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ABSTRACT

By anodic oxidation, an aluminum plate can be
~covered with an amorphous or crystalline oxide layer; depending
on the electrolyte used. The amorphoﬁs layer, obtained in a
solution of oxalic or sulphuric acid, has a porous structure.
However, the pores do not go right down to the aluminum as has
been ghown by many investigators, but end in a solic insulating
layer, the thickness of which may be determined by capacity
measurements. ) |

Corresponding to a given temperature and acid
concentration of the electrolytic solution and a given
formaetion ocurrent deénsity, there is on}y one final oapaciﬁy
obtainable. Increesing the concentration, or temperature, or
deereasing the current density, inofeases the final capaocity

obtainable.
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SOME PROPERTIES OF ALUMINUM OXIDE
IN ELECTROLYTIC SOLUTIONS

I - INTRODUCTION

" By anodic oxidation an aluminum plate can be covered
with an amorphous or crystalline oxide layer, depending on the
electrolyte used..

The crystalline layer cén be formed in an aqueous
solution of a succinate, a citrate or boric acid. The struc-
ture of this‘layer has been identified by Verwey (8) as
xiA1203, a cubic face~centered oxygen lattice in which the
cations are distributed statistically over all the interstices
with the only restriction that 70% of the aluminum ions occupy
an octakedron hole and 30% a tetrahedron. Because of the
pronounced insulating properties of this layer, the current
steadily decreases during formation at constant voltage. Henée
the limit to the thickness of a crystalline layer is determined
by the spark potential of the electrolyte.

The amorphous layer is obtained in a solution of
oxaiic, sulphuric or phosphoric acid. This layer has a porous
structure, the pores having a diameter of about 102 cm, and
being oriented mainly at right angles to the surface. Dekker

and Van Geel (3) showed that if a plate with a porous layer is
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then oxidized in boric acid a crystalline structure forms in
the pores of the amorphous layer, and that both structures
have the same dielect?ic constant. Higher current density in
'oxalic acid produces a denser structure of the amorphoué
coating.

These pores do not go right down to the aluminum as
has been shown by many investigators, but end in a very solid
layer that seems to be the base of the porous part. This
solid layer has insulating properties as can be found from-
capacity measurements. Anderson (1) suggests a method of
- formation ofi:the porous layer, basing his theory on measure-
ments of Edwards and Keller (4, 5). According to this theory,
the thin basic layer will reach an ultimate thickness for |
oxidation at constant voltage: the field strength in the
insulating layer decreases as the layer grows, so that the
rate of growth will gradually decrease until this is equal to
the rate of attack of the acid. Now the rate of attack is ~
determined by the concentration of the solution and the
temperature; following Anderson's reasoning, one would‘expeét
that if one oxidizes at constant-current (constant field
strength) and hence works with a constant rate of growth, that
- the basic layer would continuously increase with time, assu-
ming temperature and concentration of the solution are cons-
tants. My investigations do not bear out this theory, however.

These oxide layers under conditions of varied tempe-
rature, concentration of the acid bath, and current density

during formation, have been the subject of this investigation,
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with the following reproducible results:

1.

2e

3o

.l+.

The fdllowing
1.

2.

3.

Corresponding to a given temperature and acid
concentration of the HZSOA bath, and a given
constant current density,vthere is only one
final capacity obtainable. |

Increasing the concentrat?on bf the HZSOh bath
or using a stronger acid, increases the final
capacity obtainable. .

Increasing the current density decreases the
final capacity obtainable.

Increasing the temperature of the bath increases
the final capacity. |

facts were also observed:

100% current efficiency during the formation of
the oxide could not be obtained with the come-
mercial Al samples at hand (99.5% Al with Fe, Cu,
and possibly Si impurities).

The thickness of an A1203 coat in oxalic acid
decays exponentially for conditions of no current
and no stirring.

Corrosion of the plates occurred for current
densities above 4 m.a./cm.? in dilute (1.2%)
H2S80, solution. The capacity was still measure-
able in these cases, indicating an oxide layer
over the pitted sections; the value of the
capacity did not fall on the smooth curve through

capacity for lower current densities.
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II - APPARATUS

The aluminum sample was cut into 5 cm. square plates
with a narrow strip extending above the bath, so thatileads
could be ciipped onto the plate. The plates were cleaned in
strong KOH solution and then washed in distilled water.

Since the thickness of the oxide layer is inversely_
proportional to the capacity, a measure of the capacity'is the
most direct way of determining that thickness., However, the |
oxide layer, &£ = 8, is not a perfect dielectric, so its
capacity, C, is effectivély shunted by an ohmic resistance.
Therefore an A,C. bridge method of measurement must be used,
in which one compensates for the resistance. The bridge :
operates at 60 cycles and aboﬁt 2 volts.

The plate was hung in a beaker of boric acid oppo-
site sufficient tinfoil, and this group was placed in the A.C.
bridge as shown in fig. 1, The bridge consists of a "Philo-

scope," which gives a resistance ratio, a standard variable-

resistance box, and a group of pure capacities.
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Now the total cell is measured as-MANbA}— but is actually

Ly :lwmi—n——

H‘;°3 Barie Tmfeil

However to avoid separation of measured C and R to actual

values, the following was done:

1.

The tinfoil capacity was made so high as to be
negliglible by using 10 sheets of tinfoil folded
into accordian pleats and connected in series

around the circumference of the beaker. The

highest A1203 capacity measured during the work
- was about 40 microfarads. ' ,
— ———foil
Top view:
~~Al plat
/g' 2. P ©

Let ¢, = capacity of tinfoil and C = the total

capacity. = L L, C=40——
c, 40 ¢, + 40

Then ¢y = .98 c3+40 for 2% accuracy
i.es c¢q = 2000 microfarads.
Now to get the experimental value of the foil
capacity, two sheets of tinfoil were hung in
boric acid solution, being equivalent to —{|—|—

Let Cp be the cépacity measured by the bridge.

o4 L= 2
Cm c, c, c,

So, 2 CM = c'
When the capacity of an aluminum plate is
measured, the two sections of foil are connectad

in series and the aluminum placed'opposite them,
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This doubles the foil capacity, so we have
4Cy

Cm = 500 microfarads

Cl = 2000 microfarads

Therefore the measured foil capacity should be
500 microfarads or'morelfor better than 2%
accuracye
In the actual experiment, for two single foils,
Cpm = 905 x 2 x 12,6 = 239 microfarads
So, for the five pairs used,
Cp = 1200 microfarads
Thus we are assured that the tinfoil capacity is
negligible.
The solution and foil resistance were measured;
upon subtracting that resistance from the resis-

tance measured by the bridge, the correction

from series to parallel capacity was found to be

negligible.
It can be shown that-{tﬂ7?~4A~h(bridge) and
[ Soin
—1 R (actual case) are related by
e So/n C1= c

/- R

. 2R2.2 . .
The correction, ¢c"R%4~, is that which was found
to be negligible in-this case.
When the aluminum plate was replaced by a dupli-
cate of tinfoil, the foil and solution resistarmce
came to about 24 ohms. However, the resistance
for the aluminum pléte measurements was about

the same value, varying from 23 to 30 ohms.



That leaves c%42(7)2 = 0.01 for ¢ = 40 microfarads.
The same concentration of boric acid solution
was used throughbuﬁ: a saturated boric acid solu-
tion plus sufficient ammonium hydroxide to make the
specific conductivity 500 (ohm-cm.)=! at 15° C. The
sulphuric acid from which the various concentrations
were made was C.P. (96.5%) with specific gravity.

1.8k,

The oxidizing equipment was arranged as shown:

[ Jup— —~Tharmomeler

AC

° + (o) I _ Stiming Aod
~

| 2¢ ®® J ( |———— Al plate

~o ° = ~p4 calhode
i Lo

- = coo/l;)g cer/

fig. 3'0

R was continuously variable so that either current

or voltage could be kept constant as desired. The D.C. supply

was checked for A.C. ripple by means of an oscilloscope. A.C.

ripple is about 0.2% of volts D.C.

Volts Ripple Ripple Ripple %
DC Measure Measure Volts AC/DC
__Gain Gain AC
JX9) .75 .15 .08l 2%
200 2,5 .8 oLi5 2%

280 3.5 lal .62 .2%

Table 1.
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IIf - EXPERIMENTAL RESULTS

1. Dekker and Van Geel (3) obtained 100% current efficiency
when oxidizing high purity aluminum (99.99%) at constant
current in boric acid. In our caée,vwith'commercial aluminum
(99.5%), there was noticeable gas developmént on the anode,
increasing with time, i.e., efficiency decreasing. See Graph
l. No temperature control seemed necessary in this case,

since we will show this effect could be due to impurities.,

2. Oxalic acid attacks the oxide coat. Since capacity,

c =LA it follows that %, being proportional to layer

d :
thicﬁ;ess d, can be plotted on a time graph to show this
attack. A plate was first oxidized at 200 m.a./50 sq. cm. in
boric acid, then washed and placed in a saturated oxalic acid
solution, which was not stirred. The capacity was measured in

the bath at intervals as the coat was dissolving, with results

which follow., These results were used to plot Graph 2.

Minutes C 4f.) Lot

3 6.14- 0156

L 8.6 4116

6 15,1 .066

Table 2. 7 16.4 .062
8 17.6 .057

9 18.9 .053

14 20.3 049

18 21.2 047

20 2l.4 «OL7

The graph of % against time appears to be an exponential curve.
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3. Working at 14.5° C., with a given concentration of sulph-
uric acid, and keeping constant current density, only one
final capacity was obtainable: 5.4% H,S0,, and 200 mils per
50 sq. cm.:

Minutes C R

series series

. (pf.) ohms
l 2762 2544
n 26,2 2540

4 ° 2 *
‘Table 3. n gg.; . 22.8
3 26.5 2L.8
5 2645 248
9 2645 2L 03

Aﬁerage: 26.7 0.3 f.

. Graph 3 shows sets of final capacities obtained, using
current densities from 1 to 8 m.a./cm.z, using oxalic acid
and various concentrations of sulphuric acid, but regulating
the time of oxidation of the plates so that the same amount
of charge passed through eaéh.

Note that no capacity was graphed for current
density higher than 4 m.a./cm.? in dilute (1.2%) sulphuric
acid solution at 14° C. since the plates in this case corroded
visibly, New solution did not change the results. Measurement.
of the capacity gave a value of the right order, but higher
than expected, indicating no shorting of the oxide capacity.

It was found upon increasing the temperature of the
solution from 14° to 34° that corrosion did not occur. At
34° the capacity was 18.8 micrefarads compared with 16,1

microfarads at 14°, A capacity of about 15 microfarads would
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be expected from the graph. Corrosion still occured at 21.5°

C. See Table 5, page 1l.

5 Varying the temperature of the bath affected the final

capacity obtaineble as shown on Graph 4. Current density of

2

4 mils/cm.“ was used.

T
(°C)
Ll
L2
37
30
19.5
13

<

oy HBHOQ

Table 4.

~JhO\w\un

| WF o NV

The capacity for 13° C. was obtained earlier for use in Graph

.



Table 5.
% Hy80, 15% 9% 5.4% 243% 1.19% L.8% Oxalic acid
(saturated)
Moles/ 2.71 1.63 .98 416 .215 .869
litre ,
Curr. R C R c R c R c R c R c R c
Der}s..n., 2 S ~f. N rf. 2 rT. N rf. S rf. £ rf.
1 2h.1 94.0 2446 69.9 23.3 57.1 26,1 43.8 26.8 28,7 26,1 58.4 25.0 24.9
2 23,5 6630 25,0 50e8 25.3 39.1 27.8 26.0 29.3 19.9 26.6 38,1 26.4 15.4
3 2348 5303 24k 40.0 26,2 30,5 27.9 21,8 30,9 17.3 25,0 30.5 27.4 12.1
L 2463 47.0 25.8 33.0 24e8 26,7 3043 19.7 29.6 15.9 26.5 25,9 - 28.6 10.7
8 3443 25,5 2644 25,9 21.6 26,1 17.5 - == 25,9 21,6 30.3 8.4

2542

‘11
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IV -~ DISCUSSION

l. EXISTING THEORIES:

A discussion of the experimental results involves a
consideration of the present theories of formation of aluminum
oxide in electrolytic solutions: the original theory (Verwey
- 8) requires aluminum migration only; and the other, recen-
tly proposed by Anderson (1) and based on measurements by
Edwards and Keller (4,5), suggests that both aluminum and
oxygen.migration occur.

| Now it is undisputedly shown by X«ray analyses that
aluminum has a face-centred cubic structure with a = L4OL4; and
that Alz04 forméd in electrolytic solution has the structure
of XLA1203, a close-packed face-centred oxygen lattice
(a = 3.,95) with the cations distributed staﬁistically over the
interstices, the only resfriction being that 70% of the catias
occupy an octahedron hole and 30% a tetrahedron hole (ref. 8).

By the first theory, when aluminum is made the
anode in an electrolytic solution, oxygen ions collect over
the surface of the anode in this orderly f.c.c. arrangement,
Then under the influence of the high field (107v./cm.), Al
ions diffuse from lattice positdons on the surface of the
metal to interstitial positions in the oxygen ion lattice.
Electrons in the metal, 'abandoned' by the migrating Al ions

flow through the external circuit and preserve the current
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continuity; which process can be contrasted with the case of
O, being liberated from the anode surface of a metal which
does not form an 6xide, since then it is the 2 electrons from
each of the oxygen ions that flow into the metal. Continued
growth of the oxide layer depends on the ability of the Al
ions to diffuse through the oxygen lattice.

It appears to me that this process presents one
major problem: the problem of the space vacated by migrating
Al ions. Possibly more Al ions move up from the metal so that
there is a gradual shifting through the whole aluminum lattice.
However, there is no appreciable field in the aluminum lattice,
the applied potential difference being chiefly over the oxide
layer and only a very small fraction over the electrolytic
solution (conductivity 500 ohm-cm."l); and since lattice
- positions are positions of minimum potential for the ions, the
ions are not likely to assume the looser structure of the
shifting arrangement without a strong external field. The
only other possibility seems to be that when a row of Al ions
have moved into the oxygen lattice, the whole oxide lattice
moves closer to the metal, which would be an erratic movement.
Both these explanations seem to imply a less dense region on
the whole metal surface, which is contradictory to the obserwed
tenacity of the oxide to the metal. |

Anderson's theory, on the other hand, leads to a
very convinciﬁg explanétion for this tenacity. According to
his theory, one out of every three Al ions, having a small

radius of 0.5 §, diffuses easily through the oxide lattice;
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if the other two rearrange slightly, there is sufficient room
in the metal for adjacent oxygen ions to jump in under the
influence of the strong electric field. The positions vacated
by these oxygen ions are then filled by others from further
out in the film and the process is repeated until vacant oxy-
gen spaces are filled by ions from the electrolyte. The curw
rent phen is carried by outward diffusion of aluminum ions and
inward shift of oxygen ioné in the ratio 1:2 j or if inward
shifting of oxygen ions is the same as outward movement of
positive holes, then the current is carried 1/3 by positive
ions and 2/3 by positive holes. So growth takes place both at
the oxide-solution interface and at the oxide-metal interface,
one molecule of A1203 at the former for every 2 molecules at
the latter.

So far it has been assumed that all the aluminum is
used to form oxide; but in truth this is only so in certain
electrolytic solutions, such as boric acid, in which aluminum
oxide is not soluble. In these solutions the crystalline
layer of the oxide forms uniformly over the whole surface of
the metal. In other solutions, such as HZSOA’ oxalic acid, and
chromic acid, all the aluminum is not used to form aluminum
oxide; and in such cases the layer has been observed to have a
porous structure. The pores have a diameter of about 10'5cm.,
and are oriented mainly at right angles to the surface. (See
electon-microscope micrograph, ref. 3.) These pores do not
go right through to the aluminum as has been shown by many in-

vestigators,but end in a very solid layer that seems to be the
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base of the porous section. This solid layer has insulating
properties as can be found from capacity measurements. The
important fact is that aluminum oxide is soluble in these
acids., Anderson states that in this case the aluminum ions
which migrate to the surface of the oxide layer do not combine
with oxygen to form more oxide, but form a soluble sulphate,
for example, and go into solution. Concerning the fact that a
porous structure is formed in this latter type of solution,
Anderson says:

"Once the acid attack is initiated at a point,

there is established .the electrical field _

distribution of a charged point near a plane.

The aluminum ions and positive holes will

diffuse toward that point which forms the base

of a pore. Thus we have the growth processes

taking place in a spherical cap around the

base of the pore as centre. Pores are formed

with sufficient density that their spheres of

action just overlap those of adjacent pores.

The diffusing ions move along radius vectors

drawn from the base of the pore to the

aluminum sheet.”

The prb and con evidence for these two theories, one
of aluminum migration only and the other of both aluminum and
oxygen migration, seems to be the followings

| 1. As already mentioned, the observed tenacity of
the oxide layer to the parent metal is better explained by
Anderson's‘theory since the constant migration of oxygen ions

into vacant metal positions as they occur keeps the two layers

. in close contact.

2. A short calculation of volumes involved in the

Anderson theory shows the proposition is feasible:
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- .
A unit cell of Al has a volume = (4.04)° A°,
and contains 4 Al atoms.

J. Each Al atom is associated with a volume

3 33 o
LA'Oﬁ) A7 _ 16.5 13.

3 Al atoms are associated with volume of 49.5 3.
A unit cell of Al,03 has a volume (3.95)3 23 and contain
L/3 Al203 molecules. .'. Each oxide molecule is associéted
with a volume of 46 4% S

Then if three Al ions are removed, the spacé they
leave (49.5 83) is sufficient room for one molecule of oxide;
i.e., one Al 1ion is simply removed by diffusion to the elect-
rolyte sufface, and the other two remain to form an oxide
molecule with oxygen which is able to jump into the space
provided due to the high field. Notice, however, that the
space provided is larger than necessary. So at this point it
is necessary to point out the following discrepancy:

Volume of unit cell of A1, (4.04)3 X3,

contains 4 Al atoms.
Weight of unit cell 4L x at. wt. Al. x 1H

Weight of 1 c.ce AL _ 4 x 27 x 1,67 x 10~24
(4.04)3 x 1024
2,74 gms.

This is in agreement with the accepted density of
aluminum.
| Similarly:

Volume of unit cell of oxide is (3.95)> 33,
and contains 4/3 oxide molecules.
Weight of unit cell = 4/3 x 102 x 1.67 x 10=?4 gns,

L/3 x 102 x 1.67 x 10=24
(3.95)3 x 10~R4
3.7 gms.

Wt. of 1 c.c. oxide

But, Burgers (2) experimentally determined the
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density as 3.1 . Now the oxide may contain adsorbed water and
acid moleculés, which would explain a density value being too
low; as will be seen later, porosity will affect measurements
of the densities of layers formed in certain solutions; and of
course it is very difficult to take very reliable thickness
measurements of layers which are only microns in thickness,
especially when the aluminum must firét be dissolved off the
layer. |

3. Another piece of experimental evidence for this
theory of Anderson's is the fact that no value of the‘effici-
ency ratio in exceés of 1.59 has yet been observed with elect-
rdlytes ih whichlthe oxide is slowly soluble (Edwards and
Keller -~ 4). This efficiency ratio is the ratio of the oxide
formed to the weight of aluminum reacting and being lost to
the sheet., If all the aluminum reacting appeared as oxide,
the ratio would be 1;89. When Anderson calculates the ratio
in the light of his theory, he finds a maximum possible value
of 1.59; Edwards and Kellar (4) experimentally have obtained
no values above l.46. \

L., It is certainly true at least that growth
processes do not take place at the top of the oxide separating
the pores. Rummel (7) painted this part and then continued
oxidation to find that the new oxide was growing underneath
the painted layer. This is surely to be expected, since the
oxide between the pores is so much thicker than the thin layer
at the basé of each ﬁore that the migration due to the field

strength must be directed toward the bases of the pores.
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5, Finally there is some evidence for the first
theory of aluminum migration alonej evidence which depends on
the accuracy of the determinations of densitylof the porous
dnd solid crystalline layers:

Dekker and Van‘Geel (3) measuréd the rate of change
of voltage during oxidation at constant current in boric acid;
i.e., for the solid crystalline layer. Then they formed a
porous layer on another plate in oxalic acid, again measuring
the rate of change of voltage for the oxidation in boric. In
this second case, assuming only aluminum migrates and that
therefore the only formation proceeds on the surface, they
considered that the boric oxidation was filling the pores.
Then the ratio of the two rates of change of voltage in boric
acid is the ratio of the pore area to the total area of the
plate. For a particular current density they found the pores
were about 30% of the total area, which is in keeping with the
density ratio of porous to crystalline layers of 2.5/3.1 .

Now if Anderson (1) is right, then the second |
oxidation is not only filling the pores, but is also forming
okide at the metal-oxide interface, one molecule of oxide on
the surface to every two below. So a slightly longer calcul-
ation than that used above is needed to convert the dv/dt
ratio to the area ratio:

For oxidation of the porous layver in boric acid:

When x cm.3 of oxide are formed below, x/2 cm.3 are
formed in the pores on the surface.

Let the area of the pores be 1/f of the total area A
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of the plate; i.e., outside area = =(inside area).

=yl

So x/2 ¢m.? are formed on an area A/f.

vol./area

Then thickness of outside layer is lS
_ 2 = xf/2A

whereas inside, x cm.> are formed on area A.
‘Then thickness of inside layer is 1; = x/A

s £ d = £4d .

Now the change in voltage is proportional to change

in thickness.

5 .
gty + 1g)

= $(15 + $14)

d?
- £y d
- (l + 5) dt(l )

- d
Total rate of change = aE(lT)

So %E(V ) < (1 ¢ f) (1 ) for the porous layer (1).

For the simple boric layer with no pores, dg = di/2 since
oxidation takes place over the whole surface in this case.

d =d ) =34 (1;
dt(lT) ag(ls + 11) % EE(ll)

So 4_(v 2 4 (1;) for the boric crystalline laver.
')« g ?) Y , 2.

Experimentally, Dekker and Van Geel found %E(VB) = 12
d -
and EE(VA) = 52,
d

:1k1§jp

(VA), or approximately,

QFL QVI

Ty = T E).

. Comparing formulae (1) and (2) above:
(1+f) &(14) .u.g.gﬁ(li)

(1 + 5) 6, and f = 10.



23.

So the pores are ilth of the total area in contrast

with Dekker and Van Geel's value of %th which, however, was

more in keeping with the density ratio of %%%. The density

ratio has already been discussed.
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2o DISCUSSION OF EXPERIMENTAL RESULTS:
| Al. Regarding oxidatibn in boric acid:

During oxidation in boric acid at constant current
density, the raﬁe of formation should be constant, as has been
observed for high purity aluminum, and with 100% curreht
efficiency (ref. 3).

The commercial aluminum used in this investigation

was of 99.5% purity, whereas that mentioneg above was 99.99%.
This seems to be sufficient difference to lower the efficiency
of formation as evidenced by the deviation of graph 1 from a
straight line. Note that the deviation becomes greater as the
layer becomes thicker. An explanation may be as follows:

Assuming that the oxygen lattice is made up of close-
packed hard spheres in a face-centered cubic arrangement, the
space through which the diffusing aluminum ions must pass can
be calculated from the dimensions of the triangle formed by
three oxygen ion positions in the centers of three adjacent
cube faces. Ever& migrating aluminum ion must pass through a
succession of tetrahedral and octrahedral positions, and in
order to do so must pass through this triangle which is then
the highest potential barrier that must be passed; otherwise
the aluminum ions are relatively unhindered since even in a
complete A1203 lattice there are many vacant lattice positions.

The cube side is a = 3.95 £.
Then v = 3 a7 = 2.8 L.

S0 the‘maximum radius for undeformed oxygen spheres
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= 1.4 X.

is

o nNo

Z—S,W:r:;t}g:l.éz
Then c¢=1r = % = 0.2 K, the radius of the largest
sphere which can pass between the oxygen ions.

If it takes a field of 10’ volts/ cm. before
aluminum ions of radius‘0;5 A can migrate through this space,
then it seems likely that impurity atomé such as a copper atom,
having radius = 0.8 K, could not pass at all. As the layer
becomes thicker, more of these ions which are incapable of
diffusing are incorporated in the oxide lattice as it grows
from the bottom; and thus it becomes increasingly more diffi-
-cult for the migrations to'occur. Under these circumstances

an appreciable electronic current flows liberating oxygen from

the anode.

figo Ll-‘0

2. Regarding oxidation in sulphuric acid, which
produces porous layers.

Now Anderson (1) has stated that when oxidation is
carried on at constant voltage in sulpﬁuric acid, the field
~ strength decreases as the film thickness increases, and the

rate of growth of the barrier layer then diminishes until
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equilibrium is reached between the rate of acid attack and the
rate of growth. Following this reasoning, one would expect
that if oxidation were continued in sulphuric acid solution
with constant current, that the rate of growth would be cons-
tant, and that therefore the unbroken basic layer below the
pores would continuously increase in thickness. That is not
thé case, however,

I have found that for a given acid concentration,
temperature, and constant current density, only one final
capacity is obtainable (table 2); i.e., the thin basic layer
will not increase beyond a certain‘thickness, no matter how
long the oxidation process is continued. Heavier current
density results in a thicker basic layer; higher temperature
- or higher acid concentration result in a thinner layer (graphs
3 and 4). Since the thickness of the oxide separating the
pores does increase with time, the conclusion naturally follows
that growth is certainly taking place at the metal-oxide inter-
face as Anderson suggests. In order that the unbroken layer
remain the same thickness the acid must be attacking the base
of the pores at the same rate as the layer increéses in thick-
ness at the metal side.

The reaction equation in the solution could be
written: ,

HyS0, — 2 H' + 80, ~

so;“* Hy0 — H 504 + 07~

so the net result is simply: H,0 — 2K* + 0
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Thgre appear to be three possible reactions for oxide formation:

a. The reaction eéuation for oxide formation in
boric acid must be: |

18 H + 6 A.f*ﬂ 90— 3 41,0, +9 Ht

1 molecule is produced on the surface for every 2
molecules next to the metal. | |

b. The equation for oxide formation in sulphuriec
acid, using Anderson's picture would be:

6 41+ 9 077+ 18 H'— 2 41,0,+ 6 H‘zh/uzos;e H™

+6 H'— 2 AT 3 Hp0

the oxide produced on the surface going into the solution.

¢, Finally there could be this equation which
represents theastate of constant thickpess of the thin layer
beneéth the pores; i.e., acid attack faster than in the last
equations given; as fast, in fadt,_as the oxide is being
formgdz ‘
6 A"+ 9 07 +18 H —3 41,0,+18 H — 6 41" 9 H,0
The problem is why at any time during oxidgt;on
equation (6) should be prefered over equation (b); i.e., why
therlayer(should dissolve as rapidly as it is formed after 1t
has attained a certain thickness. '

Now I have noticed when forming these porous layers
at constant cufrent; that the voltage oyer the layer rises
rapidly for about the first half minute, then drops as rapiﬁly

a volt or two before levelling off to becomes constant; this
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could be interpreted as growth over the whole surface until a
critical thickness is reached at which this rapid acid attack
begins to form pores. The concentration of aluminum ions will
be greater at the metal-oxide interface than at the solution-
oxide interface, as will the concentration of oxygen ions be
greater at the latter interface than at the former. This vari-
ation of concentration of ions will affect the way the field
varies through the oxide; possibly under given current, con-
centration, and temperature conditions there is a critical
thickness beyond which the oxide is not stable under such
field conditions.

In order to find the way in which the thicknesé‘of
the basic léyer depends on current density, concentration and
temperature, data from tables 3 and 5 are used as follows to
plot graphs 5, 6 and 7.

From Table 3¢
H80, conc:  15% 9% 5.4  2.3%  1.19%; Oxalic
log I (ma) da(f) a®) a&) a4k da(&) a4k

55.8 72,6 111 128

log 1 =0 33.8 L5.5

log 2 =.301 48.3 62.6 81.4 122 160 238

log 3 =477 5947 79.6 104 126 184 261,

log L =.602 67.7 96.5 119 162 200 299

log 8 =.903 92,9 120.5 147 182 —— 380
Table 6.

These figures are plotted on Graph 6, d vs. Log I, where
d is the final thickness of the basic.layer expressed in
Kngstroms, and where I is the current density. Note then that
the values of d for constant concentration vary directly as

the log of the current density.
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log I = «d ; & = constant for given concentration
and temperature.

From Table 5:

Cd 1000 op=~1

da (R) log .55 52 °K
31,8 1.16 3,16

3760 1.31 3.17

L5 .8 1.52 3423

6l o5 1.86 3.30

99.7 2430 3442

119.0 2.48 3.49

Table 7'0

Graph 5 shows log d vs. %, which is a straight line
except for the last 2 points. So

log d 2'3 3y B = constant for given concentration
and temperature..

Here it may be useful to point out the difficulty
encountered when oxidizing with currents over 4 m.a./cm. in
1.2% HpS0, at 13° C,., which may have some bearing on the
deviation from a straight line in the above case for the lower
temperatures. Under the mentioned conditions the plates
corroded visibly, but an oxide layer still covered the whole
plate, since a capacity measurement was obtained, although the
value did not lie on the graph for iower current densities at
the same concentration and temperature. This may be attribu-
table to solubility product effects, since in some cases dilute
solutions have been observed to give rise to much more serious
electrolytic corrosion than more concentrated solutions.

Another reason for expecting deviations for thinner

layers may be the following. The bases of the pores can be
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thought of as a series of small plates set some distance from
a single large plate (the metal); when the plates are. very
close together, the area must be the sum of the areas of the
small plates; but when the separation becomes large enough, the
area for the capacity measurement approximates the area of the
single large plate. This would lead to deviations in the
direction observed. | |

From Table 3, rearranging to keep current density
constant, there is the following relation between concentration
(in moles/litre) and thickness of the basic layer (expressed

in Rngstroms): (See Graph 7)

Table 8.
Conc. moles/‘ 10 d at d at d at d at
Hp50,, litre Jc 1 mil/cn?3 ma/cm? 4 ma/cm2 ma/cm?
15.0 % 2.71 16,07 33.8 5947 67.7 92.9
9.0 % 1.63 7485 45,5 79.6 96.5 120.5
5.4 % .98 10.1 55.8 104.0 119.0 147.0
23 % A416 15.5 7206 146.0 162.0 182.0
1.19% 215 21,6 111.0 184.0 200.0 --

So. d= £~ where f = constant, for given temperature
Je and current density.

To summarize the experimental results:
1. For given temperature and current density, d is
proportional to 73,
2. For given concentration and current den31ty,
log d is inversely proportional to T,
3. For given concentration and temperature, d is
proportional to log I, |

where d refers to the thickness of the thin basic oxide layer
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underneath the porous oxide structure formed in sulphuric acid.

3. SUGGESTED THEORY FOR FORMATION OF BASIC LAYERS OF CONSTANT
THICKNESS: |

| Experiment has shown that for given concentration

of sulphuric acid, temperature and current density, a basic
layer of constant thickness is formed under the porous structurej
and that this thickness is proportional to the logarithm of the
current density. It is proposed to show by the following

theoretical calculation that this relation is correct.

A. First some numerical values must be calculated.
1. Concentration of AI™™ions per c.c. without field:
Structure of Al203 formed in boric acid is of the
¥itype (ref. 9), a face-centered cubic lattice of
oxygen .ions with a statistical distribution of the
AT"™"ions over octahedron and tetrahedron holes. The
lattice parameter is a = 3,95 k. Then, since there

1"*ions inside a cube of side

are on the average 8/3 A
a (equivalent to 4 o ions), the concentration of
Al ions per c.c. without a field is n, = 4.3 x 10%%,
2. Coefficient @ in electrolytic current formula

I = -cebF

, where F is the field strength:

A study of the f.c.c. oxygen lattice shows that
one AI™ ion must make 4 jumps through alternate
octahedron and tetrahedron positions to cover a dis-

tance a=3.95 f in one specific direction.

A projection‘of this path leads to fig. 5 for the
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potential curve inside the oxide where f\Iy\/

b= 2 ~1 A, The activation energy U e
for an ootahedron-tetrahedron jump will figs 5.
for simplicity be assumed equal to that

- for a tetrahedron-~octahedron jump. If the vibration

frequenoy is =102, the probability for a jump
without an applied field 1is 26"/KT,  §itn a strong
field, essuming diffusion end jumping ageinst the
field are negligible;, the probability for an Al ion

"to jump is
Jump 18 36Fb

0e-U/KT o 2KT

Assuming that there is an effective number of ions/
om.2 equal to N,, the current/ocm.? inside the oxide,

essuming no space charge, is given by
I- Ny .3ede~U/kT o 2KT

Now a volume of oxide with a oross-section of 1 c:sm.2

and b om. in length oontains No ions; and therefore

N°= b noc

No= 1078 x 4.3 x 1022 = 4,3 x 1014~

Comparing with the experimental formala I= xeff |,

we see that 4= 3,4.8 x 10-8 x 10-10
2 1.38 x10-16x 300

~ 1,74 x 10~% at roonm temperature ’,.
; 6 for ¥ in e.s.u,
giving 3 ~ 0.6 x 10™° for F in.V/cm,

N.B, Verwey finds 3=0.7 x 10~8 for F in V/om. Glintherschulzel
finds 6 times as much, but that leads to ~10~7 which is the-
oretically impossible. It is too difficult to measure A ;

Lolnthersonulze, 4, & Betz, H., Z. Phys. 91, 70 (1934).
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caloculation is to be prefered.

3. Height of the lattice potential barrier, U:
We have I = bn, .Sede'U/kT e”F

From measurements of Dekker and van Geel (3), oxi-
dation in boric acid of 440 om.2 with a ocxrrent of
200 m.a. gives at a voltage of 300 volts (1 e.s:u.) &
capacity %.5 13 x 1078 om,~1 F |
So thickness d= €A _ 8 x 440 x 13 x 108

4"5' , 4T ’
= 3.64 x 10~° om.,

So, in that case, the field strength in e.s.u. is

F = = 2,75 x 104 e.s.u./0m.

"~ 3.64 x 105
Then e”F = 478 ~120 -
.Now I-= 228 D3 —1.36 x 106 egs.ua/om.?
so all quantities but U in the current equation are
known, v
Solving for U: eU/kT = 5,5 x 1013
| U 30 kT ~ .75 eV.
N.B. Verwey oalculates from Guntherschulze's o< a value of
1,8 oV., which seems to agree very roughly with fhe fusion
,point; ,
B. Now the field strength can be caloculated as a.funotion of x:
Assume that only the AI*‘-ions are mobile; then the
metal oxide interface can be considered as a source giving off
metal ions. (If the motion-of 0=~ ions in the opposite direc-
tion 1is takenvinto account, the metal-oxide interface could be

considered a source of metal ions and of positive holes. .The

0= ourrent ddpends on the Al™ ourrent because the 0= ions
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can only move when the Al*** ions jump from the metal into the
oxide, leaving holes which then move in the same direction as

the A1t**,)

If, during the time current is fldwing, the concent--

ration of A1*** ions is n(x), we have

I(x) = n(x) b 3 ed e V/KT oBF(X) | | tipible

diffusion term (1)

I(x) = n(x)- ¥e®F with #= 3 evre~U/K]

Mi\ ‘ = 2.6 x 107
eta, \\’:;;iiiy/\\// . ,
N

f—em— %
, %0 fig. 6.
On the other hand, because of possible space charge,
h ar _ LR _ hw.3e( -
we have - = 3 =—( n{x) - no) - (2)

assuming the number of 07~ ions remains the. same as without a

field.

From (1) we have n(x) = ‘% o=PF(x)
Substitute in (2), giving

¢ . 1%?e(% o PF(X) _ no)

"
or (Fap - [ 1eme
I__AF €&
(—e - No )

‘o Y (-]

. ' E
+  l2wey o __/ PFap

I
- 1 6Fo _ Iy . 1 AF _ ;]
oy [iog(noe 8) og(nee 7

This gives F as a function of x:



PFo I 12%en, Ax. 1.
—-i?———§n e = = e_!_s_ ~ e 7

F
oeﬁ_ - ¥
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10
+ 107 7x
= gP¥

Now suppose at x = O the effective density of the aluminum

ions in the metal is mg.

Then I; = ] = m°8e5F°
or % = moeﬁF°

Substituting this for % ’ we have

no"'mo

no‘ e "0 mo

When ng > me ,

1 = (eﬁ'(}F'Fo) - e} gPX
o

For those values of x for which px is of the order of 1 or

smaller, we see that we should have

because we can omit Mo 3

No

- and since BF, = log T3
]

x = Xlog I -~ Llog m ¥y - BF |
P ° p o8 Mt =5

which means that if we assume solution of the layer

begins when F reaches a critical value Eé (being the same

value in all caseé where the concentration of the solution is

the same), then the critical value of x = x, will be a linear

function of log I, as found experimentally, where I is the
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oxidizing current.

: ' 1 1 B
ie€s X, = =log I ~ =log mo¥ ~ =F
. o pg pgo P c
10
Now p has been calculated to be 1.7 x 10, so
£ = .59 x 10710

whereas the experimental slope (Graph_é) is of the order of
lO"6 .

Now the space charge of A1*** ions can only be
distributed over the vacant lattice positions, not continu-
ously through the oxide as has been assumed in the preceeding
theory, and this fact may explain why the right relation but

wrong order has been obtained.
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