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ABSTRACT

Simple linear potentiodynamic cycling measurements have been
made on abraded pure Al in borate, chromate, phosphate, sulfate
and nitrate solutions. In borate and chromate solutions the
currents continued to decrease with each subsequent cycle. In
phosphate dissolution of the oxide takes place producing
repetitive repeat curves. The current variations in borate and
chromate were simulated using a high field conduction oxide
growth model. Including oxide dissolution in themodel simulated
the phosphate behavior. Results in sulfate and nitrate solutions
were more complex. The behavior in the sulfate solution was
attributed to effects of sulfate the oxide/solution interface.

INTRODUCTION

The corrosion behavior of Al is highly dependent on the properties of the
oxide film that forms on its surface. Extensive studies have been made of the
properties of surface oxides grown anodically which are far thicker than oxides
formed under a chemical driving force (1-3). The morphology of anodic oxides
depends on the nature of the anions and the solution pH in which they are grown(l-
3). Oxide produced in neutral solutions of weakly ionizing anions forma defect
free barrier layers of oxide having thicknesses directly proportional to the voltage at
which they were grown. The oxides grown in acidic solutions form two layered
oxides. The oxide adjacent to the metal is again a barrier layer having a thickness
closely related to the anodizing voltage. The outer layer is porous and continues to
grow with time at a fixed voltage. The extended periods of time at the maximum



potential is also becomes a factor when fiims are grown in neutral solutions and if
long enough also produces a porous outer layer (l-3).

Changes in the oxides have also been studied when freely exposed to
different corrosive environments (4,5). Extensive polarization measurements have
neem made at low potentials on Al to determine the pitting behavior in chloride
solutions.

The present study set out to determine the polarization characteristics of pure
Al in various solutions that relate to the corrosion behavior of Al. The simple
cyclic voltarnetry study has shown that it is possible to rapidly characterize growth
characteristics and dissolution behavior of Al in different solutions.

EXPERIMENTAL

A high purity (99.999% Al) cylindrical Al rod was generally used with a
cross sectional area of lcm2. The rod was first anodized in bOrZttesolution to 90V
to electrical insulation its walls. Prior to testng, the cross section of the Al rod was
abraded down to a 600 grit SiC paper, washed in 18 M Q water and air dried.

The solutions were made with analytical grade reagents and 18 M Q water
having cc)mpositions and pH values of

~

0.5 M K3B03 7.8

0.4 M Cr(VI) solution (0.2 M K2Cr04+ O.lM K2Cr207) 6.5

0.5 M Phosphate solution, NaH2PO@kiHP04 6.0

0.5 M Na#Od 5.8

0.5 M Na2N03

Polarization measurements were made by scanning the potential at a rate of
5mV/s. A mercurous sulfate reference electrode (approx. 0.4V :morepositive than
a saturated calomel electrode) was used. The solutions were freely exposed to air.

RESULTS
Fig 1 shows the polarization behavior of pure Al in a 0.5 M phosphate

solution. The current in the fist cycle increased rapidly as the potential increased
and then reached a plateau region. When the potential direction was reversed at
-0.3Vmse, the current dropped rapidly to close to zero at -0.7 Vmse. For the
subsequent cycles the current showed virtually the same potential dependence.
The current remained low until –0.8 Vmse and then increased to about 75% of the
original plateau current.

Fig. 2 shows the behavior of Al in the borate solution. The fiist cycle
showed currents changes that were similar to those in the phosphate solution. The
subsequent cycles in the borate were very different. The currents continued to
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decrease for the second and repeat cycles. The behavior observed for the chromate
solution was similar to the borate and the currents at the less negative potentials
continued to decrease with each repeat cycle.

Fig. 3 shows the behavior of Al in the sul.fat$solution. The fust cycle
showed no plateau. The current on the freshly abraded surface was at fust Iower
than that in the borate, chromate and phosphate solutions up to -0.9 Vmse. The
current continued to rise almost linearly with potential until the potential scan
direction was reversed. The corresponding currents for the second cycle showed
lower cu&ents than those of the f~st cycle. The currents continued to decrease
after each repeat cycle and then tended to be repetitive. The behavior in nitrate
solution was somewhat similar to the sulfate. The initial current was low and not
dependent on potential till –1.0 V and then increased almost linearly with
potential. Much higher currents were observed which did decrease on cycling.

DISCUSSION

The anodic current density i is equivalent to the oxide growth or rate of
oxide thickening. The change in thickness D is given by

AD=~ idt
nFp J [1]

where M = molecular weight of the oxide formed
p = density of the oxide
n = the oxidation state of the oxidized metal
F = Faraday constant.
t = time of ‘immersion

For convenience the thicknesses are expressed as the coulomb equivalent
thickness 6 (or the amount of charge on the Al ions in the oxide) and is related to
the true thiclmess by

nFp
6 =mD [2]

The growth of anodic oxide layer on valve metals takes place by a high field
conduction mechanism given by

E-E.
i = a exp(~

6)
[3]

where a= pre-exponential term and includes concentration of reactant species,
vibration frequency of the reactants
~ = the field constant
E = the applied potential
E.= the potential for zero field in the oxide (flat band potential)

After abrasion the metal rapidly forms an oxide film in air having a thickness 60
pfior to immersion. If the oxide is soluble it may dissolve at a constant rate of R.



6= Ai$+80-Rt [4]

Fig. 4 a-c shows a simulated (or calculated) polarization curves for a scan

rate of 5 mV/s and valued for G 1 10-~OA/cm2,~ = 0.045 C/cm2/V, R=O, 610-6, or

12.10-6A/cm2,EO=25 V and the ini?ial equivalent thickness 5.=4.0 10-3C /cm2.
The curye without dissolution, Fig. 4a is very similar to that observed for the results
in Figs. 2 for borate and also the chromate solution. The curve in Fig. 4Cwith an

oxide dissolution rate of 4.510-6 A/ cm2 is somewhat similar to that in the sulfate,
Fig.3, and with double the dissolution rate, Fig. 4c, the curve is similar to that
observed in phosphate.

The comparing the results for borate and phosphate and the simulations in
Figs. 4a and 4Crespectively, demonstrates that the model for the ~~owth and
dissolution of the oxide can be accounted for in terms of a high field conduction
model. During the initial increase in potential, the air formed oxide is thin and the
current increases rapidly as the potential is increased, reaching a constant value in
accordance with what is expected based on Eq. 3. When there is no dissolution of
oxide, the film thickness increases during each cycle and the current decreases, as in
the borate solution. When the oxide dissolution is high the anodic process replaces
the oxide dissolved, and the second and subsequent cycles are repetitive. This
corresponds to the behavior in the phosphate solution.

In sulfate solution, however, the behavior of the current on first increasing
the potential, differs from that in the borate and phosphate solutions. On increasing
the potential the current was first lower than the other solutions during the first
cycle, but then increases steadily to attain higher currents. It is to “benoted that his
behavior occurs after the surface was abraded. The presence of a thicker oxide film
on Al prior to polarization delays the onset of the high current plateau in borate or
phosphate solutions. However the plateau was absent in the sulfate solution. These
characteristics suggests that sulfate is adsorbed on or enters the outer oxide and
increases the potential drop across the oxide/solution interface, tmd blocks oxygen
vacancy migration to the surface. This at first reduced the field across the oxide
lowering the current flow. At the higher potentials the surface sulfate assists the
dissolution possibly by increasing field assisted dissolution. For subsequent cycles
the behavior in Fig. 3 was similar to that expected for an oxide chsolving at an
intermediate rate in Fig. 4b as the currents continued to decrease after the first
cycles, indicating that the oxide continued to grow reducing the currents in each
subsequent cycle.

CONCLUSIONS

I

Simple cyclic voltametry measurements have shown distinct differences in
the behavior of pure Al in neutral solutions. Constant potential measurements
should in principle give similar results, but are complicated by background currents
due to, for example dissolve oxygen. The advantage of the apprclach arises from
the replacement of the dissolved oxide at the higher potentials.



In borate and chromate solutions the currents at the highest potentials
decrease for each subsequent cycle. The behavior is in agreement with a high field
conduction model.

Phosphate solutions show evidence for dissolution of the oxide. After the
frost cycle where the air formed film grows rapidly the currents for each subsequent
cycles are repetitive. The behavior was again in accordance with high the field
conduction model and an oxide dissolution process independent of potential and
time.

Sulfate (and nitrate) solution showed a very different behavior. The growth
of the oxide did not follow a high field conduction behavior and was attributed to
surface sulfate reducing the potentizil across the oxide and increasing field assisted
Al dissolution.
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Figure 1. Polarization characteristics of fres ys~braded Al in 0.5 M phosphate

solution, pH 6.0, for three potential cycles at 5 mV/s.
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Figure 2. Polarization characteristics of freshly abraded Al in 0.5 M borate solution

PH 7.8 for three potential cycles at 5 mV/s.
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Figure 3. Polarization characteristics of freshly abraded Al in 0.5 M sulfate solution
PH 5.8 for multiple potential cycles at 5 mV/s.
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(c)

Simulated polarization results for potential cycles at 5 mV/s based on-a
high field conduction model. (a) without oxi~ dissolution, (b) ~ith an
equivalent oxide dissolution rate of 6 pA/cm and (c) 12 pA/cm .


