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Abstract

The morphology of the passivated surface of stainless steel (SS) was quantitatively characterized based
on fractal geometry. In particular, the surface irregularities of the passivated 304 and 439 SSs were com-
paratively analyzed in terms of their self-similar fractal dimensions. The passivated surface of 439 SS in
an acid-based electrolyte proved to have a higher fractal dimension, as compared to that of 304 SS, esp.
at a scale of several tens of nanometers, strongly indicating the higher irregularity of the passivated surface.
It is anticipated that the fractal approach suggested herein might be effectively utilized to analyze the irreg-
ularity of the steel surface and/or the compactness of the oxide film.
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1. Introduction

The porosity or structural irregularity of the
passivated surface of stainless steel (SS) is often
considered as a measure of its resistance to corrosion
in an aggressive environment'”. Although there have
been a number of studies on the structure, composition
and atomic arrangement of the passive oxide film>”,
in-depth quantitative studies on its morphology have
been quite lacking, mostly because the usual
quantitative methods of characterizing rough surfaces
are quite limited (i.e., the rms roughness is exclusively
used for the analysis of the surface morphology) and
not very informative.

Following Mandelbrot’s pioneering works on the
scaling properties of objects and physical phenomena
in nature®” fractal geometry has been used in a
number of research areas. Especially, rough and
irregular surfaces have been frequently modeled as
fractal and the correlation of the fractality with
particular materials properties has been widely
investigated'"?. In this work, we present a quantitative
way to characterize the surface morphology of the

“Corresponding author. E-mail : hcshin@pusan.ac.kr

passive film formed on SS on the basis of fractal
geometry. The fractal dimensions of the oxide films
formed on type 304 and 439 SSs in acid-based
solution are estimated at different scales and are
discussed in terms of the surface irregularity and the
passivity of the oxide film.

2. Experimental Details

Standard 304 and 439 SSs (POSCO, Republic of
Korea) were used for this study. The specimens were
successively polished with 240, 600 and 1200 SiC
paper and finished with a 1 pm diamond suspension
to a mirror-like surface aspect. Then, they were
rinsed with purified water in a sonicating bath. The
electrochemical measurements were catried out with
an electrochemical flat cell (EG&G Model K0235)
on the as-polished 304 and 439 SSs in aqueous
solutions of 5 wt% H,SO, and 5 wt% H,SO, + 3.5 wt%
NaCl, previously deaerated with purified nitrogen gas
for 24 h. A platinum mesh and a saturated calomel
electrode (SCE) were used as the counter and reference
electrodes, respectively. In order to form the passive
oxide films, the electrode potential was rapidly
increased from the corrosion potential (E,,.) to
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Fig. 1. (a) Potentiodynamic polarization curves of 304
and 439 SS measured in the aqueous solutions
of 5wt% H,SO, (solid line) and 5 wt% H,SO, +
3.5wt% NaCl (dashed line) and (b) current
transients obtained by the potential jumps from
corrosion potentials E,,, to passivation potentials
E.. as indicated in (a).

specific values (E,,) (Fig. 1(a)) and then maintained
at £, for 1000 s to ensure that the electrode was in a
steady state condition (Fig. 1(b)).

The as-polished and as-oxidized samples were
vacuum-sealed immediately after drying under nitrogen
gas flow, in order to minimize the oxide formation in
the air. The surface relief of the samples was
observed using atomic force microscopy (AFM, XE-
120, Park Systems). The surface was scanned over
areas of 0.5x0.5 um” with a resolution of 256x256
pixels. In order to check the self-similar scaling
properties and estimate the fractal dimension (D)), the
AFM images were analyzed by the triangulation
method'*": the square flat plane (x, y) with an area
of L was divided into N* equal segments, and the

rough surface was covered by 2N’ triangles with a
projected size of L, (=L/N). The scaled surface area
of the surface 4, was calculated by the summation
of the areas of the 2N’ triangles. Then, the D; value
of the surface was given by 2 — din A, /dIn L.

3. Results and Discussion

Shown in Figs. 2(a) and (b) are the AFM images
of the as-polished samples of 304 and 439 SS,
respectively. The fractal dimension of the surface
was estimated with the help of the triangulation
method (Fig. 3(a)) and summarized in Table 1. As
shown in Fig. 3(a), there were roughly three regions
having different scaling properties. That is, the as-
polished surfaces have the highest fractal dimension,
i.e., the most severe irregularity, of the order of less
than ca. 30 nm (Region I) and the fractal dimension
decreased with increasing scale length (Regions IT &
II). Nevertheless, the fractal dimensions in all three
regions were nearly two. This implies that the as-
polished surfaces were quite smooth over the whole
range of scales used for the calculation.

Figs. 2(c) and (d) exhibit the AFM images of the
as-oxidized samples of 304 and 439 SS, respectively,
formed in 5 wt% H,SO, solution. The two images
looked quite different in terms of the degree of
height fluctuation on a relatively small scale. The
analysis of the scaling property of each surface
clearly showed the difference (Fig. 3(b) and Table 1):
The absolute slope, |dln A,/dln L,|, obtained from
the surface of 439 SS was much larger (more than 10
times) than that of 304 SS, especially at a scale of
less than ca. 30 nm (Region I'), causing a difference
in the fractal dimension between the 439 and 304
SSs of approx. 0.02. On the other hand, the fractal
dimensions at larger scales (Regions II’ & III”) were
estimated to be comparable to each other. The high
irregularity at a scale of less than several tens of nm
implies that the electrochemical reaction proceeds
under quite different conditions from that of the
perfectly smooth surface with two Euclidean dimensions,
because the size order of the irregularity is in the
mesopore regime where the Knudsen transport is
dominant'*"”.

The origin of the difference in the surface morphology
has yet to be determined and its detailed investigation
is beyond the scope of this work. Nevertheless, the
following two possibilities are most likely: One is
that the tendency for uniform growth (or ordering of
the atoms) of the oxide film on 304 SS is stronger
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Fig. 2. AFM images of the SS surfaces. (a) and (b) are the images for the as-polished 304 and 439 SSs; (c) and (d)
are the images for the as-oxidized 304 and 439 SSs in 5 wt% H,SO,, and (e) and (f) represent the images
for the as-oxidized 304 and 439 SSs in 5 wt% H,SO, + 3.5 wt% NaCl aqueous solution.
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Fig. 3. Dependence of the scaled surface area Ay, on the projected triangle size L, for (a) the as-polished samples,
(b) the as-oxidized samples in 5 wt% H,SO, solution and (c) the as-oxidized samples in 5 wt% H,SO, + 3.5

wt% NaCl solution, determined from the

triangulation analysis of Fig. 2.
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Table 1. The surface fractal dimensions D; of the passivated surface of 304 and 439 SSs in 5 wt% H,SO, and 5 wt%
H,SO, + 3.5 wt% NaCl aqueous solutions, determined from the triangulation analysis of AFM images

As-polished

As-oxidized
(5 wt% H,S0,)

As-oxidized
(5 wt% H,S0,+3.5 wt% NaCl)

Region I | Region II I Region III

Region I’ l Region II’ | Region 1T’

Region I” l Region 11 |Region mr

Dy (standard deviation) from the AFM images

0455 | 20032 2.0026 20004 | 2.0022 2.0004 2.0001 2.0049 2.0019 2.0001
(#0.0019) | (£0.0002) | (£0.0002) | (x0.0004) | (x0.0001) | (£0.0001) | (x0.0001) | (x0.0002) | (+0.0001)
13955 | 20078 2.0014 20006 | 20162 2.0016 2.0001 2.0807 2.0194 2.0015
0.0012) | (£0.0001) | (x0.0001) | (x0.0021) | (x0.0002) | (20.0001) | (x0.0093) | (+0.0020) | (+0.0007)

than that on 439 SS, which makes the structure of
the former oxide film more compact than that of the
latter. This suggestion is consistent with the previous
report that the crystallization of the oxide film on the
austenitic SS proceeds faster than on the ferritic SS,
due mainly to the enrichment of Ni in the metallic
phase underneath the oxide film®. The low apparent
density of the oxide film on 439 SS is not adequate
to effectively protect the bare surface against the
environment, since the porous nature of the oxide
film is usually unfavorable to its passivity. In spite of
the above arguments, however, considering that the
thickness of the oxide film formed in an acid-based
solution is typically less than 2 nm'®, factors other
than the irregularity of the oxide film itself are
needed to explain the relatively large height fluctuation
of the surface morphology of 439 SS.

The other plausible factor is the rough character of
the bare surface beneath the oxide film. The current
density in the active nose region of 439 SS is more
than 2 orders of magnitude higher than that of 304
SS, as shown in Fig. 1(a). Accordingly, in spite of
the instantaneous increase in the potential in the
passive region employed to minimize the active
dissolution of the metal (Fig. 1(a)), the change in the
morphology of the bare surface is unavoidable in the
course of oxide formation. On the other hand, the
irregular/rough bare surface is most likely detrimental
to the corrosion resistance of the SS, because there is
great possibility for large amounts of defects (e.g.,
grain boundaries, flaws, voids and pores) to be
included in the oxide film when it is formed on the
highly-irregular bare surface. At the same time, an
irregular surface with a large area leads to the rise in
the apparent electrochemical activity, which additionally
increases the metal dissolution rate.

Based on the above argumentation, it is conceivable
that the lower surface irregularity of the SS, especially
at a scale of less than several tens of nanometers is
quite beneficial to its resistance against a corrosive

environment. Also, to estimate the irregularity of the
surface, the self-similar fractal dimension based on
the scaling properties of the surface morphology can
be effectively utilized and might give useful information
on the actual protectiveness of the oxide film.

Shown in Figs. 2(e) and (f) are the AFM images of
the as-oxidized samples of 304 and 439 SSs,
respectively, formed in 5 wt% H,SO,+3.5 wt% NaCl
solution. The vertical fluctuations of their surface
heights are much larger than those of the samples
formed in pure acid solution (Fig. 2(c) and (d))
(please note the scale of the vertical axis), which
resulted in the larger fractal dimensions of the samples
oxidized in chloride-containing acid solution, as
compared to those in pure acid solution (Fig. 3(c)
and Table 1). In particular, it is remarkable that there
is a significant difference in the fractal dimension of
the as-oxidized 439 SS according to the inclusion or
not of chloride ions in the passivating solution. This
strongly indicates that the chloride ions severely
interfere with the uniform corrosion of the bare
surface and/or the uniformity of the oxide film and,
furthermore, that the 439 SS is much more
susceptible to local damage induced by the chloride
ions than the 304 SS.

4. Conclusions

An in-depth morphological investigation of the
surface of passivated 304 and 439 SSs was conducted
on the basis of the scaling property. The self-similar
fractal dimensions of the irregular surface were
estimated over the range of about three orders of
magnitude range between 2 nm and 500 nm. The
surface morphology of the passivated 439 SS formed
in chloride-free and chloride-containing acid solutions
showed a higher fractal dimension than that of the
passivated 304 SS, particularly at a scale of several
tens of nanometers, strongly indicating the relatively
high irregularity in the surface of the passivated 439



16 Jung-Ho Heo &]/3F=¥WH3

Xoig
o}

3] 43 (2010) 12-16

SS. It is expected that the self-similar fractal
dimension could be effectively utilized for estimating
the irregularity of the passivated surface and could
provide us with useful information on the actual
protectiveness of the oxide film.
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