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Abstract Overall kinetic and potentiometric studies of
the growth of porous anodic alumina films in saturated
H,S04+ Aly(SOy4); electrolyte showed non-saturation
conditions inside the pores and supersaturation condi-
tions at the pore surface/electrolyte interface where the
field and the solid surface catalyse the formation of
colloidal Al,(SO4); micelles. Suitable high-strength field
thermodynamically sustained electrochemical and
chemical kinetic equations were formulated. It was
shown that the diameter and surface fraction of charge
exchange at the pore bases, the real pore wall surface
fraction where oxide dissolution occurs, and its rate are
strongly affected by the conditions. The mechanism of
growth and structure of the films are quite different from
those in H>,SO4. A mechanism of regular film growth is
imposed and the critical current density, above which
pitting appears, strongly increases. The formulated the-
ory may predict improved or new Al anodizing tech-
nologies.

Keywords Porous anodic alumina - Interface
colloidal aluminum sulfate - Field and solid surface
catalysis - Kinetics mechanism and structure

Introduction

The structure of uniformly/regularly grown porous an-
odic alumina films in H,SOy electrolyte is defined by the
surface density of the pores, the diameter at their bases
and the variation of the diameter along them. The pore
surface density, of the order of 10'° cm™2 [1], depends
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exclusively on, and decreases with, the current density
[1, 2]. The base diameter, up to a few tens of nanometres
[1], depends on, and increases with, the temperature and
H™ activity at the pore bases during anodizing [2, 3].
Pores open towards the surface owing to the chemical
dissolution of the pore walls by the electrolyte during
anodizing [4, 5, 6, 7, 8, 9], similar to open circuit oxide
dissolution [5, 6, 7, 8, 9], which is a first-order reaction
with respect to H™ activity and is hindered by incor-
porated electrolyte anions [3]. At prolonged anodizing a
(quasi) maximum limiting thickness appears [4, 10, 11]
owing to the opening up of the pores [11, 12]. It increases
with current density and decreases with temperature and
electrolyte concentration. These films find application
for improving the mechanical properties of Al [13], as
anticorrosion [4, 10, 14] and decorating [4, 10] coatings
and membranes [15], in magnetic memories [16], in ca-
talysis [17, 18, 19, 20, 21, 22, 23], etc.

Low temperatures and electrolyte concentrations and
high current densities favour the growth of low-porosity
hard films [4, 10]. Sulfate salt additives like Al,(SOy)s,
MgSO4, NaZSO4, MHSO4, (NH4)2$O4 and NISO4 [1, 24,
25, 26, 27] were also considered to favour hard films
since, as thought, they reduce the solvent action of the
electrolyte. Nevertheless, as shown recently [3], the ad-
dition of Al,(SO,4); increases the H™ activity and there-
fore the pore base diameter and the concentration of
incorporated anions. The rate of pore wall dissolution
decreases, showing that the decisive factor is the oxide
dissolution, rather than the electrolyte dissolving, ability.

Conditions as above [12, 28] and sulfate additives like
Al5(S04); and MgSO, [24], Na,SOy [1], etc, also favour
the appearance of pitting, which is due to the non-uni-
form/abnormal growth of film which thickens exces-
sively at some surface positions [12, 28]. Undesirable
non-uniform aspects, thickness, porous structure, po-
rosity, hardness and roughness and cracks appear. The
mechanism of pitting appearance and development was
recently elucidated [28] and criteria were derived pre-
dicting the effect of conditions and additives [28, 29],
which showed that hard films and pitting are together
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favoured. Generally, the preparation of regularly grown
films with desired (1) low enough porosity or (2) high
surface density and base diameter of the pores, thickness
and total real surface, are problems so far unsolved.

The above occur if condensed Al,(SO4); does not
form inside the pores. If it forms in the oxide/electro-
lyte interface, the film growth mechanism and structure
may change. As previously shown [3], overall kinetic
together with potentiometric studies yield an effective
tool to penetrate into the phenomena in the barrier
layer and pore walls during anodizing where other
experimental analytical methods applied, i.e. to barrier-
type films, are ineffective, inaccurate or inapplicable
owing to the existence of pores. In this work, by such
studies the appearance of condensed Al,(SO,4); during
Al anodizing in H,SO4+ Al,(SOy4);3 (saturated) solution
and its effect on the mechanism of growth and struc-
ture of films are first examined. The possibility to de-
velop methods for solving problems as the above is
then discussed.

Experimental

The solubility of Al,(SO4); in H,SO4 was ﬁrst determined. Solu-
tions of H,SO, (15% w/v or 1.5297 mol dm ?) + Al,(SO,) at dlf—
ferent concentrations were prepared; steps of 0.1666 mol dm™>
were employed around the saturation concentration. They were
thermostated at 35 °C and vigorously agitated for 30 min and then
left to relax at 25 °C for ~48 h. The lowest concentration where
just distinguishable crystals first appeared, 0.75 mol dm 3, was
considered the Aly(SOy); solublllty It was thus determined with an
error of +0.1666 mol dm>. As verified, it increased with temper-
ature and decreased with the H,SO, concentration.

Al sheets 0.5 mm thick and 99.5% pure were used. The Al
composition, the shape and dimensions of the Al anodes and Pb
cathodes used and the procedure for the washing and neutraliza-
tion of Al specimens after anodizing to remove H,SO,4 from pores
and drying are described in detail elsewhere [11]. The washing of
the anodized specrmens with water and their neutralization with
NaOH (0.1 mol dm ) are performed within a time interval of a few
minutes at room temperature [11]. In this case, the washing and
neutralization were performed at 35 °C for a relatively long time
interval of 10 min in order to remove all the solvable species. Then,
the specimens were dried in an air stream and placed in a desiccator
for 24 h.

The anodic oxidation was performed galvanostatically in
thermostated and vigorously stirred solutions of pure H,SOy4
(1.5297 mol dm™) and saturated H,SO, (1.5297 mol dm™)
+ Aly(SOy); (0.75 mol dm ) at a temperature of 25 °C and current

densities of 15, 35, 55, 75, 105 and 135 mA cm . The added
AL(SO4); corresponded to a concentration 0.7666 mol
dm3. It was slightly higher than the saturation concentration. The

small amount of precipitate did not appreciably hinder bath stir-
ring while saturated bulk solution was always assured.

When the required anodizing voltage to keep a constant current
strongly increased, the process continued up to near 50 V; then it
was interrupted. Different times were employed up to those cor-
responding to ~50 V or near those at which the maximum limiting
thickness is attained for slighter voltage variations. As verified, the
anodic potential, determined as previously [30], was close to that
voltage. For convenience the latter was recorded. The film masses
were determined as previously [12]. Then, the films were examined
to detect the appearance (or not) of pitting. As previously shown by
a detailed examination [28], pitting can be detected by macroscopic
observations, optical microscopy, electron microscopy and kinetic
criteria, but always the results of macroscopic and optical

microscopy examination or of the application of kinetic criteria are
sufficient for the sure detection of pitting. For this reason the an-
odized specimens were examined macroscopically and by an optical
microscope as described previously [28] to reveal the appearance
(or not) of pitting. In some cases the results were also verified by
relevant kinetic criteria [28] (see later).

Results

Dependence of the anodizing voltage on time,
film thickness and current density

The anodizing voltage (AV) varies with time (¢) at dif-
ferent current densities (j) in the cases of Aly(SOy);
concentration (Cs)=0 and Cso= C (saturation con-
centration) as shown in Fig. la. Within a ¢ of the order
of 1 s, AV rises abruptly up to a value depending on j
and Csp. Then, during a transient period, ~3—4 min at
Cs0=0 and ~1-2.5 min at C,y=Cs;, which decreases
with j, AV diminishes and a minimum appears (AV,). At
Cs.0=0 the AV versus ¢ plots (Fig. 1a) are given only for
the two lower j values since at higher j values intense
pitting appeared, not offering any useful information for
the subject of this work which concerns mainly the case
Cs,O = Cs,s-

At Cs0=0 and > #(AVmin), @ quasi-steady state is
attained and AV changes slightly owing to minor
changes of solution composition and temperature at the
pore bases [28] and their effect on the pore base diameter
[3]. At Cs0=C;5 and t > H(AV ;) the change of AV with
t strongly alters. At the lowest j, AV initially increases
with a moderate rate and then strongly increases. At
other j values it rises surprisingly abruptly. The film
thickness (/) is given from Eq. 1:

h=Kt=K'jt (t<t) (1)

where k" is a constant (3.09 x 10 °cm® mA ™' min ') and
t1s the time up to which A increases linearly with #[11]. The
time ¢ is identical to, or slightly higher than, 7., at which
the maximum average pore diameter near or at the film
surface first approaches the cell width and the surface
visibly starts to change from a shiny transparent one,
similar to Al metal, to a matt milky one [11, 12, 28]. For
t > 1, hincreases with decreasing rate with z up to #., where
that rate becomes approximately zero; then the (quasi)
maximum limiting / () is achieved, exceeding slightly or
appreciably k”jt,, or k”jt [11, 12]. Equation 1 gives the
uniform / for regular films and the average 4 for abnormal
films. At C;p=0andj=15and 35 mA cm 2, ¢, values are
~110 and ~80 min and the A(z,,) are ~51 and ~86.5 um
(Eq. 1), while the / values at the higher ¢ values employed
are < 74.2 and < 108.2 pum, respectrvely At Csp=Cssand

=15 mA cm 2, £,,~120 min. The / values at 7,, and the
hlgher t employed are 55.6 and <69.5 um. The A(t,,) and
h¢ increase or decrease together [2, 11, 12]. Then, the /.
must be higher at Cs o= C; s than at C; o =0. At all other j
values the higher ¢ was < 1. Using Eq. 1, AV versus A
[ £ h(t.)] plots were constructed (Fig. 1b), the relative
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Fig. 1 Variation of the anodizing voltage, AV, with (a) time, ¢, and
with (b) film thickness, & [h < h(t,,)], at Alx(SO4); concentrations
Cs0=0and C;o=Cs; and different current densities, j

positions of which differ significantly from those of AV
versus ¢ plots, especially at high j values.

Variation of film mass with 7, 4, j and Cs

The plots of the film mass (m) spread over the entire
anodized geometric surface area of Al specimens
(5,=30.75 cm? [11, 12]) versus ¢ and & [h < (t)] are
given in Fig. 2a—d. The m versus /& plots differ strongly
from the m versus ¢ plots and especially their relative
positions at different j values.

477

Overall kinetic models of oxide growth at C=0;
conditions of pitting appearance

At C; =0 and constant j, when the growth of the film is
regular and the diameter of pores at their bases (Dy)
remains constant during anodizing, the A} versus ¢ plot
shows an almost horizontal plateau for > #AV,,)
(Fig. 1a) [28]. Then, the kinetic model is [12, 28]:

A = (kjt — m) (4" nS,dek't) "

= A +A1t+A2t2 = 47'E_lp

[0, 41,42 >0 and t(AVy) <t < ty)] (2)
and applies irrespective of the real pore shape [11, 12],
where A is a dimensionless factor, k is a constant re-
sulting from Faraday’s law, d, is the density of compact
pore wall oxide (3.42 g cm ) [11], 4, equals nDy,* where
n is the surface density of the pores, 4; and A4, are pa-
rameters depending on j and the bath temperature (7)
and p is the porosity (v/v). Taking into consideration
Eq. 1, Eq. 2 becomes:

A=Ag+41'h+4,'0 =4""np

{49, 41 ',42" >0 and A[t(AVy)] < h < h(tm)} G)

For t=0 the model of Eq. 2 gives 4,=4n 'p but initially
only a barrier layer exists with zero porosity. Evidently it
applies after the ¢ of pore nucleation, which is of the
order of 1 s [3], i.e. negligible compared to #(AV,)~1-4
min. The limitation #(AV,,) <t < ¢, satisfies that con-
dition. The A (or p) parameter is related to basic
parameters like n, Dy, etc., and magnifies the m differ-
ences, permitting detailed/accurate studies of regular
film growth [2, 3, 12].

When a similar AV versus ¢ plot plateau and pitting
appear, some scatter of points in the 4 versus ¢ or / plot
usually appears and the equations A=Ap+ A4,
t=Ayg+ A'h or Eq. 2 roughly apply (microscopically
detected or just macroscopically observed slight pitting)
or the equation:

A = Ay + A\t + Art* + A5t

(4)
(Ao, 41,43 > 0,42 < 0,¢ < ty)

applies (intense pitting), which anticipates an inverse
sigmoid profile [12, 28].

At C,0=0, the A4 versus ¢ and / plots obey the models
of Egs. 2 and 3 at 15 mA cm ? and are almost straight
lines at 35 mA cm > (Fig. 3a, ¢). The Ag, A1, Ay’, A> and
A, values are given in Table 1. Pitting was not observed
in the films at the lower j, but it was just macroscopically
observed at the higher j. As j increases, the A versus &
plot is shifted down and turned to the right.

The overall kinetic model at C, = C;; conditions
of pitting appearance

The A versus ¢ [t(AVy,) <t < tp] and A {h[t(AV )] S h <
h (tm)} plots at Cg o= Cs 5 are shown in Fig. 3a—d, which
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Fig. 2 Variation of the film mass, m, spread over the entlre
anodized geometric surface area of the Al specimens (30.75 cm?)
with (a and b) time, ¢, and with (¢ and d) film thickness, & [h < h(t,,)],
at Aly(SOy4); concentrations Csp=0 and C;p=C,s and different
current densities, j. Results at the intermediate j=55 mA cm™>
appear in all a—d to help comparisons

differ from those at Cs,=0. Some scatter of the points is
observed. The equation:

A=Ag+ Ait + Ast® = Ay + AV h + AW (5)

satisfactorily applies. From Table 1 it seems that A4,, 4,
and 4,  are >0 while 4 and 4,"are >0atlow jvalues and
become <0at;j>55 mA cm > where minima appear in the
plots.

The A versus h plots yield significant information.
Plots are shifted down and turned to the right and the
span of A values decreases with j up to ~75 mA cm >
For higher j values the trends for the plot shift and the
span of A variation with j change (Fig. 3d). Appreciable
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scatter of the points is observed only at j=15 and
75 mA cm 2. The span of A variation at Cs0=0Css 1s
smaller than at C,p=0. At j=15 mA cm 2 and low /
values, 4 is higher at Cs o= C; s than at Cs=0. The trend
is reversed at higher 4 values. At j=35 mA cm * the plots
originate from almost the same point on the A4 axis. Then,
the plot at C; o= C, ¢ is shifted well below that at C; =0,
showing lower p. The shift of the 4 versus & plot at
Cs0=Cs; below that at C,0=0 must be enlarged as j
further increases up to ~75 mA cm 2, although for 4—0
the 4 values may be still close. Irrespectlve of the nand Dy,
values, the total real surface of the /. thickness films in-
creases with /. [21]. Since A, is higher at Cs o= Cg, these
films must have a higher total real surface than at C; o =0.

At Cs o= Cg, pitting was observed mlcroscoplcally or
just macroscopically at j > 75 mA cm 2. The character-
istic 4 versus ¢ or & plot does not predlct pitting, unlike
the case C; =012, 28]. At Cs o= C,¢aj value lower but
near 75 mA cm 2 is the critical one (j.) above which
pitting appears. It is also the j boundary where the trend
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of the A4 versus / plot shift with j changes. In this case, j,
is predicted by the change of that trend. Citation of
photographic/microphotographic material of pitted sur-
faces in both cases, C;o=Cs and C; =0, was judged
to be unnecessary. They were generally similar to those
given elsewhere [12, 28] and would add no new infor-
mation.

Discussion

The necessity for the adoption of Dy, variation
during anodizing, of non-saturation conditions inside
the pores and the formation of colloidal Al,(SO4);
micelles on the pore base and pore wall surfaces

at Cso= Cs ¢ catalysed by the field and solid surface

For regular films, constant Dy, and a zero rate of pore
wall oxide dissolution, the 4 versus ¢ or & plot should be
a straight line parallel to the ¢ or 4 axis. When this rate is
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Fig. 3 Variation of the dimensionless factor 4 with (a and b) time,
t [t(AVy) £t <ty], and with (¢ and d) film thickness, #
{h[t(AV )] £ h £ h(ty)}, at Aly(SOy4)s concentrations C, =0 and
C,0=Css and different current densities, j. Results at the
intermediate j=55 mA cm > appear in all a—d to help comparisons

>0 the plot obeys Eq. 2 or 3. That rate may become
much lower at C o= C;; than at Cs,=0, but not zero.

The profiles and positions of the plots at Cso=Cs
can be explained only if it is adopted that:

1. The average rate of pore wall dissolution at each / is
much lower than that at C;(,=0. Considering a
constant temperature inside the pores and equal to 7,
that rate decreases with j.

2. The Dy, decreases with ¢ or /& and, for the temperature
as above, with j. Then, 4y=nD,’> where Dy is the
pore base diameter when ¢ — 0 or approximately at
t=tAVy).

The average field strength E across the barrier layer is
the ratio of the potential drop across the barrier layer
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Table 1 Values of the parameters Ay, A, 4, A;” and A" and of the correlation coefficient, COR, derived from fitting Eqgs. 2 and 3,
C,0=0,and Eq. 5, C, o= Cg, to the experimental results. In the case j=35 mA em 2 and Cs,0=0 the linear model A =Ay+ A t=Ao+ A\'h
was also applied

J Cso 10*4, 10*4, 10%4, 10*4, 10%4,’ COR
(mA cm?) (mol dm™®) (min ") (min?) (min 1Y) (min~?)
15 0 3270 13.64 8.43 29.45 39.17 0.9986
35 0 2539 17.26 4.41 15.96 3.77 0.9929
35 0 2504 20.64 0 19.08 0 0.9919
15 0.75 3585 3.16 7.95 6.81 37.00 0.9893
35 0.75 2559 8.66 9.48 8.01 8.11 0.9590
55 0.75 2374 —6.67 61.80 -3.92 21.40 0.9669
75 0.75 2330 -27.16 178.61 “11.72 33.26 0.8708
105 0.75 2228 -110.34 1023.29 -34.01 97.21 0.9912
135 0.75 2301 -124.79 1851.57 -29.91 106.40 0.9939
(APy)), which is ~AV, to the thickness of the barrier Al5(SOy4); solubility. The effect of temperature
layer [2(DDy)] where D, is the cell width [3]. predominates and non-saturation conditions exist
Therefore, E is given by the equation: inside the pores.
. _, 4. Supersaturation conditions exist in the double layer
E = AP [27Y(D: — Dy)] =~ AV[271(D. — Dy)] on the positively charged (by the field) pore base
_ nl/2 AV[Zfl(nl/zDC _ e Db)]*l surface, where the AI’" and SO, concentrations
strongly increase towards the surface, and in the at-
(6) tached layer on the pore wall surfeice which is also
. . 1 1 positively charged by adsorbed H™ [3], where the
The anodizing ratio [E™" ~ 2 (D.CfD b)/AV] for sul- AIP™ concentration similarly increases and SO,> are
fate elec}lrolytes gf:nerally varies  from 0.8 tfl) attached to the surface [3]. The field and solid surface
1.4 nm V . [9, 10], with a m76an value 0f6N1'1 rllln V at the pore bases and the surface on the pore walls
[11]. E varies from 1'25X610 to Zil4x.10 V cm™ with catalyse the growth of Al,(SO4); nuclei and micro-
a mean value. ~9.09x10° V.em™. Since B d@creases crystallites as colloidal micelles (Fig. 4), negatively
with Dy, .[3]’ it could be assuqu that the increase charged by the anions in excess in the first layer or
of AV with ¢ or h [¢> #AV)] is solely due to the those attached to the wall surface. They stick on the
decrease .Of Dy lzlgure 1 shows that AV’ can exceed positively charged surfaces while coagulation is
50 V. Using nD.“=4/3 [30] and n valpes from the prevented.
literature [1, 9, 10, 22] azn d adopting .that, 45 5 In surface positions occupied by micelles the pro-
AV becomes > 30 V, nng -0, qu 6 leefs un- cesses almost cease. Micelles uptake AI** from those
tdcceptable E Va}ues (>_ 10, or even 10°V em 7). The rejected in the remaining surface at pore bases by the
1nfc;)ease of AV is not justified solely by the decrease so-called ““field assisted” dissolution [1, 4, 10, 25, 26,
Ol Up. 27, 32, 33, 34] or on the pore walls by chemical dis-
Then, it could be assumed that a part of APy is the solution of oxide. AI’" and anions are successively
potential drop across the barrier layer. The remain- coordinated. Micelles swell, retaining their charge.
der is that across a precipitate layer covering the pore 6. Gradually, oxide is consumed even beneath micelles
base surface. However, since the Al (SOy4); concen- where other nuclei probably appear, pushing micelles
tration inside the pores increases towards their bases away. Large micelles are finally detached, drop in the
[28, 29, 31], this precipitate layer should become pore base filling solution and dissolve; other micelles
thicker as /i increases, gradually filling the pores from appear and a dynamic equilibrium is thus attained.
their bases towards their mouths. The anodizing Fractions 0 of the pore base surface and 0, of a ring-
process should be strongly retarded and early on it shaped surface increment AS, on pore walls at a
should cease to take place. However, in actual fact distance x from? Ehe film sErface (Fig. 4) are occupied
the anodizing process continues to take place regu- by micelles. AI°" and H™ are rejected at high rates
larly. Another explanation must be valid. Its basic from the pore base surface [3]. The mobile H™
suggestions, together with points (1) and (2) above, quickly enter the solution but AI>* remain for long
are: enough time in the double layer and are accumulated.
3. At high G, values the H,SO4 and Aly(SOy4); con- Even the AI’* concentration in the pore base layer

centrations inside the pores slightly increase to-
wards the pore bases and with j [29]. At the pore
bases the anodizing temperature (73,) is 7,> T and
T,—T increases with & and j and decreases with T
[11]. The increase of H,SO, concentration and
temperature reduces and enlarges respectively the

seems to exceed that in the wall layer. Hence 0> 0.

. The supersaturation conditions in the first layer, and

0, are affected by the field strength on the surface, the
Aly(SOy4); and H,SO,4 concentrations and the tem-
perature at the pore bases, while these conditions in
the second layer, and 0,’, are affected by the distri-
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Fig. 4 Schematic representation of the cross section parallel to the
pore axis of a cell of oxide where the pore wall oxide, the barrier
layer, the pore, a ring-shaped surface increment on the pore surface
at a distance x and the inflection point of the pore wall generative
at a distance x” from the film surface are shown. The double layer
on the pore base surface and the attached layer on the pore wall
surface and the formation of Al,(SOy); nuclei and microcrystallites,
micelles, in contact with the surfaces are distinguished

bution of the last three parameters along the pores.
The H,SO, concentration seems to exert a minor
effect. The main effect is exerted by the other
parameters, with intensity decreasing with their
order. The Al,(SOy); concentration enlarges and the
temperature reduces both 6 and 6.”.

The high-strength field electrochemical kinetic
equations describing the ionic migrations

from the pore base surface towards the oxide/metal
interface at Cs 9= Cy; interpretation of the
variation of AV and Dy, with ¢, & and j

The oxide formation mechanism embraces the migra-
tions of OH™ and O* from the pore base surface to-
wards the oxide/Al interface [3], where oxide exclusively
forms [30, 35] (Fig. 4). Gradually, OH ions decompose
to O* and H" which migrate towards the interface and
surface. During the normal oxide growth at ¢ > #(AV,,)
where Dy, is almost constant, a steady state for the flux
rates of OH ", O> and H™ is attained inside the barrier
layer. The flux rates of OH™ and H" decrease and that
of 0% together with the local field strength increases
towards the Al The field strength in the interface and
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the real surface of charge exchange at the hemispherical
bases of n pores corresponding to 1 cm? of geometric
surface area of the film, 2-'7nD,? vary oppositely. The
true ionic current densities of O°" and OH ™ leaving the
surface, jon-, and jy-,, are the ratios of the corre-
sponding ionic current densities per cm? of the geometric
surface area of the film, jog- and j,- correspondingly,
to the above real surface of charge exchange at the bases
of the n pores. As previously shown by a detailed the-
oretical analysis [3], these true ionic current densities are
given by the equations:

Jou i =jF; ' [(rnDy) ™" = (rnDZ) '] (7)
A 2\~1
Jor = 2jF; (7nDy;) (8)
and obey the high-strength field equations [3]:
. N -1 -1
jons = JE [ (mnDR) "~ (rnD?) ']
= Biexp[(=MN + maiFeEy) /(RT,)] 9)
x (vl + )

Jor 4 = 24F (nnD)”!

= Byexp [( — WAN + marFuEy )/ (RT,)] (10)

where F, is Faraday’s constant, B; is a variable (see la-
ter), B, is a constant, W; and W, are the activation
energies for OH™ and 0> migrations, n; and n, are the
valences of OH and O*, g, and a, are the half-jump
(activation) distances, NV is the Avogadro constant, R is
the universal gas constant, T, is in K, Ey is the field
strength on the pore base surface, ay+ 4, is the activity of
H™" at the pore bases which is close to that in solution,
ap+, as are the relevant H™ concentrations also [3, 28,
29, 31], k,, is the ionic product of H,O and b is a pa-
rameter increasing with Ey, and decreasing with T,. The
*W]N'i‘ nlachEb and *W2N+ I’l2a2Fch are <0.

B; equals B,’K, where B,” is a constant and K is
the equilibrium constant of the process Al’*(bare
sites) +OH7(b/d)<_—>Al3+OH* taking place on the sur-
face. The index b/d means the barrier layer/double
layer interface. When E,=0, K obeys the equation
AG=AG°+ RT,InK=AH°-T,AS°+ RT,InK=0, where
AG is the Gibbs energy and AG°, AH° and AS® are the
standard Gibbs energy, enthalpy and entropy, i.e.
K=exp(AS°/R)exp[-AH°/(RT,)]. For E,#0 it is
transformed to K=exp(AS°/R)exp[(-AH® + 2na,"F.Ey)/
(RT,)], where a;” is the half-jump distance of OH"
transfer from the surface of the double layer to a
coordinated site of the oxide surface. Hence
By = B;”exp[(-AH® + 2nya,"F.E,)/(RT,)], where B;”=
By’exp(AS°/R), i.e. a constant.

When Al,(SOy4); micelles form on the pore base sur-
face, the real surface of charge exchange at the hemi-
spherical bases of n pores is 2 'n(1-0)nDy>. Then, it is
easily conceived that the real ionic current densities
j,OH’,t and jl()sz given by Egs. 7 and 8 in this case
become: '
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jOH*,t/ = (1 - 0)_1].OH’,I
= (1= 0) R [ (mnD) " = (mn02) ]
Jor g = (=0 jor = (1= 0)"'2F (7nD;) ™"
(12)

(11)

As for the case of no formation of micelles in
the pore base surface (0#=0), these real ionic cur-
rent densities must obey the high-strength field equa-
tions:

jor-s ' = (1= 0)" [(nD}) "'~ (nD7) ']
J'nB{exp[(~AH® — WiN
+(2ma + mar) REy) /(RT)] } (kwayg! , +b)

(13)

Jor, ' =1(1=0)nDY)]"!
=2717nB, exp[(=WAN + marF.Ey)/(RT,)]
(14)

At constant T,, Ey, increases with j and 0 (Eq. 14).
The formation of micelles is indeed field catalysed, ver-
ifying suggestions (4) and (6). The suitable combination
of Egs. 13 and 14 gives:

(nD3) "' (nDY) =1+ 2B)B;"
x{exp[(—AH® — WiN + WhN
+(2n1a’1 +niay; — nzaz)Fch)/(RTa)] }

x (kwaggh, + b
(15)

The sign of -AH-W N+ W,oN+(2nia,’+na—
nmyay)F.Ey, is unknown. It seems that, irrespective of this
sign, for small T, and E, changes the exponential term
varies imperceptibly, opposite to b which varies appre-
ciably. At constant 7, and ay+p, E, and D, vary
oppositely. At constant ay+;, and E,, T, and Dy
vary similarly. At constant ay+ , and Dy, T, and Ey, vary
oppositely. '

Constant T, = T is considered. The concentrations of
Al (SOy4); at the pore bases and of A" and SO,% in the
double layer increase with 4 [28, 29, 31], enlarging the
number and sizes of micelles and 6 which, in turn, in-
creases Ey, and reduces Dy, verifying suggestion (2). The
changes of local field strength across the barrier layer
and in the oxide/Al interface with the real free surface
predict similar variations of E and 0. Then, from Eq. 6,
AV increases.

At each h the Aly(SO,4); concentration at the pore
bases, and 60, increase with j. The Ey, and b increase and
Dy, decreases with both 0 and j. Both n and Dy, decrease,
verifying suggestion (2). The nDy? diminish and both D,
and DDy, increase. The variation of local field strength
across the barrier layer shows that E and therefore AV
increase monotonically with j.

T, actually rises with both / and j, causing some in-
crease of Dy, reduction of € and E, and finally some
reduction of AV. The rise of T, competes with the effects
of h and j ““per se”” and finally the AV versus /4 plots and
their relative positions at different j values are those
shown in Fig. 1b.

The kinetics of pore wall chemical dissolution
at Cs= Cs; interpretation of its strongly
lower rate when compared to that at Cs(=0

When no Al»(SOy4); micelles form, as previously shown
by a detailed experimental and theoretical analysis [3],
the average local rate of pore wall oxide dissolution (rg_y,
length/time) in the surface AS), at the position x (Fig. 4)
obeys:

Fdx = kdﬁxaHﬂx ~ kd,xam (16)
where ay-+ , is the activity of H™ in the pore filling so-
lution near that position, which is ~ ay+ [28, 29, 31], and
kq. 18 the local rate constant which depends mainly on
the concentration of incorporated anions in a thin sur-
face oxide layer and decreases with it [3]. Then:

Fax = ka xapg+ , = dz/d¢

= (AS,) ! (AS,dz/dr) = (AS,)”! (dv/di) (17)
where z is the thickness of the pore wall oxide and v is
the volume of dissolved oxide. The average rq.
along the pores of a film of thickness /4 is
Fdah = kd.zlJ?"H*,a,h ~ kd‘,a,haw, where kd,a,h and ayg+ g h
are the corresponding average kq. and ay+ . For
constant Dy, as at C;(=0, the variation of ry,, with
h is determined by a specific method [3, 36] based on
suitable treatment of Egs. 2 and 3. At C,o=Css, Dy
varies and it cannot be accurately applied, mainly at
high j values. The very low rq,, values at Cso=Cs,
are explained by the following method. In the AS,
surface, oxide dissolves almost solely in the (1-0,)AS,
free surface and the mean local rate, rq.’, is:

1

(1= 0, ")AS,(dz/dt) (AS,)
= (1 =0y )(dz/dt) = (1 — O "kaxap-

’”d,x,
(18)

The rq,” and the mean value, rq,,’, decrease with 0,
and the mean 0./, 0, .

The distributions of electrolyte anions across the
barrier layer and pore walls around the pore bases are
identical. Their local concentration decreases from the
surface to the interface and cell boundaries prior to, or
at, which it is minimized. For constant H,SO, concen-
tration, 7 and j and invariable Dy, with A, their surface
concentration increases with their concentration and the
ratio of AI’* concentration to that of H" in the bath
and with Dy, [3, 36]. Their concentration on the surface
and inside the oxide and the depth of their penetration
increase with C and up to that where micelles do not



form. For higher C; values, micelles form, 6 increases,
Dy, decreases and these concentrations and depth de-
crease with Cg, increasing k4 .. Simultaneously, 6.’ in-
creases with C; o, reducing rq". On approaching Cs the
effect of 0,/ becomes much more significant than that of
kq., justifying the strongly lower rq.,” and rq,, at
Cs0=Css. At each h, the Al (SO4); concentration at
every position x inside the pores and 6,” increase with j
[29] and the rq," and rq,, are reduced, verifying sug-
gestion (1).

The above chemical and the previous electrochemical
kinetics are consistent with suggestions (1)—(7), validat-
ing the employed methodology for the whole above
analysis.

Mechanism of porous layer growth at Cs o= Cs;
justification of the A versus ¢ or A plots

At C=0, Dy, remains almost constant. The composi-
tion of the pore filling solution is close to that of bath
[31]. For cylindrical pores (r4=0) the distribution of
anions across the barrier layer is identical to that ev-
erywhere on the pore walls. The same is valid for the
variation of kq_, which increases from the surface to-
wards the oxide/Al interface and cell boundaries.

However, rq,>0 and the time inside which oxide
dissolves at a position x, (h—x)k’!, and therefore the
pore diameter, increase towards the pore mouths. The
variation of k4, across the pore walls predicts an ac-
celerated increase of diameter at each position. The real
pore shape then must be that of an elongated trumpet, to
which the A4 (or p) versus ¢ or & plots agree.

At C,9=C,, the pores also open towards their
mouths, but Dy, decreases, the surface concentration of
incorporated anions in the pore bases region may de-
crease and their distribution across the oxide may vary
with /& [36]. Irrespective of some influences of these
changes, the pore wall surface generative must have a
sigmoid profile with an inflection point at a distance x’
from the surface, beyond which pores open towards
their mouths like an elongated trumpet and close to
the bases like an elongated half-barrel. The x” increases
with 4.

For constant T, (= T), the reduction of Dy, with & and
j and the increase of diameter at each position and of x’
with 7 or / at C, o= C,  easily justify the A (or p) versus h
plot profiles (Fig. 3c, d) and the minima at intermediate
and high j values. The above enlargement of the pores is
on average much smaller than at C; =0 since, at each /,
Fax <rqyand rq., <rqa, If 0, and 0,, are not high
enough (or rq,” and rq,, are not small enough) the 4
versus /1 plots may resemble those of Egs. 2 or 3, as at
low j values (<35 mA cm 2). Finally, the linear depen-
dence of In n on In j [2], the effect of 4 and j on the
AL(SOy4); concentration distribution inside the pores
and on 0, Dy, 0./, 0,,, rq.’ and rq, ;" and the rise of T,
and of the temperature at each x position with 4, j and x
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[11], which affects oppositely these parameters, explain
the relative plot positions.

Establishment of a self-controlling mechanism
of regular oxide growth at Cso=Cs

If Aly(SO4); micelles do not appear at the pore
bases, pitting develops in conditions where
Oay+,,/0j >0 (h— 0) [28, 29]. At each triad of T,
H,SO, concentration (C, ) and Cj there is a critical j,
above which day+1,/9j > 0, which increases with T and
Cao and decreases with Cs 0. At the employed T, C,
and C,0=0, j. ~ 25 mA cm 2 [28], to which the ap-
pearance of pitting at 35 mA cm > agrees. Pitting de-
velops like an avalanche phenomenon at the early stages
of the process, mainly in surface regions where heat
abduction is more effective [28], as a result of an accel-
erated increase of local j and A. A quasi-steady state is
then attained as regards the distribution of local j on the
surface; the local & increases faster at these positions
where finally oxide excessively thickens.

When Aly(SOy4); micelles form, assuming that the
conditions instantaneously favour the appearance of
pitting at a position, the increase of local j and & will
increase 6, reduce Dy, and increase the necessary AV. The
ionic current through the barrier layer at these positions
is strongly retarded. A self-controlling mechanism for
uniform oxide growth is thus established.

If T, were equal to T or T,—T were negligible, pitting
would not appear or j. would be enormously higher. The
strong increase of AV with ¢ gives rise to T,. The increase
of T, favours the regular growth of film [28, 29] but,
simultaneously, it also hinders the formation of micelles,
facilitates their removal and dissolution and renders the
mechanism of the regular growth of film less effective.
As a result of this T, increase, the j. at C; o= C;; finally
becomes only ~3 times higher than the j, at C;(=0.

When micelles do not form, Al,(SO4); and other
sulfate additives favour pitting appearance at Cs < Cs
[1, 24, 29] since their presence reduces j. [29]. However,
at Csp=Css, jo becomes much higher by the above
mechanism. Micelles may form, mainly on the pore base
surface, also at Cs lower, but not largely different, than
Cs s, exerting similar but lighter effects. Hence, j. initially
decreases with Cgg, is minimized near Cg and then
abruptly rises.

Even at C; (< C,, conditions retarding the transport
of AI’* and SO,* inside the pores or reducing the
Al>(SO4); solubility may cause the formation of micelles,
mainly on the pore base surface. This may occur even at
Cs0=01n severe conditions, i.e. very low T values. These
explain the required significant increase of AV with ¢ at
Cs0=0, moderate T values, moderate or high j values
and high £ values, i.e. many tens of micrometres [30],
where the transport of ions inside the pores is retarded.
The formation of micelles may be necessary for each
electrolyte to obtain films with very low porosity.
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The strong increase of AV with ¢, the change of the
trend of the A versus ¢ or & plot shift at j > j. and the turn
to the left (Fig. 3) imply significant 7,—7 values, prob-
ably several degrees centigrade. A method of keeping
T,—T low enough would make the above mechanism
more effective, and would reinforce the p differences
between Cs0=Css and C(=0, etc. Precise measure-
ments of 7, by some method may give much additional
information. Further investigation is necessary for the
complete elucidation of these phenomena which, never-
theless, are very promising.

Conclusions

From the results of this study the following concluding
remarks can be drawn:

1. During Al anodizing in H,SO4+ Al,(SOy4); (saturat-
ed) solution, colloidal Al,(SO4); micelles form on the
pore surface, catalysed by the field and solid surface,
strongly affecting the kinetics and mechanism of film
growth by reducing the surface fraction of charge
exchange and diameter at the pore bases and the real
fraction of the wall surface where oxide dissolves.

2. At each condition there is a specific current density
above which films have lower porosity at each / than
those in pure H,SO, solution. At each of these j
values there is a specific thickness where the porosity
becomes a minimum. Higher /. thickness films are
also obtained.

3. A self-controlling mechanism for regular/uniform
film growth is established. The critical j., above which
pitting appears, becomes much higher than in H,SO,.
At j=j. the porosity is less variable with # and on
average the least.

4. The method may be improved by controlling 7, so
that T,—T remains low enough. Although the neces-
sary anodizing voltage will rise, the product films will
have improved features.

5. The use of saturated or dense solutions together with
severe/extreme conditions, i.e. very low temperatures,
high current densities, etc., may improve the already
employed technologies for Al anodizing, or may be
developed for important new ones.

6. Interventions by suitable methods in the elementary
steps of processes at pore bases and on pore walls
controlling the mechanism of film growth are possi-
ble. Hopeful prospects to surpass different problems
of Al anodizing by such methods now appear. This is
of great importance for the theory and practice of Al
anodizing and the applications of films.

7. The results of this study may have a broader signifi-
cance for the electrochemistry in dense solutions and
severe/extreme conditions.
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