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When high purity aluminium foil is subjected to DC electrochemical etching in hot aqueous 
chloride solution at temperatures above 60 ~ the (100) crystallographic tunnel growth 
of an etch pit is achieved. This crystallographic tunnel growth behaviour arises due to the 
fol lowing reason. The tunnel tip region where the active corrosion reaction takes place 
tends to be made of {111} planes which minimize the surface energy, whilst the sub- 
sequent tunnel wall is made of {100} planes, because the passive oxide fi lm formed 
on the {100} planes, along which the biaxial elastic modulus is the smallest, would be 
least attacked by corrosion. 

1. Introduction 
Anodic dissolution of high purity aluminium in hot 
aqueous chloride solution produces a high density of 
gm-wide fine tunnels which penetrate the aluminium 
in the (100) directions at rates of gins -I. The cross 
sectional size of the tunnel is constant or decreases 
very slowly with increasing depth. The tunnel etched 
aluminium foil can serve for electrodes in electrolytic 
capacitors [1, 2]. A number of studies have been made 
on the effects that the electrochemical etching vari- 
ables such as the current density, electrolytic temper- 
ature and electrolyte composition have on the etch 
pit morphology [3 7]. According to the results 
of Herbert et  al. [5], the etch tunnels grow along 
the (100) directions and the tunnel side walls are 
made of {100} planes. They also claimed that the 
metal surface at the tip of the tunnel appeared to be 
flat and smooth, indicating that the tip was composed 
of {100} planes. Having observed a similar phenom- 
enon, Jackson [8] suggested that the directional na- 
ture of dissolution appeared to be related to the lower 
energy required to remove atoms from the {100} 
planes but gave no detailed reasons to support this 
idea. 

Two ways to sustain the tunnel growth were pro- 
posed by Alwitt et aI. [3]. The first is to have two 
parallel reactions that of tip dissolution and also wall 
passivation, i.e., dissolution takes place at the tip of 
the tunnel, whilst the side walls are passivated. The 
second is sequential dissolution and passivation. In 
the second case, a sequence consists of the initiation of 
a pit at the tunnet tip, pit growth and passivation of 
this new surface. A new breakdown takes place on the 
new surface and the next cycle starts. An important 
mechanism of the tunnel growth behaviours is pas- 
sivation, that is to say, that a passive oxide film is 
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formed on the aluminium during the electrochemical 
etching, whether the passivation takes place in the 
tunnel side walls while the tunnel tips actively corrode 
or the sequential passivation takes place in the tunnel 
side walls and tunnel tips. 

The microstructure of the passive film formed on 
the aluminium during the electrochemical etching un- 
der high concentrations of chloride solutions at tem- 
perature above 60~ is not clearly understood yet. 
However the results of Dyer et  al. [6] showed that the 
passive film (in this paper, the passive film is called 
"etch-film") might be a hydroxide, probably in combi- 
nation with an amorphous oxide. Therefore the pass- 
ive film formed on aluminium during the etching 
is presumed to be similar to that of the hydrous 
oxide film produced by the reaction of aluminium in 
hot water. But the thickness of the passive film 
during the etching is much thinner than that of the 
hydrous oxide film formed by the reaction of alumi- 
nium in hot water. The hydrous oxide is known to be 
pseudo-boehmite, a poorly crystallized oxyhydroxide 
which is similar to boehmite (A1OOH or A1203.H20) 
but contains excess water [9,10,11,13]. A recent 
study by Takahashi et al. [12] indicates that the inner 
layer of pseudoboehmite adjacent to the aluminium 
substrate has a very thin compact amorphous 
structure and the outer layer has a crystalline 
structure. The average composition and density 
of pseudoboehmite are A1203' 2.7H20 and 
2.2 2.4 g cm- 3, respectively. 

It is not known why the etch tunnels grow along 
the (100) directions and why the tunnel side walls 
are made of the {100} planes. In this paper the 
structure of the tunnels has been reexamined and 
a model for the (100) tunnel etching has been 
proposed. 
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2. Experimental methods  
A 100 lain thick 99.99 % aluminium foil with the (100) 
[001] texture was subjected to DC electroetching in 
1.88 MHC1 solution at 80 +2~ The surface of the 
etched aluminium was observed by scanning electron 
microscopy (SEM) after it was vapour coated with 
gold-palladium. In order to observe the growth of the 
etch pits, the etched aluminium foil was anodized in 
the 10 % boric acid, 89.5 % ethylene glycol and 0.5 % 
ammonium penta-borate solution at a constant cur- 
rent of 2A dm -2 up to 495V. In this way about 
650 nm of the barrier type oxide film was obtained, 
and the film is thought to retain the shape of the etch 
pits or the tunnels. The anodized specimen was bro- 
ken and any unoxidized aluminium was dissolved out 
in a 40% HNO3 solution over 8 hrs. The broken 
specimen was observed under SEM after it was va- 
pour coated with gold-palladium. 

A conventional method of observing the morpho- 
logy of an etch-pit or tunnels is an anodizing tech- 
nique. In the technique the etched aluminium foil is 
anodized up to 50-100 V at a constant current, and 
then the unoxidized aluminium is selectively dissolved 
in hot aqueous bromine/methanol solution. In this 
way an oxide replica film is obtained. The drawback of 
this anodizing technique is that the initial morphology 
of the etch pits or the tunnels may not be retained 
because the density of aluminium is different from that 
of aluminium oxide and also sharp corners tend to 
become blunted. 

Therefore a new method of observing the morpho- 
logy of the pits or tunnels has been attempted. The 
method consists of replicating the tunnels by the elec- 
trodeposition of copper into the tunnels. The elec- 
trodeposition condition is given in Table I. 

Aluminium in the electrodeposited foil was dis- 
solved out in a 1N NaOH solution and the copper 
replica of the etch tunnels was observed under SEM 
without the gold-palladium coating. 

The copper replica technique described in the pre- 
vious section reveals a more accurate morphology of 
the tunnels as is shown in Fig. 4. The figure shows that 
some tunnels have a square cross section, indicating 
that the tunnel walls are composed of {100} planes in 
agreement with earlier workers' results [5]. However, 
the tunnels do not have flat fronts as presumed by 
Herbert et aI. [5] and Jackson [8] as shown in Fig. 5. 
The front tunnel tip is rather sharp and appears to 
consist of {111} planes. Fig. 5 shows that the cross 
section of the tunnel is circular rather than square. 
Higher temperatures tend to make circular tunnels. 
Occasionally it can be seen that the diameter of the 
front region of the tunnels is slightly larger than that 
of the back part (Fig. 5). 

4. Discussion 
As mentioned previously, Alwitt et al. [3] proposed 
two ways to sustain the tunnel growth. One is parallel 
reactions of tip dissolution and wall passivation, and 
the other one is sequential dissolution and passiva- 
tion. Our experimental results appear to support the 
first mechanism. Fig. 5 shows that the tunnel tip 
surface consists of {111} planes and the maximum 
dimension of the tip zone is followed by slightly small- 
er dimension of the tunnel. The smaller dimension 

3. Results 
Fig. 1 shows square pits formed on the etched alumi- 
nium foil. Fig. 2 shows a microstructure of the etched 
foil sectioned along a direction normal to the foil 
plane. The columns in Fig. 2 are oxides, anodically 
formed around the etch tunnels. They indicate the 

100) directional growth of tunnels. A magnified pic- 
ture of the tunnel tip clearly shows its shape and size 
(Fig. 3). However, the anodizing technique cannot give 
us accurate information on the size and shape of 
tunnels because the anodic oxide layer can grow into 
both sides of the tunnel walls. 

Figure 1 Microstructure of an aluminium surface showing square 
etch pits. 

T A B L E  I Electrodeposition condition for copper replication 

cathode: etched aluminium foil 
anode: platinum 
bath compositions: 0.75 M CuSO4" 5H20, 75 gl 1 H2SO4, 

0.2 g -  1 gelatine 
apparent cathode current density: 2A dm-2  
electrolysis time: 8 h 
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Figure 2 Microstructure of the cross section of etched and anodized 
aluminium foil. 



Figure 4 Microstructures of each tunnels replicated by elec- 
trodeposition of copper. (a) Top view (b) Skewed view. 

Figure 3 Magnified pictures of tunnel tips. 

implies that the passive oxide film has been formed on 
the wail, while dissolution takes place at the tip. From 
Fig. 5 the passive oxide film is estimated to be about 
0.1 gm thick. 

If the passive film forms on the wall, a natural misfit 
exists between the film and the aluminium substrate, 
which in turn gives rise to stress in both the film and 
the substrate. The film on an elastically soft substrate 
will be less stressed and more stable than that on an 
elastically hard substrate. 

The stress state of the film is approximated to be 
biaxial, because the thickness of the film is very thin 
but the substrate is under the more complex stress 
state. However, for the purpose of comparison, the 
stress state of the substrate layer near the film-substra- 
te interface was assumed to be under a biaxial stress 
state, and the biaxial moduli of various lattice planes 
of aluminium were calculated and are shown in Fig. 6. 
(The calculation procedure of the biaxial elastic 
modulus is given in the appendix). From the values in 

Figure 5 Micrograph showing that the tunnel tips are composed of 
{ 111 } planes. 

Fig. 6, it can be seen that the minimum biaxial elastic 
modulus is obtained in the (100) plane. Therefore the 
passive film on the (100) plane would be the most stable 
and least attacked. It follows that the tunnel wall would 
consist of {100} planes. Meanwhile, the tunnel tip, 
where active corrosion takes place, would tend to be 
made of four closely packed {111} planes in order to 
minimize the surface energy. These situations are depic- 
ted in Fig. 7, which implies (100) tunnel etching. 

5. Conclusions 
The (100)  tunnel etching of aluminium when sub- 
jected to DC electroetching in HC1 solution at 80 ~ is 
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Figure 6 Calculated average biaxial elastic modulus contours of 
aluminium. 
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Appendix 
For a material under a uniaxial stress, the Young's 
modulus E is interpreted as a stiffness of the material. 
An elastically hard material under a uniaxial stress has 
a larger Young's modulus and a larger strain energy 
than an elastically soft material. The relations between 
stress cy and strain ~, and strain energy W are given by 

c~ = Ea (1) 

W = �89 z (2) 

For  a thin material under an equibiaxial plane stress, 
the stress state can be expressed as 

(5"~11 ~ ~22 = ~ (3) 

where c~'~ and c;~2 are the stresses along arbitrary 
! 

axes x', and x2. 
The strain required to produce the stresses are given 

by 

s',l = Sit(s'tl + S'12o12 (4) 

el2 = $I12011 -Jr- Si2(Yi2 (5) 

where the compliances, S'l l ,  S'I: and S~2, can be ex- 
pressed in terms of the compliances Sij referred to the 
basic symmetry axes of the materials using the trans- 
formations law as follows: 

S'11 = Sll  - 2(Sll - S12 - S44/2) 

2 2 2 2 2 2 
(alla12 + alzat3 + a13all) (6) 

S'12 = SI:z + (Sit - $12 - $44/2) 
2 2 2 2 2 2 

(a l laza  + a12a22 + a13a23) (7) 

8 2 2  = S l l  - 2($tl  - $12 - $44/2) 
2 2 2 2 2 2 

(a21a22 q- a22a23 + a23a21) (8) 

where the direction cosines alj relate an arbitrary 
direction xl to the symmetry axes xj. 

In the equibiaxial strain condition that 

! # t 
a'11 = a;z = a = S'~1~'11 + S~2~22 

= S'~2C~'l~ + S i 2 ~  

Figure 7 A schematic illustration of a proposed tunnel growth. 
Arrow indicates the growth direction. 

attributed to the fact that the tunnel tip region, where 
the active corrosion reaction takes place, tends to be 
made of { 111 } planes in order to minimize the surface 
energy, whilst the subsequent tunnel wall is made up 
of {100} planes, because the passive oxide film is 
formed on the plane, along which the biaxial elastic 
modulus is smallest and therefore would be least at- 
tacked by corrosion. 
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(S~11 - S'12)o-~11 = ($22 - S'12)(Y22 (9) 

Therefore 

g = ( S i l  _L S/12 S r l l  - -  Sfl2~ 1 (10) 

( ' $22_-  S't2 , 1 , 
= s i 2 + S i 2 s l  1 s i U ~ 2 2  ~ c s 2 2 ( 1 1 )  

Here Mi is equivalent to E in the uniaxial stress state 
and referred to as the biaxial modulus. 

For a planar isotropic material, c/11 = c~2 = c~ and 
hence S'11 = S~2 the biaxial moduli becomes 

E 
= ' - ( 12 )  M1 = M 2  1/(S'zl + S~2) 1 --  u 
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Figure 8 Calculated biaxial elastic moduli of (I00), (110) and (111) 
planes of aluminium. 
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Figure 9 Calculated average biaxial elastic moduli of (100), (110) 
and (111) planes of aluminium. 

because 1/S'~1 = E and Poisson's ratio v is equal to 
-S'12/S'11. In this case Equations (10) and (11) reduce to 

E 
cs - ~ (13)  

l - - v  

This equation clearly shows that the biaxial modulus is 
equivalent to Young's modulus E in the uniaxial stress. 

However, for anisotropic materials, M1 and M 2 are 

not always independent of orientation. Fig. 8 shows 
the biaxial moduli calculated along the (100), (l 10) and 
(111) planes of aluminium. The biaxial moduli along 
the (100) and (111) planes are independent of direction, 
whereas the modulus along the (110) plane varies with 
orientation. It will be convenient to define a modulus 
which is independent of direction. 

The strain energy of a cubic material under the 
equibiaxiat strain-plane stress condition can be ex- 
pressed as 

W = ~(c~11 + cy22)s (14) 

It follows from (10) and (11) that 

W = I (M1 4-Mz)s 2 (15) 

Since energy is a non-directional quantity, the quanti- 
ty of(M1 + M2) must be non-directional. Fig. 9 shows 
the calculated value of (M~ + M2)/2, that is, the 
average value of M~ and M2, along the (100),(110) 

and (I l l )  planes. It is noted that the average biaxial 
modulus along the (110) plane is non-directional. The 
biaxial elastic moduli in Fig. 6 are the average moduli. 
It can be seen from Fig. 6 that the minimum biaxial 
moduli is obtained along the (100) plane. 
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