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r. ilrTR0pu-crI0[
In  recent  years '  h i9h1y  favorab le  resu l ts  have

been obtained ui inq iow iem-perature isotropic (LTI)

ovro lv t i c  carbons  in  p ros the t ' i c  dgv ices  requ i r inq  a
ñi oñ á.0t. .  of  thromboresi stance. I  The devel opment
ot-vacuüm-deposited carbon f i lms was undertaken to
áxtená the aipl icat ion of carbon to geometr ies and
conf iqurat iohi  t f 'at  can not reasonab' ly,be fabr icated
i"ár f i r  carbon. The structural ,  physical  and com-'
po t i t ionu i  charac ter is t i cs  o f  vacuum-depos i ted  car -
6ó. i i lms have been found to be simi lar to LTI car-
b o n . ¿ ' J

Thin carbon f i lms have been produced on complex
shaped metal  I  i  c and po' lymeri  c bi  o- implant devi  ces '
ió -bÁ- t ru rv  use fu '1 ,  howéver ,  these. f i l .ms must  bond

"ál l  
to thá substrate and show good adhesion in ser-

u i . . .  The bond s t rength ,  in te r fac ja l  charac ter is t i cs
áni- i"acture mechanisms are'  therefore, important
ión t i¿é .á i ions  fo r  success fu l  app l i ca t ions  o f  these
f i l m s .

Th in  f i lm adhes ion  can be-d iv ided.  in to  severa l
tvpes t " (á ) ' in te r fac ia l  o r  mono layer  adhes ion  in
; i í ; ;  tñá'r i lm and the substrate rcet at  a wel l  de-
i inéá uorn¿ary is character ized by an abrupt change
i"ót- t¡ 'á f i ]m mater ial  to the substrate mater ial  in
¡ i ; t .ñ;á on in.  order of a monolayer thickness; (b)

in te rd i f fus ion  adhes ion  in  wh ich  there  is  a -gradua l
i f ,áñsJ in composit ion across the interfacial  region

"ni .ñ-*uv 
¡é ieveral  hundred angstroms thick provid-

áJ i f , " i "" is some solubi l i ty of  the f i lm and substrate
and there is suff ic ient dr iv ino energy to promote
áit fusion; (c) intennediate layer adhes. ion due to
ió*póun¿ iortát ion at the intei face a¡d (d) mechani-
ca ' l ' adhes ion  due to  in te r lock ing  o f  the  f i lm and sub-
i i "aié due to surface roughness. In most cases, the
áitual  adhesion is a result  of  several  of  the above
iypét.  The most desirable type of interface, from
tirL standpoint of  adhesion, is one !¡  which stresses
in the interfacial  region are distr ibuted over an
aporeciable volume. This can best be done by gra-d-
iñ 'g tLe composit ion of the interface from that of
thé substrate mater ial  to that of  the coat ing mater-
i i l .  The purpose of this study was. to examine the
i i iártaciai  c iraracter ist ics of as-deposited carbon
i i i* t  on two di f ferent metal l ic substrates and to
áetermine the obtainab' le bond strength of carbon
i i i t t  on  meta l ' l i c  and po lymer ic  mater ia ls '

I I . EXPELII'IENTAL
Vacuum deposit ion was used to deposit  th ' in car-

¡on  f i iÁ i  t -+booÁ)  on  nre ta l l i c  and po lvner ic  sub- .

l i .at"s.  i r re coat ing apparatus and dgPosit ion tech-
ni"qüé ñá* been desci ibed previously '¿ The sub-
t i iát . t  were sputter-cleaned by inert  gas ion bom-.

¡u"á*.nt beforb f i lm deposit ion and, ion bombardment

i . r " ió . i l t reá  dur inq  de i ros i t ion .  The.subs t ra te  vo l t -

f f i  ñ;- t ; ; iJ¿ trom"l .8 to 4.0 KV, whi le the arqon

Dressure and deposit ion rate were kept constant 5 x
io :3 - io " r  an¿ 1bÁ/sec ,  respec t ive ly .  The meta l l i c
iúUr t .á t " t  (s ta in less  s tee l  and t i tan ium)  cons is ted
ó i -ñ ig t t lV  po ' l i shed d iscs  0 .25  inch ' in  d jameter  and
ó.0ós- in " . t '  i r ' i c r .  The po lymer ic  subs t ra te  (Vespe l -
á 'óó lv i r i¿ " )  cons is ted  b t  ima l l  cy l inders  0 '25  inch
i n  a  ü j a m e t e r  a n d  0 . 5  i n c h  1 o n g .

Epoxy resin was used to cement the metal l ic test
spec imEñ care fu l l y  be tween ident ica1  s ta jn less  rods
ái¿-cure¿ for 48 hrs. The rods v ' 'ere grooved near the
ánás-io-ptomote f i lm debondino somewhere inside the
i i iÁ iñ¿-nót- i t  t t ' "  edee, so that a true bond str€ngth
and nó t  a  tear ing  or  pée l ing  s t rength .cou ' ld  be  mea-
; ; ; . ¡ : -  Á  prec is íon  f i x tu re-and ba l l  jo in ts  used to
áitr"á a tbnsi le force norma' l  to the f i lm and along
itr .  u*"t  of  the rods. Tests were conducted on a
i iánáa"¿ Instron with a crosshead speed of 0 '02 inl
r in.  In the case of polymer test specimens, one end
wai-t t ' rea¿ed to provi 'de á good gr ip whi le other end
was po1 ished be fore  f i lm depos i t ion .

An Auqer electron spectroscopy system4 that em-

"l^,r .^ ln"Ti í I i i ie lon beam sputter ing gun was used,for
l r"* 'oó. i i ion r lepth prof i  l ing through the f i lm and for
I" . 'u iño-the inierfáce. Peak-to-peak hejghts for car-
6iñ-. .á súbstrate elements were mult iplexed and re-
.ói¿áa as a funct ion of sputter ing t ime' A complete
ióá i i iu t  *us  per iod ica l ]y  ob ta ined th rough the  f i lm
and j  nterfaci  a ' l  regi  on.

I I I  RESULTS AND DISCUSSION

Tab le  I  l i s ts  the  exper imenta l  cond i t ions  and
average bond strengths meásured from at least s ix
iáéniícal  specinnní of di f ferent substrate mater ials '
cóni i¿éra¡ lb effort  was spend in maximjzir lg the. ad-
ñésive strength of di f ferent cements avai labl 'e but
n"ug . i t " t . t s l  in  severa l  cases ,  debond ing  occured.no t
i i  i f tá r i lm-éubstrate interface but at the cement/
substrate interface.

Bond strength greater than 5. |00 psi  were .achiev-
e¿ toi-¡ót¡r  carÉon/ i ta ' in less steel and carbon/t i tan-
irr ' ivt iá ' i t . - -Al l  substrates were sputter c leaned un-

á" "  iáán t l .á l  p las t .  cond i t ions  and subs t ra te  b ias
iól tuq" was adiusted to di f ferent values during f i lm
i ;ñ t id : -  r ióé i len t  adhes ion  ob ta ined on  s ta in less
s iee i  su¡s t ra te  under  a l l  cond i t ions .  ind ica tes  ease

ái- i f " , iñ- iu"bide layeÉ fonnat jon-at.  the interface at
i"*o""átúi"s as low as 100"C. At higher bias condi-

i io 'ns .n¿ therefore higher substrates temperatures
¡; i i jó"¿i ;  larger thermál stresses mav have contr ib-
Jtéá to 'éomewñat reduced bond strength'  The forma-
[ ióñ or carbide layer was conf irmed by Auger.spectro-
scopy  ( f ig .  2 )  and is  p robab ly .  due to  e f fec t l ve  lon-
uórbá"in"ñt c leaning of the substrate which is expos-
i l ' l ;  ñ iqnrv  reac t ive  (par t ia l l v  ion ized)  carbon vapor
dur ing  f i lm dePos i t ion .
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I n  case  o f  t i t an ium subs t ra tes ,  bond  s t reng th  i n -
c reased  w i th  h ighe r  b ias  vo ' l t age  and  subs t ra te  t emper -
ature.  These substrates showed higher  oxygen concen-
t rat ion at  the in ter face and therefore requi red sore-
wha t  l a rge r  ac t i va t i on  (h ighe r  subs t ra te  t empera tu re )
fo r  t he  f o rma t i on  o f  a  ca rb ide  l aye r  a t  t he  i n te r face .
Auger Spectra conf i rmed the format ion of  t i tan ium car-
b ide  l aye r  a t  t he  i n te r face .5  The  th i ckness  o f  i n te r -
f ac ia l  r eg ion  j n  bo th  s ta in less  s tee l  and  t i t an ium
substrates was est imated to be of  the order  of  a few
hundred Angstroms ( !  200-300'A) .

BoND sTRENGTH 0F TIif iLEoioorl FrLMs 0F sTATNLESS
STEEL, TITANIUM AND VESPEL SUBSTRATES

B ias  Bond
Substrate Vo1 tage Strength

CARSON SPECTRUM

INTERFAC€

z l q
É l E

:  383

Debonded
Iltefta-cg

Fi lm/Substrate

J . C .  B o k r o s ,  e t . a l . ,  i n
C a r b o n ,  V o 1 .  9  ( D e k k e r ,

550 Cement/Substrate
203 Fi lm/Substrate
587 Fi 1 m/Substrate
I 069 Fi I  m/Subs trate

( b )
( b )

Chemis t r y  and  Phys i cs  o f
l . f ew  Yo rk ,  1972 )  p .  . l 03 .

f

+

I
.t_

F

=

< ?
E -

=

S
U

) ¿
=
J
d-

Í r
F:

U

0

t .

---Iv¿e-- (,LV). Jps-l L1 --.
Vespe l  1 .6  =2860

S ta in less  
. | . 8  , 4957

T i t a n i u m  1 . 8  = . | 5 6 9
Vespe l  l .B  =3399
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Re fe ren ces

2.0  =37. l8

2 . 2  ( b )

2 . 4  ( b )

Stainless 2.5 >4237 + 390 Cement/Substrate
T i tan ium 2 ,5  =3952 J  383 F i lm/Subst ra te
Sta in less  3 .0  >4563 +  305 Cement /Subst ra te
T i tan ium 3 .0  >5 . l74  T_ 331 Cement /Subst ra te
Sta in less  3 .5  =5 . l . l3  +  462 F i lm/Subst ra te
T i tan ium 3 .5  >4258 T  z f i  Cement /Subst ra te
s ta in less  4 .0  =5297 +  469 F i lm/subs t ra te
T i tan ium 4 .0  =4157 !  420 F i  lm/Subst ra te
(a)  Average o f  s ix  tes ts  o r  more  (+  s tandard  dev ia t ion)
(b )  Fa i lu re  occured in  the  bu lk  poTymer .

The polymer substrate were treated in a weak
p lasma before  f i lm depos i t ion  a t  severa l  subs t ra te
b ias  vo l tages .  Averages  bond s t rengths  o f  more  than
3000 psi  were measured on most specinens except where
the  fa i lu re  occured in  the  bu lk  po lymer  i t se l f .  The
nature of interfacial  region in polymer-carbon system
was not examined but is speculated that C - C type
bond ing  may have been es tab l i shed be tween carbon '
f i lm and subs t ra te .

Q-O¡r_c_Ll¿s LoJS
(a )  Vacuum depos i ted  th in  carbon f i lms  adhere

s t r o n g l y  t o  n ¡ e t a l l i c  ( s t a i n l e s s  a n d  t i t a n i u m )  a n d
po lymer  (Vespe l )  subs t ra tes .  The bond s t rengths
are  comparab le  to  those ach ievab le  w i th  the  bes t
avai I  abl  e s tructural  adhes i  ves .o

(b)  In te r fac ia l  examinat ion  revea ls  a  th in
compound layer formation which should ensure good
adhes ion  o f  carbon f i lms  on  meta l l i c  imp lan t  dev jces .

Suppor ted  in  par t  by  NI l i  con t rac t  N0 l -HV-4-2928.
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F ig .  1  -  Auqe r  dep th  p ro f i l e  o f  ca rbon /s ta in less  s tee l
in ter face.  The change in the shape of  carbon spect-
rum shown at  the top is  ind icat ive of  carb ide forma-
t i on  a t  t he  i n te r face .
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