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3. The cathodic charging technique indicates that  
two distinct oxygen species, most probably chemi- 
sorbed oxygen and nickel oxide, are formed on the 
surface. 

4. Chemisorbed oxygen is reduced with a current  
efficiency close to 100% and gives a distinct arrest 
structure.  Oxygen coverages can be determined since 
the roles of nonelectrochemical  dissolution and parallel  
hydrogen evolution can be separated out from the 
cathodic reduct ion reaction. 

5. The current  efficiency for reduct ion of nickel oxide 
is poor and oxide coverages cannot be determined di- 
rectly. 

6. Oxidation ini t ia l ly  gives nickel oxide at the active 
sites with s imultaneous formation of NiOads, over the 
rest of the surface, up to a monolayer  coverage. Fu r -  
ther  oxidation converts the NiOads to nickel oxide. 

Manuscript  submit ted June  3, 1976; revised ma nu-  
script received Aug. 4, 1976. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  197'7 JOURNAL. 
All  discussions for the June  1977 Discussion Section 
should be submit ted by Feb. 1, 1977. 

Publication costs of this article were assisted by the 
National Research Council of Canada. 

REFERENCES 
1. B. MacDougall and M. Cohen, This Journal, 123, 191 

(1976). 
2. B. MacDoUgall and M. Cohen, ibid., 121, 1152 

(1974). 
3. P. B. Sewell, B. MacDougall, D. F. Mitchell, and 

M. Cohen, Proceedings 6th In terna t ional  Con- 
gress on Metal Corrosion, Sydney, Austral ia  
(1975). 

4. J. O'M Bockris, A.K.N. Reddy, and B. Rao, This 
Journal, 113, 1113 (1966). 

5. D. E. Davis and W. Barker, Proceedings 2nd In te r -  
nat ional  Congress on Metal Corrosion, New York, 
p. 55,1 (1963). 

6. M. Okayama and S. Haruyama,  Corros. Sci., 14, 
1 (1974). 

7. P. H. Holloway and J. B. Hudson, Surf. Sci., 43, 123 
(1974); 43, 141 (1974). 

8. D. F. Mitchell, P. B. Sewell, and M. Cohen, ibid., In  
press. 

9. H. H. Uhlig, Corros. Sci., 7, 325 (1967). 
i0. C. R. Crowe and S. G. Fishman, ibid., 13, 569 (1973). 
ii. L. N. Yagupalskaya and B. A, Movchan, Proceed- 

ings 4th International Congress on Metal Corro- 
sion, Amsterdam, p. 473 (1969). 

12. R. M. Latanision and H. Opperhauser, Corrosion 
(Houston), 27, 509 (1971). 

13. A. M. Laynon and B. M. W. Trapnell, Proc. R. Soc. 
London, Set. A, 227, 387 (1955). 

14. N. Sato and M. Cohen, This Journal, III, 512 (1964). 
15. H. A. Kozlowska, B. E. Conway. and W. B. A. 

Sharp, J. Electroanal. Chem., 43, 9 (1973). 
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ABSTRACT 

Dur ing  prolonged anodizing of a luminum in aqueous 3 weight percent  am- 
monium tartrate,  ionic current  components represent ing porous oxide devel-  
opment and a luminum dissolution were evaluated by gravimetry  and optical 
absorbance, respectively, and compared to the total flow of charge measured in  
the external  circuit. Electrolytes of pH 6.1 and 7 were studied. The dissolution 
of a luminum was markedly  higher at pH 7, whereas the rate of porous oxide 
development  was only slightly increased. In  both cases an electronic current,  
obtained by difference, was evaluated, but  it was very small at pH 7. At pH 7 
a large nonelectrodic dissolution of a luminum was seen at the onset of anodiz- 
ing. These observations are discussed in  terms of steady-state processes in  the 
barr ier  oxide layer  involving both ionic t ransport  and oxide dissolution. 

Recent work has shown that  a steady-state current  
develops dur ing prolonged anodizing of a luminum in 
aqueous solutions of ammonium tar t ra te  that  is 
characteristic of the applied potential  difference (1). 
It has been fur ther  shown that  anodic films formed in 
this electrolyte, al though t radi t ional ly  regarded as 
"barr ier- type,"  are, in fact, analogous to films formed 
in the t radi t ional ly  "pore-forming" electrolytes (e.g., 
sulfuric acid), both with respect to s tructure develop- 
ment  and t ransient  behavior of the anodic current  at 
constant  applied potential  difference (2, 3). In  a t tempt-  
ing to unders tand  both steady-state and t ransient  
aspects of the anodic current  it is per t inent  to know 
the na ture  of the charge transfer  processes that  occur 
at the anode. During development  of a barr ier  oxide 
layer  and, in pore-forming electrolytes, subsequent  
growth of a porous layer, the mode of charge t ransfer  
through the anodic oxide has been tacitly regarded as 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** Electrochemical Society Active M e m b e r .  
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c h a r g e  transfer. 

ionic for good and obvious reason. O'Sul l ivan and 
Wood, in their excellent treatise, discuss possible ionic 
processes in detail (4). The actual mechanism of ionic 
charge transfer  is not certain, however, re lat ively 
recent tracer studies having supported cationic 
flow (5), anionic flow (6), and migrat ion by both 
anions and cations (7, 8). While cationic current  must  
be pr imari ly  due to aluminic ion, there may be a small  
protonic contr ibut ion (9, 10), and anionic current  may 
be at t r ibuted to hydroxyl  ions (9-12), oxide ions 
(8, 12), and acid anions (13, 14). In  contrast, interest  
in anodic a luminum oxide films formed in "barr ier -  
forming" electrolytes has s temmed largely from their  
abil i ty to rectify a l ternat ing current.  Again for obvious 
reason, the charge transfer  mechanism in this case has 
been tacitly regarded as electronic, prompting con- 
siderable study of the role of both electronic and 
s tructural  defects (11, 15-24). Electronic defects may 
arise either by hole inject ion at the meta l /oxide  in te r -  
face, or electron inject ion at the oxide/electrolyte 
interface occasioned by oxygen l iberat ion from water, 
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hydroxyl  ion, or other oxyanions. Diggle et al. (25) 
have suggested that the charge t ransfer  mechanism in 
bar r ie r - type  films is field dependent;  at high fields, 
the film is growing and both electronic and ionic flow 
occur, whereas at low fields this is not the case, only 
electronic flow being seen. Clearly the growth of a 
porous oxide layer on prolonged anodizing even in 
barrier-forming electrolytes, cited above (2, 3) and 
previously noted by others (26-28), is indicative of 
ionic flow under steady-state conditions. 

The present study was performed to distinguish 
between ionic and electronic currents passed during 
prolonged anodizing of aluminum in a barrier-forming 
electrolyte. This was accomplished by measuring 
(i) the total current, and (it) the ionic current, the 
latter being represented by the appearance of alum- 
inum in the oxide film and also dissolved in the electro- 
lyte. The electronic current (iii) was then established 
as the difference between (i) and (it) above. 

Exper imental  Procedures 
Anodic oxide films were formed on cylindrical  spec- 

imens, approximately 1 cm long and 1/2 cm in diam- 
eter, prepared from 1/4 in. diameter  rod of 99.9995% 
or 99.999% pur i ty  (obtained from Materials Research 
Company and Leico Industries, Incorporated, respec- 
t ively).  The specimens were center drilled and tapped 
on one end for incorporation into a specimen assembly 
described by Greene (29), mechanical ly polished to 
600 grit SiC paper, degreased with benzene followed 
by methanol,  and finally rinsed with doubly distilled 
water. Some specimens were annealed at this stage of 
preparat ion for 1 hr at 80~ but  this was found to 
have no effect on the exper imental  results. Subse- 
quent ly  the specimens were chemically polished for 
20 min  in  a solution of 3 parts nitric acid, 80 parts 
phosphoric acid, and 17 parts distilled water, rinsed 
with doubly distilled water, and dried with warm air. 

Anodizing was conducted in a standard six hole 
Corning polarization cell, described by Greene (29). 
This incorporated two platinum counterelectrodes as 
well as the aluminum working electrode, a thermom- 
eter, and a gas inlet tube by which the electrolyte 
was continuously purged with nitrogen. Before each 
experiment all assemblies were meticulously cleaned 
with detergent, followed by concentrated hydrochloric 
acid, and thoroughly rinsed with doubly distilled water. 
All experiments were conducted at 30 ~ • 0.5~ 
The anodizing electrolyte was a solution of 3 weight 
percent (w/o) reagent grade ammonium tartrate in 
doubly distilled water, in one portion of the work 
this solution was used as-prepared, having a pH 
value of 6.1; in other experiments it was titrated with 
dilute ammonium hydroxide to pH 7. The cases have 
been distinguished in reporting the results. In all ex- 
periments the anodic current was initially controlled 
at 1 mA/cm 2 until the anodizing potential reached 
5OV. This required approximately 5 rain. Subsequent 
to this point in each experiment the potential was 
controlled at 50V. Experiments were terminated after 
intervals ranging from the point at which constant 
potential was imposed to 64 hr. 

Several experiments were run for each anodizing 
time; except as noted all results are reported as 
averages determined from actual experimental values, 
with the data spread indicated where possible. For 
each experiment the following measurements were 
made: 

(a) Total charge passed. Total charge passed after 
a given anodizing time was determined by integrating 
the as-recorded anodic current over time, using Strop- 
son's rule. Values were normalized by division by 
individual, as-measured specimen areas. 

(b) Oxide film weight. Two methods were used to 
determine the weight of oxide film formed during 
anodizing. In one technique the anodized specimens 
were carefully washed with doubly distilled water, 
then with methanol, and dried in a dessicator. The 
films were then removed by immersion of the speci- 

mens in a saturated aqueotts mercuric chloride solu- 
tion. The films were rinsed in  doubly distilled water  
and again in methanol.  The lower surface tension of 
methanol  as compared to that  of water reduced the 
degree of distortion seen in the films on drying. The 
dried films were weighed with a Cahn RG electro- 
balance; repeti t ive measurements  showed a repro- 
ducibil i ty of 1 ~g. The films were not removed intact; 
in order to obtain the area represented by each weight 
measurement  the films were photographed together 
with a scale and the areas of the resul t ing images were 
determined with a planimeter .  

The other technique involved making three weight 
determinat ions for each specimen: (i) weight before 
anodizing, (it) weight after anodizing, arid (iii) weight 
after removal  of the anodic film. Weight (it) minus 
weight (iii) constituted the weight of the oxide film, 
while weight (i) minus weight (iii) represented the 
total a l u m i n u m  reacted. Oxide film removal  was ac- 
complished by repeated brief  immersions in a hot 
phosphoric-chromic acid solution (30), with degree of 
film removal  being monitored by weight measurement.  

The second of these methods provided an additional 
evaluat ion of the total .amount of .aluminum reacted, 
providing an in terna l  check for each experiment,  but  
was less sensitive than  t,he first method due to the 
greater mass being weighed. Results using the two 
methods were in agreement. 

(c) A luminum dissolved in the electrolyte. Although 
this could be .determined indirect ly by  the second 
gravimetric  technique described above, it was mea-  
sured directly for each exper iment  using an optical 
absorbance technique, ASTM Standard D857-69, 
Method C (31). This method was modified by omission 
of correction procedures for i ron and fluoride, and by 
preparing standard solutions for calibration with fresh 
anodizing solution rather  than with distilled water. 
A Cary spectrophotometer Model t4R was used. 

In addit ion to the measurements  described above 
selected films and substrates were examined using a 
Phillips EM3(}0 transmission electron microscope and 
a Cambridge scanning electron microscope, respec- 
tively. 

Results 
Typical anodic current vs. time curves are shown in 

Fig. 1 for pH 6.1 and 7. The behavior of anodizing 
current over extended periods of time is analogous to 
that previously reported (I, 2). A dependence of cur- 
rent on pH is evidenced, with current values being 
higher for pH 7 than for pI-I 6.1. The total charge 
passed is shown as a function of time in Fig. 2. Since 
the anodizing current is virtually constant after the 
first few hours, the charge passed is linear with time, 
with a nonzero intercept indicative of the relatively 
high current passed during the initial constant current 
region of anodizing. The slopes for pH 6.1 and 7 are 
21.44 and 28.14 ~A/cm 2, respectively. The oxide film 
weight, shown vs. anodizing time in Fig. 3, exhibits a 

50 

~ 40 

~-~o 

z~ 2o 
LU 

~ 1 0  

pH 7"0 

pH 6"1 

ANODIZING TIME (hr) 

Fig. 1. Anodizing current vs.  time 

114 116 

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-16 to IP 

http://ecsdl.org/site/terms_use


Vol. 123, No. 12 CHARGE T R A N S F E R  PROCESSES 1791 

E 

~4 
_9o 

o 3 
laJ 

"i- 
(3  

I I I 
I 0 210 3 0 410 510 6 0 

ANODIZING T I M E  (h r )  

Fig. 2. Total charge passed per unit area vs. time 

4 0 0  

~E 3oo 
u .  

) 2 0 0  

. ~  I 0 0  

m 

i i i i i z 

J 

I I I I I I 

I 0 2 0  SO 4 0  3 0  6 0  

A N O D I Z I N G  TIME (hr) 
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similar  behavior, being approximately  l inear  z with 
slopes of 5.84 and 6.57 ~g/cm2hr at pH 6.1 and 7, respec- 
tively. Again, a nonzero intercept  is seen, representa-  
tive of rapid film formation under  constant anodic cur-  
rent. The amoun t  of a luminum dissolved in the anodiz- 
ing electrolyte is shown in Fig. 4. Again, the behavior 
is approximately linear, 1 with a substant ial  dependence 
on pH, the slopes being 2.84 and 5.75 ~g/cm2hr for pH 
6.1 and 7, respectively. A near  zero intercept  and small 

W e r e  the  e r r o r  b r a c k e t s  extended to the  95% confidence limits 
on the  m e a n  of each  da ta  set,  t h e  re la t ionsh ip  would  be  l inear.  
Fo r  conven ience  in the  ensu ing  discussion, l inearity is assumed. 

experimental  scatter are seen at pH 6.1, while at pH 
7 the intercept  is approximately  90 #g/cm2 and  the 
scatter in analyses is substantial .  

Transmission electron microscopy revealed pore de- 
velopment  similar  to that previously described (2), 
with pore ini t iat ion approximately coincident with 
the mi n i mum in anodizing current  shown in Fig. 1. 
With the use of stereo pairs (2), it was possible to 
directly measure the barr ier  layer thickness to be 
625 ~_ 15A, corresponding to an anodizing constan.t 
of 12.5 • 0.3 A/V. SEM rexamination of the substrates 
revealed a substant ial  surface roughness, character-  
istic of chemical polishing. 

Discussion 
As noted in the preceding, a basic premise of this 

study was that the ionic current  passed through the 
oxide could be accounted for by the appearance of 
a luminum as oxide and as a lumina te  ion dissolved in  
the electrolyte. It was fur ther  presumed that  the 
difference between this value and the total current  
passed must  represent  electronic current.  To facilitate 
comparison data from Fig. 3 and 4 were converted to 
equivalent  charge, assuming that the oxide was stoi- 
chiometric AI2Q and that three equivalents  of charge 
were passed for every gram atomic weight of a lu-  
m i n u m  oxidized. Figures 5 and 6 depict these compari-  
sons for pH 6.1 and 7, respectively. The comparison 
for pH 6.1 is straightforward; the sum of the two ionic 
components of the charge passed, subtracted from the 
total charge passed, yields a net charge flow which 
must  be a t t r ibutable  to electronic flow. This is not 
t rue at pH 7, where the sum of the ionic components is 
more than can be accounted for by the observed flow 
of charge through the external  circuit. 

This apparent  discrepancy may be explained as 
follows. At pH 6.1 the charge represent ing dissolved 
a luminum has a zero intercept, ind ica t ing  that  the rate 
of dissolution essentially is constant in time. The total 
charge and the charge represent ing the oxide film have 
essentially identical positive intercepts, represent ing 
the init ial  high curren.t period of anodizing. At pH 7, 
on the other hand, the charge flow due to dissolved 
a luminum,  although linear, has a large positive in ter-  
cept, represent ing a high dissolution rate at the onset 
of anodizing. This high rate is effective only for a 
brief period (results not shown in Fig. 6 suggest a 
pericd of less than 30 rain of anodizing),  beyond which 
the dissolution rate diminishes to a relat ively small, 
constant value. The ini t ial  rapid dissolution of a lum-  
inum is clearly a nonelectrodic process, inasmuch as 
there is insufficient charge flow in the external  circuit 
to account for the oxidation of all of the a luminum by 
clectrodic processes. (As an example of such a non-  
electrodicrprocess, we suggest reduction of one or both 
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carboxyl groups on the tar t ra te  ion by a luminum as 
more l ikely than evolut ion of hydrogen from hydroxyl  
ion or water  due to the overwhelming tar trate  concen- 
t rat ion and the weaker na ture  of the carbon-oxygen 
bond as compared to the hydrogen-oxygen bond. These 
postulated reactions may be written, respectively 

3C4H406 = + 4A1 -t- 3H20-> (C4H6Os=)sA1 ~+ + 3A102- 
[1] 

3C4H406 = + 8A1 + 6H20 

--> (C4HsO4=)~(A13+)2 + 6A102- [2] 

The reaction products are alcohols in which an ionic 
a luminum-oxygen  bond has replaced a covalent hydro- 
gen-oxygen bond.) Such a reaction will diminish 
markedly  in  rate as the anodic oxide develops; con- 
sequently, the nonelectrodic dissolution is expected to 
be least significant in environments  in which the anodic 
oxide is least soluble and therefore, develops most 
rapidly. In this regard it may be shown that anhy-  
drous a-A12Os exhibits m in imum solubil i ty in the 
vicini ty of pH 5 (32). At higher pH, therefore, the 
solid oxide experiences a greater frequency of in ter -  
action with solvating hydroxyl  ions via the reaction 

A1203 -I- 2 O H -  --> 2A1Os- -I- H~O [3] 

so that  the rate of dissolution as well as the equi l ibr ium 
solubil i ty must  increase with increasing pH. Clearly, 
ini t ial  formation of the barr ier  oxide must  progress 
more slowly at higher pH, allowing more t ime for 
nonelectrodic dissolution in agreement  with observa- 
tion. (Although we recognize that there is consider- 
able var iat ion in the solubil i ty data per ta ining to the 
various morphological forms of a luminum oxide, and 
that  the anodic oxide may be more properly regarded 
as a pseudo-amorphous "y-A120~ rather  than a-A1203 
(33), we believe this a rgument  to be qual i tat ively cor- 
rect.) 

Al though the occurrence of a nonelectrodic process 
precludes meaningful  comparison of the components 
of the total charge passed at pH 7, it is clearly a 
discrete event per ta ining only to the onset of anodizing 
and does not preclude comparison of components of 
the s teady-state  current  developed after several hours 
of anodizing. Such currents, i .e . ,  the slopes of the 
curves in Fig. 5 and 6, are listed in  Table I. These 
values clearly indicate that  the s teady-state  anodic 
current  can be fully explained by electrodic reactions 
involving both ionic and electronic currents. 

Table I. Steady-state anodic current components 

Dis- Total  Elec- 
Net  A1 as so lved ionic tronic 

pH current  oxide A1 current  current* 

6.1 21.44"* 9.21 8.46 17.67 3.77 
7 28.14 10.64 17.13 27.77 0.37 

* By difference.  
** Current reported i n / ~ / c m  =. 

In  discussing the values reported in Table I it is in-  
structive to make use of the oxide growth/field-assisted 
dissolution model for porous oxide development  (4, 9) 
depicted in Fig. 7. In this model a stable barr ier  oxide 
layer is presumed to exist, represent ing a steady-state 
balance of oxide growth due to field-assisted ionic 
t ransport  on the one hand, and field-assisted dissolution 
of the oxide by the electrolyte on the other. A portion 
of the oxide dissolved by the electrolyte is presumed 
to precipitate to form a growing porous s t ructure  
whose presence does not significantly affect the steady- 
state processes in the barr ier  layer. Recent dielectric 
studies have shown that the resistance of the film is 
dominated by the barr ier  layer even in the presence 
of a porous oxide layer orders of magni tude  thicker 
(34). Components per ta in ing to barr ier  oxide develop- 
ment  are plotted vs .  field s trength in the barr ier  oxide. 
To a first approximation, the rate of t ransport  of ions 
through the oxide can be regarded as exponential  with 
respect to the field (15), while a l inear  dependence of 
oxide dissolution on field has been previously assumed 
and found to be valid in describing the increase of 
pore diameter and depth with time (2). It is useful, 
but  not essential, to  regard the field s t rength as in-  
versely proport ional  to barr ier  layer thickness, al-  
though it is clear that this represents an oversimplifica- 
tion (35). No significant dependence of ionic t ransport  
on pH is expected; however, as discussed above it may 
be assumed that the oxide dissolution rate will be 
higher at pH 7 than at pH 6.1, as illustrated. The 
dashed curves in Fig. 7 represent the net growth rate 
of the barr ier  layer, w i t h  the terminal  or steady-state 
barr ier  layer being represented by zero growth rate. 
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The s t eady- s t a t e  flux of ions th rough  the oxide is 
c lear ly  g rea te r  at  p H  7 than  at  pH 6.1, reflecting the 
grea te r  value  of the  field at  s teady  state. This is in 
agreement  wi th  the  values  of total  ionic flux repor ted  
in Table I. 'This model  provides ,  however,  no basis 
upon which  to separa te  the  to ta l  ionic flux into com- 
ponents  r epresen t ing  growth  of porous oxide and d is -  
solution. Empir ica l ly ,  the g rowth  ra te  is r e l a t ive ly  
insensi t ive  to pH while, in agreement  wi th  the fore-  
going discussion, the  dissolut ion ra te  is m a r k e d l y  en-  
hanced by  increase  in pH in this  range.  

The  observed dependence  of electronic cur ren t  on 
pH must  be associated with  a pH dependence  of re -  
ducing agents at the  ox ide /e lec t ro ly te  interface.  
Smi th  (22) has suggested e lec t ron inject ion by  hyd ro -  
xy l  ions as the  or igin of the electronic current ,  a l though 
he and others  l a te r  espoused a "weak  spot" theory  for 
conduct ion in anodic films (23, 15, 24). If  e lectron 
in jec t ion  by  h y d r o x y l  ion oxidat ion,  in fact, occurs, the  
increased ava i l ab i l i ty  of hyd roxy l  ion at h igher  pH 
would  suggest  an increased electronic current .  On the 
o ther  hand, the  da ta  indicate  a m a r k e d  increase in the 
dissolut ion of oxide wi th  increase  in pH, effectively 
consuming nea r - su r face  hyd roxy l  ions b y  means  of 
react ion (3). In  o ther  words, the h igher  flux of a lum-  
inum through  the ox ide /e l ec t ro ly te  in terface  m a y  re-  
duce the res idence t ime of hyd roxy l  ions at  the surface, 
t he reby  reducing the  p robab i l i t y  of an oxida t ion  event. 
I t  is also possible to pos tu la te  oxidat ion  of the t a r t r a t e  
hyd roxy l  groups as the  e lec t ron inject ion mechanism, 
again  wi th  the  increased ins tab i l i ty  of the surface oxide 
as the reason for reduced levels  of in ject ion at  h igher  
pH. Clea r ly  fu r the r  work  involving other  pH values 
is necessary in order  to be defini t ive about  this point. 

In  accord wi th  the  model  of pore  development ,  oxide 
film weights  obta ined pr ior  to the appearance  of the 
current  m in imum in Fig. 1 a re  represen ta t ive  of the 
ba r r i e r  l ayer  which, dur ing  the per iod of rap id  cur ren t  
decay pr io r  to the  minimum,  is growing only ve ry  
slowly. Weights  of films grown for 30 min in both 
pH 6.1 and 7 e lect rolytes  are  a p p r o x i m a t e l y  equal, 
27 ~g/cm 2. Using an oxide dens i ty  of 3.2 g / cm 3 (36, 37) 
this observa t ion  corresponds to an anodizing constant  
of 16.9 A / V  in contras t  to the d i rec t ly  observed value  
of 12.5 A/V.  S imi lar ly ,  the  s t eady-s t a t e  cur ren t  va lue  
of 28.14 ~A/cm 2 measured  at pH 7 is in contras t  to the 
va lue  of 17 ~A/cm 2 obtained in the same env i ronment  
on e lect ropol ished specimens (2). Both of these appa r -  
ent  discrepancies  may  be a t t r ibu ted  to the significant 
surface roughness  der ived  f rom the chemical  pol ishing 
technique.  Defining a surface roughness  factor  as the 
ra t io  of the t rue  surface area  to the macroscopic sur -  
face area, values  of 1.35 and 1.65 are  der ived  for the  
t w o  observat ions,  respect ively,  in qua l i ta t ive  agree -  
ment  wi th  SEM observat ions of the substrate .  

Conclusion 
The s t eady-s t a t e  l eakage  cur ren t  observed  on 

anodizing a luminum in a b a r r i e r - f o r m i n g  electrolyte ,  
3 w/o  ammonium tar t ra te ,  m a y  be regarded  as the  sum 
of th ree  components:  ionic currents  leading  to porous 
oxide  fo rmat ion  and to dissolut ion of a luminum,  and 
an electronic cur ren t  observed as the  difference be-  
tween the net  cur ren t  and the ionic currents.  The net  
cur ren t  increases f rom pH 6.1 to 7, l a rge ly  due to a 
doubl ing in the ra te  of a luminum dissolution, whi le  the 
ra te  of porous oxide  format ion  is r e l a t ive ly  pH in-  
sensitive. The electronic current  decreases wi th  in-  
crease in pH, represen t ing  17% of the  total  cur ren t  
at pH 6.1, but  only  1.3% at pH 7. These observat ions  are  
consistent  w i th  an es tabl ished model  of s teady  s tate  in 
the ba r r i e r  oxide laye~ wi th  an increase  in the ra te  
of f ield-assis ted dissolution at the h igher  pH. The 
decrease in electronic cur ren t  wi th  pH is a t t r ibu ted  to 
ins tabi l i ty  of the oxide surface wi th  a consequent de-  
crease in the res idence t ime of reducible  species. A 
marked  nonelectrodic  dissolut ion of a luminum is seen 
at  pH 7, a t t r ibu ted  to t a r t r a t e  ion reduction.  
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