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The nature of  surface features produced during the corrosion of  a metallic surface is an important  
parameter that  can affect both the corrosion kinetics and the response of  the interface to electro- 
chemical probing. These features are so visibly present, when the surface properties are studied 
over a certain frequency range, that  scientists have recognized and attempted to model them for 
almost seventy years. But while the evidence is high that  many of  these features are probably related 
to the fractal nature of  the surface, actual experimental evidence is still quite scarce. In this paper an 
at tempt is made to correlate the fractal dimension of  surface profiles measured with a commercial 
instrument on corroded aluminium specimens with results obtained with electrochemical impedance 
spectroscopy (EIS). 

1. Introduction 

Surface modifications occurring during the degradation 
of a metallic material can greatly influence the sub- 
sequent behaviour of the material. These modifications 
can also affect the electrochemical response of the mater- 
ial if it is submitted to a voltage or a current perturba- 
tion. Fortunately, models based on fractal and chaos 
mathematics have been developed to describe complex 
shapes and structures and explain many phenomena 
encountered in science and engineering [1-3]. These 
models have been applied to different fields of materials 
engineering, including corrosion studies. Fractal models 
have, for example, been used to explain the frequency 
dependency of a surface response to probing by electro- 
chemical impedance spectroscopy (EIS) [4-11] and 
more recently to explain some of the features observed 
in the electrochemical noise generated by corroding sur- 
faces [12, 13]. Fractal mathematics have also been used 
to explain the pit morphology of a corrosion situation 
[14]. Unfortunately, experiments are much scarcer 
than theories. In a recent paper discussing the theories 
explaining the origin of dispersion effects observable 
by EIS, only one paper was said to have attempted to 
correlate the roughness of metallic surfaces with fractal 
theories [15]. The authors of this paper reported having 
not found any correlation between the constant phase 
angle (CPA) obtained from EIS measurements and the 
fractal dimension obtained by analysing surface profiles 
of blocked electrodes exposed to 0.1 M H 2 S O  4 solution 
[16]. In the present paper, fractal and stochastic 
mathematics have been applied to surface profiles 
measured with a commercial instrument and the 
results obtained were compared to the fractal dimen- 
sion speculated from EIS measurements made under 
similar conditions. 

2. Experimental details 

2.1. Surface profile experiments 

A sample of rolled aluminium 2024 sheet (nominal 
composition 0.5% Si, 0.5% Fe, 4.3% Cu, 0.6% Mn, 
1.5% Mg, 0.25% Zn) of dimensions 100mmx 
40 mm × 4 mm and polished to a 600 grit finish, was 
placed in a 250 ml beaker such that it was immersed 
in aerated 3% NaC1 solution to a level about 30 mm 
from the top of the specimen. All experiments were 
conducted at ambient temperature (~ 20°C). The 
effect of aeration created a 'splash zone' over the sur- 
face of the specimen which was not immersed. During 
the course of exposure, a portion of the immersed 
region in the centre of the upward-facing surface 
became covered in gas bubbles and suffered a higher 
level of attack.than the rest of the immersed surface. 
After 24 h the plate was removed from the solution. 
Figure 1 shows in diagrammatic form the specimen 
and areas from which the surface profiles were 
measured. 

Surface profile measurements were made by means 
of a Rank Taylor Hobson Form Talysurf with a 
0.2 #m diamond tip probe in all of the various planes, 
(i.e., LT, TL, LS, SL, ST and TS). The instrument cre- 
ated a line scan of a real surface by pulling the probe 
across a predefined part of the surface at a fixed scan 
rate of 1 mms -1 . All traces were of length 8 mm, gen- 
erating 32 000 points with a sampling rate of 0.25 #m per 
point, except for the SL and ST directions which, 
because of the plate thickness, were limited to 2 mm 
traces or 8000 points. The manufacturer's software 
for the Talysurf instrument was capable of generating 
over twenty surface profile parameters. In this study 
two parameters, Ra and Rt were retained. Ra, the 
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Fig. 1. Diagram of aluminium sheet specimen with locations of 
corroded zones. 

roughness average, described the average deviation 
from a mean line, while Rt described the distance 
from the deepest pit to the highest peak of the profile, 
an index which was taken as an engineering 'worst 
case' parameter for pitting severity. 

2.2. Electrochemical impedance spectroscopy 
experiments 

The aluminium specimens tested in the present study 
were cut from commercial sheet material (thickness 
1.0 ram) to appropriate sizes for mounting in epoxy 
according to metallographic techniques. The samples 
were mounted in a manner that would expose only 
one face of each of  three orthogonal planes related 
to the rolling direction of the sheet. Prior to mounting, 
provisions were made for electrical connection to the 
unexposed back of the samples and the unexposed 
edges were coated with an aluminium-vinyl anti- 
corrosive paint to prevent crevice corrosion between 
the epoxy mount  and the aluminium electrodes. After 
mounting, the specimens were polished (using 240, 
400 and finally 600 grit papers) and washed with water 
followed by acetone and dichloromethane. 

For  each experiment, a pair of identical aluminium 
specimens (same exposed face) were immersed in a 
2din 3 beaker containing a solution of 3% sodium 
chloride. Each cell was equipped with an air purge 
and a saturated calomel electrode (SCE) brought 
into close proximity to one aluminium specimen by 
a Luggin probe. The mounted specimens were sep- 
arated by 2.5mm and kept in a stable parallel position 
with plastic holders. The electrochemical impedance 
spectroscopy (EIS) measurements were performed 
with a commercial generator/analyser (Solartron 
model 1255) at the corrosion potential. The starting 

frequency (100Hz), the number of frequencies (25) 
and the frequency intervals (log A f  = - 0 . 1 2 5 )  were 
similar for all measurements. The alternating current 
was applied directly between the two aluminium elec- 
trodes and kept at a value which did not cause more 
than 10 mV difference (peak to peak) across the cell. 
The corrosion potentials were recorded at regular 
intervals by measuring the potential difference between 
the SCE and the exposed aluminum specimens. 

3. Results and discussion 

3.1. Sutface profiles experiments 

The corrosion found on the plate varied considerably 
from area to area. The region of  the plate beneath the 
gas bubbles was found to be particularly corroded, the 
concentration of  pits being very high. Across the 
remainder of the immersed upward-facing surface, 
the pitting was scattered. The 'splash zone' of the sur- 
face above the electrolyte was also badly pitted. On 
the sides, pits had a geometry and orientation which 
conformed to the expected grain structure of the 
rolled material. In all cases, the changes noted in 
traditional Talysurf parameters were consistent with 
expectations. Severity of corrosion was indicated by 
increase in Ra and Rt and the profiles obtained gave 
good general indications of the degree of pitting and 
the size of pits. There was an approximate tenfold 
increase in Ra and Rt between the freshly polished 
surface (the 'Ref'  in Table 1)and the heavily corroded 
profiles such as a, b, e and g. 

All the profiles measured and analysed with the 
Talysurf equipment were also analysed with the 
rescaled range (R/S) analysis technique. The R/S tech- 
nique, which can provide a direct evaluation of the 
fractal dimension of a signal, was derived from one 
of the most useful mathematical models for analysing 
time-series data proposed a few years ago by Mandel- 
brot and van Ness [17]. A detailed description of  the 
R/S  technique (where R or R(t,s)  stands for the 
sequential range of the data points increments for a 
given lag s and time t, and S or S(t, s) for the square 
root  of  the sample sequential variance) can be found 
in Fan et al. [18]. Hurst  [19] and later Mandelbrot  
and Wallis [20] have proposed that the ratio 
R(t, s) /S(t ,  s), also called the rescaled range, was itself 

Table 1. Calculated surface parameters for regions identified on Fig. 1 

Plane Zone Ra Rt D 
/#m ~,am 

Ref* 0.14 2.95 1.45 
LT a 1.12 17.6 1.27 

b 1.36 20.0 1.27 
c 0.48 8.82 1.36 
d 0.71 12.8 1.42 

SL e 1.59 15.7 1.23 
f 0.84 14.9 1.30 

ST g 1.01 17.6 1.35 

* Average reference trace measured before corrosion exposure. 
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a random function with a scaling property described 
by Relation 1 where the scaling behaviour of a signal 
is characterized by the Hurst exponent (H), also 
called scaling parameter, which can vary between 
0 < H < I .  

R(t,8 o( s It (1) 
S(t,s) 

It has additionally been shown [21] that the local 
fractal dimension D of a signal is related to H through 
Equation 2 which makes it possible to characterize the 
fractal dimension of given time series by calculating 
the slope of a R / S  plot. 

D = 2 - H  for 0 < H < I  (2) 

Examining the data in Table 1 it is apparent that the 
ground, uncorroded surfaces both exhibited behaviour 
close to that of a Brownian profile for which the frac- 
tal dimension D equals 1.5 [20, 21]. The corroded 
areas with the largest reduction in D were those with 
the most pitting, that is, traces a, b and e, all of which 
occurred in the spray zone above the water. The 
reduction in fractal dimension at the fine texture 
resolution of the Talysurf, from about 1.5 to about 
1.2, would indicate a 'smoothing' which might be 
explained from a greater loss of mass from the peaks 
than from the ValleyS of the profiles. The correlation 
coefficients between the fractal dimension and the sur- 
face parameters presented in Table 1 were calculated 
to be 0:89 for Ra and 0.76 for Rt. This would indicate 
that the fractal dimension is slightly better related to a 
short range descriptor or an average quantity such as 

Ra than to a longer range descriptor or a worst case 
distance quantity such as Rt. 

3.2. EIS experiments 

The EIS measurements were analyzed with the projec- 
tion-permutation (ProPer) method that has been 
used successfully both for field corrosion monitoring 
and routine laboratory work [23, 24]. A previous study 
of the corrosion behaviour of various aluminium sheet 
materials, exposed to an aerated saline solution, had 
revealed that the depression angle from the real axis 
in a complex plane representation of  EIS results, 
which is almost an omnipresent character of EIS mea- 
surements, was related to the susceptibility of each 
alloy to localized corrosion [25]. In fact, this study 
demonstrated-that the depression angle was a more 
reliable indicator of localized corrosion than the 
polarization resistance (Rp) values proved to be of 
the general corrosion rates. 

The presence of such depression is not a new obser- 
vation. In reality, the scaling property of complex 
impedance (Z(w)) of real electrodes was reported as 
early as 1926 [26]. This phenomenon seemed to obey 
what became known as the CPA scaling relation 
(Equation 3) that expresses Z(@ as a function of 
frequency (w), current (i) and a CPA (/3) [27]. 

z(@ (3) 
The CPA has oftenbeen introduced in mathematical 

fitting of EIS data as an empirical factor which would 
appear as an exponent, added to the imaginary term of 
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Fig. 2. EIS Bode plots of impedance (white) and phase shift (grey) of 2024-T3 sheet material from EIS results obtained after 24 h exposure to 
an aerated 3% NaC1 solution: (D) LT, (A) SL, (O) ST. 
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Table 2. Average CPA measured with EIS for 2024-T3 sheet specimens 
exposed to a 3% aerated NaC1 solution during 24h 

Plane Dep /3 3 -/3* 1 + 1//3 ~ (5 - /3) /2  ~ 1 + 2/3 § 

Ref 11.0 II 0.88 2.12 2.14 2.06 2.76 
LT 17.9 0.80 2.20 2.25 2.10 2.60 

17.3 0.81 2.19 2.24 2.10 2.62 
SL 23.1 0.74 2.26 2.35 2.13 2.49 

17.0 0.81 2.19 2.23 2.09 2.62 
ST 28.0 0.69 2.31 2.45 2.16 2.38 

26.8 0.70 2.30 2.42 2.15 2.40 

Proposed relations between the CPA (fl) and the fractal dimension 
of the interface according to [7, 8]*, [10] t, [35] ~ and [36] §. 
II Average depression angle measured with any metallic surface 
polished to 600 grit [37]. 

an RC circuit model [28, 29]. Figure 2 illustrates some 
typical results obtained with the 2024-T3 aluminium 
specimens exposed to an aerated 3% sodium chloride 
solution. One can easily obtain the CPA from the 
straight portion, typically between 1 Hz and 100Hz in 
Fig. 2, of the impedance Bode plots. In this particular 
example the CPA would be 0.80 for the LT specimen, 
0.78 for SL and 0.70 for ST. 

It has been demonstrated experimentally that the 
CPA element originates from the microscopic roughness 
of the interface [30-32]. During a study of carbon steel 
resistance to corrosion, a practical correlation was 
even established between pit depth measurements and 
the cumulative depression angle calculated from EIS 
data [33]. Some noteworthy predictions [27] have been 
used to convert the CPA, obtained during the experi- 
ments with EIS, into the fractal dimension of the studied 
surfaces (Table 2). These results were then compared to 
the surface profilometry: results presented in Table 1 
since the scaling parameter is dimension invariant [34], 
that is, for the EIS results presented in Table 2 one 
would expect D to vary between 2 and 3 since the EIS 
results describe a surface response to a probing fre- 
quency while the results in Table 1 describe only a sec- 
tion of the surface with D between 1 and 2. 

It is obvious that none of the scaling parameters 
predicted with the models in Table 2 fitted completely 
the results obtained by surface profilometry. But only 
one model [36] attributed a higher value to the fractal 
dimension of the reference material, a phenomenon 
repetitively observed during the analysis of the surface 
profile measurements. The other three models consid- 
ered clearly indicated that an uncorroded surface had 
lowe~ fractality than corroded surfaces. A possible 
explanation for this discrepancy and the general lack 
of fit could be that the formalisms employed to relate 
/3 to D in these models do not take into account fara- 
daic processes and only describe ideally polarized sur- 
faces. A more realistic approach would be to use more 
complex relations to describe the multifractal nature 
of such surfaces [27]. 

4. Conclusion 

R/S analysis can provide a direct method for determin- 
ing the fractal dimension of surface profiles measured 

with commercial equipment. Simple correlations were 
established between conventional surface profile cal- 
culations and the fractal dimension revealed by the 
R/S analysis. Such analysis was helpful in shedding 
a new light on the real nature of the microscopic trans- 
formations occurring during the corrosion of alu- 
minium. A comparison between the surface profile 
results and the fractal dimensions estimated with pub- 
lished models relating the CPA, an omnipresent char- 
acteristic of EIS results, to the fractal dimension 
indicated that none of these models explained fully 
the behaviour observed by surface profilometry. 
Some work is still required to develop new models 
of corroding interfaces that would take into account 
the electrochemical processes that are bound to affect 
the measurements by EIS, for example. 
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