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Corrosion front roughening in two-dimensional pitting of aluminum thin layers
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A smooth to fractal transition of the corrosion front has been observed during two-dimensional pitting of Al
thin films. The propagation of the initially smooth front ceased spontaneously, leaving behind a self-similar
coastline with fractal dimensioD;=1.33+0.01. The roughening transition can be interpreted within the
framework of the spreading bond percolation model with trapping. Quantitative agreement has been found
between model calculations and the dynamic exponents characterizing the temporal behavior of the propaga-
tion velocity as well as the roughness of the frdi@1063-651X96)00208-5

PACS numbegs): 64.60.Ak

INTRODUCTION perimeter. As the growth sites advance channels with walls
perpendicular to the glass substrate are etched in the metal
Considerable interest is shown in the formation andayer. While side walls of the channels become pas§iee,
propagation of rough interfacé$,2]. In this respect, pitting they are covered with aluminum oxide, which prevents the
corrosion[3] attracted significant attention because of thevigorous reaction between the metal and the electrplyhe
challenging problem in the development of irregular corro-active channel tipgthe growth sitespropagate randomly in
sion holes observed in bulk metd[3,4]. Despite substantial the two-dimensional aluminum layer. During their motion
theoretical effort{5-8], the formation mechanism of these active sites cut the metal film into pieces, thus trapping alu-
corrosion structures is still not clear. There are two majorminum islands of various sizes within the two-dimensional
obstacles to a better understanding of pit growth: problemspit [11]. The stability of the evolving channel tips against
concerning the characterization of three-dimensiof3d)) passivation increases with the local accumulation of corro-
morphologies, and the lack of detailed information on thesion products. The morphology of 2D pits growing under
dynamics of pit evolution in bulk metals. open circuit conditions is influenced by large local fluctua-
The study of two-dimensional corrosion structures hagion of electrolyte composition due to intensive hydrogen
proved to be advantageous since the corrosion front is easiltyubbling at the anodic active sites and the global constraint
detectable and directly accessible to image analysis. Then the corrosion current imposed by the cathodic reactions
morphology of 2D patterns can be precisely characterized. taking place on the oxide covered passive metal suffb2e
Holtenet al.[9] carried out potentiostatic corrosion mea- The various 2D pit morphologies can be understood by
surements on 5@m-thick aluminum foils glued between means of a simple growth model based on the above assump-
two glass plates. They analyzed the morphology of the cortions. The overall pit morphology is basically determined by
rosion front by different methods and showed that fronts canhe size and the number of propagating active sites. It has
be described in terms of self-affine geometry. Franfke| been shown that as long as the propagation of growth sites is
studied potentiostatically controlled pit growth in thin Al not correlated and their number is not limited this model is
films. Convoluted pit perimeters were observed close to thequivalent to spreading bond percolation with trapdibg].
threshold pitting potential but the morphology of pits was not  In the relatively high F&" concentration range the devel-
analyzed in detail. opment of patterns with “mixed” morphology is observed
A rich variety of morphologies has been observed in thg11,17. In this case growth sites are not randomly scattered
open-circuit pitting of evaporated Al thin layers in NaCl and along the pit perimeter. Some of them coalesce, producing
Fe,(S0Oy); containing acidic mediurfill]. It was shown that  long smooth fronts whereas at other parts rugged interfaces
the shape of the corrosion patterns depends on the layere formed as a consequence of random propagation of indi-
thickness, thepH, the concentration of aggressive anionsvidual channels. In the case of “mixed” patterns it is
(CI™) as well as the concentration of the given oxidizing straightforward to divide the pit perimeter into subsections
agent(Fe’™). with more or less uniform morphology. Instead of dealing
The evolution ofentire two-dimensional pits in Al films  with the development of the entire corrosion pattern, the evo-
was studied in an earlier publicati¢h2]. Dissolution of the lution of different perimeter sectiongorrosion fronts with
metal takes place locally, exclusively at individual growth distinct morphologiesis characterized separately. There is
sites of approximately the same size scattered along the pginother, practical argument in favor of the local characteriza-
tion of pit evolution: as the pattern increases and the magni-
fication of the image is decreased to keep the whole pattern
*On leave from KFKI-Institute for Atomic Energy Research, in the observation field of the microscope, important details
P.O.B. 49, H-1525 BudapestHungary. Present address: GE are lost due to the finite resolution of the video camera.
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front often occurs. Spontaneous morphological changes indi-
cate unstable growth and the evolution of the corrosion front
may cease ending in a convoluted, fractal-like pit perimeter.
A phenomenological description of the two-dimensional
corrosion front development and roughening is still lacking.
Although several models have been published dealing with
the formation of rough and smooth corrosion wdls-8§],
none of them can be reconciled with the aforementioned ob-
servations. Here we are concerned with the dynamics of two-
dimensional corrosion front development and roughening in
Al thin films. The results of an experiment are presented in
which the gradual roughening of an initially smooth corro-
sion front was observed. Both the dynamic and the static
critical exponents are determined in order to characterize the
front development and front roughness, respectively. The
guantitative agreement with calculations based on the FIG. 2. Sequence of video imagés transmitted light taken
spreading bond percolation model with trapping reveals thaffom different stgges of _the evolving corrosion front. The scale bar
corrosion front roughening can be interpreted within the' the upper left illustration corresponds to 1 mm.
framework of spreading percolation phenomena.

RESULTS AND DISCUSSION

EXPERIMENT The pit perforated the thin metal layer and it grew by
dissolution of aluminum from the active pit wall perpendicu-

cally flat glass substrate was used. The sample was immers to the glass substrate. Figure 1 shows a schematic view of

: I~ e pit growth in the aluminum film. Initially a circular hole
:_r:g)l ?L?) mcﬂgétg Cgr?éaénm ,\? éSCZPTE:Z((j/Sﬁ)ﬁi,or? orfng/ln e Was observed, which became elongated at a later stage of the
’ 4 .

single pit was observed by means of a charge-coupled devi owth after the pit perimeter rea_tched.the sqmple border. The
camera attached to a microscope. The specimen was iqcal morphology of the evolving pit perimeter changed

spected in transmitted light and the video signal was regradually from smooth to rough. Dissolution stopped

corded on tape. Special attention has been devoted to attaWPere the most convoluted, fractal-like perimeter section
uniform illumination of the specimen. The resulting video was formed. Propagation of the corrosion front was followed

images taken of the 1.64 mx1.09 mm area of the specimen in a 1.64-mm-wide band, which was sufficiently narrow to
: ' nsure that the morphology of the perimeter section studied

have been digitized into 8-bit gray-scale pictures containin i ' )
g gray P qe‘vas always uniform and therefore it could be characterized

768x512 pixels. In a separate experiment the propagation .
P P P propag e?by a single roughness parameter. Our results concern the

the ro_u_gh corrosion front was recorded with 4 times high temporal changes in the morphology of this part of the pit
magnification. .
perimeter.

In Fig. 2 a sequence of video images taken of the corro-
: . sion front evolving in the 1.64-mm broad band is presented.
41.64 mm: At the beginning of the growth hydrogen bubblédark
<+—> roughness spots were formed in the interior of the circular pit and they

. then became attached to the glass substrate. As time passed,

the size of the hole increased, and the propagation velocity of
the front decreased. At about 180 s the corrosion front be-

A 31-nm-thick aluminum film evaporated onto an opti-

FIG. 1. Different stages of two-dimensional pit growth in Al
film (schematic view Dotted lines show the width of the micro- r
scopic observation. Temporal roughening leading to the cessatior | 1 mm
of front development within this band was recorded on video tape.

A continuous transition from the smooth to the rough coastline
along the pit perimeter was observed after the pit evolution was FIG. 3. Photo of the corrosion front investigatéd. Fig. 1)
stopped by flooding the cell with distilled water. after its propagation has ceased spontaneously.

i
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came slightly ramified and tiny aluminum islands remained,
which reduced the transmittance of the region behind the
front. The roughening of the pit perimeter indicated that the
corrosion front had been locally passivated on certain spots.
The irregularity of the corrosion front steadily increased. Af-
ter 1000 s an abrupt change started in the front morphology
and metal dissolution ceased at the investigated front section

Figure 3 shows a photo of the spontaneously stopped frac- 10°
tal front. The photo has been digitized into a 1%Z®5
black and white pixel image. The front, i.e., set of black
pixels having at least one white neighbor and connected to
the unattacked Al layer, has been traced and is shown in the
upper section of Fig. 4. We used the box counting method
[1] to determine the fractal dimension of the irregular coast-
line. As shown in Fig. 4, scaling with the exponent of 1.33
+0.01 was found between 10 and 10@6h.
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Since the resolution of the video images shown in Fig. 2
was not sufficiently good to allow detailed analysis of F|G. 4. Result of box counting analysis for the experimentally
the rough front propagation, in a separate experiment thgpserved corrosion frontf. Fig. 3 shown in the upper part of the
evolution of the rough pit perimeter was recorded withfigure. The straight line corresponds to a power function fitted to the
four times higher magnification compared to the previousdata points. Fractal dimension of the front was found to be 1.33
pictures shown in Fig. 1. The sequence of images captured0.01.
with 1-s sampling time is shown in Fig. 5. Evolution of
individual channels is clearly resolved here. White arrowsthe metal layer(see regions indicated by arrowsSome
indicate the active regions where growth sites advance. Conghannels stop growing; some of them bifurcate or split into
parison of Figs. &) and 5e) shows the fate of active sites several branches. Once the corrosion has ceased at a certain
on a peninsula that is being transformed to an island. As thepot of the pit perimeter the metal dissolution never starts
active sites continue to propagate and the island becomemew at that site. Although it is assumed that the local elec-
formed the dissolution immediately stops on it. This featuretrolyte composition determines whether the active tip of a
resembles trapping introduced in invasion percolation pheehannel becomes completely passive or the dissolution con-
nomena 13]. tinues further, the fate of an individual active site appears to

In Figs. 5a)-5(f) the salient characteristics of spreading be completely random to the observer. Therefore active sites
percolation(1,14] are clearly seen: Dissolution is observed toon a section of the corrosion front with uniform morphology
take place only through individual active sites, which propa-can be treated as a statistical ensemble characterized by one
gate randomly by etching channels of aboytri-width into  single “spreading probability.”

FIG. 5. Sequence of video im-
ages taken of the evolution of a
rough corrosion front in transmit-
ted light. The width of an image
corresponds to 28gam. White ar-
rows indicate growth regions.
Comparison of the imaggsl) and
(e) reveals that metal dissolution
stops on the newly formed metal
island.
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spreading probability approaches the bond percolation
thresholdp.=0.5 [1,14], the front evolution arrives in the
critical region and ap.., the front stops.

C. Analysis of front roughening

The low resolution of video image&ee Fig. 2 meant
that the temporal behavior of individual growth sites could
not be exactly characterized nor could the spreading prob-
ability associated with the front section studied be directly
estimated. Instead we employed an indirect method to de-
scribe the morphological transition. The velocity and the
roughness of the advancing front are uniquely determined by
the spreading probability; consequently, from the temporal
behavior of the propagation velocity and the front roughness
the time dependence qf can be obtained. Instead of the
direct morphological characterization of the advancing front
(which would require the analysis of high-resolution images
we determined the transmittance of the corroded Al film ad-
jacent to the front since the undissolved metal islaftisir
density and size distributigrtan be regarded as the footprint
of the advancing pit perimeter. The local transmittance is
characteristic of the roughness of the front after it has passed
over the region investigated. Therefore the dynamics of the
morphological transition was described in terms of both the
time-dependent transmittance and propagation velocity.
From the analysis of these two quantities the history of the
spreading probability can be obtained.

The transmittance of the corroded film(t), was deter-

FIG. 6. Spreading bond percolation model of corrosion frontmined in a box of 408100 pixels adjacent to the front. By
propagation. Black and white squares stand for intact and dissolvegheans of an image analysis program the average gray value

sites, respectively. Active sites are indicated by semifilled squaress(t) was measured and the transmittance was calculated by
Arrows represent occupied bonds, black bars show blocked bonds.
Gmax_ G(t)

Gmax_ Gmin ,

B. The model T(t)= (D)

The propagation of the growth sites can be interpreted by
means of a model incorporating the features of spreadinwhereG,,,, andG,, correspond to the maximum and mini-
percolation supplemented with the phenomenon of trappingnum gray values measured over unattacked and Al-free do-
to account for the experimentally observed conservation ofmains, respectively. Due to the not perfectly uniform illumi-
metal islands. Figure 6 explains the growth rules of thenation of the specimen the measured transmittance slightly
model on a square lattice: At the beginning lattice sites arelepended on the exact position of the measuring box. The
intact (black), representing microscopi¢~1 umx21 um)  accuracy of measurement decreased with the increasing size
sections of the aluminum film connected by empty bondsf the aluminum islands, but even in this case the scatter of
(straight lineg. The actual active sitegsemifilled squarés measured transmittances was within 15%. This was checked
can activate their undissolved nearest neighbors via emptyy comparing transmittances obtained from successive video
bonds with spreading probabilityg. In this case the bond images captured within a 5-s interval.
connecting the active site to the intact site is occupid In order to determine the propagation velociiyt) of the
row) and the site to which the arrow points will be activated.growing front, a series of five images was digitized with 1-s
In the opposite caséoccurring with probability +p), the time lag at various stages of the pit development. The aver-
bond will be blockedbar crossing the bondnd in this step age position of the front was plotted as a function of time
the neighbor remains intact. With the next step the previandv was defined as the slope of the straight line fitted to the
ously active(semifilled sites turn white, i.e., “aluminum is data points.
completely dissolved” and active sites are advanced to the Figure 7 shows the temporal behaviorgft) and T(t).
shell of the previous nearest neighbors. Trapping in theéAn undershoot occurred between 200 and 400 s and, follow-
model means that on a newly formed island all the bondsng this period, both quantities gradually decreased until a
connecting active and intact sites are blocked. Active sitesharp decline at about 1100 s. The dropvift) and T(t)
become white without the possibility of neighbor activation. obeys power laws with critical exponents 013.02 and

The spreading probability determines the morphology 0f0.19+0.04, respectively. This feature makes this process re-
the advancing front. Ifp is close to 1, a steadily growing semble phase transitions.
smooth front propagates. With the decreasepahe front The discrepancy im.'s, 1115 and 1180 s, determined for
becomes rougher and rougher and metal islands with increas-andT, respectively, is due to the fact thhtis measured as
ing size are left behind the advancing front. When thethe average transmittandeehind the frontwhereasv, the
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FIG. 7. Variation of the transmittance behind the frdfiled
circles and the propagation velocityriangles vs time. Both trans-
mittance and propagation velocity can be approximated by a pow
function with exponents 0.170.02 and 0.120.04, respectively.

FIG. 8. Calculated transmittandélled circles and spreading
e\felocity (triangles, vs spreading probabilitp.

experimentally determinegi(t) andT(t) exponents, we con-

propagation velocity, is related to tfi@nt itself. Therefore a  clude that the gradual decreasepofan be approximated by
time lag, At, of the order ofAt~Ax/v, occurs between the a linear function of time and the time dependence ctn be
two t.'s, where Ax is the width of the front. DividingAx  extracted from the equality(t)=v[p(t)]:
~200 um, the width of the corrosion front before the cessa-
tion of its propagation with the front velocity in the critical Ci(te—*=cplp() —pc]® @
phase, being of the order of 4m/s, At=50 s is obtained.
The difference between the twig's (65 9 determined for  \yherec,=0.248,c,=1.07, =0.17 were obtained from the
v(t) and T(t), respectively, is in agreement with this esti- fits shown in Figs. 7 and 8.
mate. By rearranging Eq(2) we obtain

The evolution of the front can be interpreted within the
framework of the spreading percolation model described. At
the beginning growth sites coalesce and form a smooth cor-
rosion front. Starting from 400 s the number of these active
sites decreases. Using the language of the spreading perco-
lation model, this corresponds to a steady decreapdéad- i i
ing to gradual front roughening and finally to the cessation of e can now apply Eq(3) in the model calculation de-

the metal dissolution. Geometrical phase transition occurSc'ibed above to reproduce the roughening transition ob-
whenp=p.. served experimentally. The unit time and the unit size em-

ployed in the calculation were determined as follows. The
smallest velocity before the ramification of the front can be
determined from Fig. 7. At about 180 B(t) was still equal
Although Fig. 7 indicates a steady decrease of the spreade 1, and the propagation velocity wasu8n/s. As unit size
ing probability in time, thep(t) function cannot be retrieved we took 1um, the approximate width of the channels etched
from the experimentally determinedt) andT(t) curves as into the metal film, therefore the time unit was chosen to be
long asv(p) andT(p) functions predicted by the model are 0.125 s. By means of the model calculation all the important
not known[14,15. In order to determine how andT inthe  features of the corrosion front propagation have been recon-
spreading bond percolation model vary with calculations  structed.
have been carried out on a 3368360 square lattice. Cyclic Figure 9 shows the spatial distribution of the experimental
boundary conditions were employed in the direction perpenand the calculated transmittances measured in the direction
dicular to the front propagation. Each site on the lattice repof front propagation. Apart from the slight deviation in the
resented a kkmXx1 um square on the “Al film.” A smooth fall-off region, due to the large scatter of data in this domain,
front of active sites started to grow witlonstant pfrom one  the agreement can be considered satisfactory. The calculated
side of the lattice. The propagation velocitywas deter- corrosion front along with the result of the box counting
mined by fitting a straight line to the average position versusanalysis is shown in Fig. 10. Scaling with the fractal dimen-
time curve. The transmittance was obtained by determiningion D;=1.32+0.01 was found between 10 and 1000 lattice
the ratio of empty sites to the total number of lattice sites.units in excellent agreement with the experimeait Fig. 4).
The relaxation period has been excluded from the determi- To explain why the front roughness increased with time
nation of bothv andT. This calculation was carried out for we propose the following rather qualitative pictyik2,16|.
different p values, ranging from the bond percolation thresh-Metal dissolution(anodic reactiopoccurs at active sites of
old on a 2D square lattige.=0.5 to 0.8. Figure 8 shows that the pit perimeter. The anodic current is represented by high
the same critical exponenty=0.17+0.02, has been found current densityj,, flowing through a relatively small active
for both v(p) and T(p). From the fact that the calculated surface area,. On the other hand, a large oxide covered
v(p) and T(p) exponents are practically identical with the surface are&A. is available for cathodic reactions taking

Ct 1/
—) (t—te). (€©))

Cp

p(t)=pc+

D. Comparison of the experiment with model calculations
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0 500 1000 1500 2000 2500 pit occurred far from the borders of the aluminum film.
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the decline ofj, the local concentration of the aggressive
FIG. 9. Experimentafsolid curvg and calculateddotted curvg  corrosion products decreases the corrosion front becomes un-
spatial distribution of the transmittance perpendicular to the growthstable and it will be partially passivated once the lower limit
front. of the dissolution current density has been attained. Passiva-
tion leads to a decrease in the active surface, consequently
place at a much smaller ratg,, thanj, . As a result of open  the anodic current becomes smaller. As soon as the dissolu-
circuit conditions the anodic current and the cathodic currention current density is stabilized at the critical value there
must be equal: remains only one way for the system to hold the corrosion
. . current at the upper limit: a constant active anodic area must
Aaja=Aclc- (4) be maintained. Because the total length of the pit perimeter
increases whereas the size of the total active area is constant,
passivation occurs at certain spots of the active front.
Continuous spatial distribution in the degree of roughness
along the pit perimeter was observed after the corrosion pro-
cess was quenched by flooding the electrolyte cell with dis-
{illed water. In the direction of the arrow shown in Fig. 1 the
density of active sites decreases from the densest possible
case represented by a smooth front section to zero, where the
corrosion process ceased and a fractal-like coastline was
formed. That both temporal and spatial transition from
smooth to fractal geometry occurred is probably because the

SinceA. slowly decreases with the increase of pit size gnd
becomes quickly diffusion limited in dilute B& solutions
[12], an upper limit exist for the anodic current. Once the
limiting current has been reached, the active anodic @ea
tive pit perimetexfilm thicknes$ is further increased at the
expense of diminishing anodic current density; the curren
thus remains constant. The decrease in the propagation v
locity of the smooth frontcf. Fig. 7) indicates the decay of
the dissolution current densify, . Due to the fact that with

1000 pixels pit nucleated close to the sample corner and pit growth was
R influenced by the asymmetry of the Al film around the evolv-

né”‘ PRSP fgff%wh . e ing hole. Thi_s a_ssumption is supported by a cognterexample

T W el > Y for symmetric pit growth under the same experimental con-
< o ditions(see Fig. 11 In this case the pit started to grow in the

middle of the sample. Passivation first occurred at randomly
distributed spots on the initially circular pit perimeter when

10000L & D=132£001 the upper limit of the corrosion current was attained. As time
elapsed the pit grew ramified branches.
g 1000
3 CONCLUSIONS
%5 100} J
g Under open circuit conditions, passivation and roughen-
10t N3 ing of the initially smooth pit perimeter occurred because of
the limit on the corrosion current imposed by the cathodic
' 10 it0 1000 reactions. The local passivation was also influenced by the
box size [pixels] finite size of the specimen. The asymmetry of the aluminum

film around the two-dimensional pit induced continucps-

tial distribution in the morphology of the pit perimeter.
FIG. 10. Calculated corrosion frofipper sectionand the re-  When studying the evolution of a given section of the total

sult of box counting analysis. The fractal dimension of the simu-perimeter we detected thiemporalroughening of that par-

lated front(D;=1.32+0.01) is in agreement with the experiment ticular part. Video images of the propagating corrosion front

(cf. Fig. 4. at high magnification indicated characteristic features of
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spreading percolation phenomena. As a phenomenologicélapping. A fractal coastline is formed if the spreading prob-
model, spreading bond percolation with trapping successability p associated with the evolving front decreases with
fully reproduced both the static and dynamic critical expo-time. Geometrical phase transition occurs wipebecomes
nents characteristic of the roughening process. equal top.. The front obtained exhibits fractal properties
We wish to stress that the interpretation of the rougheningvith D,=4/3, corresponding to the connectivity of sites in
process observed is analogous to the concept of gradient pefre hond percolation problem. The upper cutoff, i.e., the
colation [17,18 introduced by Sapoval and co-workers. front width, depends omlp/dt whereas the lower limit of
They considered thsite percolation problem with a gradient scaling is determined by the width of the propagating chan-
in the occupation probabilityp. It is known that a self- nels etched in the aluminum layer.
similar front is formed, with the fractal dimensioB,;=4/3,
corresponding to the fractal dimensiph9] of the external
perimeter[20] of the infinite percolation cluster .. The
concentration of the occupied cluster sites at the mean front
position corresponds tp., and the width of the front is The author would like to thank B. Sapoval, M. Rosso, J-F.
related tod p/dx. Gouyet, L. Nyikos, and R. Schiller for helpful discussions
In the present work we have shown that the roughening oé&nd J-P. Dallas for measuring the thickness of the aluminum
the two-dimensional corrosion front can be understoodilm. This work was partly supported by the Hungarian Re-
within the framework of spreadintpond percolation with  search Foundation OTKA under Contract No. 2981.
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