spectroscopy. 

Two types o f  carbon deposi t ion experiments have 
been performed t o  date by ~ i r t i c h . 3 9  One o f  ex- 
periments used methane as the source o f  carbon by 
feeding tha t  gas i n t o  the discharge chamber of a 30 



cn d ime te r  amon ion source. The methane, along 
u l t h  a proport ion of A t y o n  gas, was then innized and 
m e l t r a t e d  a t  low voltages toward a target  sur- 
face. The target surface could also haw a D.C. o r  
R.F. potent ia l  rgpl ted t o  i t  as desired. 

A second deposition technique was used i n  which 
a 30 cm d ime te r  a q o n  ion source was used t o  $put- 
t e r  etch a carbon t a q e t  as the source o f  carbon f o r  
deposition. The substrate whicn received the carbon 
deposition was s i u l t a c w s l y  sputter etched u s i q  
m 8 ca d i w t e r  a q o n  ion  source. 

Sup les  of deposited f i lms  a n  current ly being 
characterized t o  deternine if they a n  diawndlike. 

Simultaneous k p o s l t i o n  and Sputter Polishing 

!on bean polishing, abrasive polishing, elec- 
tropolishing, and machining are methods current ly 
being used t o  po l i sh  eetal  surfaces ?or opt ical  or  
asthet i c  purposes. These methods t yp i ca l l y  remove 
material from the surface often exposing contu in-  
ants and inclusions, while f a i l i n g  t o  f i l l  i n  
voids. Sputter o r  vapor deposition incident perpen- 
d icu lar  upon a ro ta t ing  surface simultaneous wi th 
grazing incidence ion  k w  sputter etching can pro- 
duce a reasonably dense v o i b f n e  polished surface. 
Such surfaces are po ten t i a l l y  sui table f o r  laser 
mirror  having a high daaage threshold.45 Figure 
27 depicts the above concept f o r  ion beam sputter 
etching simultaneous wi th  e i ther  vapor deposition o r  
sputter deposition. Figure 28 i s  a scanning elec- 
t ron  photomicrograph o f  a copper substrate that  was 
nicroscapical l y  scratched w i th  sandpaper p r i o r  t o  
simultaneous copper sputter deposit ion and sputter 
polishing. The lower ha l f  o f  the photograph shows 
the i n i t i a l  scratched copper surface which was pro- 
tected from a i rec t  deposition by a co l lo ida l  carbon 
coating which was l a te r  removed a f te r  the test. The 
upper ha l f  o f  the photogrioh shows the sputter pol- 
ished deposit which appears smooth and void free. 
Results from p r o f i l m t e r  traces o f  these surfaces 
indicate that  the root-mean-square roughness o f  the 
simultaneously sputter deposited and polished coat- 
ing i s  smother than the sanded substrate but rough- 
e r  than a mechanically polished surface. Although a 
simultaneously sputter deposited and polished sur- 
face i s  not as smooth as a ntechanically polished 
surface, i t  may have a higher laser d m  e threshold 
because there should not be as many localized s i tes  
o f  high opt ical  adsorption as occurs on mechanically 
polished surfaces. The addit ional roughness o f  the 
sputter treated surface may resu l t  i n  an increase i n  
the amount l i g h t  that  i s  d i f fuse ly  rather than spec- 
u la r l y  reflected. 

Modif ication o f  Optical and E lec t r ica l  
Properties of Surfaces 

Ion beam natural textur ing of some polymers and 
al loys o r  seed textur ing o f  many pure metals has 
been shown by Hudson, Mirt ich, Weigand, and Sovey t o  
resul t  i n  microscopic surface textures whose opt ica l  
propert ies a n  substant ia l ly  1wdified.46~47 Fig- 
ure 29 shows scanning electron photomicrographs from 
Ref. 47 o f  8 vm thick polyimide ( ~ a p t o n q  a f ter  ex- 
posure f o r  various durations t o  a 1000 eV aqon  ion 
beam at 1.8 d l c d .  Figure 30 shows the e f fec t  o f  
various durations of ion beam natural sputter tex- 
tu r ing  upon the spectral transmittance o f  the poly- 
imide.47 The ion beam sputtering etching o f  poly- 
iqide, as w i th  many polymers, creates a t h i n  surface 
coating o f  f ree carbon from the polymer chain scis- 

sion processes occurring during ion bombarhent. 
This coating along wi th  the aorpho lq lca l  changes i n  
the surface resu l ts  i n  a l tered conductivity, re- 
flectance, adsorptance, and t r m u i t t a c e  as shown 
i n  Fig. 31.47 The conduct iv i t  and increased 
emittatue o f  ion  textured poly!mitYe may be o f  q p l i -  
cat ion f o r  space solar concentrators t o  prevent d l f -  
fe rent ia l  charging and t o  w l n t a l n  desired tcnpera- 
tures. 

Seed textured metals shom i n  Fig. 32 have grey 
t o  grey-black appearances due t o  t h e i r  surface stru- 
ctures decreasing t h e i r  reflectance (as also show 
i n  Fig. 32). The r e f  lectances o f  polished surfaces 
o f  these metals are much higher th,n f o r  textured 
surfaces. Because textured surfaces have high solar 
adsorptances as a resu l t  of a l e f t  standing surface 
microstructure rather than a painted o r  deposited on 
coating, a potent ia l  ex i s t s  fo r  t h e i r  appl icat ion as 
central  receiver surfaces for  space o r  earth based 
solar concentrators without concern o f  surface de- 
gradation due t o  w a l l i n g  o r  peeling. A space ex- 
periment on a shut t le  launched Long Duration Expos- 
ure F a c i l i t y  i s  current ly planned t o  evaluate opt i -  
ca l  property du rab i l i t y  of such surfaces i n  space. 

Traveling Wave Tube Depressed Collectors 

Depressed co l lec tors  used i n  t ravel ing wave 
tubes (TUT's) t o  co l l ec t  the spe;tt electron beam 
from the microwave anp l i f  i e r  port ior: o f  the TWT can 
have s ign i t  icant impact on the overa l l  e f f i c iency of 
the microwave ampl i f ier  system. Power i s  l os t  if, 
i n  the process o f  spent e lectron beam collection, 
secondary electrons are produced o r  the primary 
r?lectmns are reflected. As a resu l t  o f  those po- 
t e n t i a l  power loss considerations, i t  i s  desirable 
t o  choose aepressed co l lec tor  sa te r i a l s  t h r .  h t h  
sa t is fy  the fabr icat ion and operational constraints 
and, i n  addition, have a low secondary electron 
emission ratio, and a low re f lec ted primary electron 
yield. 

Sputter textured surfaces o f  sow aetals and 
pyro ly t ic  graphite have surface microstructures that  
tend t o  t rap electrons (both primary and secondary 
electrons) when subjected t electron bombardment. 
Uintucky, Curwn. and ~oveJ8 hare shown that  tex- 
tured pyro ly t ic  graphite has a lower secondary elec- 
t ron emission and ref lected primary y i e l d  than car- 
bon soot which has long been regarded as the u l t  i- 
mate surface f o r  capturing electron beams without 
s ign i f i cant  secondary o r  ref lected primary electron 
release. Because pyro ly t ic  graphite !as a low sput- 
t e r  etch ra te  and can survive high teuperatures, 
discharge chamber t r iode s3uttering was used, as 
shown i n  Fig. 33, t o  produce a natural texture (see 
Fig. 34). I t  i s  not known a t  present what causes 
t h i s  natural texture t o  develop i n  pyro ly t ic  graph- 
i te. This natural texture also develops i n  comnon 
polycrystal l ine graphite. The pu r i t y  o f  the graph- 
i t e  does not seem t o  play a s ign i f i cant  r o i l  i n  the 
development 1.f natural texture i n  pyro ly t ic  graph- 
i te, because s imi lar  structure i s  Ueveloped i n  both 
graphite pyrolyzed from natural gas and high pu r i t y  
synthetic methane. 

Figure 35 compares the secondary electron elec- 
t ron emission r a t i o  and ref lected primary electron 
y i e l d  of smootk py ro l y t i c  graphite, discharge chanc 
ber triode-sputter-textured graphite and soot. A 
space t ravel ing wave tube experiment f o r  an advanced 
comunication s a t e l l i t e  i s  current ly being planned 
by the NASA Lewis Research Center which u t i l i z e s  



such sputter texturvd surfaces for i t  depressed col- 
lectors. 

Fluompolymer Bonding 

Ion beam sputtering of fluoropolylwrs such as 
polytetraf luoroethy lent? (PTFE Tef lo@), f luo r l  nated 
ethylene propylene (FEP Tef lonq,  perfluoroalkoxy 
(PFA Tef lonq, and polychlorotrif luoroethy lane (CTFE 
~ e f  londq cwses the devciopacnt o f  a natural texture 
as shown i n  Fig. 36.49 The size and shJpe o f  the 
surface microstructures i s  dependent upon the rput- 
ter lng conditions. Such textured surfaces allow 
strong adhesive bonding of these fluoropolymers 
wt~ich are typ ica l ly  d i f f i c u l t  t o  bond i n  a high 
strength durable manner. The bonding adhesive must 
be applied as a f l b :d  and have a small enough con- 
tact angle with the fluoropolynrer t o  allow the un- 
cured adhesive t o  flow i n  ana around the surface 
microstructures. When the adhesive hardens the sur- 
face microstructures are then potted i n  the adhesive 
thus fonning a predominantly mechanical bond t o  the 
adhesive. The tensi le and shear strength epoxy 
bonds t o  ion bear natural textured f luoropolpt rs  
has been dcurnstrated t o  be superior t o  conventional 
sodimlnapthalene chemically etched surface treat- 
ment as a surface preparation technique (Fig. 37 and 
Ref. 47). I n  addition, Fig. 38 shows the tensi le 
and shear strengths of varlous epoxy bonded textured 
f luoropolymers. 

There are numerous applications f o r  f luoropoly- 
mer bonding that i n  general deal with anchorage of 
f luoropolymers to other materials for the purposes 
of taking advantage of the fluoropolymers e iect r i -  
cal, thermal, chemical, and nonsticking or tr ibolog- 
i ca l  properties. Some of the potential applications 
include: printed c i r cu i t  board laminates, f l ex ib le  
f l a t  lead laminates, f o m d  laminates f o r  electron- 
ics  cans, food processing equipment surfaces and 
bridge bearing surfaces. Figure 39 shows an elec- 
t r e t  microphone whose c i r cu i t  board has a PTFE 
~ e f l o n ~  sheet laminated t o  i t  pr ior  t o  being perfor- 
ated with two holes. As can be seen by the l i gh t  
appearing areas, where delamination has occurred, 
the electret  fabricated  wit^, the textured PTFE 
Tef lone survives the perforating much better than 
the untextured PTFE Teflon . The industr ia l  appli- 
cation of u t i  l i z i nq  ion beam texture0 f luoropolymer 
laminates i s  being evaluated by the TME Co of 
Hudson, NO Hampshire under NASA Contract.g:51 

Cost ef fect ive texturing of fluoropolymers 
w i l l ,  of course, require that the sputtering dur 
ations be reasonably short. One technique that may 
speedup the texturing process i s  t o  dust the f luoro- 
polymer surface with t h i n  dispersed layer of f i ne  
sputter resistant particles. The f ine  part ic les 
would act as a sputter resistant mask and produce 
l e f t  standing microstructures on the f luorpolymer 
surface that are signi f icant ly higher than the nat- 
ura l  texture. Figure 40 i s  a scanning electron 
photomicrograph of natural textured FEP Tef lon@ il;- 
which two small spurter resistant part ic les have 
enabled f u l l  etch height l e f t  standing p t l l a r s  t o  
develop which, as can bc seen, are much t a l l e r  than 
the surrounding natural texture. Various techniques 
have been evalua:ed, i n  a preliminary manner, t o  
distr ibute and attach part ic les across the fluoro- 
polymer surfaces such as dusting the surface, press- 
ing par t i c l  in to  the surface, and electrophoretic  deposition.^^ Figure 41, fo r  exrp le ,  i s  a scan- 
ning electron photmicrograph of a sputter etched 
PTFE Tef lone surf ace that war covered with s i l i c a  
part ic les to , roduce large microstructures. 

Ion k m  %putter t txtrrr lng of fluompolylrors on 
a production scale w l d  probably require l a m  
a n r s  t o  be treated while minimizing the number o f  
t ines the vacuum f ull i t y  m s t  be evacuated or bled 
up. Feeding wide f luompo lpar  sheets on r nrl- 
t o - m l  tystau past mctrngular k m  ion sources 
appears t be a pract ical  batch treatment 
( p y p r h . 8  A m l - to - ree l  f l u o m p o l p r  batch 
texturing systarr i s  currently being eveloped by 
T@!Chni~s, 15. u d e r  contrut.59 design 
drawings and performance chartcter ist ics o f  a con- 
m i a t  grade 5x40 cm rectangular beam ion source, 
suitable f o r  r ee l - t o -m l  f lucropolymtr t t x t u r i  ng, 
haw been developed and published by Kaufmn and 
~obinson.MeSS This rectangular ion swrce shorn 
i n  FIg. 43 i s  designed t o  operate on argon gas a 
produce a 5mlM eV ion beam with up t o  3 A13  
currcnt density average at distance 10 cm downstream 
from the ion source. 

Liquid Crystal A l i g m n t  Surfues 

Oblique ion beam incidence on metar oxide sur- 
faces w i l l  cause the development of directiona31y 
oriented l e f t  standing surface microstructuns. 
Figures 44(a) and (b) are scanning electron photo- , 
micrographs (by W intucky, N d M ,  and Johnson,%) 
of SiOp and ZrO2 surfaces that have been bonk. 
barded by an argon ion beam at  an angle of 40 from 
the plane of the surface. Such surfaces m capable 
of producJ ng hmgeneous a1 ignment of nematic l iqu id  
crystal  molecules. The use of ion bean sputter tex- 
tured alignment surfaces instead of the mare conven- 
t ional l y  used obl iquely vapor deposited Si02 sur- 
faces, may enable the emergence of new types and 
applications of l i qu id  crystal  displays. Specifi- 
cally, the high ext inct ion ra t ios (21000). small 
twist  angles of (<3 ) and small (51 ) tilt bias ang- 
les may enable satisfactory alignment a h'gher tea+ 
peratures and have greater v i s lb i l i t y .56~51  I, 
proved performance l i qu id  crystal display devices 
wauld have a strong potent ial  market place i n  large 
area displays f o r  the automotive, marine, and avion- 
i c s  industry. The small t i l t bias angle o f  ion bean 
sputter surfaces may allow the operation of surface 
mode displays i n  which only the l i qu id  crystal  ma- 
t e r i a l  at the alignment surface i s  switched. Such 
surface mode der Ices are capable of switching a t  
audio frequencies. Surface mode l i qu id  crystal de- 
vices such as cornnunication l i gh t  modulators and 
planar replacements f o r  cathode ray tubes may also 
be potential applications. The American Liquid Xtal 
Corp., under NASA ~ o n t r a c t . 5 ~  w i  11 experimental1 
evaluate the optical. electr ical ,  and e n v i r o m n ~ a l  
performance of ion beam sputter etched l i qu id  crys- 
t a l  display test  cel ls.  They w i l l  also evaluate the 
cost-effectiveness and market potential of  u t i l i z i ng  
these c e l l  s for  specific applications and types of 
displays. 

Texture Bonding 

The textured surfaces of metals (whether t k y  
are natural or  seed textured) can be used t o  mechan- 
i ca l l y  interlock with other metal textured sur- 
faces. This i s  accomplished by placing the textured 
surfaces toward each other and p last ica l ly  def om i  ng 
the surface microstructurer, of  one surface in to  the 
other as shown i n  Fig. 45. Surface textures such as 
those of tantalum seed textured copper (Fig. 32(a)) 
and aluminum (Fig. 32(c)) can be mechanically bonded 
by simply a k a m r  blow t o  nest and deform the m i -  
crostructures. Table I 1  l i s t s  the shear and tensi le 
strengths of copper-copper, alumi num-aluminum, and 



copper-aluarinum t e x t u r e  bonds. Although the  bond t o  n e u t r a l  beam i n j e c t i o n  systems has been performed 
st rength are not  large, the re  may be  application^ of by ~chwirzke.61 Replacemot o f  shor t  l i v e d  f i l a -  
t h i s  one-timemetal-velcmn i n  large space st ructures lnents w i t h  ho l low cathode should a l low r e l i a b l e  and 
where bonding wi thout  adhesives may be des i rab le  fo r  durable i n j e c t i o n  source operat ion w i t h  reducea 
thermal o r  c  lean1 iness reasons. maintenance reqbirement s. 

Nucleate B o i l i n g  BIOWEDI CAL APPL ICATlO#S 

Textured surfaces enhance cucleate boi  1  ing  heat 
tpansfer r a t e s  over smooth surface mate r ia l s  because 
o f  the increased number o f  bubble nuc leat ion s i tes .  
F igure 46(a) shows a scanning e lec t ron  photomicro- 
graph o f  Ta seed tex tu red  copper. The nucleate 
b o i l i n g  heat t r a n s f e r  r a t e  o f  t h i s  surface us ing 
f reon 113 as the working f l u i a  i s  comparea t o  an 
~ n t e x t u r e d  copper su r f  ace i n  F igure 46(b) .58 Such 
improved heat t rans fe r  charac te r i s t i cs  i f  demon- 
s t ra ted  as durable, may s i g n i f  i cdn t  l y  reduce t h e  
s ize  and cost o f  i n d u s t r i a l  r e b o i l e r s  since less  
heat t rans fe r  a  'ea would be needed t o r  a  given b o i l -  
i ng task. 

Capacitors 

The capacitance o f  a  p a r a l l e l  p l a t e  capaci tor  
i s  simply 

where 

K - d i e l e c t r i c  constant 
to = p e r m i t t i v i t y  o f  f r e e  space 
A - capaci tor  area 
d L capaci tor  p l a t e  separat ion 

I o n  beam sput ter ing ,lay p o t e n t i a l l y  be used t o  in -  
crease t h i s  caracitance by: sput ter  deposi t ing ma- 
t e r i a l s  ~ i t h  a higher a i e l e c t r i c  constant, K ;  tex- 
t u r i n g  :be Capdc4t0t e lect rode surface t o  increase 
the a r e .  A; o r  . e sput ter  deposit  th inner  d ie lec -  
t r i c s  and reauce C .  

l h i n  f i l m  i a q a c i t o r s  fab r i ca ted  from i o n  beam 
sput ter  deposited electrodes and PTFE Tef ion.' have 
been successful1 fab r i ca ted  w i t h  d i e l e c t r i c s  ds 
t h i n  as 0.1 m.zj,z8 

E f f o r t s  t o  increase the e f f e c t i v e  surface area 
o f  capacitors by ion  beam t e x t u r i n g  has been inves- 
t i g a t e d  by Topich.59 Tantalum seed t e x t u r i n g  o f  
s i l i c o n  was f i r s t  perfonned t o  produce 5.1 t o  1.6 um 
cones then the te r tu red  surface cones were ox id iTed  
i n  dry  02 a t  1050~ C f o r  1 hour t o  create the  d i -  
e l e c t r i c  layer. The ox id ized ccne surface were then 
metal ized w i t h  aluminum. Although the capacitance 
per  u n i t  area was ?ncreased by up t o  a f a c t o r  of 
2.3, they exh ib i t26  a diode l i k e  c h a r a c t e r i s t i c  s i w  
i l d r  t o  Schottky diodes thus g rea t l y  reducing t h e i r  
u t i l i t y  as capaci iors. 

Hollow Cathodes f o r  Magretic Fusion Neutral  
Beam I n j e c t i o n  Sources 

Elect ron bombaranent i o n  th rus te rs  u t i  l i z i ~ g  
hol low cathodes hdve been operat.ed on hydrogen pro- 
p e l  l a n t  by Sovey and ~ i r t  ich.60 The technolog, 
associated w i t h  such a device i s  s l r i tab le f o r  u t i l i -  
za t ion  i n  hol low cathode deuterium ion  sources f o r  
f u s i o n  neu t rd l  beam i n j e c t i o n  systems, A study as- 
sessing the appl icabi  l i t y  o f  i on  th rus te r  technology 

The abi  1  i t y  t o  chemical ly o r  morphological :,, 
a l t e r  sur f  aces o f  b i o l o g i c a l  mate r ia l s  ancr implants  
i n  ways prev ious ly  unavai lab le has provided many new 
biomedical appl i ca t io r l  concepts t h a t  may s m  day 
r e s u l t  i n  improved surg ica l  i m  l a n t  dev'ces o r  new 
medical d iagnost ic  techniques.%2.63 

Biomater ia l  Mod i f i ca t ion  by Ion  Beam Processing 

Mate r ia l s  used i n  the f a b r i c a t i o n  o f  s u y i c a l  
implant devices must s a t i s f y  a wide range o f  con- 
s t r d i n t s  i f  acceptable long term performance i s  re-. 
quired. The chemical, morphological and mechanical 
c h a r a c t e r i s t i c s  of these b iomater ia ls  p lay  an impor- 
t a n t  r o l e  w i t h  respect t o  r e s u l t i n g  t i ssue  response 
and implant durabi  I i t y .  I o n  beam processing (sput- 
t e r  etching, deposit ion. o r  t e x t u r i n g )  can a l t e r  
these b iomater ia l  c h a r a c t e r i s t i c s  i n  a manner poten- 
t i a l  l y  usefu l  f o r  improvenrent o f  the  perft~rmance, 
d u r a b i l i t y ,  o r  t i ssue  response o f  su rg ica l  i n c  
~ l a n t s .  I n  ;-Idition sput ter  e tch ing o r  t e x t u r i n g  o f  
b i o l o g i c a l  t i s s u e  may prov ide a new type o f  diagnos- 
t i c  c a p a b i l i t y .  

Surf ace chemical mod i f i ca t ion  o f  biomaterials.  
- 1 0 ~ ~ ~ 5 X a n i e n t  o f  b iomdter ia l  surfaces i n  the 
energy range o f  hundreas t o  thousands o f  e l e c t r o n  
v o l t s  w i l l  genera l ly  cause some surface chemical and 
morphological changes i n  a mate r ia l  i f  i t  i s  any- 
t h i n g  other  than a pure s i n g l e  e le rne~ t  mater ia l .  

I n  the case o f  spu t te r ing  o f  metal a1 loys, such 
as used i n  orthopedic implants, sput ter  e tch ing 
causes a change i n  the  surface elerrrnt populat ion. 
I n i t i a l l y .  as a surface i s  being sput ter  etched. the 
h igh sput ter  y i e l d  elements are p r e f e r e n t i a l l y  re- 
moved. As the  surface atom populat ion o f  the a l l o y  
begins t o  increase i n  the p ropor t ion  o f  the remain- 
ing  h lgh sput ter  y i e l d  mater ia l ,  the sput ter  e f f l u x  
compos. Ion w i l l  approach the bulk  mater ia l  composi- 
t i c n  i n  terms of r e l a t i v e  abundances o f  each of the 
species. However, the spu t te r  etched a l l o y  s k i n  
w i l l  have an abundance o f  low sput ter  y i e l d  elements 
( t y p i c a l l y  the higher mel t ing temperature r e f r a c t o r y  
metals).  This a l t e r e d  composit ional layer  i s  prob- 
ably j h s t  a  few monolayers t h i c k  tnd may be qu ick ly  
f u r t h e r  a l t e r e d  o r  removea i n  a b i o l o g i c a l  environ- 
ment. 

Ion  bombardment o f  organic ma,--1als. if per-  
f o m e d  a t  s u f f i c i e n t l y  low a r r i v a l  power d t v s i t i e s  
t o  prevent bu lk  thermal dec0nlpoSit ion, wi 1: cause 
molecular fragmentation. Sputter e tch ing o f  po ly-  
meric mate r ia i s  w i l l ,  however, cause chain sc iss ion  
and the  poss ib le  exposure o f  f r e e  rad ica ls .  l7,62 
As a resu l t ,  surface chemistry can range from being 
i d e n t i c a l  t o  s u b s t a n t i a l l y  d i f f e r e n t  from the  parent 
mate r ia l  depending upon the  spec i f i c  mate r ia l  c h e w  
i s t r y .  Two methods t h a t  have been used t o  help 
character ize the chemical consequence o f  i o n  beam 
spu t te r ing  o f  biopolymers are the use o f  E lec t ron  
Spectroscopy f o r  Chemical Analysis (ESCA) and con- 
t a c t  angle measurements. ESCA studies o f  surface 
chemistry a l t e r a t i o n s  and contact angle character i -  
z a t i c n  o f  biopolymers has been prev ious ly  repor ted 
i n  Refs. 64 t o  66 and are sumnarized i n  Tables 111 



and I V .  Because sput ter  e tch ing t y p i c a l l y  causes 
both chemical and surface morphological changes i t  
i s  d i f f i c u l t  t o  a t t r i b u t e  a l t e r a t i o n s  i n  contact  
angle o r  mechanical p roper t ies  s p e c i f i c a l l y  t o  one 
o r  the  other cause. However, by spu t te r  po l i sh ing  
one can minimize the  morphologlcal a l t e r a t i o n s  whi le  
a l lowing chemical modi f icat ions t o  take place. In- 
v ivo t e s t s  o f  such mate r ia l s  have been performea and 
are reported under the So f t  Tissue Implant Section. 

Surface morpholoqy mod i f i ca t ion  o f  biomater- 
i a i s .  - Surfaces o f  most b iomatnr ia ls  can be mor- 
b i o i c a l l v  a l te red  bv means i f  i o n  beam M u t t e r  
etchi;ig sur?ace morphoiogieS appropriate fo;' t i ssue  
ingrowth can be produced by sput ter ing through elec- 
troformed screen mesh masks t h a t  are he ld  i n  i n t i -  
mate contact w i t h  the  target .  The r e s u l t i n g  sput ter  
etched surface p i t s  are shown i n  Fig. 47. The sput- 
t e r  e tch r a t e  o f  the screen mesh r e l a t i v e  t o  the 
ta rge t  mate r ia l  determines the maximum depth t o  
which the  p i t s  can be sput ter  etched p r i o r  t o  conk 
p l e t e  sput ter  loss  o f  the  mesh. For h igh spu t te r  
y i e l d  ta rge t  mate r ia l s  such as po ly te t ra f luo roe thy -  
lene (PTFE TeflonB) small closely-spaced p i t s  can be 
etched which are much deeper than they are wide. 

Some o f  the  known biopolymers which develop a 
na tu ra l  tex tu re  as a r e s u l t  o f  i o n  beam sput ter ing 
as demonstrated by ~ e i ~ a n d ~ ~  and are shown i n  Fig. 
48. PcTymers tha t  do no t  develop any s i g n i t i c a n t  
na tu ra l  tex tu re  inc lude polyethylene and s i  1  icone 
rubber ( S i  last ic@).  

A na tu ra l  (Fig. 11) o r  seed tex tu re  (F ig.  49) 
car1 be generated i n  most o f  the orthopedic a1 loys. 
As can be seen, the surface microst ructures are typ- 
i c a l l y  a  few microns h igh o r  smaller. 

Associated w i t h  both the screen mesh mask and 
seeding techniques t o  a l t e r  surface morphology there 
i s  some contarninaticn o f  the ta rge t  mate r ia l  w i t h  
the mesh o r  seed mater ia l .  This can be p a r t i a l l y  
removed by f u r t h e r  spu t te r  e tch ing a f t e r  the mesh o r  
seed mate r ia l  ta rge t  i s  removed. Short durat ions o f  
such cleanup sput ter  e tch ing does not  substant 'a l ly  
a l t e r  the prev ious ly  developed surface features. 
However, a  small amount o f  these mater ia ls  remait) 
entrapped v ia  sput ter  e tch  and redeposi t ion pro- 
cesses. This i s  very apparent i n  t i i cke l  mesh sput- 
t e r  e tch ing t o  produce p i t s  i n  whi te  p o l y t e t r a f l u o r -  
oethy lene (PTFE ~ e f  lon%hose su. race i s  consider- 
ab ly  darkened as a r e s u l t  o f  e ~ ~ r a p p e d  n ickel .  
Cleanup sput ter  e tch ing and aqua reg ia  ac id  bathing 
appears t o  e l im ina te  much of the mesh atoms bu t  a  
small f r a c t i o n  usua l l y  remains entrapped. 

I n  add i t i on  t o  surface t e x t u r i n g  biomater-. 
i a1 s, experiments have been per f  ormed ~ d n c e r n i n g  the 
I p u t t e r  e tch ing o f  b i o l o g i c a l  der ived materials.  
Sputter e tch ing by i o n  be m o r  R.F. sput ter ing has 
been performed on teeth.6) corn p o l  ler@ normrl, 
dnd pathologica l  ( s i c k e l  c e l l  aqd hemoglobin abnor- 
mal i v Hb-Koln) red blood c e l  ls.69 snai 1 neur- 
OnS,jo f i b r o b l a s t .  (PHI21 clone ill and s i m i l a r  
c e l l s  h  ving undergone malionant transforma- 
t i o n )  .'f and nor. 1  and malignant human subependy- 
ma1 g l ion~a  C ~ I I S . ~ ~  Many o f  these t e s t s  have 
shown tha t  i o n  sput ter  t e x t u r i n g  can be used as a 
d ignost ic  technique f o r  pathologica l  d iscr imin-  
a t ion.  For example, i o n  beam t e x t u r i n g  of such f ra -  
y  i l e  h i o l o g i c a l  e n t i t i e s  as chromosones may a1 low 
unique o r  add i t i ona i  v i s u a l i z a t i o n  o f  chromosone 
u l t r a s t r u c t u r e  morphology. This could r e s u l t  be- 
cause sput ter  y i e l d  d i f ferences would pro ~ ' ~ l r  a 

uniauely d i f f e r e n t  d isc r im ina t ing  mechaniun t o  t h a t  
o f  cu r ren t  s t a i n i n g  and banding techniques used f o r  
karyotyp ic  invest igat ions.  

Transfer cast ing. - Frequently a  morphology 
des i rab le  f o r  biomedical application i s  achievable 
by i o n  beam sput ter ing b u t  no t  i n  t h e  s p e c i f i c  b i +  
mate r ia l  required. When the  b i m a t e r i d l  des i red i s  
an elastamer, a  p o t e n t i a l  s o l u t i o n  ex is ts .  The de- 
s i r e d  morphology can be sput ter  etched o r  tex tu red  
i n  a f luoropolymer such as po ly te t ra f luo roe thy lene  
then the  biopolymer des i red can be cas t  ( i n  a i r  : - 
p a r t i a l  vacuum) i n  a l i q u i d  uncured s t a t e  ov 
textured surface. Upon cur ing  the  elastofr- ' 1 %  ooly- 
mer i s  then peeled o f  the  sput ter  modi f ied s s t r a t e  
t o  y i e l d  a t rans fe r  cast  negative o f  i t s  s?.r: ace 
morphology. F igure 50 dep ic ts  such a t r a n s f e r  cas t  
technique using s i l i c o n e  rubber ( s i l a s t i c @  
f rom a p o l y t e t r a f  l u o r e t b l e n e  (PTFE Tef lonhP::r%cz 
w i t h  an array o f  p i t s  produced by i o n  beam sputter... 
i n g  through an electrofonned n i c k e l  screen mesh. As 
can be seen from Fig.  50(a) a  few p i t s  f a i l e d  t o  
release the s i l i c o n e  rubber p i l l a r s  upon t r a n s f e r  
cast ing. I n  many cases a t h i n n l y  appl ied mold re- 
lease .gent may a s s i t  i n  a  sa t i s fac to ry  release. 
Other biopolymers such as sepmented polyurethane 
( B i m e r  4 have been successfu l ly  t r a n s f e r  cast  (see 
F ig.  517 ). 

The small surface features o f  a  na tu ra l  sput ter  
tex tu red  p o l y t e t r a f  luoroethylene surface can a lso  be 
t r a n s f e r  cast. The r e s u l t i n g  morphologies are shown 
i n  Fig. 52.72 Release agents used t o  a s s i t  i n  
peel  o f f  from such small surface features must be 
appl ied as a very t h i n  layer  t o  prevenr: f i l l  i n  o f  
these features. 

Per i toneal  Implants 

Per i toneal  implants ( implants placed w i t h i n  the 
peritoneum) have been used t o  evaluate c e l l u l a r  re- 
sponse t o  biomaterials.  The p e r i t o t ~ e a l  c a v i t y  o f  a  
r a t  i s  a  convenient environment f o r  the rharacter-  
i s t i c s  o f  c e l l u l a r  i n te rac t ions  w l t h  f o r e i g n  sur- 
faces. The cont inual  bath ing and exchange o f  f l u i a s  
i n  the pentoneai cav i t y ,  i n  add i t i on  t o  the pwsence 
o f  a  v a r i e t y  o f  c e l l  types, a f fo rds  an idea l  i n  v i vo  
t i s s u e  c u l t u r i  ny system. 

The p e r t  ioneal c a v i t y  o f  male Sprague Dawley 
r a t s  were used by picha73 t* 6valuat.e the k i n e t i c s  
and h is to logy  o f  c e l l  attac,knent t o  ion beam na tu ra l  
textured p o l y t e t r a f  luoroethy lene (PTcE 1 e f  lons). 
I o n  beam sputter-pol ished polytetrirrluoroethylene 
samples along wi t t i  smooth surfaced segmented poly- 
urethane and 2-hydroxye, , lmethacrylate (a c m e r -  
c i a 1  opthalmic grade) samples were a lso implanted t o  
a l low a comparison between the response t o  textured 
and untextured implants of i d e n t i c a l  and d i f f e r e n t  
chemistry. A l l  implant samples were 0.8 cm i n  d i -  
ameter and approximately 1 mn th ick.  For f u r t h e r  
comparison purposes some c f  the po ly te t ra f luo roe thy -  
lene samples had a p i t t e d  surface formed by sput ter -  
i ng  through a screen mesh and other  samples were 
na tu ra l  textured over on ly  one-half o f  the  sur face 
w i t h  the remaining surface being smooth and un- 
t reated.  

The r e s u l t s  o f  documentation o f  c e l l  attachment 
as a f u n c t i o n  o f  implantat ion durat ion f o r  the var- 
ious sut tace textures and mate r ia l s  are shown i n  
Fig. 53. As can be seen, c e l l s  much more r e a d i l y  
a t tach t o  the na tu ra l  textured ~ o l y t e t r a f  luoroethy- 
'ene surface than any o f  the  other  smooth surfaces 



i n  s p i t s  o f  i t s  hydrophobici ty.  Textur ing polytcr- 
t r a f  l uo roe th j  :ene increases c e l l  attachnent by an 
order o f  magnitude over smooth j i o n  pol ished o r  un- 
t reated)  surface p o l y t e t r a f  luoroethylene. F igure 54 
campares the  c e l l  attachment t o  smooth and na tu ra l  
textured pu ly te t ra f luo rae thy lene  samples a f te r  3 
days o f  inp lantat ion.  The p r i n c i p a l  c e l l s  observed 
i n  attachment t o  the implants were macrophages, lym- 
phocytes, and t o  a lesser  degree mast ce l l s .  Sur- 
face t e x t u r i n g  was a lso  found t o  increase the fonna- 
t i o n  o f  mul t inuc leated g ian t  c e l l s .  

Because o f  the  c e l l  attachment a f f i n i t y  o f  the 
n a t u r a l  textured sur f  aces, the p o t e n t i a l  e x i s t s  f o r  
us ing t h i s  c a p a b i l i t y  t o  evaluate diseased s ta tes  
t h a t  are character ized by the  lack o f  c e l l u l a r  ad- 
herence t o  surfaces. O f  sper i f  i c  p o t e n t i a l  appl ica- 
t i o n  are hematologiccl d isorders w i t h  p l a t e l e t  d i s -  
f u n c t i o n  o r  blood p r o t e i n  d i s o r ~ e r s . ~ 3  

Sof t  Tissue Implants 

A great  va r ie ty  o f  s o f t  t i s s u e  implants are 
c u r r e n t l y  being used i n  cosmetic p l a s t i c  and recon- 
s t r u c t i v e  surgery. I o n  beam sput ter ing provides a 
c a p a b i l i t y  t o  f a b r i c a t e  unique surface mo~phologics 
on many biomaterials, thus a l lowing experiments t o  
be performed t o  understand the e f f e c t  o f  surface 
tex tu re  on s o f t  t i s s u e  response. Studies invo lv ing  
na tu ra l  sput ter  textured so f t  t i s s u e  implants o f  
p o l  t e t r a f  luoroeth j  lene and polyoxymethy lene (Del- Q r i n - )  have been performed us ing Sprague Dawley 
rats .  74s  75 I o n  p ~ l i s h e d  and untreated samples o f  
both mator ia ls  were a lso  implanted. A l l  implants 
were 1 cm diameter d i s k s  o f  s p e c i f i c  thicknesses 
(50, 125, o r  250 t~m) and were placed i m e d i a t e l y  
adjacent t o  the fasc ia  o f  the i n t e r c o s t a l  muscula- 
ture. 

The s o f t  t i s s b e  response t o  both sput ter  po l -  
ished and untreated implants o f  po ly te t ra f luo roe t t~y -  
lene and polyoxymethy lene were i d e n t i c a l  as deter- 
mined by histochemical and h i s t o l o g i c a l  examin- 
at ion. Ion  beam sput ter  tex tu r ing  of p o l y t e t r a f  lu- 
oroethy lene and oolyoxymethy lene implants induced 
the fo l low ing  modi f icat ions i n  the mononuclear pha- 
gocytes adjacent t o  the implant surface: increased 
c e l l  adhesion, increased metabolism, increased ac id  
phosph-tase a c t i v i t y ,  increased vacuol izat ion, in- 
creased f i l o p o d i a  formation, and increased fo re ign  
body g ian t  c e l l  formation. The k i n e t i c s  o f  the f i b -  
rous capsule formation are a lso a l te red  by the res- 
ence o f  textured surfaces as shown i n  Fig. 55.7q 

The a b i l i t y  t o  a l t e r  f iberous capsule format ion 
i s  o f  s i g n i f i c a n t  importance LO reconstruct ive sur- 
gery of the breast. L o f t  t i s s u e  response leading t o  
f i b e r o u j  capsule contracture i s  one of the most corn 
mon d i f f i c u l t i e s  associated w i t h  mamnary pros- 
theses.33 Research d i rec ted  t o  evaluate t i ssue  
response inc lud ing f iberous iapsule contracture i s  
c u r r e n t l y  being performed i n  r a t s  by Gibbons76 . using simulated mamnary yrosthesls. The implants 
consis t  o f  a f l u i d  c y l i n d e r  whose t i ssue  contact ing 
surfaces are t rans fe r  cast ings from i o n  beam spu:ter 
textured p o l y t e t r a f  luoroethy lene. P i  1 l a r  surf  aces 
s i m i l a r  t o  Fig. 51 are being invest igated i n  these 
exper irnent s. 

The humoral components of ti!@ exudate associ- 
ated w i t h  implants i s  a l te red  by the presence o r  
absence c i  surface tex tu re  on the implant.71, EX- 
periments have been performed w i t h  exudate ext racted 
from w i t h i n  hollow c y l i n d r i c a l  s~bcutaneou; implants 

having smooth o r  i o n  beam na tu ra l  textured p o l y t e t -  
r a f  luoroethy lene sur f  aces. The exudate ext racted 
from implants w i t h i n  r a t s  was the11 evaluated f o r  
growth s t imu la t ion  ab i  l i t y  by using 373 c e l l  c u l t -  
ures t o  measure c e l l  number and t r i t i a t e d  thymidine 
incornorat ion. The r e s u l t s  o f  these t e s t s  comparing 
smooth and textured sur f rces Ind ica te  increased c e l l  
growth a c t i v i t y  f o r  exudate ext racted f rom textured 
implants with!n approximately the f i r s t  week o f  im 
plantat ion.  At l a t e r  t imes there i s  nc s i g n i f i c a n t  
d i f fe rences  i n  c e l l  growth a c t i v i t y  between smooth 
and textured surfaces. 

Cardiovascular Prostheses 

The u t i l i z a t i o n  o f  i u n  beam surface modif ica- 
t i o n  o f  b iomater ia ls  f o r  i n ~ e s t i g a t i o n s  invo lv ing  
blood contact ing surf  aces has b?en o f  s i g n i f i c a n t  
in te res t .  Tests invo lv ing  d i r e c t  i o n  beam sput ter  
na tc -a1  t e x t u r i n g  o f  biopolymers hcue ind icated s ig-  
n i f  i c ~ n t  ~hanges  i n  blood response r e s u l t  as a con- 
sequence o f  both chemical and morphological surface 
a l te ra t ions .  F igure 56 shows a segmented pulyure- 
thane vascular patch implant used t o  era luatc  the  
e f f e c t  c f  i o n  beam spu t te r  surface moaif ica- 
tion.63 The implants w i t h  chamfered edges and 
embedded sutures were exposed t o  a 20 uAlcm2, 300 
eV, xenon i o n  bean1 f o r  30 minutes. F igure 57 shows 
scanning e l e c t r o n  photomicrographs o f  the  surface 
before and a f t e r  i o n  beam sputter ing. Some i n s i g h t  
r e l a t i n g  t o  the surface chemical changes may be in-  
f e r r e d  i n  Tables I11  and I V  even though a d i f f e r e n t  
bombarding species was usea. The $puttered and un- 
t rea ted  implants were implanted agdinst the ins ide  
wa l l s  o f  canine femoral and c a r o t i d  a r t e r i e s  i n  a 
manner so as t o  prevent blood exposure o f  the sb- 
tures. T4e r e s u l t s  o f  the e x p e r i x n t s  i n d i c a t e  sig- 
n i f  i can t  d i f fe rences  i n  the hlood response between 
the spvttered and untreated implants f o r  implanta- 
t i o n s  of 1 hour as shown i n  Fig. 56. A f t e r  4 days 
implantat ion very l i t t l e  d i f fe rence  it any i s  appar- 
ent.  As a consequence o f  these tests ,  i t  was appar- 
en t  t h a t  f u r t h e r  t e s t i n g  should be perfomled i n  a 
mariner t o  a1 low d isc r im ina t ion  between blood ,-e- 
sponse due t o  morphological as opposed t o  chemica' 
surf  ace a l te ra t ion .  

The use o f  t rans fe r  cast biopclymers peeled 
frorr, i on  beam textured surfdcec al lows morphological 
changes t o  be fabr i ca ted  w i t h  minimdl surface chemi- 
c a l  a l t e r a t  ion. Two areas o f  app l i ca t ion  c u r r e n t l y  
being experimcntal l y  1nvest:gated invo lv ing  such 
t rans fe r  casts of blood contact ing surfaces are mi- 
crovascular g r a f t s  and l e f t  v e n t r i c a l  ass is t  devices. 

Microvascular g ra f t s .  - Thrasbogenic behavior 
~f current  a r t e r i a l  vascular g r a f t s  has l i m i t e d  the 
?ange of app l i ca t ion  o f  such devices t o  r e l a t i v e l y  
la rge  diameters ( > 5  mn) g r a f t  app1icatror.i. A neea 
e x i s t s  i n  ~ e c o n s t r u c t i v e  surgery ,'or occlusion f r e e  
synthet ic  g r a f t s  o f  approximztely 1 mm diameter. 
Experiments are c u r r e n t l y  being c a r r i e d  oi;t by Gib- 
bons76 t o  compare the performance of t rans fe r  cast  
textured polymers with n~icroporous polymers i n  mi- 
crovascular g r a f t s  i n  Sprag~e  Dawley rats .  The 
g r a f t s  w i  11 be implanted as d r t e r i a l  segnents i n  the 
in t ra rena l  aor ta and prox ~ m a l  femoral ar tery .  
Transfer cast ings w i  11 be fabr i ca ted  by a peel  o f f  
o f  the cured po1:mer from a screen mesh sput ter  
etched p o i y t e t r a f  luoroethylene niandral. F igure 59 
ind icates tile sput ter  e tch ing technique t o  prod~lce a 
p i t t e d  su r f  ace on the p o l y t e t r a f  l lroroethylene man- 
dre l .  Once the peeled o f f  g r a f t  i s  again turnea 
ins ide  out, i t  w i l l  have a pr 1 la i ,  surface t e x t u r e  on 



i t s  i ns ide  (b lood csn ta t t tng )  surface. P i l l a r  
s t ructures 17 t o  28 um wide by the  same and double 
i n  he ight  w f l l  be evaluated. S im i la r  s i ze  bulk  por- 
ous g r a f t  coat ings w i l l  be fab r i ca ted  f o r  blood re- 
sponse compari on purposes by using the  replamine- 
form technique37 wt th  the  sea u r c h i n  tteterocen- 
t r o t u s  t r igonar ius.  

L e f t  ven t r i cu la r  ass is t  devices. - One o f  the  
most d i f f i c u l t  techn ica l  challenqes fac ing  the bio- 
medical engineer i s  the development o f  a J a t i s f  ac- 
t o r ~  blood contact ing surface f o r  inlolantable blood 

B iana te r ia l  mechanics, dynam~cs, d u r a b i l i t y ,  
surface morphblogy and chemistry are among the many 
considerat ions per t inen t  t o  the  choice o f  an appro- 
p r i a t e  blood pump bladder mater ia l .  The use of 
t rans fe r  cast  biopolymers from i o n  beam textured 
burfaces provides the oppor tun i ty  t o  inves t iga te  
va r ia t ions  i n  blood pump surf ace morphology using 
bladder mate r ia l s  c u r r e n t l y  o f  i n te res t .  A cooper- 
a t  i v r  program78 has been establ ished between the  
NASA Lewis Research Center, Thermo E l w t r o n  Corpor- 
a t i o n  and the Nat ional  Heart Lung and Blood I n s t i -  
t u t e  t o  evaluate blood response t o  surface morphol- 
ogies t rans fe r  cast  from i o n  beam textured sur- 
faces. L e f t  v e n t r i e ~ r l a r  a s s i s t  devices, s ized f o r  
p o t e n t i a l  human app l i ca t ion  (see Fig. 60), w i l l  be 
implanted i n  calves. The blood pump hlaaders w i l l  
be fab r i ca ted  by t r a n s f e r  cast ings from shaped and 
sputter textured po ly te t ra f luo roe thy lene  mai,drels. 
Figure 61 depic ts  the  f u n c t i o n  o f  the arisynbnetric 
bladder. The blood contact ing surfaces o f  such a 
bladder must be designed so as t o  minimize neointima 
thickness and remain w e l l  attached t o  i t  as w e l l  as 
t o  reduce the p r o b a b i l i t y  o f  embolic complicat ions. 
A v a r i e t y  o f  t rans fe r  c a s t i c j  techniques have bcen 
explored using approaches other than i o n  beam sput- 
t e r i n g  t o  f a b r i c a t e  textured mandrel surfaces. The 
r e s u l t s  o f  hlood pump bladder t e s t s  using these 
types o f  textured surfaces have shown that. the neo- 
i n t i m a l  l i n i n g  i a t  :east as t h i c k  as the bladder 
surface  texture.)^ Conventional s i  1 icone ru t . l e r  
mandrel f a b r i c a t i o n  and e l e c t r o s t d t i c  f i b r i  1 ' lock- 
ing techniques have prevented the evaluat ion o f  sur- 
face textures (and therefore neoint ima) smaller than 
approximately 250 urn. The app l i ca t ion  o f  i b n  beam 
sput ter ing techniques as shown i n  Fig. 59 using 
bladder shaped p o l y t e t r a f  luoroethy lene mandrels 
al lows f a b r i c a t i o n  o f  bladders having surface 
microfeatures i n  the 0-300 um range. The heights  o f  
the r e s u i l i n g  surface p i l l a r s ,  s i m i l a r  t o  those 
shnwn i n  Fig. are simply dependent upon the 
durat ion. curre '  density.  and i o n  energy used f o r  
the mandrel sputter ing. The bladders w i l l  be 
fab r i ca ted  out o f  segmented oolyurethane ( l iomer3). 

Hydrocephalus Shunts 

The obs t ruc t ion  o f  cerebrospinal f l d i d  f l ow 
pathways o r  i t s  inadequate absorpt ion v i a  the arach- 
n c ' d  v i l l i  i n t o  the venous blood o f  the b r a l n  re- 
s u l t s  i n  hydrocephalus. The occurrence of hydro- 
cephalus i s  q u i t e  comnon. An estimated one i n f a n t  
i n  300 1s born w i t h  the cond i t i on  aqd an add i t i ona l  
one i n  100 acquires i t  as a r e s u l t  of chi ldhood ill- 
n.>s<es such as meningi t is .  '9 Hydrocephalus i s  
a lso  more prevalent I n  developed nat ions where a 
higher su rv iva l  r a t e  f o r  premature In fan ts  ~ x i s t s .  
Without su rg ica l  treatmert. approximately one-hd ; f  of  
the i n f a n t s  would d i e  and the other  h a l f  suf fer  :!'om 
severe mental re ta rda t  i 0 n . ~ 0  Surg ica l  co r rec t  i on  
involves pres5ure con t ro l  ied shunting ot  the cere- 
brospinal f l u i a .  Typ ica l l y  a perforated s i l i c o n e  

rubber catheter  i s  implanted i n  one o f  the l a t e r a l  
v e n t r i c l e s  o f  t h e  b r a i n  w i t h  i t s  per forated t i p  lo- 
cated near the f r o n t a l  horn (see Fig. 62). The 
cerebrospinal f l u i d  then passes through a pressure 
r e g v l a t i n g  va lve and i s  then t y p i c a l l y  shuntea t o  
the  r i g h t  a t r ium o f  the  hear t  o r  t h e  perr tor iea l  cav- 
i t y .  The shunt w i l l  f a i l  t o  f u n c t i o n  i f  the i n l e t  
v e n t r i c u l a r  catheter  aperatures bcconle blocked by 
c e l l u l a r  ingrowth of the c h o r i d  plexus o r  c e l l u l a r  
debr is  w i t h i n  the cerebrospinal f l u ~ d .  Shunt f l o w  
f a i l u r e  d i l l  a l so  occur i t '  the v e n t r i c l e  co l lapses 
due t o  improper valve funct ion causing over drainage. 

I o n  beam s p u t t e r i n p c a n  be used i n  conjunct ion 
w i t h  screen masks (see Fig. 59) t o  produce poly- 
te t ra f luo roe thy lene  tubes w i t h  manj small  ~ e t ' t u r e s  
aceshown i n  Fig. 63. The use o f  spu t te r  e tch ing t o  
per fo ra te  the i n l e t  v e n t r i c u l d r  cathether  a l lows 
f a b r i c a t i o n  o f  catheters having two orders of msgni- 
tude increase i n  aperture dens i t y  over t h a t  o f  con- 
vent'?n&l catheters (because approximately 1100 
apt.  Ires each 20 urn i n  d(ameter can be placed along 
a 1 cm l ~ n g t h  o f  catheter) .  Thd catheter  i t s e l f  
being comprised o f  one o r  more tubes each b e i r ~ g  on ly  
0.44 mn i n  diarreter. The la rge  number o f  i n l e t  
apertures may reduce the  tendency f o r  t h e  Shunt t o  
draw i n  and t r a p  dsbr i s  o r  t i s s u e  which would then 
cause f l o w  obstruct ion. 

The f e a s i b i l i t y  o f  using i o n  bedm spu t te r  ven- 
t i  l a t e d  p o l y t e t r a f  luomethy lene microtubules t o  
shunt cerebrospinal f l u i d  d i r e c t l y  from the l a t e r a l  
v e n t r i c a l s  upward t o  the  subdrachnoid space i s  being 
invest igated by Foltz.81 This shun t i t~g  concept, 
shown i n  F ig.  64, does no t  use a valve and re tu rns  
the  cerebrospinal f l u i d  t o  i t s  s i t e  o f  normal ad- 
sorpt ion. The inves t iga t ion  involves bench f low 
t e s t i n g  and hydrocephalic canine t e s t s  t o  t e  per- 
formed us ing microtubules as showr! i n  Fig. 63 in-  
which both the i n f  l ~ w  and out f low ends are per fo r -  
ated. 

Percutaneous Connectors 

Penetrat ions o f  the  s k i n  f o r  the conveyance o f  
e l e c t r i c i t y ,  l i q u i d  o r  qaseous f l u i d s  o r  mechanical 
forces requ i re  an e f f e c t i v e  seal  a t  the skin-per- 
cutaneous connector i n t e r f a c e  t o  prevent in fec t lon .  
The p o t e n t i a l  app l i ca t ions  o f  percutaneous connec- 
t o r s  cobel- a Droad spectrum o f  devices such as mus- 
c l e  s t i rm la to rs ,  hernodialysis canulas colostomy o r  
i leostomy o r i f  ices, inrraveneous catheters and skel- 
ezel  extensions f o r  amputation devices. Sat is f  ac- 
to ry  long term use o f  many o f  these percutaneous 
devices has f requent ly  been i n h i b i t e d  because o f  
epidermal c e l l  ingress and grcwth along the 
implant-t issue in ter face.  The r e s u l t i n g  marsupial- 
i z a t i o ~  r e s u l t s  i n  a loss o f  a body f l u i d  seal and 
u l t i m a t e l y  i n f e c t i o n  occurs. Surface t e x t u r e  and 
poros i t y  have been shown t o  reduce e p i t h e l i a l  r e 1  : 
down growth i n  animal t e s t s  i n v o l v i n  ve lour  t a b r i c  
and porous percutaneous  connector^.^^^^^ However, 
the use o f  bu lk  porous mate r ia l s  permi ts  b a c t e r i a l  
invas ion  v i a  the  interconnected pores. 

The use o f  i o n  Leam sput ter  tex ts red  o r  t rans-  
f e r  cast polymer surfaces provides a surface rough- 
ness wi thout  bulk poros i t y .  Such surfaces have been 
evaluated by P l  .ha and Gibbons84 i n  the  dorsum o f  
~ c t s  us ing poly t i . t ra f  luorr I?y lene (Tef lon3), po ly-  
o,ymeLlijlene ( ~ e l v i n ~ ) ,  and segmented polyurethane 
(Biomerg.  1;id implant r o o f i g u r a t i o n  i s  shown i n  
Fig. 65. Implantat ion p ro tocu l  i nc lud ing  i d e n t i f i -  
c a t i o n  o f  Langer l i n e  or ientat ions,  e x i t  wound geom- 



e t r y  op t im iza t ion  and i d e n t i f i c a t i o n  of an implanta- 
t i o n  technique invo lv ing  p u l l  ing t h e  connector 
through a subcutaneous pocket was developed t o  a i n i -  
n i z e  percutaneous connector per for r rnce dependence 
upon t h e  degree of t i s s u e  contact  w i t h  the  connector 
a t  the percutancous e x i t  s i te .  

A pcrcutamous device app l i ca t ion  e f f o r t  i s  
c u r r e n t l y  underway t o  i d e n t i f y  an opt imal t r a n s f e r  
cast  p i l l a r  morphology (such as i n  gig. 51) i n  seg- 
w n t e d  polyurethane (Bianer ) and t o  u t i l i z e  t h i s  
surface s t ruc tu re  i n  the  des i  n o f  f c ~ t i o n a l  per- 
cutaneous connector devices.8 ! 

Dental Implants 

I n i t i a l  concepts invo lv ing  t h e  a p p l i c a t i o n  o f  
i o n  beam technology t o  den ta l  implants were based on 
s i m l a t i o n  o f  t h e  sur face morphology o f  t h e  cementum 
by means o f  i o g  bean natu ra l  o r  seed t e x t u r i n g  t o  
achieve a higher ..nplant success rate. These e f -  
f o r t s  u t i l i z e d  endosteal blade type  implants (see 
F i  66) o f  na tu ra l  textured R35N (35% hi ,  35% Co, 
m%Cr. l 0 s M )  and tantalum seed textured p u n  t i- 
tan iun  i n  a carline evaluation.86 F igure 67 c- 
pares the  surface morphology o f  cementum w i t h  an 
untreated and tantalum seed textured pure t i tan ium. 
The textured surface morphology o f  MP35N can be seen 
i n  Fig. 11. The lack o f  s u f f i c i e n t  numbers o f  im- 
p lan ts  prevented any s t a t i s t i c a l l y  c i g n i f  i c a n t  con- 
c l u s i o n ~  from being drawn as t o  whether a c loser  
s i m l a t i o n  o f  cementum morphology resul ted i n  im- 
proved denta l  i n p l  ant performance. 

Canine t e s t s  have a lso  been performed t o  eval- 
uate z i r con ia  coated (by R.F. sput ter  deposi t ion)  
cobalt-chraniur;~olyWenurn denta l  implants i n  which 
the  surface tex tu re  was e i t h e r  smooth o r  p i t t e d  a t  
the osseous leve l  b sput ter ing througn an e lec t ro -  i f onned screen mesh. 7 The p i t s  were square (150 
urn wide on each eagi? by 80 urn deep) and the z i r r o n i a  
coat ing was 0.5 urn th ick.  The implant t e s t  per iods 
f o r  evaluat ion ranged from b weeks t o  1 year and 21 
p i t t e d  and 21 smooth implants were evalcdted. The 
r e s u l t s  o f  c l i n i c a l  evaluat ion o f  the performance o f  
tne  inp lan ts  ind icated a success t o  fa i ;ure r a t i o s  
o f  0.6 f o r  the p i t t e d  surface implants an5 a 2.3 f o r  
the ;moth surface implants. The increased f d i l u r e  
r a t e  o f  the p i t t e o  surface implants can be charact- 
er ized by grdss mob i l i t y ,  i n f  lamnation, hyperplasia. 
dehiscence, and s i g n i f i c a n t  p e r i c c r v i c a l  bone loss. 

C y l i n d r i c a l  aluminum oxide isiplants w i t h  sput- 
t e r  e tch p i t t e d  surfaces have a lso  been evaiuatea as 
canine denta l  lmplants.88 The p i t s  were approxi- 
mately 150 ~m on each eage by 35 um oeep (see Fig. 
68). Results of experiments involv ing 10 p i t t e d  and 
10 smooth implanted f o r  6 months ind ica te  no s t a t i s -  
t i c a l l y  s i g n i f i c a r ~ t  d i f fe rence  i n  the c l i n i c a l  per- 
fomance o r  mechanical re ten t ion  o f  the implants. 
Sput ter ing p i t s  i n  the  surface increased the f l a w  
densi ty  and reduced the mean st renqth of the mater- 
i a l .  However, i n  v i vo  aging ( i n  canine dorsum s u b  
cutaneous s i t e s )  increased the mechanical s t rength 
(higher modulus of rupture and decreased Wei b u l l  
modulus) o f  the textured implants and reduced tha t  
o f  the smooth impiants. 

A Dental Implant Assessment seminar89 was 
held a t  the Case Western Reserve Untvers i t y  School 
of Dent i s t ry  on May 3, 1979 t o  review assess the 
r e s u l t s  of Babbush's ion  beam textured denta l  in+ 
p l a n t  experiment86 and i d e n t i f y  a suggested d i rec-  
t i a n  f o r  f u t u r e  research. The seminar con i i s ted  o f  

a panel o f  13 members which involved peer group par- 
t i c i p a t i o n  o f  o ther  den ta l  implant researchers. As 
a r e s u l t  of the  f i w l i n g s  o f  t h i s  seminar a oreater  
emphasis was placed on examination o f  use of tex- 
tu red  surfaces a t  the  g i n g i v a l  percutaneous l o c a t i o n  
ra ther  than a t  the  osseous level .  This recopraenda- 
t i o n  was based on in format ion i n d i c a t i n g  t h a t  a s ig-  
n i f i c a n t  f r a c t i o n  o f  denta l  implant f a i i u r e s  occur 
as a r e s u l t  of pe r idon ta l  disease r e s u l t i n g  f rom an 
i n e f f e c t i v e  percutancous seal r a t h e r  th&n problems 
associated w i t h  anchorage i n  bone. Subsequent t o  
these f i n d i n g s  a aenta l  implant canine eva lua t ion  
e f f o r t  has been establ ished90 which s p e c i f i c a l l y  
focuses on the  i d e n t i f i c a t i o n  o f  the  morphological 
requirements t o  produce an e f f e c t i v e  percutaneous 
seal a t  the s i t e  o f  g i n g i v a l  penetrat ion. The sur- 
face  morphologies t o  be examined w i l l  be both h igh  
and low modulus polymers such as moxy  ( ~ ~ ~ 0 1 9 2 9 ) .  
segmented po1:urethane (Biomerq, and s i l i c o n e  rub- 
ber (S i las t i c? ) .  Tht i u r f a c e  mic ros t ruc tu re  tex- 
tu res  w i i l  be produced by t r a n s f e r  cast ing frm 
po ly te t ra f luo roe thy lene  which has a p i t t e d  surface 
produced by i o n  beam spu t te r ing  through an e lec t ro -  
formed n i c k e l  rnesh mask {see Figs. 50 and 51). The 
burfaces t o  be evaluated w i l l  be on the c y l i n d r i c a l  
c o l l a r  around a threaded 316L s t a i n l e s s  s t e e l  im-  
p lan t .  To reduce the  tenaency f o r  e p i t h e l i a l  c e l l  
downgrowth, two techniques w i l l  be evaluated which 
a i low a 1 month precursor ingrowth o f  the  subcutan- 
eous t i s s u e  t o  t h e  textured c o l l a r  p r i o r  t o  percut- 
aneous g i n g i v a l  p e n e t r a t i ~ n :  i 1) subcutaneous im- 
p l a n t a t i o n  p r i o r  t o  punching a hole i n  the g ing iva  
f o r  percutaneous penetrat ion (see Fig. 69(a) ) and 
( 2 )  subcutaneous implantat ion p r i o r  t o  slow pressure 
necrosis by a wide-neaded screw t o  enable an erup- 
t i o n  o f  the  percutaneous penetrat ion (see F lg. 
69(b) 1. 

Orthopedic Implants 

Orthopedic prostheses t y p i c a l l y  requ i re  f i r m  
mechanical anchorage t o  t h e  s k e l e t a l  s t ruc tu re  t o  
insure s a t i s f a c t o r y  long term performance. Mcst o f  
the  cu r ren t  a r t i f i c i z l  j o i n t s  u t i l i z e  a polymethy!- 
methacrylate Done cement f o r  stem f i x a t i o n  (F ig.  
68). This less than optimttm f i x a t i o n  method can re- 
s u l t  i n  >ten? loosening and i s  the most important 
cause o f  f a 1  lure.91 A v d r i e t y  o f  techniques have 
been employee' i n  an attempt t o  prov ide stem f i x a t i o n  
wi thout  the  use o f  bone cement. Most o f  these tech- 
niques invo lve  changes i t 1  the shape o r  p o r o s i t y  o f  
the stems. 91 Large sur f  ace unduiat ions i n  the  
stem may, w i t h  time, provioe s a t i s f a c t o r y  anchor- 
age. However, o ther  serious consequences o f  t h a t  
approach must be consiaered such as hob long the 
pat 'ent must remain imnobi le t o  a l low adequate bone 
ingrowtti, i n a b i l i t y  t o  easi;, rev ise  the implant i f  
l a t e n t  mechanical f a i l u r e  o r  i n f e c t i o n  occurs and 
reduct ion i n  f a t i g u e  s t rength r e s u l t i n g  from the  
large sur f  ace undulations. Small sur f  ace undula- 
t i o n s  ir, orthopedic implants have been examined t o  a 
l i m i t e d  degree which u t i l i z e  porous surfaces. Cur- 
r e n t  f a b r i c a t i o n  techniques us ing sc in te r ing  o r  d i f -  
fus ion bonding genera l ly  r e s u l t  i n  h igh sur f  ace area 
porous coatings having pore depths t h a t  are several 
orders of  magnitude deeper than the  pore diameters. 
Such surface porous n e t a l  coat ings i n h i b i t  the re- 
tn0val o f  imp:ant co r ros ion  products and thus c j r n  
promise the a b i l i t y  t o  reach an adequate s t a t e  of 
homeostasis, especial  l y  f o r  deep pore c e l l u l a r  in-  
growth. 

Ion beam sput ter  e tch ing o f  a p i t t e d  surface 
morphology (by sput ter ing through a screen mesh) o r  



a natural texture can provide surface microwughness 
without the presence o f  deep pores. Implant evalu- 
a t ion  o f  such surfaces have been performed by Gib- 
bons92~93 using p i t t e d  and textured surface cy l -  
i n d r i c a l ~  implanted i n  the cortex o f  canine femurs 
(see Figs. 71 and 72). The resu l t s  o f  sputter etch- 
ed p i t s  150 pal square by 28 t o  60 deep i n  316 LW 
stainless steel, t i tanium (b%Al, 4% V ) ,  cobalt- 
chromiubclolybdenum alloy, and C935N (35% Ni, 35% 
Co, 20% Cr, 10% No) implants iadicate b o ~ c i l p l a n t  
inter fa i a l  shear strengths fm 0 . 9 7 ~ 1 0 ~  t o  5 1.24~10 Pa (1400 t o  1800 lb/in.2).62 These 
shear strengths are also c-arable t o  those of bu!k 
porous Inplants and potent ia l  ho~eostasis d i f f i c u l t -  
ies should be reduced because the sputter p i t t e d  
surface areas are much snal l e r  than bulk porous sur- 
faces. The resa l ts  o f  s im i l a r  t es t s  o f  natural  tex- 
tured (see Fig. 11) W35N and cobalt-chromium-molyb- 
denum a l l oy  cy l i nd r i ca l  implants i n  bone show co 
s tas t i ca l l y  s ign i f i cant  dif ference between textured 
and smooth implant shear strengths (both being ap- 
proximately 2.7~106 Pa 1390 lblin.21) .93 Aq- 
parently the submicron t o  a few micron s ize surface 
features do not prcvide a mechanism f o r  bearing 
shear loads i n  spi te of the fac t  that  s imi la r  sized 
surface features produce great increases i n  attached 
c e l l  populations f o r  peritoneal implants. 

The application o f  sputter etched p i t  surface 
structures t o  d i rec t  ingrowth stem f i x a t i o n  w i l l  
require addit ional knowledge o f  the short and long 
term consequences. The lack of bone cement woula 
require ot3er tewporary f i x a t i o n  techniques and/or a 
period o f  pat ient  i m b i l i t y  t o  prevent micmove- 
ment and allow suf f i c ien t  time f o r  bone ingrowth 
in to  the p i t t e d  surface. It i s  conceivable that  
electrostimulation of the stem may accelerate the 
i ngrowth and stabi 1 iza t ion  processes. Research per- 
formed by Cochran, Bassett, and Pawluk has shorn 
that b ioelectr ic  potent ia ls can be stress induced i n  
bone and conversely that  the application o f  weak 
e lec t r i c  currents w i  11 st imulate bone fonna- 
tion.94.95 The use o f  d i r e c t l y  applied e lec t r i ca l  
st imulation o f  implants wi th sputter etched p i t s  
surfaces i s  being investigated by Pawluk and Bas- 
sett.96 Crescent Shaped implants (see Fig. 73) of 
316 stainless steel and t i tanium (6%Al, 4%V) w i th  
p i t t e d  surf aces (etched by sputtering through an 
electroformed nickel  screen mask) w i l l  be implanted 
i n  the cortex of canine femurs and be subjected t o  5 
t o  8 PA of  current applied t o  t h e i r  25.1 d of 
co r t i ca l  bone contacting surface. Kechanical push 
out tes ts  t o  evaluate shear strength and h is to log i -  
ca l  e ia luat ion w i l l  oe performed a f te r  30 days o f  
inplantatien. 

The long term performance of d i rec t  ingrowth t o  
p i t t e d  surface orthopeaic implant steins may be dom- 
inated by the invivo fat igue character is t ics o f  the 
implant i f  sat is factory stem f i x a t i o n  i s  achieved. 
Tensile stress fa':gue tes ts  have been perfonnea on 
smooth surfaced, ra tu ra l  textured, and sputter p l t -  
ted MP35N ecimens i n  a physiological sal ine en- 
v i r o r n m t . 3  The resu l ts  of these tes ts  (shown i n  
Table V) indicate a reduction i n  fat igue strength of 
approximately 50% at  2x107 cycles as a resu l t  of 
both a natural texture or p i t t e d  surface morphology 
i n  conparison t o  a sanded smooth surface. Thbs, 
depending upon the implant configuration and func- 
t iona l  oemands, fat igue strength may or  may not be 
o f  concern. 

The hip prosthesis represents one of the most 
d~~nanding stress environments f o r  implant ma te r~a l s  

and t h e i r  f i x a t i o n  t o  bone. Other orthopedic r g p l i -  
awes nay not be as daranding a d  ye t  benef i t  by 
d i rec t  ingrowth s tab i l i za t i on  t o  microroughened 
roughened surfaces. Gromet bone l i ne rs  f o r  s i l i -  
cone rubber f l e x i b l e  implant arthroplasty o f  the  
m a l l  j o i n t s  o f  the hand and foo t  are m example of 
one such application. A s i l i cone rubber ( ~ i l a s t i c "  
Swanson design) f inger  j o i n t  i l lp lant  (shown i n  Fig. 
74) may, upon repeated funct ional  use, tear  a t  the 
hinge location i f  sharp bone impinges upon the hinge 
so as t o  cut  it. This i s  pa r t i cu la r l y  a problem i n  
pat ients wi th very t h i n  bones due t o  osteoporosis. 
Fa i lu re  rates from 5 t o  25 percent haw been report- 
ed f o r  f l e x i b l e  f inger  j o i n t  i q l a r t s . *  The use 
o f  a 9-t that  f i t s  over the s t s  o f  the implant 
wi th a flange t o  protect  the hinge pcirtion fm be- 
ing cu t  by bone would be o f  s ign i f i cant  benefit. 
Such groanets should be anchored t o  the bone by a 
structured bone contacting surface; yet al low the 
f l e x i b l e  s i l i cone rubber inplant stem t o  s l i de  free- 
l y  during j o i n t  f lexing. 

A co l  l abo ra t iw  e f f o r t  has been established 
wi th the NASA Lewis Research Centor, the Veterans 
Administration, Blodgett Hospital, Michigan State 
University, Clemson University, Univers i ty  o f  Flar- 
ida, and Dow Corning Corporation t o  develop and 
evaluate grommets sui table f o r  ro tec t ion  o f  f lex-  1 i b l e  f inger j o i n t  inplants.98.1 1 Various nater- 
i a l s  and surfate morphologies f o r  bone ingrowth and 
anchorage have been considered tha t  u t i  1 ize  ion 
thruster technology i n  the form o f  e i t he r  i on  beam 
or ion thruster fabr ica t ion  technology. These in-  
c lude: 

I. 316l sta in less steel  woven screen d i f f us ion  
bonded t o  a -0th substrate of the same material 
(see Fig. 75). ( Ion  th rus ter  anodes are fabricated 
of t h i s  laminate.) 

2. Natural sputter textured py ro l y t i c  graphite 
(see Fig. 34). 

3. Natural sputter textured cobal t -chmiunb 
molybdenum as a l os t  wax cast a l l oy  (see Fig. 76). 

2. Photochemically etched p i l l a r s  on 
t i t a n i u m & & l 4 % ~  (see Fig. 77). (This process i s  
used i n  the fabr ica t ion  of ion thruster  accelerator 
g r i d  systems and other thruster  conponents.) 

5. Ion beam sputter deposited bioglass. (Cer- 
t a i n  compositions o f  glasses containing ha$, CaO, 
P@j, and Si02 develop a chemical bond t o  
bone. ) 

The resu l ts  t o  date from Univ. o f  Michigan's 
rabb i t  knee evaluation indicate tha t  316L stainless 
steel  d i f fus ion  bonded gromets provide f i r m  anchor- 
age but suf fer  from delamination and breakup prob- 
ably as a resu l t  of crevice corrosion. Pyro ly t ic  
graphite gromnets are too b r i t t l e  and also breakup. 
Ef for ts are now being focused t o  experimentally 
evaluate natural-texturcd cobalt chromium and photo- 
chemically etcheC p i  1 lar-surfaced t i t a n i u W % A l J ' - - J  
i n  both the rabbi t  knee and domestic goose (anssr 
anser) ulna Implants. Basic f e a s i b i l i t y  experiments 
are being performed on put te r  deposited bioglass t o  
determine i f  a sat is factory composition can be suc- 
cessful ly  sputter deposited and t o  evaluate i t s  bone 
bonding characteristics.101 

CONCLUDING REHARKS 

Research and development o f  the electron born 



barbcn t  ion thruster has resulted t n  a s ign i f i cant  
mount o f  technology tha t  nay have sptnoff bene- 
f i t s .  Ion thruster technology associated w i th  
thruster fabr icat ion processns, thruster corpomnts 
and u t t l i z a t t o n  o f  the exhaust i on  beam has iwp l i -  
cabi l i t y  i n  nonpropulstve areas. Many o f  the 
a t t r?c t  i ve  areas of po tent ia l  sptnoff appl icattons 
o f  ion thruster technology tnvolve ion beam i n te r -  
action wi th materials by mans o f  sputter etching, 
deposition, o r  texturing. The Ion Bera Applications 
Research Progrrn a t  the NAU-Lewis Research Center 
was es:ablished i n  1975 as a technology spectf i c  
spinoff e f f o r t  t o  Identify, evaiuate, dewlop, and 
transfer t o  the user c o m n i t y  nonpropulsive i ippl i- 
cations o f  ion  thruster  technolopy. Nwerous in- 
dus t r ia l  and biomedical applications have been 
i den t i f i ed  and are now i n  various stages o f  experi- 
mental evaluation. Ion beans may be used as a di -  
agnustics t oo l  o r  as a n ic ro f rbr ica t ion  process t o  
enable the develop~lent of new or  inproved materials, 
products, and orocesses. 
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TABLE I. - SPUTTER YIELD OF VARIOUS TERIALS Y" BOMBARDED BY 500 eV ARGON IONS 

a ~ n d l c a t e s  an ext rapolated value 
Values wt thou t  reference numbers are from wehner.lS 

Target mate r ia l  and 
o r i e n t a t i o n  where known 

Be 
C 
A 1 
S i  
T i  

V 
C r 
Fe 
Co 
N i 

Cu 
Ge 
Y 
Z r 
Nb 

Ka 
Rb 
Rh 
Pd 
A9 

Sm 
Gd 
DY 
Er 
t i  f 

Ta 
W 
Re 
0s 
I r 

Pt 
Au 
Pb 
Th 
U 

PbTe (111) 
GaAs (110) 
Gap 111) 
CdS 11010) 
Sic (0001) 
InSb (unknown 
o r i e n t a t i o n  

TABLE I I. - TEXTURE BONDED NETALS. ALL 
BONDS WOE I N  AIR ATMOSPHERE ENVIRONMENT 

BY IMPACT OF A HAND HELD H M R  

Sput ter  y i e l d  

0.51 
.12 

1.05 
.50 
.51 

.65 
1.18 
1.10, 0.8410 
1.22 
1.45, 1.331° 

2.35, 1.2.11, 2.010 
l.la 
.68 
-65 
.60 

.&I, 0.6411 
1.15 
1.30 
2.08 
3.12, 2.4,11, 2.3,12, 3 . 0 6 ~ ~  

.80 

.83 

.&a 

.77 

.70 

-57 
.57 
.87 
.87 

1.01 

1.40 
Z.4PI 2.514 
2.7 

.62 

.85 

1.413 
-91 3 
.9513 

1.1213 
. 4 i l 3  
.5513 

Mate r ia l s  

CU-CU 
A1-A1 
C U-A 1 

Bond st rength 

Tensi le  Shear 

l b l i n . 2  

3 3 
4 

34 

l b l  in.2 

83 
122 
44 

kPa 

228 
28 

234 

kPa 

572 
841 
303 



TABLE I I I. - ESCA SURFACE CHEHISTRV CHARACTERIZATION OF CONTROL, VACUW EXPOSED 
AND ION BEAM SPUTTERED BIOPOLYHERS 

(a) Surface elemental composition expressed as number of a t m r  relative to total carbon 
defined as 1.00. The surface abundance of various carbon bonds is also shown. 

[Ca binding energy <Cb binding energy <Cc binding energy <Cd bindlng enerw.] 

I 

Sawles 

Bioelectric polyurethane: 
Control 
Vacuum 
Sputterea 

Segmenteu polyurethane (Biomera) : 
Control 
Vacuum 
Sputtered 

Polyoxymethylene (~elrins): 
Control 
Vacuum 
Sputtered 

UHW-pol yethy lene: 
Control 
Vacuum 
Sputtered 

UHMW-polyethylene with 10% 
carbon fibers: 
Control 
Vacuum 
Sputtered 

32% Carbon inpregnated 
polyolef in: 
Control 
Vacuum 
Sputtered 

Silicone rubber (~ilastic'): 
Control 
Vacdm 
Sputtered 

Cross-1 inked polyurethane 
( Tecof lexg : 
Control 
Vacuum 
Sputtered 

Polytetraf luorvethylene ( ~ e f  lonq: 1 Control Vacuum 
Sputtered 

C-H or C-C 

Ca 

0.54 
.60 
.71 

.74 

.72 

.72 

.38 

.23 

.86 

.97 

.98 

.90 

1.00 
1.00 
1.m 

1.0~) 
1.00 
1-00 

1.00 
1.00 
1 .00 

.59 
-62 
.72 

.06 

.12 

.08 

C-F 

Cd 

----- 
0.006 
--- 

----- 
----- 
----- 
----- 
----- --- 
---- 
---- 
---- 

----- 
----- 
---- 

----- 
---- 
--- 
--- ---- ---- 

---- ---- 
---- 
---- 
---- 

-76 

C-O 

Cb 

0.43 
.37 
.25 

-19 
.19 
-23 

-62 
.77 
.06 

.03 

.02 
-10 

--- 
--- 
--- 

--- 
--..- 
--- 
---- 
---- ---- 

.39 

.35 
-26 

94 
.a8 
-88 

C-0 

Cc 

0.03 
.03 
.04 

-07 
.09 
-05 

---- 
--- 

-08 

--- 
--- 
---- 

--- 
---- 
--- 

--- --- 
---- 
-.-- 
---- 
--- 

.02 

.04 

.03 

--- 
--.. 

-08 

O 

0.27 
.27 
.19 

.26 

.29 
-12 

-64 
.75 
.16 

.14 

.09 

.23 

-09 
.ll 
-14 

-097 
-062 
-028 

.47 
-49 
.50 

.26 

.27 

.16 

.02 
-04 
-03 

Si 

0.064 
.087 
.054 

.077 

.067 
-014 

.05 

.002 

.W2 

-066 
-035 
-075 

.042 

.OC'J 

.r36 

,53 -- ---- 
.53 
58 

.45 

.052 

.051 

.024 

.014 

.005 

.005 

Elements 

N 

0.018 
.013 
.0069 

.028 1 

.041 

.021 

----- 
--- --- 
---- 
--- 
- - -  

----- 
--- 
----- 

---- 
---- 
----- 
--- - -  
----- 

.020 

.029 
,009 

---- 
---- -- 

F - 
----- 
0.009 
<.001 

.007 ---- 
----- 
--- 
---- --- 
---- ---- - 
--- 

---a- ---- 

---- ---- ---- 
-- 
- - 
---- 

.01 

.17 ----- 
1.95 
1.84 
1.52 - 





TABLE I V .  - WATER CONTACT ANGLE MODIFICATION OF ION BEAM SPUTTERED BIOPOLYnERS 

Material 

Nitrogen i o n  textured 
surf ace 

Ref. 65 

--- 
85 

--- 
82 

62 

--- 
117 

98 

96 

15<, 

Mate r ia l  

B i o e l e c t r i c  polyurethane 

Segmented polyurethane (Biorner@l 

Cross 1 inked polyurethane (Tecof l e x q  

Polyoxymethylene ( D e l v i n q  

Pol yethy lene 

Polyethylene w i t h  108carbon f i b e r s  

32% Carbon impregnated po lyo le f  i n  (HexynS) 

S i l i cone  rubber ( S i  l a s t i f l )  

S i  1 iconelurethane copolymer (~vecothane') 

(Tef l o n q  

Smooth surface 
(#600 emory c l o t h  pol ished) 

TABLE V. - FATIGUE STRENGTH OF W35N 
(25% Ni, 35% Co, 20% C r ,  10% Mo) 

WITH VARIOUS SURFACE WRPHOLOGI ES 

Natural sput ter  
textured surface 

Surface morphology 

P i t t e d  surf ace formed 
by spu t te r ing  through 
an electroformed 
n i c k e l  mesh mask 
* ~ v e r a ~ e  o f  20 specimens o f  
morphology. 

Untreated 
sur f  ace 

Estimated f a t i g u e  
s t r  ngth a t  f 2x10 cycles* 

eacb surface 

Argon i o n  
textured sur f  ace 

Ref. 64 

70 

81  

80 

62 

69 

83 

95 

98 

-- 
99 

Ref. 64 

70 

79 

96 

0 

65 

54 

90 

0 

--- 
129 

Ref. 65 

-- 
86 

--- 
83 

35 

- -- 
86 

113 

114 

114 

Ref. 65 

--- 
81 

--- 
116 

93 

-- 
9 7 

109 

126 

140 
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0 m do0 600 800 law, 
SPUllER ETCH RATE. A~mln 

Fqure 6. - Range d sputter etch lates abserved for varlous mater~als bombarded by a normally Incident 500 eV ? d*n Ion beam 
at a current denslty d 1 n ~ l c m 2  (ref. 161. 
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0 m 4000 m 8Xr) 10 m 
S P U ~ E R  ETCH RATI, A~min 

Figure 6. - Cwludcd 

EJECTED 

SUBSTRATE-' 

/ .  ;/ 

SUBSTRATE-' 
=--SRITTER wosmo 

COATlffi 

Figure 7. - bn h a m  sputter dapositii. 



LOW SPUTltR Y EL@-' '-HEM SPUTTER YIELD 

SOURCE ,I 

\ 

F~gure I. - Natural texturing bv ion ham souttering. 

F~yure Q. - Yatural textured polytetrafluoroethvlene (PTFE 
Teflon surface after exposure to a Is@ ev a r m  IM 
beam w~tb  a current @ensttv of 0.6 mk cn: 











I Flaure 17. - S c m  d~arneter ton source w ~ t h  vacuum f3c111tb and power suppl~es. 



F~gure 19 - 30 cm argon ion source w~th it's vacuum facility and power 
corltrol m s d e .  



:ELECTRONS \ a - '. - +I1- 

10:s ::- 
A, ::- - W I N  DISCHAfCE , ,, ION BEAM 

PLASh\A 110' t o r r i  : :  _, PLASMA 
CATHOC'E 110'~ t o r r l  

COLD M L D I F I G  
SURFACES TO BE ROLLER SYSTEM 
SPUll€RED 
CLEAN --. _ 
hVTAL 
S F C I M N S  , 
A AND B - -- 

- 7  GAS 
c ~ I  I N L T S  

- 

(a) BASIC SCHEhlATIC FOR ELECTRON GOMBARDhKNT ION SOURCE AN? ROLLER SYSTEM. 

(bl COLD WELDING ROLLER SYSlEh! FIXTURE. 

Figure M - Cold helding usiog ion beam sputter cleaninq. 
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Figure 28 - Simultanecusly spucer &posited aqd 
sputter polished copper coating over a sanded 
copper substrate. Ll' ion incidence male for 
1003 eV argon ions. 0.53 urn !hick depsit. 
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EXPOSURE, 
min i. 0- r UNEXTURED 

I f -0 

.a!- 

WAVELENGTH, microns 

- S p e c t r a l  t r a n s m i t t a n c e  o f  8 ~ 1 m  thick poly imide  
FigxEzo& b e f o r e  and a f t e r  exposure t o  1 keV A r  i o n s  a t  
1.8 d i c r n 2 .  

0 TOTAL SOLAR TRANSMITTANCE 
SOLAR ABSORPTANCE 

1 . 2  ro7nio U 
Z 

0 SHEET RESISTANCE 

P C TOTAL SOLAR REFLECTANCE 

~ Y P O ~ U R L  TIME, min 

Figure  31. - Tota l  t r a ~ s : a i t t a n c c  s o l a r  a b s o r p t n n c e ,  and s L c e t  
r e s i s t a n c e  v e r s u s  e spusure  F ine  f o r  6..m p o l y i m i l e  ( ~ a ~ r o l O )  
esposed  t o  1 keL7, 1 . 8  mA/cmL A r  i o n s .  



la! COPXR AFRR W min OF KXTURING. 

rbb FI1 ICON A F l t R  260 min OF KXTURING. 

Flqure 32 - Scann!ng electron ph3tom1crcyraphr and spectral reflectance of tantalum seed tedured metals Iby a 1OOOeV xenon ton 
beam at 2 mAicmL). 



' ? ,  :I7AVli131 AFRR MI min OF TIXTURIW. 

Fqure 32. - Continued. 

1r1 316 Z T A l h l L t S S  STEEL AFTER 540 min OF TIXTURM. 

Fqure 9. - Concluded. 



TRAVELlbC 
TU8t 3f PHESjtD 
TDLLLc IOR - 

.-PYROLYTIC - XON PfRFOWITtD 

61AS FLIPPLL ANNULAR RINC 

f qure 33 - Trl3CIe dtscharqe sputterlnq uslnq a 3(! crn dlanettr dqOn 
Inn source. 



0 SMOOTH PYROLYTIC G R A P H m  
0 SOOT ON PYROLYTIC G R A W m  

?$! 1.0 
A DISCHARGE CHAMBER TRIODE NATURAL 

c = TEXTURED PYROLYTIC G R A P H m  
D (T 
- C  ,lUXl el' ARGON ONS AT 5 m ~ ' c m '  

.8  FOR 6 hrl 
ul d 

.- -.. 

PRlhtARY ELECTRON EMRGY. eV 

(a) SECONDARY ELECTRON EMISSION RATIL. 

F lgurc 35. - Characteristics ol ncrmal lv  ~ n c ~ d e n t  electron bom- 
bardment d var lous carbon surtaces. 

0 Sh100TH PYROLYTIC G R A W m  
0 SOOT ON PYROLYllC G R A W m  
A DlSCHARGC CHAMBER TRIODE NATURAL 

TEXTURED PYROLYTIC GRAPHrE 
11llJJ ev ARGON IONS AT 5 m ~ l c r n ~  
FOR 6 hr) - 

1 I !-L--.!L--l---- 
40Cl boo Ra) lam 1zoO l4Ul 16a, Is00 2000 

PRIMARY ELECTR9Z EMRGY, eV 

REFECTED PRIMARY ELECTRON Y ELI). 

F lgure 35. - Concluded. 
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Figure a. - Scanning electron photomicro- 
graph of sputtered etched FEP ~ d l o n @  
surface with two dust prticles on the 
i n ~ t ~ a l  surface. 

Figure 41. - Scann~ng electron photc;alcr0graph ol a 
sputter etched PrrE ~eflon' surtace that was cwered 
with s~lica particlrs. 

8 w R A C K  PLARE - 
1rhlTREATtD TAKE L r QflL 
FL11090PCLVMtR 
R l f  L 

F~aure 67. - Reel to reel batch textur~ng of tluorooolvnt.r < b ~ * t  



3. tia . " G R o w D  P o m T w  E N c L o s m E  AND --. p. - 
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ASSEMBLY SEE (c) 

(a) OVERAU ASSEMBLY NOT DRAWN TO SCALE). 

MACNET ATTACHED 

(TYPICAL OF ALL 
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: I 
FILAhWT 

, . 
( 1 :  

' r1 CATHODE 5 :=,,i -ANODE SUPPORT 
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\IT 
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- JPF'OQT GRAPHITE ENCLOSURE 
ASSEMBLY ION OPTICS 
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(bb LROSS SECTION OF SOURCE. THIS DRAWING DOES NOT REPRESENT ANY PARTICULAR 
CROSS SECTION. BUT SlhlPLL. INCORPORATES MOST hU\JOR CONSTRUCTION FEATURES. 

SCREEN GRlD 
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THE ACCELERATOR TO THf DECELLRATOR GRID. THE 
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THE ACCELEkATOR GRID. 

F~qure 43. - Rectangular-bean Ion source (ref. 551 



E X T I I R C D  
SURFACES -. 

Y t S T t D  AUD PLASTI- 
CALI  Y DtFORhl f  D 
b1ICROSTRUCTlIRES- 



EMPE RATURE DIFFERENCE. OF 

(a) SCAKNING ELECRCN PHOTOMlCROCRAPH OF Ta SEED bl HEAT TRANSFER vu NUCLEATE BOILING m w  TEX- 
TEXlURLO COPPER SURFACE. TURED AND UNTZXTURED COPPER 2LIRFACES. 

Figure 4. - Nucleate boiling hat  transfer from freon 113 Miling on textured surfaces (ref. 581. 



(a1 COB4LT .  20% C H R O h ~ I U h l  , 15% TUNGSTEN 
\REF. b5). 

Icr POLYT~TRAFLUOROETHYLENE . ( T E F L ~ N ' ~ .  

Figure 47. - Concluded. 

Flqure 47. - Surface rnod~ficat~on d b~omaterials by ion 
beam spulter etching through el~froformed nickel 
mesh masks. 



~ b l  L~?I'OL\~~!!R OF S ! l l i O Y t  AUD POL. URETHANE. 
( A L ~ L O T H ~ N E '  I 

F~gurp 48. - Araon Ion beam iaturol t~xtured 
b~ogolvmerr  ref. 65) .  



la, 316 STAINLESS STEEL 

Ibl TITANIUM fi ALUMINUM. 4% VANADIUM 

Figure 49. - Tan'3l,m sced texturcd orthodedic allays 
uslng an argon ion beam Ird. 651. 



la1 POLMfTRAfLUOSVfTHYLENZ IPTTE 
m l @ N R  1 SUBSTRATE AFTER R A Y S -  
FER CASr!NG SHOW!NG P l l S  PRO- 
DLCED BY ION REAM S P U m I N G  
WWOUGH AN ELESTROFOQMD NICKEL 
Msl' hUSh. 

F~qure do. - Concluded. 

1b1 SILICONE RUFBER I S ! U S T I C ' ~  
TRANSFER LAST PILLAR MORPH- 
@LOGY RESULTING FROhl THL 
NEGATlVC OF A ?IT MORPHOLOGY. 
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A NAIIIRAL TEXTURE 
0 ION POLISM@ 

1 * r  ~ X W F E D  TO VACUUM 

Fqure 55. - Ftbcrous capsule thtckness as a 
functlan d time fw vartous surface treat- 
ments d .% urn thtck. 1 cm dtameter fm-  
plants In vat5 rats in(. 75). 

s- ~rnt 
Y L I 
Y 
s r so- 

A NATURAL TEXTURE 
0 lOPi POLISHED 
0 EXPOSED TO VACUUM 

; 14 21 28 56 
TIME. davs 

Figure % - Sagmantd paly- 
urdhme msculrr inplant 
with chamlurd ak)8 and 
embsdded sutures. 



la) B E W E  ION BLAhq :PUTTERING 
la1 I~RSPU~TETERED IhrPL4VT SHOKlhlC 4 hWNOLAM2 COV 

[RAGE Of PWTELETS AhD LEUhOC'tTIS. 

Ibl AFT9 ION BLAhl SPUTTERING SHOhING 
NATURAL ?EYTUkL 

Ibl SPUTYERED IhIPLAhiT SHOHINC. PILLARS Of PUTT 
LETS AND LEUKOCYTES. 

Ftgure 58. - Scannlnq electron photornlcrqraphs of seg- 
mented galyurethane ln~lants affer ona hour of lnvlvo 
b l a ~ I  e~porure. 

Figure 9. - Scanning elatran phdomicroqra~hs d 
Kgmentcd polyurethane. 

1'fCrn'AL PAGE IS 
''b' )WOR QUALITY 



Figure 5 9  - Sputter etching technique b produce pits wr a @lytetraflwrc- 
ethvlene rnandrrl b) sputtering Ihrouqh an electrr'ormed mesh screen. 



(a\ B L N D  1x10 DEVICE. 

BLOOD FLOWS 
INTO AORTA 

Ftgure 61. - P~ct r ra l  sect~on vlew of left ventricular ass~st  device operation. 
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tcl TANTALUM SEED TEXIURED PURE TITAN1 UhZ 

Figure 67. - Concluded 

Figure 68. - S~uftcr  etch^, o~ts In alum~num or~de Jcntdl 
~wlants  formd by ~pu!tei etch~nq through an electro- 
formed n~ckel mesh mark ( r d .  58). 





la1 S C A N N I N G  ELECTRO:, TOMICROGRAPH OF S P U n E R  FTCHEG P I T S  I '  IMPLANT CYLIN- 

DRICAL SURFACE. 



Ire!. ob). 



Figure 74 - S~l~cone  r u W  flcl~ble fir.;- ( a n t  Im. 
plant t Snsnson dcs qn). 

la1 S l l l C W f  RliBBER FlNGfR JOINT WITH A GROhWET 
O M R  WE PROiIMAL STEM 

lbl SCANNING ELECTRON PHOIOMICROGR4PH I% GROhl 
hn SURFACE AND EDCL 

Figure 75. - 316 1 Stainless steel grcmmd W e  d m e n  
vrom d f f u s i m  bbnded to a smooth 1 5 0 1 1 ~  thick sub- 
strate. 



la) SILIC@NE RUBBER FlNCER JOINT WITH PHOTOCHEMI- 
CALLY CTCHED G R O M S .  

(a) SILICONE RUBBER F I N E R  JOINT WITH NATURAL 
TEXTURED G R O W S .  

lb) OPT1 CAL MICROSCOPE PHOTOMI CROCRAPH Or EDGE 
VIEW ff G R O W  SURFACE WITH PILM2S. 

Ibl SCANNING ELECTRON PHOTOMICROGRAPH OF NATURAL 
SPUllER TEXTURED COBALT-CHROMIUM-MOIYBDEHUM 
CAST ALLOY. 

Figure 76 - M u r a l  sputter textursd cabalt-cromium- 
m o W u m  lost wax cast grommets. (cl TOP VIEW OF P l l l A R  SURFACE 

Figure 77. - P h d a h e m ~ c a l l y  etched pi l lar surfaced t i tanium 
6S A1 - U% V grommets. 
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