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ABSTRACT 

The mechanical instabili ty of oxide layers on anodized aluminum generates a regular arrangement of straight lines 
parallel to the cylindrical electrode axis. This is analyzed using Euler's equation for buckling of thin cylindrical shells 
under compressive forces, due to volume expansion concurrent with metal-oxide formation. The coating critical stress is 
determined as well as the energy dissipated by plastic deformation of the anodic coating. Most of the energy associated with 
compressive stress of the oxide film is dissipated by plastic deformation. 

It is natural  to inquire about the stresses and strains 
which exist in anodic films formed on metallic surfaces. 1'2 
Building up these films involves many steps, which include 
the reactions of oxide formation, nucleation and growth of 
its colloidal particles, their aggregation, film formation and 
aging, and the events during the drying process. Aggrega- 
tion, aging, water removal, and oxide condensation reac- 
tions all introduce some degree of stress in the film. 

The ultimate thickness to which an oxide film may grow 
before it cracks, i.e., the protective thickness, depends on 
its ability to withstand or relieve the stresses which may 
arise during growth. If the accumulated stress exceeds the 
strength of the film, cracking or detachment will occur, re- 
sulting in an increase in the metal corrosion rate. In order 
to improve the corrosion resistance by increasing the pro- 
tective thickness of the oxide film, data are required on the 
stresses which are produced during film growth. 

Stress in anodic aluminum films has been measured by 
Bradhurst and Leach 3 and more recently by Leach and 
Pearson. 4'~ The stresses have been measured by clamping 
the upper end of a thin foil of the metal and observing the 
motion of the lower end. The formula used for calculating 
stress in terms of the end deflection of the beam was derived 
by various workers. The earliest analysis of Stoney 6 as- 
sumed that Young's moduli of the film and the substrate 
were identical and that the stress was isotropic. The theory 
used to derive Stoney's equation is limited in its applicabil- 
ity as observed by Klokholm v and Hoffman. 8 Brenner and 
Senderoff 9 have reviewed Stoney's derivation in some de- 
tail and obtained formulas to cover all the common experi- 
mental  arrangements. They considered the effect of differ- 
ent elastic moduli in film and substrate. A detailed 
discussion of a more exact derivation of the relationship of 
film and substrate can be found in Ref. 2. High-tempera- 
ture-oxidation-induced stresses and their effects on the be- 
havior of oxide films on silicon have been studied by Hsueh 
and Evans)  ~ The energetics of crack formation will not be 
discussed in this paper and may be found in Ref. 11, 12. 

This paper describes experiments designed to evaluate 
the stresses in anodic films under different conditions of 
growth and gives some observations which support the 
concept that plastic deformation of a growing oxide film 
may occur at room temperature. Stress dissipation by plas- 
tic deformation is evaluated indirectly by evaluating the 
compressive energy of the oxide film, following Euler's 
equation for buckling in thin cylindrical shells 

Experimental 
A special cell with an axially symmetric current distribu- 

tion was built  in order to generate a radially isotropic stress 
distribution within the electrode anodic coating. The test 
cell is schematically shown in Fig. 1.13 The cell walls and 
cover are made of poly(tetrafluoroethylene) (PTFE). The 
electrolytic cell was operated at atmospheric pressure. The 
working electrodes were 4 cm long aluminum rods with a 
diameter of 0.46 cm. The length of the electrode exposed to 

distance between two PTFE O rings; the counterelectrode 
is a concentric cylindrical plat inum mesh creating a radial 
current distribution. The radial distance between the two 
concentric electrodes is 1.5 cm. The specimens were pre- 
pared from the same aluminum wire (commercial grade 
99.2% pure, supplied by Alcan). They were abraded with 
emery paper (grid 600), polished with diamond paste 
(through 0.5 ~m), and annealed at 300~ for 2 h in a 13 Pa 
atmosphere. The surfaces of the specimens were immersed 
in a chromic-phosphoric acid solution (20 g/liter H2CrO~ 
and 35 ml/liter H3PO4) for 5 min at 80~ washed with dis- 
tilled water, and anodized. Anodic oxide films were formed 
at various current densities in a 7.5 % sulfuric acid solution 
thermostated at 25~ During film growth, in situ observa- 
tion was made using an Olympus Model 52-TR-BR stereo- 
scope. The anodization was stopped when the striae ar- 
rangement appeared on the electrode surface. The 
electrolytic solution was prepared with twice-distilled wa- 
ter and sulfuric acid (analytical grade). The galvanostat is 
a PAR Model 273A galvanostat/potentiostat. After their re- 
moval from the electrolyte, a few of the electrodes were 
rinsed with distilled water, dried, and introduced into a 
vacuum chamber, and a gold layer of about 150/k was evap- 
orated over their surfaces. Then they were examined in a 
JEOL TS-300 scanning electron microscope. 

The thickness h of aluminum oxide formed during the 
anodization time At is given by Faraday's law h = fArM~ 3Fp 
(i + c~), where i is the current density, M is the molecular 
weight, p is the density of aluminum, F is the Faraday con- 
stant, and ~ is the oxide linear-expansion coefficient. The 
thickness was also measured by scanning electron mi- 
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Fig. 2. Optical (a, left) and SEM (b, right) micrographs showing the failure by buckling Of the oxide film which resulted in a pattern of striae 
axially along the periphery of the electrode. (a) Buckling of the anodic film, I= 4 A.  cm -2, t= 0.8 s; (b) longitudinal striae in the outer perimeter 
of the oxide film, I=  0.1 A .  cm 2, t= 600 s, and ~ = 0.46 cm. 

croscopy (SEM) and optical microscopy of the transverse 
cross section of the anodized cylinders. 

Results 
We carried out several preliminary experiments. At first, 

we anodized various plane surfaces. For anodized plane 
surfaces without lateral constraints, there is no compres- 
sion due to oxide formation and consequently no pattern 
was observed on these surfaces. A special arrangement of 
cell (cylinders axially symmetric) was then buil t  in order to 
generate an isotropic stress distribution in the anodic film. 

As the aluminum substrate is anodized, the compressive 
stress in the growing oxide film causes deformation. Fig- 
ure 2a and b shows a series of fringes on an oxide film along 
the outer periphery of the aluminum rod. These fringes cor- 
respond to the maximum vertical displacement of the cor- 
rugated oxide film, and they form a regular arrangement of 
straight lines parallel to the rod axis. The patterns are 
formed only when the anodization charge is larger than a 
critical value. When the electrode charge is smaller than 
this value, the film surface remains smooth. For each cur- 
rent density, the critical charge density is determined 
in si tu by the observation of the electrodes using an optical 
stereoscope. When the critical thickness of oxide is 
reached, the striae arrangement appears on the electrode 
surface, and the process is stopped. The number of striae is 
counted in situ, and the film thickness is determined by 
measuring the total charge passed. 

A few of the samples were later observed by SEM. The 
effect of the film drying under UHV and possible heating of 
the film during Au deposition modified the cracks' dimen- 
sions. A systematic study of these effects was not fully car- 
ried out. The effect of the drying process on the striae for- 
mation is displayed in Fig. 3, which shows the crack at the 
top of the ridge. This micrograph shows that the crack 
width after drying under UHV is approximately 10 Win. 

We have carried out several experiments anodizing alu- 
minum rods with some additives added to the electrolytic 
medium. Sucrose, ethylene glycol, and glycerine were 
added to aqueous sulfuric acid to change the characteris- 
tics of the film, resulting in changes in striae numbers as 
shown in Table I. The effect of ethylene glycol on both oxide 
and crack structures is shown in Fig. 4a and b. 

The experimental results for the number  of striae in the 
film obtained under various current densities and time in- 
tervals are shown in Table II. 

Discussion 
Stresses in growing oxide films arise from the volume 

change which occurs when a specific quanti ty of a metal is 
converted into metal oxide, and this may cause the buck- 
ling of the anodic film especially when the oxide forms on 
surfaces with large curvatures. 

We did not observe buckling under axial compression, 
which should generate rings around the cylinder electrode. 
This may be understood considering, that we used PTFE O 
rings to limit the anodization region of the aluminum cylin- 
der. These O rings do not impose a rigid enough boundary 
to the (axial) oxide expansion. The observed striae forma- 
tion is shown schematically in Fig. 5, as well as the tangen- 
tial stress component responsible for the measured dis- 
placements of the oxide coating. 

A stress analysis of anodic-film buckling has to consider 
energy dissipation during plastic deformation of a vis- 
coelastic coating since most oxides are susceptible to vis- 
coelastic deformation during anodization, n However, im- 
portant physical insights can be gained from elastic 
analyses. ~~ In this paper the stress is calculated using an 
elastic analysis. Initially, we have a thin oxide layer with a 
perimeter equal to 2-~R, which is compressed due to its 
density being lower than that of aluminum metal. The 
stress is assumed uniform in the film and is given by 
Hooke's law. The linear elastic strain coefficient ~ is calcu- 
lated by 

( Vo=do ) 1/3 c~ = ~V~t~l, - 1 = (1 + AV) 1/3 - 1 [1] 

where Voxlde/Vmetal is the oxide/metal volume ratio. For small 
volume-expansion cofficients, A V may be approximated by 
a = AV/3. For anodized aluminum films, the ratio of the 
oxide volume to the metal vo]ume is 1.28, 3 which corre- 
sponds.to a linear strain ~ of 0.085; since the volume expan- 
sion is significant, we used Eq. 1 and not its approximation 

Fig. 3. Cracks formed at the top of the striae shown in Fig. 2a. 
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Table I. Effect of electrolyte additives on lhe number of striae 
formed in the anedic oxide films for sulfuric acid at 

7.5% and I = 50 mA. cm -2. 

Anodization Number Critical 
time of thickness 

Solution (s) striae (~m) 

Pure 986 16 18.5 
+2%Sucrose 1046 24 19.6 
+2%.Glycerine 988 28 18.5 
+10%EthyleneGlycol 1362 18 25.5 

c~ = A V / 3 .  If there were no viscoelastic deformation during 
the anodization process, the strain in the film would be 
given by ~. To verify this assumption we measured in  s i t u  
the stress during the anodization process. This is performed 
by using the Euler method for critical-strain calculation. 

Euler Critical-Strain Calculation 
for Thin Films 

Photographs similar to the ones displayed in Fig. 2a and 
b show that  cylindrically strained oxide layers can develop 
ripples with wavelengths km= 2~rR/m, where R is the alu- 
minum rod radius and m = 2, 4, 6, ..., for an oxide thickness 
greater than a critical value. Since there is striae formation 
only after a certain amount of  charge passes through the 
electrode, the critical oxide-layer thickness has to be deter- 
mined. For each current density, a critical thickness is de- 
termined by observation of the electrode surface with an 
optical stereoscope. When the critical thickness of the ox- 
ide is reached, the arrangement of striae appears on the 
electrode surface, and the process is stopped. In order to 
determine the strain in the oxide film from the measured 
critical thickness, an expression derived by Euler was 
used.15 This expression describes the mechanical instability 
of a thin cylindrical shell under compression forces. ~ It 
gives solutions for radial displacements, representing 
deflections of the cylindrical surface as shown in Fig. 5b. In 
the case of a long circular cylindrical shell uniformly com- 
pressed, the critical value of the buckling strain �9 is given 
by 

h2(m 2 -  1) 
�9 ~ = 12(1 • v2)R 2 [2] 

where h is the oxide critical thickness and v is Poisson's 
ratio. The values of the strain, �9 which causes film buck- 
ling, for various current densities are shown in Fig. 6. As an 
illustration, let us determine the stress for a coating an- 
odized with a 50 mA �9 cm -2 current density during 1010 s. 
After buckling, this coating shows 16 striae. The calculated 
film stress for E = 42 GPa, 3 obtained from Eq. 2 for R = 
0.23 cm, v = 0.17, and h = 19 ~m is e~ = 0.006, in agreement 
with the value shown in Ref. 3 for low current densities 
(~5 mA �9 cm-2). 

Euler's expression was derived for thin cylindrical shells 
under compressive forces. 1~ A more rigorous derivation is 
necessary taking into account the film/substrate adhesion, 
which, however, is not yet available and is not the objective 
of this paper. The following calculation suggests that this is 
a reasonable approximation. Let us assume that the stored 
mechanical energy in the film due to the anodization of the 
aluminum is equal to the surface energy at buckling. 7'n'12 
The stored stress energy in anodic aluminum films with a 
thickness h is Ee2h, where �9 is obtained from the Pilling/ 
Bedworth ratio (1.28), giving a linear expression coefficient 
(strain) of 0.086. For h = 10 {xm, Ee2h = 3106 which results 
in ~ = 1553 N/m. This value is three orders of magnitude 
larger than the accepted value of - 2  N/m. n However, if we 
calculate the adhesion energy value using the critical stress 
obtained by Euler's expression, we obtain values in close 
agreement with the values found in the l i terature)  

Our approximation has previously been used by Hsueh 
and Evans I~ and Evans and Hutchinson. ~ They describe the 
mechanism of the delamination and spalling of compressed 
coatings for a delaminated circular region with a radius a. 
They have shown, by dimensional considerations, that the 
strain energy change in the substrate, as a result of the 
stress redistribution due to buckling, is on the order of h / a  
(h film thickness) times that from the buckled portion of the 
film, and it consequently was neglected. Similarly, the ra- 
dial deflection of the substrate, where it joins the buckled 
film at r = a, is of the order h / a  times the misfit. Thus, the 
deflection of the substrate due to buckling of the film was 
also neglected. The elastic energy stored in the buckled 
plate was then equal to the work done by the edge load to 
force the plate back to an edge radius, a. They concluded 
that the plate will undergo buckling if the compressive 
edge stress (averaged through the thickness) exceeds the 
critical buckling stress for a clamped circular plate, (re 
E/12(1 - v 2) (h /a)  2, which is equivalent to our expression 
(Eq. 2) applied to cylindrical shells. 

Plastic Deformation Energy 
Brittle materials are those which do not show large-scale 

plastic flow before failing by rupture. However even very 
brittle materials exhibit some plasticity under stress so 
that part of the stressing energy is always dissipated. The 
energy released per unit length, called plastic dissipated 
energy, WpD, is equal to the difference between the compres- 
sion energy induced by volume increase during oxide for- 
mation and the energy calculated by Euler's critical value, 
i.e., (E/2) �9 e 2 as follows Eu[er, 

W p D  = ( E / 2 ) ( O L  2 - -  E2uler) �9 Vf  

where V~ is the film volume per unit length and equal to 
2~rRh. This is illustrated in Fig. 7, which displays the exper- 

Fig. 4. The effect of ethylene glycol on both oxide and crack structure (a, left) 10%, (b, right) 20% w/w ethylene glycol in the electrolyte. 
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Fig. 5. (a) Schematic diagram 
showing the coating tangential 
stress component during an- 
odization of aluminum. (b) Sche- 
matic illustration showing the 
patterned structure observed af- 
ter oxide-layer failure by buck- 
ling. 
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imental results (Table II), by dots, corresponding to Euler's 
critical energy at buckling, and the compressive energy, by 
a continuous line. The difference between the compressive 
energy and Euler's critical energy is the plastic energy dis- 
sipated during film-formation process. We observe that the 
energy released at the buckling process is a small fraction 
of the compressive energy, approximately three orders of 
magnitude smaller than the total compressive energy built 
into the film during its growth. Consequently, plastic dissi- 
pation is very effective during the growth of anodic alu- 
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Fig. 6. Critical stress values calculated by Euler's expression, as a 
function of anodization current density. 

10 

t 

~ 10, -j 

l O  - ~  
r,7 

10 -~ 

,~ i0 -4 .  =~ 

, ~ I 0  " 

10-* 

SLored compressive _----7. 

' ressing . .-JEuler c o m p o n e n t  

component (plastie~- ~- for m=34 ~striae 

J 
i 
J 
/ 

/ 

m:2___.@-'- 

zb 4'o 6o 
Thickness (urn) 

Fig. 7. Experimental values of the stressing energy, given by dots, 
divided by the Young modulus E in the coating calculated fallowing 
Euler's method. The stared compressive energy divided by E is given 
by the continuous line (c~2/2) as a function o| thickness. The vertical 
bar shows the stressing energy dissipated within a coating that buck- 
led farming 34 striae. 

minum coatings. The dissipated energy is plotted in Fig. 8 
as a function of current density. High current densities pro- 
duce coatings in which plastic energy dissipation is less 
than in coatings obtained at lower current densities. This 
may be understood considering that at higher deposition 
rates the oxide has less time to undergo plastic deformation 
and thus to dissipate mechanical energy. 

Sucrose, ethylene glycol, and glycerine were added to 
aqueous sulfuric acid to change the characteristics of the 
film. This resulted in changes in striae numbers, which are 
shown in Table I. Both glycerine and sucrose when added to 
the electrolyte produce larger numbers of striae in the ox- 
ide coating, while ethylene glycol addition requires a large 
thickness in order to produce mechanical instability. This 
may be understood considering that sucrose as well as glyc- 
erine, is a polyhydroxylated, stiff molecule which should 
increase the rigidity of the aluminum oxide film by cross- 
linking aluminum ions and consequently should increase 
its stiffness. Ethylene glycol is a bidentate, flexible ligand, 
which can be expected to replace water  by introducing 
flexible bonds among aluminum ions. Consequently, the 
plastic-dissipated energy in the films is substantially 
modified by these electrolyte additives. 

The plastic nature of the growing anodic film arises from 
its colloidal nature. This characteristic allows radial, diffu- 
sive mass transfer as well as stressing energy storage dur- 
ing film formation. 

Conclusions 
The mechanical instability of the anodic oxide layer in 

cylindrical wires is associated with the stress-produced 
volume expansion concurrent with oxide formation during 
anodization. The mechanical instability of this film was 
analyzed using Euler's method applied to thin cylindrical 
shells under compressive forces. This method allows us to 

Table II. Anodic film data. The parameters are: 
2 current density I (mA. cm- !), the eslimated critical oxide-film 

thickness h (l~m), and the measured number of striae m. 

Anodization Critical 
I time thickness 

(mA �9 cm -2) (s) Number of striae (~m) 

20 3765 2 54.0 
27 2019 4 20.4 
35 1263 12 16.6 
35 1714 12 22.5 
50 1012 16 19.0 
50 986 16 18.5 
75 563 14 15.8 
75 560 20 15.8 

100 378 22 14.2 
100 368 24 13.8 
150 262 22 14.7 
200 162 32 12.2 
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Fig. 8. Dissipated stressing energy in the film due to plastic defor- 
mation as a function of current density. 

determine the film stress in situ and the energy dissipated 
during the coating formation. Plastic flow is an effective 
stress-dissipation mechanism in anodic aluminum oxide 
coatings. However, thicker layers may store enough stress- 
ing energy to cause film failure by buckling. 
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Theoretical Aspects of Potential Modulation Normal 
Incidence Reflection Absorption UV-Visible 

Spectroscopy under Forced Convection 
Ming Zhao* and Daniel A. Scherson** 

Department of Chemistry, Case Western Reserve University, Cleveland, Ohio 44106 

ABSTRACT 

A theoretical treatment is presented for the quantitative analysis of potential-modulated normal-incidence reflection 
absorption UV-visible spectra of solution-phase, optically absorbing species produced at the surface of a rotating disk 
electrode (RDE). This novel technique is based on the application of a sinusoidal voltage of small amplitude to the RDE to 
generate in turn, a perturbation in the concentration profile of the absorbing species, C. Such changes introduce a modu- 
lation in the absorptivity of the solution along the axis of rotation of the RDE, and these can be monitored by (near)-nor- 
mal-incidence UV-visible reflection absorption spectroscopy. A mathematical analysis of the optics and hydrodynamics for 
the system indicates that the ratio (I*/Idc), where I* is the amplitude of the ac and Ido the magnitude of the dc components 
of the optical signal, is proportional to the extinction coefficient of C and to the absolute value of the integral of the 
time-independent function of the oscillatory concentration profile. Excellent agreement was obtained between the approx- 
imate soloutions (in terms of the eigenfunctions, eigenvalues, and coefficients of the appropriate Sturm-Liouville system) 
valid in a domain of frequencies low enough to achieve optimum sensitivity and those determined by rigorous numerical 
integration of the governing differential equation subject to the appropriate boundary conditions. This provides a means 
of extracting quantitative information from the experimental data based on a simple mathematical expression. 

The development of in situ spectroelectrochemical tech- 
niques in the presence of convective flow is expected to 
provide insight into the nature of intermediates and prod- 
ucts of a variety of electrochemical reactions and thus shed 
light into mechanistic aspects of processes of technological 
and fundamental  importance, including electrodeposition 
and electrocatalysis. 1'2 Modulation strategies involving 
such variables as the electrode potential, 3 the rotation rate 
of a disk electrode, 4 and the wavelength of the incident 
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light 5 can markedly increase the sensitivity of many of 
these methods. Despite these advantages, no attempts have 
yet been made to combine modulation and in situ spectro- 
scopic techniques under well-defined hydrodynamic con- 
ditions. 

This work will present theoretical aspects of potential- 
modulated normal-incidence UV-visible reflection absorp- 
tion spectroscopy at a rotating disk electrode (RDE). As 
will be shown, the mathematical equations that relate the 
observed optical signal to the actual spectra of species 
present in the diffusion boundary layer can be expressed in 
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