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Study of  the chemical stripping of  anodic oxide films on hafnium, zirconium, tungsten and aluminium 
has led to the deduction of  the morphology of  the respective oxides. Away from the boundary  region 
hafnium oxide is a compact,  smooth,  homogenous  and crystalline oxide. Zirconium oxide has a 
superficial disorder layer which constitutes about  17% of  the entire film. Tungsten oxide deposits are 
composed of  two defective partial layers the outer one being more disordered. Aluminium oxide is a 
porous  film. A schematic representation of  each film had been presented. 

1. Introduction 

Knowledge of the morphology of surfaces is import- 
ant for the technical applications of solids [1]. It is 
possible to infer some of the surface features of solids 
by expensive techniques such as Auger and/or SEM 
[2]. Alternatively, it is possible to deduce some of the 
surface characteristics by etching techniques [3]. 
Previously, the capacitance (inverse thickness) tech- 
nique was used successfully to reveal the profiles of 
defects in anodic oxide films [4]. These results are 
important for the elucidation of several phenomena in 
materials science such as corrosion rates [5], efficiency 
of the surface of a semiconductor in solar cell tech- 
nology [6] and quality of eleetrodeposited layers [7]. 

Surface oxide films are usually composed of more 
than one layer. These layers may differ in their 
chemical composition, crystallinity or porosity. The 
differences may arise from: (i) the possibility of the 
presence of the metal ion in more than one oxidation 
state [8], (ii) change of the mechanism of growth of the 
oxide with thickness, e.g., from the solid state mech- 
anism into dissolution/precipitation [9, 10] and (iii) 
increase of the internal compressive stresses with 
increase of the oxide thickness [11]. 

The aim of the present investigation is to reveal the 
morphology of some of the anodic oxide films from 
the previously established kinetic features of their 
chemical dissolution reactions [12, 15]. The method- 
ology and techniques of measurements are essentially 
the same as those given previously [4, 16, 17]. 

2. Results and discussion 

It has been found that the shape of the kinetic curve 
representing the seiective dissolution of a given oxide 
depends on its nature, as shown in Figs 1-3, for 
hafnium, zirconium and tungsten oxides and Figs 4 
and 5 for aluminium oxide, respectively. 

Figure 1 shows the decrease of the reciprocal of the 
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electrode capacitance, C,7 ~, which measures the thick- 
ness of the remaining anodic oxide film on hafnium 
with immersion time [12]. This figure indicates that 
hafnium oxide dissolves at a constant rate. This 
feature has been observed during the dissolution of the 
anodic oxide film on hafnium in several solutions such 
as HC1 [12], H2SO 4 [18] and NaOH [19] over wide 
ranges of concentration. Therefore one may conclude 
that, away from the boundary regions, this oxide is 
more or less homogenous (composed of one layer). 
This conclusion accords with the structure revealed by 
other techniques [11]; it is crystalline. Thus one may 
represent the structure of this oxide as shown in 
Fig. 6a. This figure shows the morphology of the 
anodic oxide film on hafnium regardless of the profile 
of atomic defects therein [4]. 

Dissolution of the anodic oxide film on zirconium 
may proceed in accordance with one or two rate laws, 
depending on the concentration of the dissolving 
solution, Fig. 2. This indicates that the anodic oxide 
film on zirconium is composed of two layers. The 
outer one is more reactive than the inner one, possibly 
due to a higher concentration of defects, difference in 
composition and/or lower degree of crystallinity. A 
schematic representation of the morphology of this 
film is given in Fig. 6b. Evidence for the suggested 
structure of the outer, as compared to the inner layer, 
is that it dissolves faster in the relatively concentrated 
solution since region B~, Fig. 2, has a higher slope 
than region B 2. On the other hand, in the dilute 
sulphuric acid solutions sealing of the outer layer 
occurs (region B'~, Fig. 2). This is indicated by the 
increase in the overall thickness of the oxide (the 
reciprocal of capacitance) as the formation reaction 
overtakes the dissolution process. It is worth mention- 
ing that defects act bifunctionally; they initiate both 
formation as well as dissolution of the oxide [20]. So, 
the behaviour of the anodic oxide film on zirconium 
can be visualized as follows; in the concentrated sol- 
ution dissolution of the outer layer predominates 
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Fig. 1. Reciprocal capacitance against logarithm of  the immersion 
time for the anodized hafnium electrode in 1.0 M HC1; the anodiz- 
ation voltage, current and solution concentration are 25V, 
2.5 mA cm-2 and 0.25 M H2SO4, respectively. 

initially; however, at a later stage the thickness 
decreases rather slowly due to the slower dissolution 
of the less reactive inner layer (region B2, Fig. 2). In 
the dilute solution, sealing of the outer layer occurs, 
which gives rise to a decrease in capacitance, (7,, 
(increase of thickness) as revealed by the region B~. 
Fig. 2: a limiting thickness is eventually reached, 
region B~ in Fig. 2. 

It is worth noting that the extrapolation ofregi0n B~ 
and B1 intersect at zero time, Fig. 2. This confirms 
the fact that the process occurring during the early 
period of immersion of the oxide in 0.02M H 2 S O  4 

(region B~, Fig. 2) may be viewed as a repair or sealing 
phenomenon. 

The relative thickness of the outer and inner layers 
of the oxide can be estimated from the capacitance 
values corresponding to the moment of immersion 
(0.46ttFcm -2) and at the stage (30rain later) corre- 
sponding to complete dissolution of the outer layer 
(0.55#Fcm-2). According to these values the outer 
layer constitutes 17% and the inner layer 83% of the 
entire film. 

In almost all acid solutions the anodic oxide film on 
tungsten dissolves as shown in Fig. 3. This curve 
reveals that the film is composed of two layers, each 
susceptible to dissolution [14]. The outer layer dis- 
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Fig. 2. Variation of  the thickness of  the oxide on the anodized 
zirconium electrode represented by the reciprocal of  the electrode 
capacitance, Cm ~ , with the square root o f  the immersion time, t Ile, 
at different sulphuric acid concentrations: (O) 0.02 and (e)  0.50 M. 
The anodization voltage, current and solution concentration are 
25V, 2 .17mAcm -2 and 0.50M H2SO4, respectively. 
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Fig. 3. Decrease of  log C~ 1 with time during dissolution of  the 
anodic oxide film on tungsten in 0.1 M HCI. The oxide was formed 
galvanostatically in 0,1 M HC1 at a current density of  0.50 mA cm -z 
up to a formation voltage of 20.0 V. 

solves faster since the slope of the region C~ is higher 
than that of the region C2, Fig. 3. Thus the structure 
of the anodic oxide film on tungsten can be represented 
in a duplex manner, the outer layer being the more 
defective, Fig. 6c. 

In the same manner as for zirconium the relative 
thickness of the outer and inner layers are 5% and 
95%, respectively. These values should be considered 
cautiously from the quantitative point of view because 
the capacitance method for measuring the thickness 
becomes more accurate the more perfect the oxide 
[21]. The last condition is satisfied more for zirconium 
than for tungsten. 

Dissolution of the anodic oxide film on aluminium 
follows the kinetic curve shown in Fig. 4; the corre- 
sponding potential decay curve is shown in Fig. 5. The 
striking feature in this case is that there is a period of 
time during which the thickness of the oxide decreases 
rather slowly (region dl, Fig. 4 and region dj, Fig. 5) 
and then the thickness decreases sharply (region d2, 
Fig. 4 and region d 2 Fig. 5). 
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Fig. 4. Decrease of  C m ~ with the square root of  the immersion time, 
?lz, of  the anodic oxide film on aluminium in 0.25 M KF. The oxide 
was formed galvanostatically according to the following anodiz- 
ation condition; voltage, current and solution concentration are 
60 V, 5.952 mA cm -2 and 1.0 M H3PO 4, respectively. 
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Fig. 5. Decay of the open circuit potential, Eh, against SHE of the 
anodized aluminium electrode during dissolution of the same oxide 
specified in the capture of Fig. 4. 

Previous studies reveal that  the results o f  open cir- 
cuit potent ia l  measurements  (Fig. 5), recorded simul- 
taneously with those of  the electrode capaci tance 
(Fig. 4) during the str ipping o f  the oxide, are in agree- 
ment  with regard to the kinetics of  the dissolution 
process [12, 22], i.e. under  certain condi t ions the elec- 
t rode potent ia l  [23, 24] and electrode capaci tance [21] 
are p ropor t iona l  to the ins tantaneous  thickness o f  
the oxide. 

The dissolution behaviour  of  the an0dic oxide film 
on a luminum suggests that  it has the m o r p h o l o g y  
shown in Fig. 6d; it is composed  mainly  o f  a porous  
(outer) layer and  a barr ier  (inner) layer. Dur ing  the 
period o f  the region d~. Fig. 4 (the region d~, Fig. 5), 
the oxide dissolves by a pore  widening mechan ism 
[25], i .e. ,  the oxide dissolves while its thickness 
decreases insignificantly. At  a critical t ime or thickness 
(pore depth to width ratio), infinite exposure  of  the 
oxide to the solution occurs which gives rise to an 
avalanche dissolution, hence a sharp increase in dis- 
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Fig. 6. Sketch of the likely morphology of the anodic oxide film on 
(a) hafnium, (b) zirconium, (c) tungsten and (d) aluminium. 
MS = metal side; SS = solution side. 

solution rate occurs,  (region d2 Fig. 4 or  region d 2 
Fig. 5). The  incomplete  paral lel ism between the results 
o f  potential ,  Fig. 5, and those of  capaci tance,  Fig. 4, 
can be at t r ibuted to side react ions associated with the 
dissolution process,  e.g., hydra t ion  o f  the porous  layer 
[26]. These evidently change the electrical propert ies,  
o f  the inner and outer  regions to different degrees and 
hence the measured  potent ia l  and capaci tance values 
are not  exactly parallel. Capaci tance  and potent ial  can 
respond to the propert ies  of  a given film to different 
degrees. Fo r  example  with increasing insulating 
propert ies  of  an oxide capaci tance becomes a more  
accurate  index for  measur ing  the oxide thickness while 
the open circuit potent ia l  ceases to change [18]. 

3. Conclusion 

The order  of  increasing complexi ty  o f  the structures 
of  the investigated anodic oxide films is as fol- 
lows: ha fn ium oxide < z i rconium oxide < tungsten 
oxide < a lumin ium oxide. (Aluminium oxide has the 
mos t  compl ica ted  structure.)  This order  is a lmost  the 
same for the ease of  fo rmat ion  o f  a tomic  defects in the 
respective oxides [27]. This means  that  when there is a 
relatively large concentra t ion  of  a tomic  disorders (say 
in tungsten oxide), the defects interact  by dispro-  
por t iona t ion  to give voids or  even pores (e.g. in 
a luminium oxide). These reactions m a y  occur  con- 
secutively to give rise to splitting of  the film into two 
s trata  and, hence, different morphologies  according to 
the nature  of  the oxide. Since the role of  the nature  of  
the oxide can be represented by the meta l -oxygen 
bond  energy in the oxide [4, 27], the deduced mor -  
phologies are thermodynamica l ly  justified. 
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