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Adstract: The structure of anodic films formed in various acid or alkaline media at
relatively low cds has been studied, as a function of the pH condition of the electroly-
te, using electron microscopy. The structure of anodized AL, films depends mainly
on the pH of the solution and very little on the nature of the electrolyte. For pH > 3
and pH < 9 the appearance of the films is almost the same, t.e, they are eontinuous,
without pores, containing mierograins. For pH < 3 local film dissolution compete
with the film - forming reaction producing typical porous films, whilc for pH > 11
besides the slight dissolution of the films, we observe a multilayer formation of anodic
films due probably to the high solubility of Al.

INTRODUCTION

Anodization of Al has been extensively used in producing ultra-
thin and thick oxide films for capacitors, protective layers ete.

1t has already been shown that the anodization of Al depends
largely on the nature of electrolyte?, the oxide film present prior to
anodization® and the electrolyte concentration of the solution®. Elec-
trolytic breakdown experiments combined with electron microscopy
observations have also been reported?.

The anodization of A! under controlled current density {cd) condi-
tions in acidic enviroment which exert some solvent action on the oxide,
leads to the formation of a porous anodic oxide film e.g. such acids as
sulphuric acid, chromic acid, oxalic acid etc. The structure of porous
anodic oxide films has been extensively investigated by a number of
workers. Various authors™* have demonstrated by electron - optical
techniques that the film is composed of an amorphous oxide with a
large number of verfical pores extending through the oxide, almost
to the metal/oxide interface. At the bottom of the pore there is a thin
layer of non - porous oxide, ~15 - 200 nm® — the barrier layer. The
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exact mechanism of this localized dissolution i.e. the formation of pores,
seems to be unknown!®.

Besides acids, alkaline electrolytes also show some solvent action
on the anodic oxide. According to Franklin'?, the basic process is the
same for the two types of oxide formation and the porosity is a secon-
dary result arising from oxide dissolution.

In the present paper, an attempt is made to examine the anodic
oxide films on Al, formed by using different electrolytes and under va-
rious pH conditions, covering almost the whole range of pH values at
relatively low cds by means of electron microscopy.

The difference in the structure of the anodic aluminium oxides
due to electrolytic breakdown has also been investigated using electron
microscopy observations.

EXPERIMENTAL TECHNIQUE

Material

The material used was 99,99 9%, pure aluminium foil, 0.2 mm thick,
in the form of elongated strips {~5 mm wide, ~3 cm long). The strips
were cleaned and degreased in baths of acetone, thichloethylene and
alcohol, Any residual oxide formed on the foil during handling was
removed by dipping it in a solution of 70 ml orthophosphoric acid
(density 1.70 gr/cm?®), 25 ml sulphuric acid {density 1.84 gr/cm?®) and
3-8 ml nitric acid (density 1.50 gr/cm?® at 85-110°C and rinsing it
in distilled water.

. Electrolytes and electrical conirol.

The electrolytes used weré

1. Sulphuric acid : pH= 3, pH= 1, pH =01, pH < 0.
2. Phosphoric acid : pH= 3, pH= 1.5, pH=05

3. Oxalic acid cpH= 3, pH=~1.5, pH=105

4, Na,HPOQ, : pH= 9

5. Na,PO, : pH =12

6. NaQOH : pH =13

where the pH varied by changing the concetration of the acid.
The usual temperature of the electrolytic bath was 25° C.
Anodization was carried out at a constant cd using a Keithley
current source supply. The cathode of the electrolytic cell was an inox
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cylinder with an inside diameter of 6 cm and a height of 8 cm. The Al
strip was suspended in the axis of the cylinder.

Electron Microscopy

In this investigation the electron microscope was used exclusively
because of the extreme fineness of the investigated structures. The films
were stripped from the metal using the iodine - methanol or bromine -
methanol>-1® technique, or the «elotapes technique for direct strip-
ping.

RESULTS

I. Acid Media

Anodizing Al in sulphuric acid

The anodizing of Al at different cds varying from 1 mA/em? to
25 mA/em? and with a voltage source of 100 Volts gave cell voltage -
time curves as in Fig. 1a, 1b,1c,1d, similar to those reported already-3%,
For all pH values and low cds there was a broad maximum while the
electrolytic breakdown voltage for high cds increased as the pH of the
solution increased. In adition to the first maximum, a second maxi-
mum appeared near the first one.

For electron microscopy examination, samples were prepared by
anodizing Al for a short time, varying from 1 to 100 sec, and with a
voltage source below the breakdown level at a constant cd of 1 mA /cm?
or 25> mA/cm?.

Transmission electron microscopy studies of specimens made at
the horizontal plateau of the cell voltage - time curves, did not reveal
any crystallographic structures. The characteristic appearance of the
pores, for a constant time of anodic o;ddation, was mainly a function
of the pH of the acid solution; e.g. in the case of a cd of 25 mA /em?
(oxidation time 10 sec) the surface density of the pores increased as
the pH of the solution increased toward the value pH — 3, leading to
a continuous anodic film appearance. (Fig. 2a).

Anodic films of the same thickness as the above, formed under a
cd of 1 mA/cm? and oxidation time 100 sec, have a similar appearance
(Fig. 2b).

In addition to the above, in the case of anodic oxidation with a
power source of 200 Volts i.e. higher than the electrolytic breakdown

voltage, extra pores were noticed on the anodie film, due to electrolytic
breakdown (Fig. 3).
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lution (pH = 0,1) with a power source of 200 Volts at a cd of 25 mA fem?.
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Anodizing Al in phosphoric acid.

The films obtained by anodizing Al in phosphoric acid were similar
in appearance with the ones formed in the sulphuric solution. Thus for
low pH values of the solution, the large pores appeared, while they
decreased in size as the pH increased, their form becoming elongated
at first and finally disappearing (Fig. 4a, b).

Fig. 4. Transmission electron micrographs of specimens anodized in different
pH values of Hy PO, solution at 25° C and cd values of {a} 2dmA/em® and(b) I mA jem?.

The only essential difference appears in the cell voltage - time cur-
ves where the maximum value of the electrolytic breakdown voltage
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was ~140 Volts, while in the case of sulphuric acid solutions it was
only ~80 Volts,

Anodizing Al in oralic acid.

By anodizing Al in oxalic acid under the same cd and pH condi-
tions similar results were obtained, except for a shift on the decrease
of the diameter of the pores toward higher values of pH (Fig. 5a, b}.

g . -

Fig. 5. Transmission electron micrographs of speeimens enodized in different
pH values of ozalic acid solution at 25° C and cd values of {a} 25 mA/em® and (b)
ImAfem®.

The cell voltage - time curves are cleser to those of H,50,, showing
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an electrolytic breakdown voltage of ~70 Volts at pH = 0.5 and ~100
Volts at pH values higher than 1.

11. Alkaline Media

Oxide film formation was carried out at three different alkalinity
conditions i.e. at pH =9 (~0.1 M Na,HPO, solution), pH =12 (~0.1
M NaggPO; solution) and pH =13 (~0.1 M NaOH solution). The use
of different electrolytes was found necessary because in larger concen-
trations the anodic oxidation was accompanied by secondary phenome-
na —e.g. the prowth of crystallites on Al by dissolved substances —
while there was no noticable effect of all three electrolytes on the stru-
cture of the films. Indeed during the anodic oxidation of Al in concen-
trations of pH =9 of either Na,PO, or NaOH solution the structure
of the film was the same as in the case of a Na,H PO, solution of the same
pll.

In following the voltage - time dependence during oxide formation
in alkaline media we noticed a peculiar wave form of the cell voltage -
time curves (Fig. 6a, b, ¢) for various electrolytes — or for different
pH of the solution — and for different current densities.

I. In «static» solutions of pH =9, a narrow wave - form curve
appears at the beginning of anodic axidation with ondulations covering
two or three ¢wave - lengths» (Fig. 6a) after which the potential diffe-
rence sets to a constant value lower than the breakdown voltage. By
stirring the solution no ondulations occur in the voltage - time curve.

I1. In «statics solutions of pH =12 and a cd higher than 5 - 10
mA/cm? the wave - form curve undergoes only a few ondulations.
However, when the cd is lower than 5 ma/cm? the wave - form curve
ondulates continuously with the amplitude increasing as the mean
value increase. (Fig. 6b). The period of the wave - form curve seems to
be an inverse function of the cd. By stirring the solution the cell voltage
drops to zero.and stays there as long as the stirring continuous.

III. In «static» solutions of pH =13 the wave - form curve beha-
ves in the same way as in the later case, except for the fact that it is
permanent even at relatively high values of cds (Fig. 6c¢).

The structure of the anodic films depends on the alcalinity of the
solution i.e. in a weak base solution (pH x 9) they are almost continuous
containing micrograins but without pores (Fig. 7a) and their structure
is independent of the cd.

Increasing the alkalinity of the solution (pH = 12) the anodic
films remain continuous, containing micrograins, but wrinkled, pro-
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bably because of partial detachment from Al (Fig. 7b).

Fig. 7. Transmission electron micrographs of specimens anodized in alkaline
solutions with different pH velues, (a) pH = 9, (b) pH = 12 and (¢) pH = 13.

Finally, at the highest pH value studied the anodic films are po-
rous in multiple layers (Fig. 7¢) and their adhension with Al is so weak
that a single piece of celotape is enough to deatach the anodic film.

Discussion

According to our results the structure of anodic aluminium films,
under low current density conditions, depends mainly on the pH of the
solutions and very little on the nature of the electrolyte. For pH > 3
and pH « 9 the appearence of the film structure is almost the same.
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This is in good agreement with the observations of G. Wood and J.
(’Sallivan®. Differences appear mostly during the growth of the anodic
films in strong acid (pH <« 3) and in strong base (pH = 11) solutions.
That could be explained on the basis of the different solubilities of Al
and ALO, in acid or base media respectively. So the formation of pores
in acid solutions could be explained as due to the high solubility of Al0,,
while the easy detachment of the anodic films in alcaline solution as
due to the high solubility of Al

This latter point of view is supported by the wave - form - like
appearance of the cell voltage - time curve. As the anodic oxidation
is started, a film layei' is formed, while a simultaneous increase in the
cell - voltage curve is observed. This is followed by a detachment of
the layer and as a consequence a decrease of the cell - voltage is obser-
ved. This phenomenon is repeated at almost constant periods, which
corresponds to constant film thicknesses and as a result the film formed
is a multilayer one. However, in an acid solution the anodic films are
subjected mainly to the solubility of the electrolyte and as a consequence
we have the formation of the characteristic pores. As Lo the kinetics
of the oxidation, Franklin’s?’ view, according to which the basic pro-
cess in oxide growth is the same for the two types of oxides, and that
the porosity is a secondary effect arising from oxide dessolution, seems
to be supported. This was concluded by the fact that all the diffraction
patterns of the amorphous films, taken with an electron microscope,
looked alike and also by the faet that durring electronbeam crystalli-
zation the same diffraction patterns, corresponding to v - ALO, were
obtained, in Agreement to observation by P. Neufted et all?¥,
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IIEPIAHYIZ

MEAETH ANOAIKQN OEEIAION TOY APTTAAIOY
ATA TOY HAEKTPONIKOY MIKPOXKOIIIOY

‘Yrd

K. MANQAIKA xoi I. ZIITPIAEAH
{ Epyactiipior A’ E8pug Pvonefic, Havemornuiov Gregoalovianc)

Me)etdtar 7 woppy dvoduediv Gueviev dvamtuylévrwy ént tol Al cuvap-
mhoet ol pH ol Ahextporizon, bg xal dmd tiv éniSpacty Stapopetinédv #-
DEXTPOAUTEV.

Karta yevoudvae mapatnphoes pt iy Porletay 1ol Hhextpovinold pi-
xpoonorion ehpélnoay & wdvawli:

a) “H popon tév dvantuzlévroy Suevieov ALO; 8ua ripas 3<< pH < 9
elvae oyeddv opota, firor aynuarifovrar dohoddy xal &veu wopwy duévia.

B) Awx mpae pH << 3 ta dpévia Eugavilovrar mwopddn, 7 82 Brduetpog
TV wopwy abfavetar Stav 10 pH Tob Hhextporitou yivetar wixpbregov.

v) Mg tpde pH > 9 ta Ouébvee Epgovilovrar Syu whvov mopddy dirk
xal wORAATAGY aTp@gswv. Ent mhiov telra edndhog Sywpllovrar éx Tol
Al O & Mvw tpomog dvantifewe Ty Dueviwy clvae Suvardy v Swmiatwli
nodl Ex Tiv Amplévrev xapmuddy Tdoswe-dvrdosws. AStar elvar wupoatost-
Solg popye, #nal’ boov dpywmde pdv oymuatilerar avoduedy duéviov xal guv-
embie adbdvetar ¥ Stagopsd Suvapixol v cuveysix Suwg dmoxorAdTar & Tol
dmoBdlpou xal ouverds frattolrar ¥ Sixpopd Suvapixet. Té gawvdpevov
TobTo Emavedapfavetar elg Tpémov bote va oynuataldy) Teamdc Gudviov Toh-
MATRGY GTEWGEWY,

"fdg mpbg THv wvrTuv TS 0eddoews 0 mpeny va Seyfdpev Ty &mo-
dwv 1o R. Franklin xavé tiv dmolay 76 pév Baowdy pawvbuevev tiic bEz-
dchoswg elvan th adtd elg Hhag Tdg mepiwTOaEg, WALV Suwg TH Top®dsg TGV
Oueviey elvon Seutepoyevis gavbuevey dgehdusvoy cle Ty Swdutérta Tl
dEetdlou évthg Tob ThexTpoidrou.
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