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ABSTRACT

The growth of porous anodic aluminafilmsin asingle step anodising of Al
insulphuric and oxalic acid electrolyteswas studied by chronopotentiometry
and the surface of filmsand theimprint of filmson Al metal surfacein steady
state were examined by SEM. It was shown that at the initiation of steady
state the outer thin surface layer consists of nanocrystallites. On prolonged
anodising dueto chemical dissolution of athin surface layer they disappear
and enlarged pore mouths and a relatively compact interpore material are
exhibited while the porous layer with the characteristic columnar cellular
hexagonal structure constantly developsin the metal|oxideinterface region.
These predict that the actual reason for the nucleation of poresin the flat
barrier layer and their development to pockets and then to channel-like
pores in the preceding transient stages is related with a nanocrystalline
recrystallization / transformation and densification of oxide towards the
surface of rare oxide formed inthe metal [oxide interface and the base surface
of developed pockets or pores. © 2009 Trade Sciencelnc. - INDIA
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INTRODUCTION

The porousanodic auminafilmsareformed by Al
anodising most frequently in oxalic, chromic, phospho-
ric, sulphuric acid (and other sulphate) solutionsand
lessfrequently inmalonic, tartaric, citric, etc, acid solu-
tions. Theporeforminganodising of Al ischaracterised,
e.g. for oxalic, sulphuric and phosphoric acid el ectro-
lytes, by atransient stage, whereaflat barrier layer is
formed on the surface of which poresarelater nucle-
ated towardsitsend™®, followed by another transient
stagewhere poresare devel oped and organized yiel d-
ingthecharacteristic structure of thesefilmg*4 that is

finally followed by the steady state stage. Theembryo
of the porous structure observed in steady state thus
appearsinthefirst transient stage™® andisintegrated
inthe second one. The steady state tructureof filmsis
characterized asacl ose-packed array of gpproximately
hexagonal, columnar cdlls, each of which containsan
elongated, roughly cylindrica, porenormal tothe sur-
face extending between thefilm’s external surface and
theAL O JAl interface, whereitisseded by athin, com-
pact, hemispherica shell shaped barrier typeoxidelayer
with thicknessroughly around 1 nm per V of applied
voltagel'>1", The structure of filmsis defined by the
surfacedensity of pores, usudly of theorder 10°— 10"
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cm?, base diameter of pores, of the order of afew up
to severa tensnm, shapeand ordering degree of pores,
which depend onthekind of electrolyteand conditions
of Al anodising¢9. The oxide, examined after
anodising, is an amost anhydrous amorphous (or
nanocrystalline) y or y’-AL O, material®*"?l, Protons
and electrolyteanions are embodied in small anounts
variableacrossthebarier layer and porewalls depend-
ing on e ectrolytekind and conditiong**61829, Anions
existinaporesurfacelayer leavingananionamost free
layer near themetal and cell boundaries**8,

Duetotheir peculiar nanometer scal e porousstruc-
ture, physicochemica propertiesand strong adherence
totheAl surface, thesefilmsfind numerous gpplications
such as protection, decoration and upgrading of me-
chanical propertiesof Al, catalysis, rechargeabl e bat-
teries, magnetic memories, nuclear reectors, fudscdls,
astemplatesfor synthesising emitters, in nanoscience-
nanotechnol ogy, etc'5224, Perfect hexagond structure
insurfacedomainsof areacomparableto 1 unv, if de-
sred, can beachieved by two or more stepsanodising
after theselectiveremovd of film, where however the
basic structure, imprinted on theAl meta substrate, is
established in the first and can be improved in next
steps?.

Despitethelargeamount of work doneheretofore,
most of whichiscitedin®24, agenerally adoptedinte-
grated theory satisfactorily describing theorigin of emer-
genceof poresnucle and their progressto completion
asporesisgtill basicaly unknown. Thenucleation and
development of poresisusually attributed to ather-
mally and/ or field assisted chemicd dissolution of film
surfacewhichhowever falsto explain satisfectorily the
experimenta resultsof film growth. Recently!52528 the
ionic migration of O* and Al* acrossthebarrier layer
during the steedy state growth of porousfilmswasstud-
iedinH,C,0,and H,SO, éectrolytes. Theformulated
relevant dectrochemical highfieldkinetic modelspre-
dicted avariation of local oxidedensity acrossthe bar-
rier layer from ~ 2.6 g cm near the metal |oxideinter-
faceto higher enough values near the oxidelel ectrolyte
interface. Along thelines of these studies, in thiswork
the progressof structure of both the surfaceof filmand
of Al substrate surface during anodising in steady state
wasstudied by SEM. Thefindingsof thiswork predict
that theorigin of nucleation and devel opment of pores
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and of theentire porous structureistherecrystallization
and densification of oxidetowardsthe surface of the
rare oxideformed in the metal joxideinterface at the
above density, rendering unnecessary the adoption of
other assistive assumptionsnot adequately provable,
to explain the mechanism of nucleation and devel op-
ment of porousstructure.

EXPERIMENTAL

Al anodising was performed at current density (j)
=15 mA cm2?andbath temperatures (T) = 25and 35
(£0.1-0.2)°Cinvigoroudly stirred solutions of the
most usually used poreforming electrolytesH,SO,, at
concentration (c) =1.5M (15% wi/v) often metinthe
literature (pH = 0.131 at 25°C), and H,C,O, solution
for comparisonasoatc,=1.5M (pH =0.442 at 25°C)
at anodisingtimes (t) upto 40 min. Theemployedjis
relatively low and the T’s are middle compared with
those usually employed, varying from ~ O up to ~ 60
°CI21, which assurethat the necessary voltagefor dl t’s
isnot high enoughtoavoid highrateof heet evolutionin
theanodethat would notably risethereal anodising T
intheanode, morewithrisingj and dropping T*9. The
employed middlec, and T’s however assure non negli-
giblerateof chemical dissolution by the el ectrolyte of
film surfacee.g. after theformation of porousstructure
for reasonswhich will becomelegiblelater. Itisnoted
that the H,C,O, solution was just saturated at 25 °C
but it was clearly unsaturated at 35 °C. Two face Al
sheets anodic electrodes 3x5 cm with thickness 0.3
mm and purity = 99.95% (Merck - proanalysi), with
total geometric surfaceareato beanodised (Sg) =50.45
cm?, and two Pb cathodic electrodes of similar geom-
etry were used.

Prior to anodising theAl specimenswere chemi-
caly etched by chromophaosphoric acid solutionwhich
removestheoxideonthe metd surface (either natura
or anodic) and leavesintact the metal (1671923 washed
by distilled water and dried in an air stream. After
anodising, carried out as described in detail else-
where?, the specimenswere washed, neutralized to
removeeectrolyte probably remainingin narrow pores,
washed and dried. Then, specimensweredivided into
two equal parts one of which would be used for the
SEM examination of oxidesurface. Theother part was
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etched to selectively removethe oxideformed onthe
Al surface during anodising and treated as above to
examinetheAl surfaceby SEM.

Al anodisingwasfollowed chronopotentiometricaly.
Theanodic potentia (e.g. vs. SHE) almost coincides
with the potential drop from the metal |oxide (m|o) to
the oxidele ectrolyte (ole) interface?”?8 andiscloseto
the anodising voltage?”. For ease the latter was re-
corded. Chronopotentiometric curvesare used, among
others, to definethe boundaries of transent stagesand
the start time of steady state stage.

RESULTSAND DISCUSSION

The anodising voltage (AV) vs. t plotsup to the
maximum t empl oyed appear in Figure lawhileFigure
1b presentsamagnification of plotsintherangeof low
t’s. Figure 1 provides the following already noted suc-
cessvestages Thestage OB withaorupt initidly dmost
linear riseof AV gradudly decliningwithincreasngrate
towardsitsend. It correspondsto thetransient stage of
growth of theinitial flat barrier layer inthelast range of
which, between roughly 2/3 of itsduration (around 10
— 15 s in the employed electrolytes and conditions) and
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itsend, the porous structureisnucleated™9, i.e. inthe
regionAB. Theduration of stage OB decreaseswith T
andishigher for H,C,O, solution. Thefina maximum
AV vauestrongly riseswith decreasing T andismuch
higher for H,C,O,. The stage BC of the subsequent
drop of AV withinat of theorder of 1 min, longer for
H,C,0O,, inwhichthe pore/ cell system unitsdevelop
and cover gradudly al thesurfaceand are sdlf-organised
toamoreregular ordering within domainscomparable
e.g. to metal grain surfacestowardstheAl substrate
sideg®*, the proper dmost find number of cells/ pores
Isset up and asteady state pore base diameter, nature
/ composition of barrier layer and e ectrolyte composi-
tionin poresisfinaly achieved. Theduration of this
stagedsofaintly dropswith T and isshorter for H,SO,
electrolytewnhilethe dependenceof thefinal AV oncon-
ditionsissimilar tothat of the previous maximum AV.
Thestage CD, which representsthe steady state stage,
where AV remains constant or changesdightly. Simi-
larly asabove AV increaseswith decreasing T andis
much higher for H,C.O,. Thefinal cellular columnar
porous structure has been already established in the
start of thisstage'®.

The commonly accepted geometric representation
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Figurel: (a) Plotsof AV vs. tduringAl anodisingin oxalic and sulphuric acid solutionsat ¢, = 1.5M, j=15mA cm?and
T =25and 35°C up tothehigher t’semployed. (b) M agnification of plotsin theregion of low t’s.

of development of porous structureinrelationtothe  d) and e correspond respectivey to the substage OA of

AV vs.tplotg+>=24jsgivenin Figure2wherea, b, (c,
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BC of pocketsdevel opment and their transformation
to channel-like pores and stage CD of steady state
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growth of the permanent porous structure.
The potential dropintheanodefromAl to electro-
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Figure2: Schematic crossfilm sectional representation of thegener ally adopted geometric mechanism of theappear ance of
poresnuclei, their transfor mation to pocketsand then to poresand of the development of characteristic porousstructure
during thethree different stages of Al anodising™5%24; (a) Flat barrier layer prior to poresnucleation during thefirst
substageof thefirst transient stage, OA in Figure 1. (b) Nucleation of poresduringtheseconbd substage of thefirst transient
stage, AB in Figure1. (c,d) Transformation of poresnuclei to pocketsand then to poresduring thesecond transent sage, BC
in Figure 1. (e) Growth of porous structure of anodic film in steady state, CD in Figure 1, where the characteristic
nanostructural features, such asthe channel-like pores, scalloped barrier layer, porewalls, cell boundariesand metal|oxide

interface, ar eshown.

lyte (~ AV) and the occurring processes are divided
intothoseinthebarrier layer oxideandinthemloand
oleinterfaces. For sufficiently thick flat barrier layer
grown duringthestage 0B, e.g. that grownfort> 1sat
thej employed, or for the scalloped onein stagesBC
and CD thepotential dropsininterfacesaretiny com-
pared to that in the oxide?2?%, Thusthe change of AV
witht, T and | reflectsthe effect of thethicknessand
nature/ composition/ structureof barrier layer, that are
inturnaffected also by t, T, j and € ectrol yte composi-

tion, and the effect of T and j per seon AV defined by
kinetic model 9%, The higher AV for lower T and for
H,C,0O, thanfor H,SO, at the characteristict’s like t
t, andt_ aredue primarily to thecorresponding thicker
barrier layer either flat or scall oped and secondarily to
other el ectrochemical kinetic parameterd®2,

During thegrowth of porousfilmsoxideisformed
exclusively inthemj|o interface wherethereal rate of
oxide productionisgivenby kSjt, %22, wheret, is
thetransport number of O* anionsmigrating inthe ad-
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jacent oxide bulk (whilethat of Al** cationsist_=1-
t). By themethod outlined el sewhere® thetransport
number t, wasfound 0.742 and 0.683 for oxalic acid
aT=25and35°Cand0.729 for sulphuricacidat T
=25 °C respectively. In steady statet, dropswith T
(andriseswith j62528) whileit isamost independent of
electrolytekind and composition. Becauset, increases
withthe apparent j (and thuswiththereal j (j ) inthe
mio interface where j, = j/2.093%¥) it is expected to
decreasedightly fromthefirst transient substage OA or
stage OB to the steady state stage CD, Figure 1, and
thusthered rate of oxide productiona so dightly drops.

In Figure 3 SEM micrographs are shown of the
surface of filmsgrowninH,C,O, at T=25°C (ac)
and35°C (d) att=5min(~t.) (a,d), 10min (b) and
40 min (c). Embossed nanocrystal line surfaces appear.
In Figure 3a, b, d pores are hardly discerned due to
their narrowness. But at t >>t_ pores become easily
discerned, Figure 3c, dueto chemical dissolution by
theelectrolyte of athin surface oxidelayer and of their
mouthsand thusto porewidening onfilm surface. The
pores seem to appear in arbitrarily non-ordered sur-
facedtes, Figure3c. Onincreasing t thefeaturesof the
embossed surfaceareinitialy reinforced and then they

Figure3: SEM micrographsof thesurfaceof filmspreparedin oxalicacidat c,= 1.5M, j=15mA cm? T =25°C (a-c) and 35
°C (d)andt=5min (a,d), 10 min (b) and 40 min (c).
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gradudly decay mainly at higher t’s, Figure 3a-c. Com-
parison of Figures 3a-c (a,b at T = 25°C - saturated
bathand cat T = 35°C - unsaturated bath) provesthat
the nanocrystal line surface aspect cannot be attributed
to any effect of saturated bath.

In Figure 4 SEM micrographs are shown of the
surfaceof filmsgrowninH, SO, a T=25°Candt=5
min (= t.) (a), 10 min (b) and 40 min (c). Embossed
nanocrystalline surface a so appearsand poresarea so
hardly discerned att ~t_, Figure4a, butatt=10min
and mainly at t = 40 min (>>t_) the pores become
easily discerned, morethaninH,C.O, filmsat compa-

(@)
-
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rablet dueto the much stronger ability of H,SO, than
that of H,C,O, for chemical dissolution of oxide*!
which is also predicted from the lower pH and thus
higher H,O" activity for H,SO, electrolyte. The pore
surfacedensity of H,SO, filmsisalso higher than that
of H,C,O, films. Simultaneously the features of
nanocrystallineembossed surfaceseemto bereinforced
up to t around t_ and then they gradually decay, but
have not however completely disappearedevenatt=
40 min, and the interpore surface material becomes
smoother and more compact.

Within the steady state stage the size of

(b)

Figure4: SEM micrographsof thesurfaceof filmspreparedin sulphuricacidat ¢ =1.5M,j=15mA cm? T=25°Cand t=

5min (a), 10 min (b) and 40 min (c).
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nanocrystdlitesisreduced dueto chemical dissolution
of oxideby the e ectrolyte while some of them may be
al so detached dropping to solution wherethe support-
ing them underlying rarer material isdissolved asex-
pected easier than nanocrystallites. Consdering arate
of film chemicdl dissolutionreactionby theH,SO, elec-
trolyte of theorder of ~ 0.1 nm min*¥ and thetime of
40 min where the largest nanocrystallites on surface
seem to have not completely vanished, thelarger size
of these crystallites seemsto be> 4 nm, asindeed ob-
servedinFigures3and 4. Therateof filmthickness (h)
increasein steady stateisgiven by dh/dt =7t where
2~ 6.982x10" cm®* C* (H,C,O, electrolyte®!) and z
~6.983x10" cm®C* (H,SO, electrolyteé®) and h at t
=40ministhus~ 18.35 um. Thereforeinany casethe
thicknessof surfacelayer of oxidedissolved by theelec-
trolyteisnegligible compared to thethickness of film
grown at the sametimeinterval. The non-uniform as-
pect of Figure4cisevidently duetothevariable/ dis-
tributed nanocrystalitesizesinathinlayer of theinitia
film surfaceand thickness of surfacelayer dissolved by
electrolyte, therate of which dissolution may beaffected
by any nm scale surfaceroughness, loca stirring condi-
tions, related topoe ectrochemicd parametersand flaws
of initial Al surface. More uniform aspect ishowever
expected at t >> 40 min asthe surfacelayer oxideis
further dissolved9,

Themaximum poss bleorganization of cdlls/ pores
in deeper oxide layers permitted by parameters of
anodising process, like AV in steady state etc®?, isal-
ready established at t ~ t_ andit continuesto be steadily
reproduced for t > t, asit isrevealed by the SEM
micrographsof theimprintsof scalloped barrier layer
onAl metal, Figure5. The ordering of cells/ poresin
Figure5c deviates noti ceably from aperfect hexagonal
asthe steady state AV is~ 30V, markedly differing
from AV ~ 45V of optimum hexagonal ordering for
oxaicacidfilmg?®. Butin Figure5a, bwhere AV was
~ 42 - 43V, closeto 45V, the ordering approaches
perfect hexagond infinitesurfacedomains. Bright enti-
tiesarestesof ordering violation where protrus ons of
Al metal appear, whilethelargebright entity in Figure
5cismost probably dueto surfaceimpurity (foreign
particle). Thecell width (D ) is~ 115.9and 83.5nm
and the pore surface density (n) is~ 9.92x10° and
1.91x10% cm? (nD 2 = 4/31*) at T = 25 and 35°C.

Waterviols Secience omm—

Their variation with T agrees with literature
datal’®*"331, The sametrendsof D_and nvariations
arealso valid with decreasing j and increasing ¢ [,
Similar behaviour was observed also for the H,SO,
filmsasregardsthe change of theAl surface structure
with tin steady state where however the surface den-
sity of pores/ céllsislarger thaninH,C.O, films, n~
1.3x10* cm?and D, ~ 32 nm, whiletheir orderingis
strongly violated dueto that AV in steady state, ~ 16V,
deviatesstrongly from themaximum ordering AV =~ 25
V23, Citation of relevant micrographswasjudged un-
necessary sincethey do not offer any additional utiliz-
ableinformation. The constant AV during the steady
state CD impliesthat the D, pore base diameter and
thicknessof barrier layer remain constant.

Theabovebehaviour reveded by SEM isexplained
asfollows:

Theoxideisformed inthemjointerfacein steady
state CD (and as expected in transient stages OB and
BC) that isan dmost purerareoxide materid with den-
sity 2.60 g cm*for H,C O, and 2.52 (~ 2.6) g cmv
3for H,SO,/ films. Thisoxide must haveabcc lattice
regarding theAl* sublatice, withlaticeparameter 0.402
nm essentidly coinciding with thefcc |l attice parameter
of Al, 0.4041 nm. Thisisan unstablelattice, existing
only under thehigh strength field (of the order of 107V
cmi27) action, which must betransiently stabilized
around and beyond the mj|o interface by
€l ectroexpansion stresses created asexpected by asto-
ichiometric excess of Al®* in the oxide bulk. These
stresses are counterbalanced by electrorestiction
stresses between the positively charged oxideand nega-
tively charged doublelayer intheoleinterface®2%3,

The oxide formed in the mjo interface is~ 37%
rarer thany-A1,O, withdensity ~ 4 g c 3 that isthe
most related form of oxide with that of anodic oxide
obtained after anodising and oxidere axation(*52%, The
v-ALQ, isconsidered adefect spinel structure (space

group Fd3m )3 with O in 32e Wyckoff positions
which can beviewed approximately a2x2x2 array of
fccunit cellg%, Itischaracterized by vacanciesin tet-
rahedra®” or octahedral*® sitesrather randomly dis-
tributed fromwhichtetrahedrd stesemptyinided soind
may be partially occupied in defect alumina struc-
tures®39, Thelattice parameter of y-AL,O,is0.79 nm
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Figure5: SEM micrographsof thesurface of Al after theselectiveremoval of theoxide preparedin oxalicacidat c,=1.5M,
j=15mA cm? T =25°C (a,b) and 35°C (c) and t =5min (a,c) and 40 min (b) wher ethe close packed hemispherical imprints

of scalloped barrier layer unitson Al surface areshown.

~ 2x0.4060 nm. For nanocrystalline or amorphous ox-
idetherelevant parameter will beon average dlightly
enlarged. Hence, a 2x2x2 array of bec unit cells of
transent | atticeisconvenient to betransformedto acell
of denser amorphousy-AL,O,oxideand on heatingto
crystalliney-AL Q). But they-ALQ, latticecell in-
corporates more suitably entered and arranged atoms
than the2x2x2 array of bec unit cells of transient lat-
tice, asdemanded by its 37% higher density.

When the oxide formed in the m|o interface ad-
vancesto the oleinterface, thusbecoming lessinflu-

enced by thelattice of Al metd, thereisaspontaneous
tendency for itsunstabl e lattice to be transformed to
the denser and more stable y-A1,0,['51"? more to-
wardstheoleinterfaceintheform of nanocrystallites.
Priortot, acontinuousformation of unstablenuclei of
nanocrystallites supposedly occurswhich aresoon de-
formed, probably affected by the high strength field in
the region of mjo interface and up to some distance
fromitor, inother words, uptothesurfaceof filmformed
uptot~t,. Thefirst position of integrated latticetrans-
formation to nanocrystal liteswith structureresembling

e, Paterioly Secionce
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that of y-ALO,isthusathin surfacelayer of oxidepro-
duced at t =t,. At t =~ t, the first integrated stable
nanocrystalitesof denser and stabley-Al,O, areformed
a arbitrary stesinthe surfacelayer and their presence
and development arefast spread inthewhole surface,
like an avalanchephenomenon, fromAtoB. Theseare
rather neutral particlesor anyway withlower Al** charge
excess. Between nanocrystal litesthe oxide must have
higher Al** excessand thusit may becomerarer even
than theinitially formed oxide. Thethin surface oxide
layer isthen proneto beruptured intheregionsof rarer
meaterid among nanocrystdlitesformingnucle of pores.
Theformation of surface nanocrystallites, actingasa
matrix, must aso catayze and propagaterecrystalliza-
tiontointerior oxidelayers.

Thenuclei of pores appearing during the substage
AB aretransformed to pockets and then to poresin
BC, Figures 1 and 2. Well beyond B and up to C the
only process occurring in the hollowed film surface,
whichisnow unaffected by thefield, isthe chemical
dissolution reection. Itsrateisnegligiblecompared with
therate of film mass and thickness growth(**%, The
chosen electrolytes, ¢, and T’s assure relatively en-
hanced surface oxide dissol ution by thedectrolyte, as
expected morefor theremaining rareunruptured oxide
among nanocrystallitesrather than for nanocrystalites,
capable of accentuating nanocrystal liteswithin reason-
ablet, e.g. att~t_. Then, thefilmsurfaceat t>t_must
present ananocrystalline embossed aspect, asindeed
observedinFigures3and 4. Fromt, ort_ uptot_and
beyondt_theemployed ¢, and T’s are able to bare and
accentuate nanocrystd litesbut areunableto reducefast
their size. Thefeatures of theembossed nanocrystdline
surfacearethusinitidly renforced, reaching their maxi-
mum intensity much earlier for H,SO, thanfor H,C,O,
filmsdueto thehigher dissolving ability of H,SO, than
that of H,C,O,*, and then they gradually decay on
further dissolution of the surface oxidelayer. On pro-
longed anodising however thesesurface nanocrystallites
arefindly dissolved and/ or detached and theinterpore
materia of hollowed surfacelayer becomes smoother,
asin Figure4c concerning H,SO, films. From Figure
3a-citisevident that such asituationwill be attained
for H,C,O, filmsat t >>40 min. During the stage BC
the continuing recrystalisation and concomitant shrink-
age of oxide below thefilm external surface and to-

Waterviols Secience omm—

wardsthesurfaceof nucle unitstransformed to pock-
etswhich arethen transformed to pores (transforma
tion nuclei — pockets — pores) more towardstheir
bases for t > t,, reduces the thickness of pore walls
widening the pockets or poresto theAl side, Figure
2c,d. The oxidebecomesnanocrystaline/ amorhoug®
but compact enough towardsthebase surface of pockets
or pores. Itisnoted that thewidening of pocketsduring
their transformation to poresisalso favoured by the
dightlyfdlingt, andthusfalingrateof oxideformation
inthem|ointerface.

Inthe second transent stage BC thenucle of pores
widen and lengthen with t and in this way these are
transformed to pocketsand then to channdl-like pores,
Figure 2c,d. Asnew oxideisformed inthem|o inter-
faceand ispromoted to the bottom of nuclei — pock-
ets— pores, thelocal e of electrochemical processesis
shifted from film surfacein substage OB towardstheir
surface, moreto their depth. Therecrystallisation, con-
tinuing asointhisstage, isrelocated occurring thusin
thesurfaceof nuclel — pockets— pores, moretotheir
depth onincreasingt. It ispropagated to interior oxide
layers, thus devel oping agradient of shrinkage degree
and of local oxide density (d ) across the scalloped
barrier layer. A stabledistribution of d risingtotheole
interface with thelargest achieved span determined by
conditionsisexpected to be established acrossthe bar-
rier layer in steedy state. Thiswasindeed earlier shown
by an entirely different (electrochemical kinetic®!)
method whereit wasfound that in steady statethefol-
lowing equation interrelating kinetic, physical and
nanostructural parameters

doa(1-417ND2) =d¢mo =emptar - doged *aNDE (1)

cmlo =

c m|o
isvalid, whered, . d . andd_ aretheloca density
of oxide near them|o and olei nterfac& and theaver-
agedensity acrossthebarrier layer and D, isthe pore

basediameter, fromwhichitisinferred that

dco|e_tan(1 tan) (dcm|o ca)- (2)

Thelatter equation showsthat d_ L op >d.,>d; o OF d,

actuallyrisesfromd_  ~2. 6gcm3atthem|0|nterface
towardsthe o|e|nterfacewhlled liesintheregion
3.21 - 3.52 g cm® depending on condltlons[251 Itis
noted that the D, of films prepared here cannot be ac-

curately determi ned by the above equationssincethe
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precisevaluesof d_ ord, e € unknown. All param-
etersd__, d, and D together canbedetermined by a
compl ex method[251 the citation of whichishowever
beyond the study scope.

Theordering of cells/ poresin BC towardstheAl
sidemust be dueto the electroexpansion of positively
charged anode, Al and oxide, developing repulsive
stressesbetween Al and thegradual ly formul ated units
of scalloped barrier layer and porewallsaround pore
bases and between adjacent units, likedensdly packed
touching, sphericd, easily diding objectswithsomeedas-
ticity, such asblown up balloons or bubbleson asur-
face. Theseareforced to becomeas possiblearranged
ineachfinitesurfacedomain, likegrain surface, accord-
ingtotheinterrel ated conditions: (i) tendency for occu-
pancy of maximum possibleareathat iscounterbaanced
by asmilar tendency of neighbouring units, (ii) highest
surface 2D symmetry (that ishexagonal) best accom-
modating counterba ance of stresses between unitsto
each surfacedirection, (iii) highest 3D shell symmetry
(hemispherical), best accommodating counterbalance
of electroexpansion (probably variable acrossthebar-
rier layer related with the variable d ) and
electrorestriction stressesfor each radia directionand
at each barrier layer unit.

The spontaneousrecrystd|lization and densfication
of oxideto the pore base surfacetogether with theten-
dency of materid to be organised under the above con-
ditions (i) — (iii) are responsible for the uninterrupted
continuous devel opment of columnar, cdlular, channd-
like porous structure during the steady statewhenthe
conditionsand compogtion of filling solutioninthepore
baseregionremain relatively unatered.

Asshown previoudy®%29, themechanism of film
growth embraces: (i,) Ejection and solvation of Al**at
film surface of flat barrier layer type oxide during the
first trangent stage and at the surface of nuclel — pock-
ets — pores moretowardstheir base surface ast in-
creases during the second transient stageand only at
pore basesin steady gtate. (ii,) Countermigration of O~
surrounding Al** together with the rest required O*
coming from thedecomposition of H,O after itsdisso-
ciative adsorption. Thusthe surface oxideisactualy
deformed to solvated Al** and migrating O%*. This
mechanism iscons stent with the present results sug-
gesting that the nucl eation and devel opment of porous

—== Fy/| Poper

structureisassociated with arecrystal lization process.
Both support that e ectrochemical dissolution of oxide
actualy doesnot occur andisnot involvedinthenucle-
ation and devel opment of porous structure. Thelatter
a so doesnot demand theinvol vement of chemical dis-
solution of oxide by the el ectrolyte. Thisisindirectly
intruded viathe ability of €l ectrolyteto solvate g ected
Al** whichisseemingly teken for oxidedissolutionsince
Al g ection apparently does not occur when oxideis
not chemically dissolved in solution. Hence, the occur-
ring oxidedissolutionisof chemica only natureof neg-
ligiblerate, compared with the rate of oxide mass pro-
duction and therate of thickness growth of thewhole
filmanditsporouslayer, whichisnot involved inthe
devel opment of porousstructure. Thetheory formu-
lated hereisthus self-contained and cons stent, not re-
quiring the adoption of other processeslikethermally
or field assisted dissol ution of oxidefor theformation
of nuclel, pockets and pores. It can thus justify the
growth of filmsin very low T’s, even < 0 °C? when
certanly dectrolyteisgtill inliquid state, wheretherate
of chemical dissolutionispracticaly zero. It isnoted
that to fully devel op the cited theory further work is
necessary aiming at the el ucidation of the mechanisms
by whichtherecrystalization of rareoxideproducedin
them|ointerfaceis put forward and completed during
thetransient stages OB and BC aswell as of the con-
tinuousrecrysdlization and densfication of oxideacross
the barrier layer during the steady state stagefromthe
mjo tothe oleinterface.

CONCLUSIONS

1. Realtsforfilmsgrowninthemost commonly em-
ployed pore forming electrolytes, oxalic and
sulphuric acid solutions, during asingle step Al
anodising showed that the surface of oxideat the
initiation of seedy statecongstsof nanocrysdlites.
On prolonged anodising they gradudly disappear
asaresult of film surface dissolution by theel ec-
trolyte exhibiting enlarged pores mouths and a
rather compact interporesurface materid. At the
sametimetheporouslayer and its characteristic
structure constantly grow intheregion of barrier
layer between Al and porouslayer.

2. Theseresultspredict that theoriginof poresnucle-
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aioninthefirgt transent stageisthe spontaneous
recrystallization of therare oxidelatticeformedin
them|ointerface, accommodated with theAl lat-
tice, to nanocrystalites of denser oxideinthesur-
faceof flat filmtowardstheend of thisstage. The
rarer oxide between nanocrystallitesisproneto
beruptured, assisted by rejection and fast solva-
tion of AI** and countermigration of adjacent O?,
anticipated by the mechanism of film growth, and
by penetration of dectrolyteanionsinformed voids
al of which coworkingyield crack-likeholes, the
nuclel of pores.

3. Theoriginof nude transformationinitialy to pock-
etsand then to channel-like poresisthe gradual
shift of location of chargeexchangeprocessesfrom
thefilm surfaceto thebottom of nuclei — pockets
— porestogether with the continuous formation
of rareoxideinthemjo interfacewith constant d_
and theenhanced recrystalli zation and densifica:
tion of oxidefromthemjototheoleinterfaceyid d-
ing the scalloped barrier layer. Atransient d_dis-
tribution is established across the barrier layer
stabilised at the end of the second transient stage.

4. Thisisaself-contained theory not requiring the
adoption of other non-provable suggestions to
explainthemechanism of growth of porousstruc-
ture. It isexpected to assist theelucidation of the
effect of anodising conditionsontherecrystdliza:
tion processes and on the resulting porous struc-
ture, to assist the explanation of the existence of
best conditionsfor optimum structureorderingand
to contributeto structure design with evident sig-
nificancefor thenumerous applicationsof porous
anodicauminafilms.
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