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S U M M A R Y

T he  , I i r c r a f t  industry  h a s  beco m e i n t e r e s t  ed i n  u s i n i ~ -t d h i s i v e l y

b n d l d  ~I1I1minIIm a l l o y s  as p r i m a r y  s t r u c t u r a l  m a t e r i a l s .  One of the  m u s t

c n t i ca I ch , i  r a ct - r ist i  cs of a bonded panel i.s its ant ic ipated I i  f , -  e xp e c tan cy .

R C S C , I  r c I k - r s  h a v e  o b s e r ve d  that the s u r f a c e  preparation r the  a l u m i n u m

meta l p r i o r  t I l  b I m d in I .~ ~ reat ly i n f l u en c e s  the d u r a b i l i t y  of the bondl ine .

The re fo re , c o n t i n u i n g  r e se a r c h  is n e c e s s a r y  in the a rea  of s u r f a c e  p r e p a r_

ati~~n to improve the q U O l i t V  1)1 the b o n d l in e .

The s ,t r f uc e  preparat ion of c u r r e n t  in terest  is anod iza t i on  by phos-

phor ic  acid e l e c t r o l y te . The current  p r o ce s s  calls for a 10-volt anodizat ion.

The approach for this s t u d y  was an  empirical one where the app l i ed potential

w a s  30 and ~I0 vo l ts .  T his e lec t ro l yte i~enera tes  a composite oxide with a

d e n se , nonpl)roIIs l a yer  f or m i n L ~ on the a l u m i n u m  anode , and then a porous

l ay e r  f o r m i n g  on top of the nonporous  l a y e r . The nonporous l ayer  f rms

a c o n t i n uou s  f i l m  and shou ld  o f f e r  the most  p ro t ec t i on  to the bulk meta l .

The p repa red  a l u m i n u m  s u r f a c e s  were  exposed to a phosp h o r i c  acid

e l e c t r o l y te  at  an applied potential of 30 volts  and 60 volts , at  a c o n c e n t r a t i o n

1 0. 1 \i and 1. O M .  Specimens were  removed  f rom the anod i za t i on  ba th  at

5 , 30 , Q0,and  300 seconds .  The th i ckness  and r e f r a c t i v e  index of the  t.ix i d e

l ay e r s  w e r e  de t e rmined  b y ell i p some t ry .  The a v e r a g e  r e f r a c t i v e  index

~‘-ni- r ated b y these  t imes  was 1 . 5 5 , 1 .64 , 1.50,and 1.4 .  T r a n s m i s s i o n

e l ec t ron  m icr o~.’rap hs show the oxide layer  with a r e f r a c t i v e  index of 1 .64

t he n onp o r o u s . This nonporous  layer  i ncreases  in t h i c k n e s s  f r o m  330 to

860 A , as c o n c e n t r a t i o n  and vol tage  i n c r e a s e s .  A u g e r  e l e c t r o n  spectros-

copy was u s e fu l  in m a k i n g  a q u i c k  e s t imate  of oxide t h i c k n e s s  while pro-

I l in t ~ the  f i l m  to d e t e r m i n e  the e lements  p resen t .  Sur faces  gene ra t ed  b y

th i s  s tud y were  d i f f i c u l t  to c h a r a c t e r i z e  u s i n g  ion s c a t t e r i n g  and s e c o n d a r y

ion m a s s  sp e c t r o s c op y .
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S E C T I O N  I

I N T R O D U C T I O N

R e s e a r c h e r s  h a v e  observed  that  the s ing le mos t  c r i t i c a l  pa r a m e t e r

i n f l u e n c i n g  bond s t r e n g t h  and du r a b i l i t y  of a d h e s i v e l y  bonded a l u m i nu m

st r u c tu r e s  i s  the  s u r f a c e  pr ep a r a t i o n  of the meta l  be fo re  bonding . The

s u r f a c e  p repara t i on  of c u r r e n t  i n t e r e s t  for  a luminum alloys , to be used as

primary structural materials on aircraft , is anodization.

The process  of anodiza t ion  p roduces  a coat ing of meta l  oxide or

h yd rox ide  by the e lec t rochern ica l  oxidat ion of a metal  anode in contact

with an e l ec t ro lyte. This type of oxidation is l imi ted to a few metals , and

the one meta l most  emp loyed for  this  p rocess  is a l u m i n u m .  The electro-

ly tes  used in commerc ia l  processes  a re  s t rongl y ac idic  and n o r m a l ly

gene ra t e  a composi te  f i lm.  The composite f i lm cons is t s  of a nonporous

( b a r r i e r )  layer  fo rming  d i r ec t ly on the a luminum anode , and then a porous

layer forming on top of the barrier layer (Reference 1). In order  to pro-

tect  the a luminum metal  s u r f a c e  the process  should produce a cont inuous

oxide f i lm .  The b a r r i e r  layer  oxide f i lm is usual l y con t inuous , whi le  the

porous  layer  is e s sen t i a l ly noncontinuous with the pore s t r u c t u r e  extending

th rough  this  oxide layer  ( R e f e r e n c e  2 ) .  Porous anodic oxide f ilms  formed

on a luminum by numerous  e lect rolytes have received at tent ion in a number

of review a r t i c l e s  ( R e f e r e n c e s  3 , 4~ and 5) and will rece ive  onl y general

ment ion  in this  report . The commercial  process of anodization that pr o-

duces a thick ( > 2 . 51i.m) porous oxide fi lm , that r es i s t s  weather ing  and

de te r io ra t ion, is well known ( R e f e r e n c e  6).  H owever , in order for an

adhesive to form an in tegra l  bond with the metal adherend , the sur face

oxide layer has to be thin ( ( 0 .  5~im) .  The quality of this thin anodic oxide

f i lm will determine the amount of corrosion protection the bulk a luminum

will  receive and; therefore , add to the durabi l i ty  of the formed adhesive

bond.
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T h i s  report u s  p r i m a r i l y c o n c e r n e d  with the f o r m a t i o n  of porous  anodic

f i l m s  on a l u m i n u m  us ing  pho sph o r i c  acid as the e l e c t r o lyte , s i n c e  t h i s  ac id

is c r e a t i n g  the m u s t  interest , at p resen t , for the surface p r e p ar a t i o n  of

aluminum alloys used in bonded a i r c r a f t  s t r u c t u r e s .  In p a r t i c u l a r , our

i n t e r e s t  is in the e a r l y s t ages  of oxide growth , since this is the layer that

f o r m s  a c on t i n u o u s  f i l m  and should  o f f e r  the  mos t  pro t ec t i on  to the  bulk

m e t a l .  C o n d i t i o n s  being used p r e s e n t ly fo r  a n o d i z i n g  a l u m i n u m  with pho s-

ph or i c  acid a r e  1OV , 1. OM fo r  20 m i n u t e s .  Oxide f i l m s  g r o wn  u n d e r  these

c o n d i t i o n s  have  been studied ( R e f e r e n c e s  7 and 8) .  In o r d e r  to expand our

knowled ge on ox ide  f i l m s  grown in a phosp h o r i c  ac id  e l e c t r o l yte , our

cond i t ions  d i f f e r e d  f r o m  those stated previously .

A n u m b e r  of s u r f ac e  anal ys i s  t echn iques  were  u t i l i z e d  to he l p us

be t t e r  u n d e r s t a n d  the c h ar a c t e r i s t i c s  of these  oxide l ay e r s .  With these

data  i t  shou ld  be p o s s i b l e  to deve lop  improved  anod ic  oxide f i l m s  by calcu-

l a t i o n  of the  d e s i r e d  p r o p e r t i e s  r a the r  than b y t r i a l  and e r r o r .

2
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SECTION II

E X P E R I M E N T A L

The study was c a r r i ed out us ing  va cuum deposited ( 10~~ torr)

aluminum films (0. Sum ) on chemically cleaned g lass s l i de s.  The deposi-
0 

0tion ra te  was 100 A / sec  whi l e  the s l ides w e r e  held at 150 C. F i lms

depos i t ed  unde r  these  c o n d it i o n s  a re  v e ry  homogeneous  in c o v e r ag e  and

provide a surface that  is both su i tab le  for  a n o di z a t i o n  and e l l i p s orn e t ry

s tud ies ,

Each spec imen was masked  to p r e s e n t  a 10 cm 2 
a rea  to the  e lec t ro-

lyte .  The s u r f a c e s  were  then exposed to 0. 1M and 1 . O M  H
3 

P0
4 e l e c t r ol y t e

under  an app lied po ten t ia l  of 30 and 60 vol ts . Spec imens  w e r e  removed

f r o m  the e l ec t ro lyte a f t e r  5 , 30, 90,and 300 seconds .

All el l i p some t ry  m e a s u r e m e n t s  were  made on each “ba re ’ a l u m i nu m

fi lm p r i o r  to anod iza t ion  and af t e r  each t ime  i n t e r v al  in the  e l e c t r ol y te .

Data was obtained at an angle  of inc idence  of 70 ° u s i n g  an u np o l a r iz e d  li ght

sou rce  of 5461 ~ wavelength . E x p e r i m e n t a l  de t a i l s  a r e  de sc r i bed  in a

p r e v i o u s  report (Reference 9).

Ion Sca t t e r i ng  Spec t roscopy  ( ISS) , Secondary Ion Mass  Spec t ro scopy

(S IMS) , and A ug e r  E lec t ron  Spec t roscopy (AES)  were  u t i l i z e d  in stud ying

the elemental chemica l  proper t ies  of the anodized s u r f a ce s .  The bas is  for

these  t echn iques  depends p r i m a r i ly on bombarding a solid s u r f a c e  with a

beam of cha rged  p a r t i c l e s  under  hi gh vacuum and d e t e c t i n g  the e n e rg y

a n d/ o r  mass  of the p a r t i cles  emit ted  or ref lected  f rom the su r face .  ISS

involves bombarding the s u r f ac e  with r a re  gas ions and then de tec t ing  the

energy  losses of the ions reflec ted  f rom the f i r s t  monola yer of the samp le.

Simultaneousl y, these bombard ing  ions will  sputter off  t.he f i r s t  atomic

layer with a small f rac t ion being ejected as positive ions . These secondary
ions a re  then di rected into a small quadrupole mass  spectrometer  and

3 
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detec ted  to  g ive an e l e m e n t a l  mass  sp e ct r u m  (SIMS) . AE S uses  an  e l e c t r o n

beam for  prob ing  the solid s u r f a c e  and ana l y z e s  the e n e r g y  d i s t r i b u t i o n  of

the s e c o n d a r y  e l e c t r o n s  c r ea t ed  in the pr o c e s s . Depth p r o f i l e s  of t h e se

s u r f a ce s  ir e  e a s i l y ob ta ined  in the A ug e r  t e c h n i q u e  by s p u t t e r i n g  the  sur-

face  wi th  a h e a vy  ( A r )  r a r e  gas ion w h i l e  prob ing  with the e l e c t r o n  b e a m .

D i s c u s s i o n  of t he se  t e c h n i ques  may  be found  in e a r l i e r  p u b l i c a t i o n s  (R e f e r -

ences 10 . 11 , and 12).

T r a n s m i s s i o n  E l e c t r o n  M i c r o g r ap hs  ( T E M )  were  obtained on most

of the  anod ized  s u r f a c e s .
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SECTION III

R E SU L T S  A N D  DISCUSSION

1, C 1-IA R A C T E RI S T I C S  OF FILM G R O W T H

In o rder  to u t i l i z e  e l lip s o r n e t ry  in a stud y of this nature , i t is

n e c e s s a ry  to know the opt i c a l  c o n s t a n t s , n C ,~ ( l - i ~~) ,  of the b a r e ’ metal

s u r f a c e  (c o n s i d e r e d  to be f i lm  f r e e~~) .  The optical p r o p e r t i e s  and t h i c k n e s s

of an  oxide  f i lm gene ra ted  by the e l ec t rochemica l  p rocess  m a y then be

d e t e r m i n e d .  The p rob lems  e n c o u n te r e d  in p r ep a r i n g  a l u m i n u m  on g l a s s

s l i d e s  have  been d i s cu s s e d  ( R e f e r e n c e s  13 and 1 4) ;  t h e r e f o r e , i t  was

n e c e s s a r y  to d e t e r m i n e  the opt ical cons tan ts  of all  the p repa red  meta l

s u r f a c e s . In th i s  manner  all of the s u r f a c e  imper fec t ion s a r e  taken into

c o n s i d e r a t i o n  when we d e t e r m i ne  f i l m  th i ckness.  The a v e r a g e  r e f r a c t i v e

index was d et er m ined t o be , u~~, = 0 . 8 3 3 8 ± 0 . 1  ( 1- i  5 . 8 3 7 2 ± 1 . 0) ;  however ,

the  r e f r a c t i v e  index of each individual  samp le was used in the f i nal  anal y s i s .

The optical  constants  of the generated ariodic oxide f i lms  were obtained b y

t r i a l  and e r r o r  f i t t ing  of the experimental  and calculated data . The calcu-

lated data was obtained with the use of a computer  p r o g r a m .  The experi-

mental  data obtained f rom the elli p sorn eter is observed as ~ and I/s v a l u e s .

Fi gure 1 shows the type of curve that  would be genera ted  by an anodic

oxide f i lm of bo ehmite  (Al  OOH , r e f r ac t ive  index of I . 65) on an a luminum

film having an optical  cons t an t  repor ted  previously. Actual experimental re-
sul ts  obtained on an oxide f i lm f rom a phtha l ic  acid e lec t ro l yte fa l l  qui te

-~ -~~~~~~ 

close to this  curve . The perpendicular  mark  represen t s  the “bare ” sub-

s t ra t?  and the data fol lows a clockwise motion.  The phthalic acid electro-

lyte gave a th i ckness  of 1020 A at 80 volts . The average  r e f r a c t i v e  index

of the f ive anodic oxide f i lms  obtained f rom this  e l ec t ro lyt e was 1. 6 4 7 ± 0 . 0 0 7 .

Us ing  these optical cons tants  the curve  wil l  r e t r ace  i tse l f , s t a r t ing  a round
0 0

2100 A , when the f i lm does not absorb the 5461 A source ene rgy  ( K  = 0) .

0
A na tu ra l  a i r  formed oxide , 20 A , is usuall y present .

5
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f h e  c h e m i s t r y  and c r y s t a l  s t r u c t u r e  of a l u m i n u m  oxide and hy d rox ide

f i l m s  on a l u m i n u m  h a v e  been studied ex tens ive ly ( Re f e r e n c e  4~ . For mos t

of the p rev ious  s tudies  the conc lus ions  about f o rmed  oxide f i l m s  va ry  f r o m

a m o rp h o u s  b a r r i e r  l a y e r s  to c r y s t a l l i n e  porous  l a y e r s .  Calcula ted  elli pso-

m e t r v  c u r v e s  in Fi g u r e  2 show Al- 0 compounds  that  r a n g e  in r e f r a c t i v e

index f r o m  1 . 58  to 1 . 7 6 . An anal y s i s  of these  resu l t s  shows it is not possi-

ble to d i f f e r e n t i a t e  the th ree  compounds in the th ickness  range  0 to 500 A .

The t h i c k n e s s  reg ion 1 300 to 2100 A would show s i m i l a r  over lap .  Experi-

men ta l  r e su l t s , obtained dili gentl y, could d i f fe ren t ia te  between b a y e r i t e  and

boehmite  in the th ickness  reg ion 500 to 1300 A . However , these data were

ca l cu l a t ed  on the p remise  that  onl y a s ing le  f i lm , with a homogeneous  re-

f r a c t i v e  index , has grown on the a luminum substrate . Redea rch  in this

area , u s ing  phosphoric acid as the e lect rolyte , shows that we cannot use the

above p remise  ( R e f e r e n c e  15) . The fact that composite f i lms grow in phos-

phor ic  acid and the re f rac t ive  index will not be homogeneous throug h out the

fi lm thickness can be seen in the t ransmiss ion  electron mic rographs shown

in F igu re s  3 and 4. Also  shown is the different  morpholog ies for the ba r r i e r

ari d porous layers  obtained from each electrolyte concentration.

The resul ts  of the elli psometricall y determined values of r e f r ac t ive

index and thickness  of all the f i lms generated from this st ud y are  g iven in

Table ~~~ The effect  a chang ing refract ive  index would have on the elli pso-

metric data can be seen from the mosaic of curves shown in F igu re  ‘ .

Ttie data , f rom Table I , proceeds in a clockwise direction f rom the

perpendicula r m a r k .  The re f rac t ive  index observed experimentally m di-

cates a dense b a r r i e r  layer .  As the f i lm grows thicker the best f i t  data

for  the experimenta l elli p sometr ic  parameters  ~~ and I/s to those calculated

by the computer program show the refract ive index dropp ing in value . If

the absorption coeff ic ient  ( K )  r emains  equal to zero , the curve will retrace

i t se l f .  In order to obtain a best f i t  for the ~~ and cu data obtained from the

300 second interval analization , K has to assume a positive value .

6
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TABLE 1

VALUE S OF RE FRACTIVF INDEX AND THICKNESS FDR ANODIC OXIDE

FIL~~

TIME (SEC )

5 
— 

30 90 300

30V 1.60 1.64 1.55 1.4~
0. 1M d, A 300 330 590 860

30V 1.55 1.65 1.50 1.3~
1.OM d,A 320 375 815 2630

60V 1.52 1.60 1.54 1.4~
0. 1M d,A 730 760 985 1765

60V 11
~ 

1.55 1.64 1.50 1.4~
1.OM d,A 720 860 1030 2855
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4 The 300-second anocl i z a t i o n  e xp e r i m e n t a l  data  f a l l  c l o se  to  th e  calcu-

l a t e l  c u r v e , des i g n a t e d  X , sho~ m in F ’igu r e  b . It is ap pa r e n t  f r o m  th ese

data t ha t  t l-.e p o r o u s  i~rowth d e cr e a s e s  t h e  v a l u e  of ,~ w h i l e  it  i n c r e a s e s  K .
0W h e n  th e  o bse r v e d  v a l u e  of ~< i s  (1 .0 1  or l e s s , f o r  f i l m s  less  t h an  1000 A ,

:. a n d  cii y i e l d  ap p r ox i m a t e l y  the  sa m e  val ues as  w h e n  1< 0 ( F i g u r e  7 ) .

The data  shown in  Fi g u r e  7 m a k e s  i t  obv ious  if we ma tch  onl y A va lues

( e xp e r i m e n t a l  to  c al c ul a t e d)  it  would not  he p o s s i b l e  to fo l low the m e c h a n i s m

~)f the  po rous  oxide g r o w t h  because  these  va lues  r ema in  constant th r oug hout

the t h i c k n e s s  r a n g e  of i n t e r e s t , and the  s e n s it i v i t y t o  porous  g r o w t h  is

r e f l e c t e d  p r i m a r i l y in I/ i

The r e l a t i o n s h i p of anod ic  oxide growth rate to f i lm  t h i c k n e s s  is shown

in Fi g u r e  8 f o r  the v a r i o u s  anod iza t ion  p a r a m e t e r s.  Dur ing  the f i r s t  30

seconds  the  g r o w t h  ra te  for  the  60-volt  anodiza t ion  is approximate ly 2 t imes

that  of the  ~s0 vo l t . The n- or e  dense  b a r r i e r  layer  f o r m s  du r ing  this t ime

i n t e r v a l  and the g rouping of the data points indica tes  the th i ckness  of th is

l a y e r  is d i r e c tl y p ropor t iona l  to the app lied vol tage.  At  the 90-second inter-

val  the g rowth  rate  for  the 30-volt anodizat ion  slows to the point where  the

60 vol t  ap pr o a c h e s  the  same rat e .  It is apparent  that  the mechan i sm of

oxide growth c h an g e s  d u r i n g  the 30 - 9 0 - s e c o n d  a n o d i z a t i o n  in te rva l.  A fte r

the °0-second i n te r v a l  the c o n c e n t r a t i o n  of the e lec t ro lyt e plays a more

i m p o r t a n t  role.  T h i s  can be seen in Fi gure  8 for  the 300-second t ime inter-

val data points where  the 1 . OM , 30 V curve  c r o s s e s  the 0 . 1M , 60 V curve ,

and the  g rowth  ra tes  for  the  same c o n c e n t r a t io n  approaches  a s i m i l a r  va lue.

The ave rage  r e f r a c t i v e  index for  the 5-second i n t e r v a l  data points  is

1 . 5 5 .  T h i s  va lue  is somewhat  low for  a ba ’~r i er  layer  f i l m .  This  may  be

exp lained b y the in i t i a l  s l igh t  roug hing of the a luminum su r face  in contact
with the phosphor ic  acid . The data points f rom the 30-second interval  show
a n average  1

~) f 1. 63. This  value is more  in l ine with the r e f r ac t ive  index
of a t ru e  b a r r i e r  l aye r .

8
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The a v e r a g e  r e f r a c t i v e  index for  the 90-second in te rva l  drops to 1 . 5 2 .

It is between the 30-and 90-second t ime  in t e rva l  w h e r e  the anodic  oxide

growth  m e c h a n i s m  changes  f rom nonporous to porous . The  r e f r a c t i v e

index rea ding for  the 300-second in te rva l  is 1.38.  This  r e a d i n g  should be

des igna ted  as the ap pa r e n t  r e f r a c t i v e  index because  the a b s o rpt i o n  coeff i-

c ien t  value exceeds 0 . 0 1 .

2. AUGER CHARACTERISTICS OF ANODIC OXIDE FILMS

Cons t ruc t i ng  an in -dep th p ro f i l e  map is a re la t ive ly easy task  u s ing

A u g e r  peaks which a r e  repet i t ively recorded while s imul taneous ly sputter-

ing awa y the sur face  (Re fe r ence  16) . The peak to peak hei ghts  of elements

of in teres t  are  measured  and plotted as a funct ion of sput te r ing  t ime.  An

a r b i t r a r y  charac te r i s t ic  ( e . g .  crossover point AlK~~ and 0 profiles ) of

the prof i le  curve is de termined to be the end point for  the d isappearance  of

that element from the sputtered f i lm.  U sing this end point , in units of t ime .

and f i lm thickness genera ted  by the elli psometer a ca l ib ra t ion  curve  can be

established . This curve is valid onl y for  the energy  condit ions used in

obtaining the Auger  data . F igure  9 is a ca l ibra t ion  curve for  the data ob-

tained from th is  stud y. The sput ter ing rate will be dependent on the dens i ty

and s to ichiometry  of the film . The deviation f rom the s t ra ight line for this

case is presumed to be p r imar i l y due to a change in densi t y of the fi lm as

sput ter ing proceeds f rom the bar r ie r  to porous layer .  The deviation indi-

cates less time to sputter through a film as it becomes th icker .  This in

turn  would indicate a less dense fi lm which would be the case for a porous

anodic oxide layer .

Anion incorporat ion into the oxide f i lm has always been of concern to

past researchers  (Re fe rences  17 and 18) . Fi gure 10 shows an Auger  spec-

t rum for a 1. O M , 30 V anodizat ion . Spectra l fea tures  show phosphorous ,

some carbon , oxygen and a luminum . The relat ive intensi t y of the phos-

phorous energy peak is larger  for the thicker f i lm;  however , any quantita-

tive assessments  are made d i f f icu l t  by the vary ing sensi t ivi ty  of Auger  peaks

9
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for  va r ious  e lements . P r o f i l i n g  th roug h the t h i cknes s  of these  f i lms  shows

the phosphorous  peak to peak i n t e n s i t y  fa l l ing  to zero  within two to fou r

minu te s  of s p u t t e r i n g  t ime , depending on the densi t y of the oxide l aye r .

3. ION S C A T T E R I N G , SIMS , C H A R A C T E R I S T I C S  OF ANODIC OXIDE

FILMS

Ion s c a t t e r i n g spec t roscopy  ( F i gure  11) shows no speci f ic  s c a t t e r i n g

characteristics other than the expected oxygen and a luminum energy  peaks.

Phosphorous  is a poor scat ter  in ISS and its energy peak occurs too close

to aluminum to be observed.

The SIMS spectrum ( F i gure 12) shows data f rom a bar r ie r  layer

(h i gh r e f r ac t ive  index) and a porous layer .  With the amp lif ier  sensit ivi ty

set at 10~~’ amperes for both samples it appears the sputtered species

f rom the hi gh r e f rac t ive  index surface  are more numerous , with OH + and

A 1OH + species being present .  However , not enoug h data has been obtained

at this time for  this to be defini t ive .

A 0

10

•0 
_ _ _ _ _ _ _ _ _ _- - -— - ~~~~~~~ — ~~~~~~~~~~ - .. - -- — ~~~~~~~~~~~~~~~~~~ nr ~,t , ...—-.~

-.. -- - - 
~~~



SECTION IV

CONCLUSIONS

The vol tage and concen t r a t ion  employed d u r i n g  anod iz ing  a l u m i n u m

in phosphor i c  acid has an impor tan t  in f luence  upon the s t r u c t u r e, morpho-

logy, and proper t ies  of the oxide f i lm . The energe t ics  of the anodiz ing

mechanism are  reflected in the data obtained f rom an el lipsometer . These

resul ts  establish that a good cor re la t ion  exis ts  between the r e f r a c t i v e  index

and the nonporou s oxide that fo rms  ini t ia l l y at the anode , and the apparent

re f rac t ive  index and the growth of the porous oxide on the nonporous  l aye r .

However , due to the af fec t  of the porous s t ruc tu re  of the oxide on K ,  an

element of subject iv i ty  is inherent  in these data obtained for  th icknesses
0

grea ter  than 1000 A.  This makes it very diff icul t  to determine the type of

aluminum oxide compound formed on the anode by elli psometry.  The n on-

porous 1 dense , ba r r i e r  layer should lend itself to the protect ion of the bulk

aluminum from a corrosive environment .  The data obtained from this stud y
0

shows the barr ier  layer increases ~n thickness from 330 to 860 A as concen-
0

tra t ton and voltage increases .  A ba r r i e r  layer of approximatel y 150 A will

be generated by the cur rent ly used anodizing parameters  ( l O V , 1 .OM ,

20 minutes) .

The AES and positive SIMS techniques appear to have value in these

studies . The AES technique has the ability to make a quick estimate of

oxide thickness , bas ed on appropriate standards , and the quality of the

oxide layer from the elements detected. Using He as the scattering ion,

• - — ISS is str ict ly a f i r s t  sur face  layer technique . We were careful  to keep our

sur faces  clean , so for this part icular  study, ISS was not very  informative.
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