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ABSTRACT

The service performance of anodised aluminium in
architecture is dependent upon the control of the
anodising, colouring and sealing processes. The quality of

the anodic oxide film is determined by assessment tests.
The wuse of a nitric acid ’'predip' on soft films was shown
to dissolve a soft outer layer. A new admittance test was
devised in which the ’'drift’, Y, was measured using 33/,
nitric acid. This test threw light on the sealing quality
of films exposed to the environment and those sealed in
nickel salt solutions. Well-sealed, hard films gave a Y
value of 0.1 to 0.2. A sealing mechanism for nickel acetate
solutions is proposed in which ageing of a Ni—Al complex is
thought to play a significant role. The admittance-abrasion
(Y-J) profile was wused to supplement other test data. An
accelerated sulphur dioxide test was investigated, the
optimum conditions for which were 40®C for 6 hours. The
presence of a sealing bloom was determined by a simple
go/no go three paper abrasion test. The assumption is made
that Yt(25*C) = a + bt and linear regression has been used
to find b. It has been found that for batches having a
range of thicknesses but a common sealing time, the linear
relation is a reasonable assumption when the gradient is
<+10. The admittance values of electrocolcured tin black
films have been found to be anomalous. The gradients are
negative due to the presence of tin in the pores. Linear
regression has been used to obtain an average value of b
over the whole thickness range, which gives information as
to the degree of sealing. Colouring and soaking in
sulphuric acid at elevated temperatures (before sealing)
reduces the abrasion resistance. The abrasive wheel test
was also wused to show the depth of tin within the pores.
The use of the addition agent ’'Tribrite’ in tin colouring
solutions suppresses the outward, whiskery growth of tin in
the pores.



CHt*TER 1

INTRODUCTION

During the early part of this century processes
were developed which took advantage of the fact that a
protective oxide coat could be grown on aluminium
artificially by anodic electrolysis, the natural film
having been removed before anodising. Bengough and Stuart
(1) introduced the first commercial process for chromic
acid anodising in the United Kingdom, while the oxalic acid
process was revealed in Japan by Setoh and Miyata In
the same period electrolysis in sulphuric acid was found to
produce a good anodic oxide coat. This was first patented
in this country in 1927 and is the most widely wused
process for architectural anodising, bright trim anodising
and hard anodising.

Over the last 50 years the basic anodising
processes have changed very little. The excellent
properties exhibited by anodised aluminium (architectural
and decorative uses, the ability to be coloured, the very
good resistance to deterioration, and the strength shown by
such a lightweight metal), has promoted research in order
to keep pace with the demands for novel, attractive and
economic products.

The popularity of coloured anodised aluminium for
architectural uses has increased over the past 20 years.
The three main methods for colouring are absorptive dyeing,
integral colouring and electrolytic colouring. The trend

has been to move away from the first method and towards the



latter methods. However, electrolytic colouring is not a
recent advance since the first patent was issued in 193& to
Caboni (3), although commercial exploitation did not occur
until after 19&0.

This research is concerned with the use of
anodising for the long term protection of aluminium alloys
used in external architectural applications. Reference is
made to the British Standard Specifications as outlined in
Table IS of the Experimental section, page 144.

The life expectancy of any external architectural
component is 25 to 40 years. Thickness, colouring and
sealing must achieve a minimum quality for the anodic oxide
coating to perform well in service. Many of the anodising,
colouring and sealing processes are adequate for internal
environments only and other uses where decorative
properties are more important than protection. In these

cases the life expectancy is 10 to IS years even though the

thicknesses may be Snm or less. As well as serving as
protection in architecture or for decoration, another
application is as a pretreatment for other processes such
as painting, organic finishing, and electrodeposition.

Specific properties of the coatings such as the porous

nature, hardness and wear resistance, electrical and
thermal insulation, are of value for specialised
applications. Table 1 gives the minimum thicknesses of

anodic oxide coatings for specific service conditions

(B.S.1615:1987) .



Table 1

Grade Minimum Service Conditions

Average

Thickness

(lim)

AA2S 25 Aggressive environments;
AA20 20 permanent external
architectural applications.
AAIS 15 Outdoor architectural use
when cleaned frequently;
arduous indoor conditions.
AAIO 10 Special outdoor use with
AA5 5 frequent cleaning e.g.,
decorative car trim; indoor
use.
AA3 2 Reflectors and as a paint
AAI 1 base.

The extensive use of anodised aluminium has
created a need for guidelines for the anodiser and the
purchaser. In the United Kingdom these are the British
Standards. Other industrial countries have similar, but not
identical specifications, and there is also the series of
International Organisation for Standardisation documents.
Both series specify certain requirements for clear and
coloured anodic oxide coatings for external architectural
use. However they do not cover minimum plant requirements



and as a rasult of discussions bstween the European Wrought
Aluminium Association (E.W.A.A.) and the European Anodisers
Association (E.U.R.A.S.) the Qualanod labelling scheme was
launched (41. Recommendations published in 1969 by the
E.W.A.A. were very similar to the standard specifications,
but also included these minimum plant requirements for
sulphuric acid anodising, which set out the needs for the
operation of each process step. However, they did not
include a class above 20Hm film thickness. No production
criteria were drawn up for other processes, but it was
suggested that the finished product should pass the same
tests as sulphuric acid anodising. Electrolytic colour
anodising has shown anomalous results for some tests and
attention is drawn to this since caution is needed in
interpreting the results. Each country has its own national
Qualanod organisation which is responsible for issuing
Qualanod licences. The specification outlines the rules for
granting the licence and subsequent quality inspections.
Independent inspections are carried out at plants to ensure
adequate product quality which is assurance for both
anodiser and purchaser. The Qualanod scheme gives the
guarantee that the work is done by specific processes under
controlled conditions. The scheme allows minimum average
thicknesses of 15, 20 and 2SHm for external applications
and the choice of thickness class depends upon the relevant
national standards. Routine examination of the anodising
plant facilities and testing procedures of the finished
architectural products are carried out at least twice a

year.



Prior to standards bsing implemented research
must be carried out to ensure that all stages of the
lprocesses together with the testing techniques are reliable
and valid.

The aim of this investigation was to examine
existing processes and test techniques with a view to
modifying and improving them in order to extend the
information they provide about coating quality. Quality
test problems had arisen directly from anomalous results
which were obtained in the course of recent large anodising
contracts” particularly where new processes were applied
which did not seem amenable to existing test methods, and
where variations in thickness and thickness-related
properties had been found. The distributions of these
properties present practical problems in specifying,
testing, inspecting and for the performance, since
specifications are based on laboratory work with minimal
thickness variation. Subsequent colouring and sealing
processes are contingent on thickness and all processes are
operated assuming no thickness distribution exists in
process loads passing through the plant. Therefore the
consequences and nature of these distributions also
warranted investigation.

The objectives of this thesis were studied by
carrying out systematic investigations of the problems
arising from the testing and industrial uses of anodic

oxide coatings for architectural purposes.

1. Kape’'s test (B.S.61611Part 4:1981) wuses a 10 minute



predip in nitric acid before immersion in the acidified
sulphite solution. A number of points had arisen from this
"predip’. European films used the absence of a large loss
to ’'prove’ films were hard. In conjunction with the
abrasive wheel test, the effect of nitric acid on various
types of anodic oxide coatings was investigated. Whether
nitric acid itself has a role in softening films as
distinct from affecting films already softened by other

agents was determined.

2. Earlier work led to the idea of the admittance drift

test, Y. The use of an alternative electrolyte, nitric acid

is proposed and the admittance test method modified to

record any ’'drift' in the admittance with time. Similarly,

the measurement of the admittance before and after the

application of the nitric acid is proposed. The best

technique is investigated to develop a convenient
ructive test. This could be applied as

i) an alternative test for the electrolytic colouring

problem when Yt(25"C) is greater than 500/t (hS), where t

is the thickness of the coating.

ii) an alternative test for weathered films where Yt(25«C)

is less than 500/t <mS).

iii) an alternative test for "Alcoa 482’ and impregnated

films. Does the ’'ageing’ of impregnated films affect the

drift result?

iv) a useful test for unsealed films subject to long term

cold immersion.



3. In industry it had been found that the degree of sealing
of individual samples from one batch varied due to a range
of thicknesses being sealed for the same time. The

validation of the gradient b in Yt(25'C) = a + bt as a

criterion of good sealing in this case was investigated.

4. The admittance test is wused to assess the quality of
sealed anodic oxide coatings and is the only

non-destructive test available for acceptance inspection.

For a hydrothermally sealed film the value shall not be

than 500/t ()is) (B.S.1615:1987). However, it is

greater

noted in the specification that "this test may give
anomalous results with some &electrolytically coloured
anodised aluminium.” The extension of the use of b Cfrom
Yt(25®C.> = a + bt] to anomalous cases of electrolytically

coloured coatings (dark colours and especially tin-coloured
films) was studied where Yt(25®C) was greater than 500/t
(**S) even when anodic oxide coatings are well-sealed.

Hence, was b still valid?

5. A converse situation of objective 4 arises for unsealed
anodic oxide coatings which have been exposed to the
weather. They often appear to be sealed CYt(25”C) is |less
than 500/t (hS)] although they fail the Kape or Phosphoric
acid/Chromic acid tests. Is b still a useful criterion for

sealing in this case?

6. With industrial films electrolytically coloured black in

tin solutions b was found to be large and negative. Did



this indicate well-sealed anodic oxide coatings but with
tin filling more than SO/C of the pore length? Did b
continue to have a useful connection with the question of
the degree of sealing of batches having a range of
thickness but a common sealing time? Comparison of
commercial electrolytically coloured black films with those
produced having a deliberate range of thickness will be
made to assess if the average linear gradient over the
range is a reasonable assumption. Could colorimetry provide

additional information on the colouring processes?

7. How critical is the ~control of the acid tin bath
temperature? It had been found that tin electrolytically
coloured films processed in Italy were very soft. Although
the anodising was carried out at 18°C, during the summer
the room temperature would be in excess of 30°C. The
application of the abrasive wheel test may elucidate the
problem as it can be used to provide a depth profile of the

film. This may reveal the position of the tin *n the pores.

8. A very simple go/no go abrasion test is proposed to

supplement information provided by the abrasive wheel test.

9. An hypothesis exists that the outward growth tendency of
tin plating baths was a cause of the tin growing up the
pores, compared with nickel and cobalt deposits which
remain at the base of the pores. An addition agent called
'‘Tribrite”’ is known to cause lateral growth in the

electrodeposits of tin in preference to whiskery growth and



so could this agent be beneficial to the tin electrolyte

colouring bath?

10. The specification for assessing sealing quality does
. not include wunsealed or impregnated coatings. The use of
nickel salts in hydrothermal sealing is thought to ’block’
the pores. Anomalous results of the Phosphoric acid/Chromic
acid and admittance tests for short sealing times in ’'Alcoa
482’ nickel seal have been reported. An industrial plant
using only the Phosphoric acid/Chromic acid test thought
they had discovered how to seal in 10 - ISsec/"m, but
was greater than 5000 and b was greater than +30.
Which result should be accepted? Similar results were
achieved during an undergraduate project. The cause of this
problem was investigated. If sealing by a form of

impregnation is a slower, more extended process than
hydrothermal sealing, then the the procedure to record the

admittance within 48 hours is called into dispute.

11. The sulphur dioxide test in B.S.1615:Appendix H:1872 is
no longer in the revised 1987 edition. Could the very
simple sulphur dioxide test developed for gold be adapted
to assess the degree of sealing of anodic oxide coatings? A
gas test for sealing is useful for complex extrusion
profiles which may present difficulties for acid weight
loss tests. The evaluation of the "bloom’” may detect

incorrect process conditions, for example.



2.1 Anodiaino Alloy«. Jig« and Pr»trcatnirntc

2.1.1 Anodl«inQ Alloy

Alloy choic* is of crucial importancs whan
daciding upon tha finish of tha anodisad surfaca.
Composition and purity of tha alloy can influanca tha
appaaranca and colour, raflactivity, abrasion and corrosion
rasistanca, and anodic film thicknass. Tha ranga of alloys
is variadi tha main alloying alamants ara silicon (Si>,
magnasium (Mg), coppar (Cu), iron (Fa), manganasa (Mn),
zinc (Zn>, chromium (Cr), titanium (Ti) and nickal (Ni)
(5). Aluminium can ba formad as shaat, axtrusion, forgings
and castings and this too is a daciding factor whan
choosing tha alloy. Many alloys hava baan davalopad, mainly
for hardnass, strangth and ability to ba haat traatad. Only
a faw ara suitabla for sulphuric acid anodisingi mainly

high purity alloys with Mg, Si and Mn. Alloys with Cu, 2Zn

and Cr ara not suitabla. Chromic acid will traat tha widast
ranga, including . Cu alloys, but it is usad only for
protaction and cannot aasily giva colourad films. Intagral

colour anodising naads spacial alloys according to tha
colour raquirad. Oxalic acid givas a diffarant ranga of

colours to tha othar alactrolytas.

10



2.1.2 JiM
|

Th* conponants to ba anodiaad ara fittad into
Jiga or racka <6). Thia ia not only for holding tham
aacuraly but alao to form tha alactrical contact batwaan
'tha componant and tha currant aupply. Jigging ia vary
important and raquiraa caraful forathought for aaaa of uaa
in aarvica« Jiga muat ba wall maintainad to prolong thair
lifa and to anaura good alactrical <contact ainca poor
connactiona craata problama during anodiaing. Tha aaaambly
of tha componanta on tha Jiga ia aignificant. Contact araaa
muat ba on non-aignificant aurfacaa. Hoilowa and cravicaa
craata trapa for air and aolutiona, and tha ‘'drag-out’
(carrying ovar ona aolution to anothar) raaulta in
contamination of othar aolutiona and tha rinae tank,
unnacaaaary loaa of aolutiona and nacaasitataa mora

rigoroua affluant control.

271.3 Pratraatmanta

Pratraatmant of aluminium ia raquirad bafora
anodiaing to ramova aurfaca inhomoganaitiaa, acratchaa and
aurfaca contaminanta. In doing ao, pratraatmanta giva
charactariatic aurfaca topographiaa to tha matal. Thia
influancaa tha typa of anodic oxida film aubaaquantly
formad during anodiaing. Tha wuaual pratraatmanta ara
dagraaaing, atching and daamutting. |If tha aurfaca of tha
matal carriaa much oil or graaaa, tha bulk muat ba ramovad
by vapour or amulaion dagraaaing. Mora vigoroua claaning
(7), whara haavy lubricanta and tha oxida acala ara to ba

ramovad ia parformad by liquid claanara, wuaually

11



alkali-bamad at tmparaturas of &S to 70*C. Tha abaanca of
a hydrophobic aurfaca film ia indicatad by tha 'watar braak
taat’. Tha watar forma a contifoua film on tha aurfaca and
doaa not braak wup into droplata. Tha claaning aolution haa
a aurfactant to facilitata dagraaaing and littla foam ia
producad. It doaa not contain ailicataa aa thaaa attack tha
aur faca.

Machanical poliahing ia parformad manually or
automatically to giva a amooth, blamiah-fraa aurfaca. Thia
ia achiavad undar tha influanca of high local tamparaturaa
and praaaura, producing a flowad amorphoua aurfaca. Manual
poliahing ia raquirad to ramova daap acratchaa and to
produca a mirrorad aurfaca. Howavar, at tha microacopic
laval an irragular aurfaca ramaina. Matt finiahaa ara
obtainad by aand and vapour blaating. Grinding, banding
and bruahing (8) giva finiahaa with a diractional taxtura.

Elactropoliahing raquiraa an appliad potantial to
facilitata amoothing of tha aurfaca. Thia ramovaa abraaiva
marka and acratchaa, and occura whan high pointa ara
aalactivaly diaaolvad. Boundariaa of tha callular atructura
hava ridgaa giving a acallopad appaaranca. Dapraasiona ara
protactad by tha impadanca of tha alactrical currant by
formation of a viacoua layar (8). Elactropoliahing
aolutiona ara baaad on phosphoric acid.

Elactrobrightaning is a lass intanaa procass than
alactropoliBhing. Lama matal ia ramovad dua to tha mora
suparficial natura of tha surfaca daformations. Tha
original 'Alzak' alactrobrightaning procass (8) was basad

on a 2.SX solution of hydrofluoroboric acid at 30*C. Tha

12



'Brytal’ procMS (8) sup*rc«d«d th* forimir, and ia atill
usad today for aupar and high purity aluainiua. It conaiata
of £0g/l anhydroua triaodium phoaphata and 200g/l anhydroua

aodiuffl carbonata at 80 to 90*C.

Companiaa doing bright anodiaing poliah
aachanically firat and follow thia with alactro- or
chamical poliahing. Nachanical poliahing is much mora

affactiva at amoothing but laavaa abraaivaa ambaddad in tha
matal. Elactro- and chamical poliahing givaa a final
brilliant claan aurfaca. Chamical poliahing ia cauaad by
tha oxidiang aganta in tha aolution. Thia procaada bacauaa
thara ia an alactrochamical potantial diffaranca batwaan
microacopic anodic and cathodic ragiona on tha aurfaca.

Tha original chamical poliahing procaas was baaad
on £0 to 75X by voluma phoaphoric acid and 2S to 40X by
voluma aulphuric acid (8>. A whita film of aluminium
phoaphata ramaina aftar immaraion which can ba ramovad in
IX chromic acid aolution. Tha moat important aolutiona for
chamical poliahing ara known as 'Phoabrita’ (trada nama of
Albright and Milaon Ltd.) aolutiona. Tha baaic aolution
compoaition ia phoaphoric acid, nitric acid, aulphuric
acid, boric acid, coppar aalta, watting aganta and
anti-fuming aganta, at a tamparature of 95 to 105*C. Aftar
thia traatmant a daamutting solution of nitric or chromic
acid is wusad to ramova tha coppar impuritias which hava
dissolvad out of tha alloy. Thasa impuritias ara dapositad
on tha matal ridgas of tha boundarias of tha callular
structura (9) which act as tha cathodic ragiona. Tha anodic

ragions ara batwaan tha boundarias.
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Alkalin« «tch«« ar« basad on caustic soda liquor
SOX by waight (7>. Thay ara long-1ifa ayataniB in which tha
aluminiua contant quickly raachas aquilibriua. Acid atchas

(8) contain hydrofluoric acid and nitric acid aixturaa or

tha foraar acid only. Acid FPL atch contains sodium
dichromata and sulphuric acid. Tha drag-out is balancad by
tha dissolution of tha aluminium. Etchas ara ralativaly

chaap and can ba storad in bulk. Howavar, thay ara vary
important sinca tha surfaca taxtura is datarminad by tha
atch, and a variaty axist which giva spacific finishas. Tha
componants to ba atchad must ba flawlass sinca atching
amphasisas any dafacts. Both alkalina and acid FPL atchas
0> produca scallopad surfacas. In acid fluorida atchas
thara is prafarantial attack at grain boundarias.

Smut, which forms on tha surfaca aftar atching,
consists of wundissolvad matals othar than aluminium.
Dasmutting ramovas thasa and also nautralisas any alkali.
Propriatory solutions hava bacoma popular, although nitric
acid is still usad.

All pratraatmants giva paaks and troughs on tha
matal substrata oftan producing a scallopad taxtura. Matal

ridgas ara prafarantially locatad at tha boundarias of tha

scallops and, as in chamical polishing, ara oftan local
segragations of metallic impuritias. Dasmutting does not
always successfully remove all impurities, and with second
phase material, both can ba Ileft protruding from the

surface. Similarly, very small concentrations of impurities
(even in 99.99X pure aluminium) may ba enhanced by

pratraatments giving metal segregates, zona formation or
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intwriM tallic compounds (10).
Rinsing is csrrisd out bstwssn sll procsss stops
to clssn ths components and prevent contamination between

solutions.

2.2 Anodising Aluminium and Its Alloys

2.2.1 Introduction

Aluminium is anodised wusing electrolytes which
are in two categoriesi those which produce porous films and
those giving barrier films. Below are some electrolytes of
each type and the conditions under which they produce
anodic oxide films. Operating conditions vary within these
ranges, and standard procedures are found in the literature

(11).

Porous Films

Hard anodisingi

HsSO«, 15-35V. wt., -S to +5»C, 2.5-I1SA/dm», 40-100V (8).
CrO», 2-ISXwt., usually 3Xwt., 40»C, 0.3A/dm* or I10Xwt.,
54»C, 1.2A/dm* (8).

Other processesi

(COOH)a, 3-5X, IS to 3S*C, I-3A/dm*, 30-60V d.c. or 40-60V
a.c. (8).

HciPO*, 2S-30X, 25»C, I|-2A/dm», 30-60V (8).

Sulphosalicylic acid, 40-100g/l, plus 30-60g/1 HaSO«, 30*C,
2.5-3.5A/dmo, 80V (8).
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|
BarriT Fil—

B(OH)a, 4X, plus 0.05-0.5Xborsx, 70 to 100*C, 0.S-1.0A/ds™*,
S0-730V <8).
Tartaric acid, 3X plus NH«OH, 2A/ds * (8).

Assonius psntaborats SXwt., IA/ds*, 2S*C (12>.

Upon ths application of an slsctric potential to the call
Cwhich consists of the electrolyte, anode (alueinium) and
cathode (usually lead)], the surface of the anode is
converted into oxide. This oxide file adheres strongly to
the eetal, altering its physical and chaeical properties.
During anodising with direct current (d.c.), hydrogen gas
is liberated at the cathode and the aluainiue coebinas with

water to fore the oxide, with very little evolution of

oxygens

anodes 4A1 - 12e~ — < 4Al* (12a>
cathodes 30a 12 e* — 4 60*”

or 2H.0 + 2@ 4 20H~ + H. <12a>

The porous films have more widespread
applications than barrier films. The main difference
between the two types is the degree of solubility of the
film in the electrolyte. Porous films are sparingly soluble
and pore growth competes with other procssssas occuring on
the metal surface. The actual structure is known as a

"duplex’ structure, having a barrier layer adjacent to the
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M tal «nd e porous Isysr sxtsndlng outwards fro« this thin
layar. Th« appsaranc« of tha rssultant oxida fils and its
associatad propartias ara dapandant upon tha anodising
conditions and aluainiu« alloy wusad. Oxida films with
diffarant propartias can ba producad by changing thasa
variablas. 8o«a anodising variablas can ba altarad to giva
undasirabla propartias to tha oxida fila.

Porous fila growth procaads as for barriar film
growth, but growth is accoapaniad by dissolution of tha
fila. Poras ara formad within tha oxida which axtand to tha
barriar layar. Fila growth slows as fila thicknass
incraasas. Film thicknass attains a constant valta whan tha
rata of film growth aquals tha rata of fila dissolution.
Maxiaua film thicknass is dapandant upon tha alactrolyta,
its ability to dissolva tha film and tha oparating
conditions. Film growth is favourad by high currant
dansitias (c.d.>, low alactrolyta taaparatura and low acid
concantration. Dissolution is favourad by low currant
dansitias, high anodising taaparatura and high acid
concantration. Tha film grows fro« 'within' tha oxida at
tha aatal/oxida intar faca. Tha outar surfaca of tha oxida
is mora prona to dissolution than tha matal/oxida
intarfaca. For avary Spa of coating foraad, tha aatal
sur faca ratraats approxiaataly 2]ia and tha axtarior surfaca
advancas about Ihs. Tha voltaga incraasas linaarly and
aftar passing through a aaxiaua, astablishing tha barriar
layar, tha voltaga dacraasas to a ralativaly constant
valta. Tha thicknass of tha barriar layar is diractly

proportional to tha forming voltaga which is not tha casa
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for the porous laysr.

The barrier file is aleost non-conducting. File
growth continues until resistance of the file prevents
current froe reaching the anode. These files are extreeely
thin and dielectrically coepact. The electrolytes used
exert no solvent action on the oxide and voltage increases
linearly with time, until a maximum is reached beyond which
dielectric breakdown occurs. If the voltage is not allowed
to reach the breakdown value, the current decreases to a
very low value called the leakage current (13). After a
short time film growth ceases and the limiting thickness is
much smaller than can be achieved with porous films.

There is a fine dividing line between porous and
non-porous films. Small changes in conditions can bring
about significant variations in structure. Generally the
maximum thickness of barrier films is Inm and porous films

can attain hundreds of microns in thickness (13).

2.2.2 Porous Film Growth From Acidic Solutions

Figs 1 and 2 show a schematic currant density-
time curve at constant voltage, and typical voltage-time
curve at constant currant density, respectively. Both
graphs show an initial non-steady state region followed by
a steady state region of constant current density or
voltage accordingly. During the non-steady state periods
non-uniform growth occurs accompanied by pore development.
The porous anodic film thickens couloaiblcally in the

steady-state period (14).



Fig. 1 (14)
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The currant dansity, if ia ralatad to tha fiald
atrangth, V/d acroaa tha barriar layar of thicknaaa d by

tha axpraaaioni

A axp(BV/d) (2.1)

whara A and B ara taaparatura-dapandant paramatara
(conatanta). Thia axpraaaion ahowa that tha anodic film
paraaatara ara diractiy dapandant wupon tha formation
voltaga and tha currant danaity, which itaalf govarna tha
rata of film formation. Although tha diacuaaion of tha
abova grapha impliaa that any daairad thicknaaa could ba
achiavad, in raality a voltaga maximum ia raachad for all
acida, and thia maximum ia oftan accompaniad by alactrical
braakdown of tha film.

Tha appliad voltaga largaly datarminaa tha
atructura of tha filmi barriar layar thicknaaaf call wall
thicknaaa, call diamatar and pora diamatar. Howavar,
particular filma may ba formad by changing anodiaing
paramatara aa ahown in Tabla 2.

Barriar and poroua film dimanaiona vary according
to tha alactrolyta and conditiona uaad. O’Sullivan and Wood
(IS) mada diract maaauramanta from photomicrographa of
filma formad in phoaphoric acid. It waa found that tha call
wall thicknaaa waa alwaya 0.71 x barriar layar thicknaaa.
Barriar layar nm/V ratio waa 1.04 and call diamatar nm/V

ratio waa 2.77.
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Tabi« 2

N ariabl« Effact on Anodic nim

T«ap«raturg Fil«s bacoaa softar as taaparatura
risas.

~id concantration As abova, as concantration risas.

Currant Dansity Rata of fila foraation Incraasas

giving a dansar coating (risk of burn-

ing) as c.d. risas. Poras anlarga.

iodising Tiaa Fila thicknass incraasas with tiaa,

(limiting thicknass may bs raachad),

films may softan.

It can b« aliown that

c - 2 X0.71d <2.2)

wher« p ia th« por« dia««ter,

c is th« c«ll dia««t«r,

d is th« barri«r lay«r thickn«si

21



If c 2.77V

and d m 1.04V,

expraaaad in nanoaatraa (whara

V ia foraation voltaga)

than p "1.29V

If both call and pora radii of curvatura wara tha aaina,
0 in Fig.3 is givan by cos~‘0.71. Tha oxida call was formad

at |00V.

2.2.3 Barriar Films

A briaf discussion of barriar filas is nscassary
in praparation for a discussion of porous layar growth in
dissolving alsctrolytas bacausa soma fundaaantal factors
ara crucial to both procassas.

In tha aarly days it appsarad as if barriar filas
had no dafinita structura dua to thair saall siza and tha
difficulty in obtaining high rasolution on an alactron
nicroscopa. Thay wara thought to ba aithar ‘'aaorphous' or
aicrocrystallina Y.-AlaOa or t'-AlaOa. On latar axaaination
whan tachniquas had prograssad, soma workars found a fina
structura whan films wara formad abova [I00V. Thay (16)
proposad a structura in which <crystallina islands wara
within tha amorphous film.

Franklin (17) studiad barriar films for wusa as
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277 ,104

where ¢ Is pore diameter,

b is radius of curvature of pore base,
6 ia coB~*

units are in nanometres

Fig. 3 (15)



elactrolytic capacitors. Whan using a boric acid-borax
alactrolyta ha showad that thara was an haxagonal callular
structura. Tha <calls diffarad in dagraa of hydration and
crystallinity, but wars coaposad of an outar ragion of
V’-AlaOa with an aaorphous cantra. Tha diaaatar of tha call
was shown to ba proportional to tha appliad voltaga. Tha
thicknass was also govarnad by tha voltaga and approxiaatad
to 1.4na/V for solutions with littla or no solvant action.
It was found to ba Il.ISna/V for barriar layar filas formad
undar porous anodic conditions.

lonic conduction in thass filas could bo by aatal
cations, acid anions, oxygon ions, hydroxida ions, protons
or a coabination of soaa of thaa. It was not claar whathar
tha ions aova through tha fila undar tha influanca of tha
fiald, asking Juaps in tha aaorphous structura, or bocaaa
trappad aftor aoving sovaral lattica spacings. Siailarly,
aovaaant could occur within tha crystallina or amorphous
ragions.

It is now thought that two siaultanaous procassas

occur in barriar layar foraationi

1. Naw oxida is foraad at ths aatal/oxida intarfaca. Growth
occurs dua to tha migration of Al>*, 0*- and OH- ions

through tha axisting film.
2. At tha fila/Zalactrolyta intarfaca a solid film forms by

dissolution/prscipitation or dissolution/dsposition undar

fiald aachanisas and/or solid stats aachanisas.
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Tha fila foraed by aithar aachaniaa ia dapandant upon tha
fata of Al** iona ajactad initla”™ at tha filaZaolution
intar faca. Whathar thaaa iona contributa to aolid fila
growth at tha filaZaolution intarfaca dapanda on thair

afficiancy of pracipitation/dapoaition (18).

2.2.4 Poroua Filaa

Many authora hava propoaad aachaniaaa for barriar
layar growth, pora initiation and growth, and tha
intar-ralationahipa batwaan tha baaia aatal and tha barriar
and poroua layara.

Tha firat aodal to ba propoaad for poroua oxida
growth in acid alactrolytaa (aulphuric, chroaic and oxalic
acida) waa that of Kallar, Huntar and Robinaon (19). Thair
work waa baaad on obaarvationa fro« alactron Micrograph.
Tha aachania« of barriar layar growth waa not put forward,
but that it waa foraad rapidly and coaplataly onca tha
laakaga currant waa raachad. Tha thicknaaa of thia layar,
which waa non-poroua, waa found to ba 1.4n«/V, baing a
function of tha appliad voltaga. Tha aodal propoaad that
tha poroua oxida layar axtandad fro« a thin coapact and
acallopad barriar layar, which waa adjacant to tha aatal.
Cloaa-packad haxagonal calla, with a atar-ahapad
croaa-aactional cantral pora, axtandad through tha poroua
layar fro« tha oxida/aolution intarfaca alaoat to tha
barriar layar. Singla rowa of calla foraad along tha aidaa
of aubgrain boundariaa of tha aluainiua dua to Ilowar

raaiatanca fro« tha 'opan-atructurad* oxida. Each of thaaa
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calls was inltiatsd by tha solvant action of tha
alactrolyta at a spaclfic point. Currant flowad through tha
thinnad araa causing aora oxida dissolution dua to
rasistanca haating of tha alactrolyta. Tha haxagonal shapa
of tha call was dua to gaoaatric (staric) factors, sines
aach individual call had six nsar naighbours. A continuous
oxida film rasultad bacausa tha pillars of matal trappad
batwaan tha haxagonal array maintainad alactrical contact
which convartsd tham into oxida, Fig.4 . Ths thicknass of
tha oxida wall incraasad linaarly with voltaga, as shown by
a straight lina on tha graph of call siza against forming
voltags, whila tha pora diamatar ramalnad constant. Tha
diffarancs bstwaan call siza and thicknass of oxida
comprising two sidas of call wall, was a constant vallta
i.a. tha pora diamatar, which was found to ba 12nm by
axtrapolation to zsro forming voltags. Othar dimansions
could ba astablishad. Call siza formad at any voltaga could

ba calculatad from tha aquation (19)i

C- 2ME o P (2.3)

whara C is call siza,
M is wall thicknass (nm/V)
E is tha forming voltaga,

P is tha pora diamatar.
Tha diamatsr of tha call was approximataly twica tha
barriar layar thicknass, which was proportional to linaar

forming voltaga. Tha rata of call wall formation was Inm/V.
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x65,000

120V H3PO* film

units are in Angstrom

PI19. 4 (19)
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Th* porM «Mr* indapandant of voltaga, but dapandant upon
alactrolyta coapoaition and conditional tha alactrolyta
axarting aolvant action along tha pora walla. Concantration
and taaparatura had only a liaitad affact on tha pora aiza.

Thia ’'idaaliaad’ aodal had aocaa abort coainga
which aubaaquant workara attaaptad to corract. HoiMvar,
thia claaaic work haa baan tha cornar-atona froa which
aubaaquant idaaa hava baan foraulatad. In 19S9 Hoar and
Hott (20) ahowad that it waa not aiaply tha aolvant action
of tha alactrolyta (aulphuric and chroaic acid) which waa
coapating with fila growth, but that tha diaaolution waa
fiald-aaaiatad at tha baaa of tha poraa. Thia kapt tha
barriar layar fila thicknaaa conatant, and aiaultanaoualy
oxida iona paaaad through tha fila froa tha pora baaaa, tha
baaa baing tha point of initiation, ao that tha whola fila
graw thickar. It followad that fila diaaolution rataa at
tha pora baaaa incraaaad at highar foraation currant
danaitiaa, whan tha fila thickanad faatar. Tha tranafar of
oxida iona waa achiavad bacauaa protona praaant at tha pora
baaaa foraad hydroxyl iona with tha oxida iona. Thaaa
hydroxyl iona raquirad laaa anargy to aova through tha fila
than tha oxida iona dua to thair aaallar aingla charga.
Undar tha influanca of tha high fiald thaaa iona wara
pullad through tha fila froa tha alactrolyta, and
nautralizad tha aluainiua iona at tha aatal/oxida
intarfaca. Thia raaultad in oxida foraation with tha
ralaaaa of protona back to tha alactrolyta. Convaraaly, tha
aluainiua lona nautralizad tha oxida iona and tha barriar

layar thicknaaa waa kapt conatant. Tha nautralization of
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th* «luMiniua ion« «t th« Mtal/fil* int«rfcc* causad th«
bottoa of th« por« to approach closar to th« ««tal,
allowing oxida ion« to ba «praad ovar a largar araa i.«,
tha ««tal «urfaca rathar than tha pora basa. This was
anothar factor in kaaping tha barriar layar thickn«««
constant. Poras war« initiatad by lowaring tha surfaca
potantial barriar of tha proton and pora growth occurrad at
thick ragions of tha davaloping fil« (21). Poras wars not
found to ba parpandicular to tha basis ««tal, but inclinad
to aach othar whan foraad on céncava and convax sur facas
(9).

Hoar and Mott (20) gava a «ora datailad account
of tha «chanis« of diss%llution and growth than that of
Kallar at al (19), but it was not until 1970 whan
O’Sullivan and Wood (IS) showad tha «aln discrapancy to ba
that pora diac««t«r was not indapandant of formation
voltaga. Barriar layar thlcknass, call diaaatar, as wall as
pora diaaatar war« all proportional to tha foraing voltaga.
Fundaaantally, tha aodal of Kallar at «1 (19) was
confiraad. Tha barriar layar thicknass (rathar than tha
porous layar) was formad by tha staady stata batwaan oxida
growth and fiald-assistad oxida dissolution. Pora and call
diamatars and barriar layar thicknass wars influancad by
Bvoaatric factors, and dissolution may hava baan aidad by
local haating affacts. Tha ragularity in pora and call
«izas, and tha haxagonal packing war« found, but not to tha
sama axtant as pradlctad Kallar at al (19). Naw discovarias
by O’'Sullivan and Wood (IS) and Wood and O’Sullivan (22),

which war« tha «wasuramant of tha barriar layar thicknass
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for tha first tiss, and this togathar with pora and call
diaansiona wara thought to ba influancad by
hydrogan-bonding and anion incorporation. It was found that
poras oftan did not axtand through tha whola fila but
aargad, branchad or tarainatad occasionally. This was a
consaquanca of tha aachanisa of pora initiation wharaby
locally thickanad oxida ragions margad and tha currant was
concsntratad into thin araas. No avidanca was found for tha
star-shapad poras, nor for pora widaning along tha pora
langth. Chamical dissolution playad a small part in
widaning tha ’'mouths' of poras producing ’truapat-shapad’
poras. Aggrassiva alactrolytas causad pora widaning and
film collapsa upon drying, wharaas non-aggrassiva
alactrolytas producad thick barriar layars naxt to which
formad larga poras. Mood and O'Sullivan (22) found that low
pH gava porous films, and as pH was raisad towards
nautrality, tha importanca of pitting by aatal dissolution
bacama graatar. Tha main indication of fiald-assistad oxida
dissolution was that dissolution at pora basas occuij®
fastar at 80A/dm* than at I0A/dm*. O’Sullivan and Hood (IS)
gava a modal of flald-asslstad oxida dissolution, Fig.S.
Hhsn a fiald was appliad tha Al-O0 bonds wara polarizad and
tha oxida ions wara drawn towards ths growing oxida whila
aluminium ions wara pushad into tha alactrolyta Fig.Sb. Tha
aluminium ions wara solvatad by watar molaculas and tha
oxida ions wara ramovad by H»0*- ions Fig.Sc and Sd. Fig.S
shows a raprasantation of a pora and tha diraction of tha
linas of fores of tha fiald. This also raprasants tha laast

raslstant path for currant to flow. Tha fiald was graatsr
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Fig. 6 (15)
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at AB than at CD and this halpad the diaaolution at tha
oxida/aolution Intarfaca, whila tha avaraga fiald batwaan
AB and CD controllad fila growth. Tharafora upon pora
initiation, diaaolution waa graatar than oxida growth. |If
tha radiua of curvatura of tha pora baaa incraaaad too
auch, tha fiald acroaa AB dacraaaad and tha pora caaaad to
grow. Oxida growth wundar tha avaraga fiald acroaa tha
barriar layar, oxida diaaolution undar tha local fiald at
tha oxida/alactrolyta intarfaca, tha pora diaaatar and pora
baaa radiua of curvatura wara finaly balancad under aat
conditiona. Thia thaory puta forward tha auggaation that
thara ia a largar proportion of hydroxida lona and acid
aniona at tha oxida/alactrolyta intarfaca than at tha
oxlda/aatal intarfaca. Tha aaount of aniona ia influancad
by thair aisa, charga and aaaa of diacharga at tha
oxida/alactrolyta intarfaca. Convaraaly, thara ara aora
aluainlua iona at tha oxida/aatal intarfaca than at tha
oxida/alactrolyta intarfaca. It ia praauaad that hydroxida
iona fora O0*~ iona, aa wall aa protona which aova out of
tha oxida undar tha fiald. Tha potantial anargy of tha ion
ia changad dua to intaraction by tha fiald, with tha raault
that tha ion aovaa in tha diraction of tha fiald. Othar
protona and hydroxida iona within tha oxida layar may ba
hald by hydrogan-bonding. Howavar, hydroxida iona watar
aolaculaa and acid aniona all coapata to antar tha fila.
Tha hydroxida and oxida iona within tha fila aay hava
raaultad froa tha watar or acid aniona. Thara ia a
fundaaantal flaw with thia ’'hydroxida’ thaory. In acid

aolutlona, at pH 0 tha concantration ia only 1 x 10~'*
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g ion/1. In = Monolcy«r of %Mt«r ooloculm rosiding noxt to

tho «luMIniuo surfaco th* quantity of OH~ lona iai

tOH-3 -1 x 10-“* x 1000x

whara x la tha aaount of OH~ lona.

Now ,if tha currant danaity ia 200A/a*, than

tha diacharga ia 200 x 1 OH- par aacond

96900 3

Tiaa to diacharga all OH- in a aonolayar x, ia

i x i0-“ x x i x 10» aac

200

« 3 X 10-“* aac
If diaaociation of tha H-OH bond ia conaidarad to ba
rapraaantad by doubling tha bond langth froa 1 x 10-*® to 1

X 10-*® a i.a a diatanca of 1 x 10-»®a, than

valocity - 1 X 10-«®

9 x 10-«*

9000aa-«
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This would bs too fast to sustain ths rata of 200A/S*.

Csokan (23) also discountad sosa of tha Kallar at
al (19> assuaptions. Tha alactrolyta at tha basa of tha
pora could not hava baan haatad by Joula haating bacausa
this %rauld havs rasultad in anlargsd pora basas. Kallar at
al <19> assuaad that tha sur faca structura at tha
flwtal/fila intarfaca was datarainad by initial currant, and
was not influancad by latar changas. Tha convarsa of this
was trua. It was thought that tha axtarnal oxida layar was
alactrically insulating and it was via tha alactrolyta that
ionic conduction of currant and aatarial transport could
occur. This could not hava baan trua bacausa it would not
axplain how tha walls of tha <calls thickanad. According to
Kallar at al <19) tha dansity of poras on tha surfaca wara
in a wuniform distribution, but Csokan found that tha
distribution was irragular. Tha coincidanca of chamical
dissolution along tha alactrical linas of forca during pora
formation had no founding.

So, soma of tha Kallar at al assumptions wars
shown to ba incorract and altarnativa axplanations givan
ovar a dacada latar. Howavar, soon aftar tha Kallar papar,
in 1961, Hurphy and liichalson (24) proposad a modal which
introducad colloidal chamistry as an axplanation for oxida
film growth in sulphuric, phosphoric or oxalic acid. Tha
main faaturas wara that a gal-lika matrix formad consisting
of two typss of oxidas which mads up tha outar porous
ragion. An hydrous oxida was formad by hydration,

hydrogan-bonding and proton migration which surroundsd a

34



r«l*tiv«ly anhydrous oxids. Ths hydrous portion contsinsd
snlons and watsr Molaculss, whila ssbsddsd in ths matrix
wars tha anhydrous sub-aicrocrystallitas. An important
structural faaturs of this modal, although puraly
spaculativa, was that tha hydrous oxida formad ‘'intarnal
surfacss' and via thasa, oxygsn-containing spacias wars
brought to tha barrisr layar, so that film growth occurad
at tha barriar layar/oxida intarfaca. Aluminium ions
migratad from tha matal to tha barriar layar whara thay
formad tha anhydrous oxida by combining with oxida ions.
Tha oxida ions wars providsd by hydroxida ions and watar
molaculas with ths rssultant ralaasa of protons. Ths supply
of hydroxida ions is doubtful as discussad praviously.
Anothar important point was that tha anodising fiald
assistad proton migration loading to hydrogan-bonding and
subsaqusntly assisting currant conduction. If currant paths
convargad, for axampls at dafsct sitas, tha oxida was
dissolvad by tha haatad acid producing lass dansa araas and
thasa araas ultimataly bacama poras. Pora formation was not
considarad to ba a condition of oxids growth. Poras wars
found to ba oriantatad at an angla or normal to ths matal
sur faca. Upon proposing that hydrogan-bonding, anion
incorporation in intarnal surfacas and local variations of
oxida solubility wars govsrning oxida film foraation,
Murphy and Michalson considarad that alactrolyta typa and
tha chamical natura of ths oxids wars tha important
factors. Latar <2S> both Murphy and Michalson axpoundad
upon thair original work. Ths barriar layar graw by AI**'

ions moving undsr tha fiald and raacting in tha outar
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regions with OH~ ions to fors slusins. The barrier layer
contained anhydroMS alueina but discrete particles of
disordered hydrogen-bonded areas foresd, and the degree of
hydration increased with distance froe the eetal. The
protons and hydroxide ions eoved in opposite directions at
high rates and the barrier layer thickness was detereined
by the dehydrating and hydrating rates. The thickness of
the barrier was proportional to the voltage. The
aicrocrystallites were close-packed and «were not readily
available to the electrolyte. Consequently, as the severity
of the anodising conditions increased, the intercrystalline
regions becaee sore 'open'. However, the involveeent of
hydroxide ions oust be doubted.

At about the saee tine as the above Model
Sinsberg and Uefers (26) described the oxide structure as
fibrous. They claieed to have isolated individual fibres
whose optical structures were a result of a growth process.
The fibres had only a short range order and were cooposed
of an aeorphous outer coat, with hydroxide ions and
electrolyte anions at an inner ‘'active' surface of the
hollow fibrous tubes. These tubes «were separated by
hydroxide ions also. Both sulphuric and oxalic acids were
used but no conclusions «were reached about the binding of
the anions, except that they constituted part of the fila.
No optical structure was found within the fibres and it was
suggested that the reactions took place either by ion
exchange or by the ions Moving as a 'liquid'. The
electrolyte penetrated to the aetal/fila interface via the

active surface and by attack of the barrier layer at the
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b«M of tho growing fibr*. With thickoning around tho point
of attack, tha fila Incraaaad In alia. Tha fibras wara
oriantatad noraal to tha alualnlua. Tha curvad fibra basa
waa foraad dua to a two-zona atructura and waa dapandant
upon tha alza and arrangaaant of aluainiua, oxygan and
aulphur lona.

Tha two aodala propoaad aftar that of Kallar at
al (19), wara tha alactric flald-aaalatad diaaolutlon by
Hoar and Hott, and a atructural aodal baaad on a
hydrogan-bondad aatrix of oxlda, anlona and watar, by
Murphy and Michalaon. Tha aodal of Qlnabarg and Wafara la
an intaraadlata batwaan thaaa two. Othara hava followad
with aiallar axplanationa baaad on thaaa aodala (21, 27,
28, 31, 32).

Siajka and Ortaga (27) propoaad a aora coaplax
aodal of pora foraation by ionic currantai ia tha
tranafar of oxyganatad aniona froa aolution (aulphuric
acid) to tha aatal/oxida intarfaca, lai la tha tranafar of
aluainiua iona through tha baaa layar and paaaing diractly

into aolution, lam ia tha tranafar of iona ganaratad by

fiald-aaalatad dacoapoaition of tha oxida, I"mm “ ia tha
tranafar by cationa to aolution, * la tha tranafar of
aniona to tha aatal/oxida intarfaca, lai« la tha total

intarfacial tranafar currant of cationa paaaing into

aolution, whara

IAt. - la» * laa. *

An tracing tachniqua waa wuaad in which tha barriar
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l«y«r was for«*d froM an laballad solution and further
anodising was carried out in a non-labelled electrolyte. It
was found that the 0** content of the barrier layer, after
reanodising, was redistrlbutsd to the outer portion of the
porous layer, and that the O0** changes were not due to
oxygen losses. It was suggested that aigration of oxygen
vacancies through ‘'easy paths’ caused porous oxide growth.
The oxide was foreed at the oxida/eatal interface froe the
oxygen at the base of the pores as well as oxygen froe the
solution. As the pores foreed, the 0** displaced by thee
was found Just below the enriched layer. Siejka and
Ortega proposed that a barrier layer sub-structure was
present which resulted in the 0”* transferring to the outer
regions during growth. It was found that 80» anion
incorporation was probably due to the fact that the
interatoeic distances between the oxygen atoes in both
AlaOa and the 80« ion were the saee. Cations eoved via
an interstitial position. Two Mechanises were proposed for
the novenent of oxide ions originating from oxide
deconposition, l«««. They varied only in the mode of oxygen
migration. They are the interstitial theory (Hoar and Mott)
and vacancy motion through ’'easy paths’ (8isjka and
Ortega).

In 1978 Thompson, Furneaux, Wood, Richardson and
Oooda (28) extended the field-assisted dissolution theory
to include direct Iloss of AI*™ ions into solution, as
proposed previously (27). By using phosphoric acid it was
shown that no phosphate anion incorporation occu””™ for 25

to 3SX of the barrier layer from the metal/oxide interface.
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They considerad that two siaultansou* procssMS procsododi
rolativsly puro aluaina was forssd naar tha aatal/oxlda
intarfaca dua to ionic aigration of tha aobila iona Al**,
OH- and O0*~r and aicrocryatallina anion-containing aatarial
occurad at tha oxida/aolution intarfaca by dapoaition. 8oaa
Al**' jona wars incorporatad hara in tha growing oxida whila
othara foraad hydratad iona in solution. Tha fila was
aasuaad to ba solid at tha innar layar and gal-lika at tha
outar layar. Tha solid oxida foraad froa a colloidal

hydratad oxida by daprotonation of tha hydratad AI*™* ion.

2Al(HaO)a — > Al.0a =~ 3H.0 = (2.4)

Thars was prafarantial thickaning of tha oxida abova aatal
ridgaa (topographical faaturaa) and at call boundariaa. Tha
ridgas wmrm flattanad as tha oxida thickanad locally. With
subasquant anodising, poras wars foraad in prafarantial
calls giving a scallopad aatal aurfaca. Thaaa calls wars
shown to ba haxagonal by alactron aicroscopy.

Anothar invastigation which nay ba coaparsd with
tha Hoar and Mott nodal is that by Parkhutik (21). Acid
anion incorporation was propoaad again, along with pora
initidtion.Sulphuric, oxalic and phosphoric acids wars usad
to invastigata acid anion participation which was studiad
by Augar Elactron Spactroscopy (AES) and ion stching. |In
this nodal tha spacs-charga of tha anions playad an
inportant part of porous filn fornation. Oxida dissolution
procaadsd dua to a proton-assistad nachanisn whsraby tha

potantial barriar of tha oxida/slsctrolyta intarfaca was
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dacrMMd. At th« aoMnt of por« initiation, tha anion
concantration raachad aaturation point and aniona aovad
into tha oxida. Aa tha oxida graw, tha anion aaxiaua
apraad, although diatribution waa not wuniform. An anion
aaxiatua waa buriad in tha oxida, although aa in rafaranca
28, anion incorporation waa confinad to tha outar ragiona

tha oxida film. Sulphur waa found to ba praaant aa
80« Similarly, CaO« m“ and PO» m“ wara found for oxalic
and phoaphoric acid raapactivaly. Howavar, tha PO« m“ anion
axhibitad aoma apaclal faaturaa. Aftar prolongad alactron
irradiation tha bivalant phoaphorua ion waa indicatadi a
raduction raaction. PO« <«“ anion diatribution diffarad from
thoaa of SO« and CaO« Thara waa no phoaphorua
maximum buriad in tha oxida for thick oxidaa but anion
diatribution waa locatad at tha oxida/alactrolyta
intarfaca. Thia waa dua to tha anion aiza and atructura
giving it a low mobility. CAa aarly aa 19S8 Plumb (29)
ahowad tha phoaphorua waa Incorporatad into tha oxida, but
auggaatad tha form waa P.0a.l Poraa warm initiatad at thin
ragiona of tha barriar oxida, unlika thick ragion
initiation poatulatad by Hoar and Mott. It haa baan found
<30) that for filma with a larga call aiza, growth occura
prafarantially abova ridgaa on tha baaia matal. Rldgaa
could ba daacribad aa flawa, and thara will ba highly
localiaad atraaa davalopmant in tha film growth abova tham.
Tha conaaquant high currant danalty will produca a
crack/haal procaaa in tha oxida. High pointa on tha oxida
form and tha matal ridgaa ara flattanad aa tha barriar

layar batwaan ridgaa ia thickanad. Evantually tha high
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currant density aiovM to tha thlnnar araaa, ainca thaaa
than attain lower raaiatanca than the ridgaa. Pore
davalopaant and scalloping of the basis «atal occurs at
these thin areas.

O'Sullivan, Hockey and Wood <31) gave evidence
for a gal-like Matrix of anhydrous and hydrated regions
similar to that of Murphy and Michelson (24). They showed
by infra-red spectroscopy (I.R.) that a freshly prepared
film contained molecular water which was removed upon
evacuation. It was shown that on the exterior of
crystallites wars hydroxyl groups or ions. Both the
molecular water and hydroxyl groups were within the
intarcrystallita regions since it was found that deuterium
exchange took place here. If the groups were bound within
the <crystallites there would be no exchange. Thus the
matrix was described as an amorphous ‘'open array' of
anhydrous crystallites, interspersed with hydrous
intercrystallite regions.

Xu, Thompson and Wood (32) described the oxide
film in terms of cell boundary bands and extended the
theory of microcrystallites by suggesting that the inner
layer of porous oxide was compact and did not contain anion
apecies. The outer regions were open and contaminated by
PO* «“ ions. By means of exposure to an electron beam in an
electron microscope, the film material was analysed and was
shown to contain decreasing amounts of phosphorus from the
pore wall. Fig.7(a), towards the cell boundary band.
Fig.7(c). The <cell boundary band itself contained no

significant amount of phosphorus. Similarly, the amount of
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anion apoclM axtanding froa th* fila/solution intarfaca
dacraaaad towards tha aatal/fila intarfaca. It was
suggastad that tha diffaranca in taxtura batwaan tha pora
walls and call boundary bands was shown up aora undar tha
alactron baaa dua to tha intarcrystallita ragions
dacoaposing. This rasultad in a ralativaly larga intarnal
surfaca to ravaal tha phosphorus contant. Elactron
microscopy and alliad tachniquas in high vacua and high
fialds ara said by soaa critics to rasult in artafacts. Tha
diffraction pattarn obsarvad may ba that of tha faaturas
which wara haatad and changad during analysis.

Othar modals hava baan proposad vrtiich dascriba
factors that hava formarly baan givan sacondary importanca
or which ara totally naw concapts. Thasa includai
dissolution by local Joula haating affacts (33>, a
nuclaation modal (34) and a colloidal modal containing
pockats (3S>.

Laach and Naufald (33) showad that oxida
solubility was tha main factor in porous oxida growth and
that films could show typical barriar or porous structuras
according to tha tamparatura of tha alactrolyta. Tha
alactrical and optical propartias of films formad at high
currant dansitias wara diffarant from thosa formad at low
currant dansitias. Thasa diffarancas wara probably dua to
high fialds or tamparaturast and not a rasult of changas in
pora structura. Tha incraasad local tamparatura causad
graatar dissolution of tha calls which in turn incraasad
tha currant through tha poras. Barriar films diffarad from

porous films only in tha rata of thickaning at constant
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epplird voltag*. Poras davslopsd in barrier filas whan
currant was allowad to decay to a relatively low valta. At
SO*C a distinct currant ainiaua occulted. It was found that
the final currant was higher at SO*C than at 2S*C. No pores
ware observed if currant decay was oaittad. Pore diaansions
ware not only a function of electrolyte coeposition and
field conditions but also a function of ties. Thus all
barrier files would show soea porous growth if the voltage
was kept constant for a sufficient length of tiee.

Csokan (34> used cine file to record the process
of anodic oxidation and concluded that it occurred by a
nucleation eachanise of which there were several stages.
The first stags was an initial (induction) period during
which ‘'clusters’ of alueiniue-oxide or alueiniue-oxygsn
foreed at energetically favourable points. The second stage
was a period of nuclaation. Nuclei of prieary alueinium
oxide foreed in concentric circles, although the growth was
not uniform. Subsequent nuclei appeared and the surface was
very rapidly covered with an oxide file. This foread the
barrier layer which reached a lieiting thickness in
electrolytes with no solvent power. Upon anodising in
electrolytes with dissolving power, secondary oxidation
foread on the edges of the primary nuclei. The final
structure was a surface covered by ‘rosettes’ «Aiich
theeselvas wars eade up of textured 'terraces’. The final
stage was pore foreation. This resulted from ion and
electron diffusion as well as proton transfer. Pores were
foreed irregularly by the solvent action of the electrolyte

at specific areas due to the non-unifore secondary oxide



structur>. Th« oxld* gr*w norMIl to th* M»t*l/oxido

Intorfaco, but IloMollar growth w«* aloo found p«r«ll«l to
tho bools «atol. This wss sold to bs duo to dIffsrsnt
potsntlsl diffsrsncss ovar tha surfaca which causad
intarlaaallar currant conductanca until tha potantial

diffarancas aqualisad.

Tha last papar did not giva an axplanation for
tha foraation of tha poras thsasalvas. Habar (3S> proposad
a Mchanisa which dascribad ‘'pockats' as pracaading pora
davalopaant within a colloid. Tha thaory of Murphy and
Michalson (24) was basad on colloid chaaistry but it was
dascribad in taras of a aatrix of two laysrs and no
discussion was givan about intar faca ralationships. Habar
proposad that in an aquaous solution a colloidal layar of
aluainiua hydroxlda foraad at tha alactrolyta/aatal
intarfaca, if conditions wars favourabla Flg.Ba. If tha
aluainiua was an anodically polarisad alactroda, any oxida
layar aust ba partially colloidal. As anodising procaadad
aora colloid was foraad. Two altarnativa aachanlsas wars
givsn for tha foraation of ‘closad pockats'« Fig.8b. Tha
first dascribad a foaa of hydroxida covarsd droplats %#hich
would rsduca tha surfaca tsnsion of tha liquid and
accuaulata at tha intsrfaca. Each pockat would ba covarad
by an hydroxida skin. Tha othar axplanation was that whirls
of incoaing hydroxida ions would raact with a 'boundary
layar' to fora a colloid. Each pockst would ba closad by a
dynaaic boundary layar. Pockats grsw dua to incraasling
innar prassura of ions. Each pockat would raach aqullibriua

horizontally, in a aannar siailar to tha squalising of
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potential differancM as described by Csokan (34). The
growth stopped and the covers were dissolved by
accueulation of charge on thee. This corresponded to the
decceleration on the voltage-tine curve, Fig.2. Pores
foreed in a non-solidified <colloid. Solidification occured
because the alueiniue hydroxide hydrosol coagulated in the
presence of the sulphate ion, aeongst others. Once the
pocket cover was dissolved, field-assisted oxide
dissolution took place as described by others.

By wusing X-ray photoelectron spectroscopy (XP8>,
Treverton and Davies (36) found that there were two types
of sulphur species present in the oxide layer. These were
sulphate and sulphide ions. It was concluded that the
different species could be accounted for in two ways. One
theory was that oxide foreed at the natal/oxide interface
and sulphates present there could have bean in the correct
environeent to fore sulphides wupon etching. The other
theory was that hydrated alueina was foreed by AlI** ions
entering the solution and reacting with water at the
solution/oxide interface. The sulphate ions nay have helped
in a raprecipitation process or be residues of coagulation
of Al1(OH)a as described by Haber. Since sulphides are
isoelactronic with oxide ions it nay be possible that the
sulphides replaced the oxide ions. This nay account for the
fact that the sulphates are found in a higher proportion

within the anodic files than any other anion.
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It would firot appMr that a.c. anodising has an
advantaga ovar d.c. anodising in that two loads of work can
ba anodisad during tha anodic half-cyclas. Howavar, on tha
altarnata cathodic half-cycla a dlIffarant alactrolytic
aachaniaa occurs. Sulphuric acid is cathodically raducad to
sulphur and its coapounds, both of which ara incorporatad
into tha fila, and H«8 is givan off. This is tha aain
drawback of a.c. anodising 07). Sulphidas aay coabins with
alloy aatals to producs intagral colours. Racant work has
bssn parforaad on tha addition of oxidising agsnts to
countaract tha sulphur coapounds. Ths oxidant dapolarisad
tha cathodic half-cycla raaction of Ha avolutlon, so
aliainating 80« m- raduction (38). It was found that by
adding farrlc salts, particularly ths chlorids, a raducsr,
thick coatings wars producad whara aarliar Invastigations
had only foraad thin coatings of 6 to Spa. It was of
Intarast that, daspita tha cathodic production of sulphur,
it was only datactsd in tha outar ragions of tha oxida, and
no iron was dstactad within tha fila. Currant
invastigations (30) ara undar way to find out how iaportant
ths sulphata-sulphlds rsaction is as an inhibitor in fila
growth and whathar tha Fa*”"-Fa” radox raaction is an anoda
raaction %c«hich aay produca an oxidant intarnally. Farrous
or farric sulphats and farrous oxalata ara also usad, and
ara favoursd ovar farric chlorida sinca it is known that
chloridss undaralna corrosion parforaanca. As wall as

rsducars, nautral aodifiars such as Naa80« hava bsan usad.
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Th*  K«ll«r at «1 (19) Modal gava a good
fundaaantal basis froM which a graatar wundarstanding of
porous anodic oxida gro«#th has davalopsd. Uith advancas in

tachnology, rasaarch has substantiatsd or disprovsd

hypothasas. Caution is still naadad, howavar, in
intarprating data and applying it to tha diffarant
thaorias.

2.3 Mathods of Colouring tha Anodic Fils

2.3.1 Introduction

It was discovarsd in tha first days of anodising
with tha Bangough and Stuart procass (1) that alisarina
dyas could produca nany colours. Othar dyaing procassas
hava baan davalopad which axploit tha porous natura of tha
anodic oxida fila. Onca anodisad aluMlniua had bacoaa
astablishad as a popular aatsrial for usa in architactura
damand graw for colourad finishas as opposad to tha shadas
of gray availabla fron sulphuric acid anodising, or pals
yallow froM oxalic acid anodising. Aasthaitics bacaaa
incraasingly iaportant.

Tha diffarant colouring Mathods can ba
distingulshad by tha typa of colouring coaponant and its
position within tha oxida flIMi absorptiva dyaing Fig.9,
intagral colour anodising Fig.10, and alactrolytic
colouring Fig.il (intarfaranca colouring Fig.12 a and b>.
Ovar tha last 10 to IS yaars thara has baan a nova away

fron tha first two nathods and alactrolytic colouring.
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Ctogathar with int*rf«rsnca colouring) hM bocoM* th*
dominant procodur«. This can ba attributed to improvaMants
in uniformity and reproducibility of colour, corrosion
raaiatanca, ease of wuse and Ilowar coat. Electrolytic
colouring produces shades of gold, bronze, black, gray and
red but commercial pressure has prompted technical
application into discovering more varied colours. Integral
colouring gives a broader range of colours than
electrolytic colouring but interference colouring provides
the spectral colours now demanded. Sometimes particular
interference finishes do not give the high standard of
weather resistance required. Most spectral colours can be
obtained by the conventional absorptive dyeing techniques,
but the light fastness can be poor compared to interference
colouring for long term architectural uses. Thick anodic
films (25 - SOpm) and strict control of anodising and
sealing conditions are required. Dyeing is adequate for

internal uses where light fastness is less critical.

2.3.2 Absorptive and Adsorptive Dveino

The porous structure of anodised aluminium allows
it to be coloured by absorption or adsorption of dyes into
the pores. This is achieved by inorganic pigments or
organic dyestuffs respectively. Fig.9.

There are two main methods for the application of
inorganic colouringi immersing the oxide into a solution of
a heavy metal salt which hydrolyses to give the pigment,

and the double decomposition method in which the oxide is
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iiMM»rs*d in on« solution, rins«d and iaMrsad in a sacond
solution. Tha two solutions raact within tha poras to form
a pracipitata. Tha most notabla procass for tha immarsion
aathod is tha usa of farric ammonium oxalata (39> which
givas a yallow/gold colour rasulting from tha daposition of
iron oxida, Tabla 3. Anothar immarsion aathod is tha
combination of cobalt acatata and potassium parmanganata
which givas a gold/bronza colour. It can ba said that this

is a doubla dacoaiposition mathod also, Tabla 4.

Tha aaiount of pigmant pracipitatad will dapand on
tha absorption and diffusion of small cations and anions
into tha poras. This diffusion will dapand on tha surfaca

charga with raspact to a givan solution (42).

Whan colouring with organic dyastuffs, tha oxida
film is immarsad in tha dya for a pariod of tima at a
salactad tamparatura. Tha thicknass must ba at laast 2SMS.
Ho mixturas of dyastuffs ara wusad, only propriatory
praparations. Unlika inorganic dyaing, tha organic dyas ara
thought to raact with tha oxida layar and ara adsorbad into
tha film (43). If tha oxida film is traatad with acid prior
to dyaing, tha acid anions on tha surfaca ara raplacad by
tha anions of tha dyastuff. It was anvisagad that tha oxida
surfaca was dissolvad or atchad by tha acid which causad an
incraasa in surfaca araa and incraasad tha amount of dya on
tha axtarnal surfaca. Tha dya diffusad into tha poras which
was thought to ba tha rata-datarmining stap. If tha surfaca
is subjact to dissolution, pora widaning must occur which

may affact corrosion rasistanca.
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Tabi* 3 (40)

Compound Concentration pH Temperature Time

(/1) (=C) (ain)

F*NH«(C00)a 10 (light) S.S SO 2
2S(dark) +0.S

Co(CHaCCX})a SO - SO 2

*>mKMNO« 30 - 30 2

Exampl** of th* doubl* d*coMpo»ition **thod ara given in

Tabi* 4, (41).

Tabi* 4
Colour Reaction
Red-brown 2CU80. » CFe(CN)«IK« — > CFe(CN)«ICu. = 2K.80«
Brown 2AgNO. + KaCraO™ "4 Ag.Cr.07 = 2KNO.

Dark brown Pb(CHmMCOO). + (NH« ).8 - > PbS & 2NK»(CH.C00)

Yellow Pb(CHMCOO). K .CrO «——) PbCrO* + 2K(CH.CCX))
White Pb(CH.CO0O0). Na.80 «---- > PbSO« = 2Na(CH.C00)
Blue 2Fe.(80*). + 3CFa(CN).IK« — » [Fe(CN).l.LFes «&
&K.80«
Black Co(CHtaCOO). Ma g - > Cos = 2Na(CH*CO00)
Oyastuff* may b* aquaou* or solv*nt-ba**d.

Aqumous dy** ar* aithar adsorbed onto the oxld* by anion*
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such as the sulphonate group forming covalent bonds with
the aluminium ions, or by chelation where a hydrogen or
metal atom is held between two atoms of a single molecule
i.e. the oxide lattice, or by the coupling of diazonium
salts (ArH + Ar'Na wX where Ar is the aromatic group and
X- a halide) to form azo dyes of the formula Ar-N=N-Ar’.

Table 5 gives some examples.

Table 5
Fixation mechanism Dye Gtructural Formula
- N-N — n
Adsorption by Orange U
i Il
covalent bonding s0aNa
CO OH
Chelation Alizarin f i I I
SOaNa
Red co
_OH —
( > - N»N e ( "NOa
Diazoti sation Para Red O

Non-aqueous-based dyes can be used in solution in benzene,
toluene, acetone, ethanol, chlorinated benzenes or
substituted naphthalenes. It was claimed that these dyes
have better heat and light fastness than aqueous-based dyes
and that adsorption is immediate. Care is needed when using
these dyes due to the hazardous nature of the solvents.
Operating conditions for both inorganic and
organic dyeing must be carefully controlled. Temperature,

time, concentration, pH and film thickness affect the
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colour. Th* tmmpmrmturm «tust not axcMd 80*C othorwis*
M Allng iiay occur, provonting incorporation of tha dya. It
ahould ba kapt within tI*C of tha oparating tamparatura and
tha pH within t 0.S] tha aoat common ranga ia S.5 to 7.0.
Concantration alao variaa, but tha aora concantratad tha
aolution, tha darkar tha colour. Cold dyaing ia alowar and
aaaiar to control. Haina watar ahould ba avoidad aa calcium
and magnaaium form inaolubla compounda with tha dyaatuffa.
Tha aolutiona and «lork loada ahould ba kapt fraa from dirt
and graaaa aa thaaa impair tha colouring ability. Slow
agitation givaa uniformity of colour. Rinaing timaa ara
alao critical. Qanarally inorganic pigmanta hava battar
light and haat faatnaaa than organic dyaa.

Racantly a apray dyaing tachniqua haa baan
davalopad for organic dyaa which la proving vary aconomical
(44). Oparating at tha aama concantration, tima and
tamparatura aa convantional immaraion dyaing, anodiaad
filma ara mountad in an ancloaad chambar and tha organic
dya ia aprayad from dlIffarant diractiona. Tha axcaaa dya
draina off and ia racyclad. Tha quality of tha finiahaa
haa baan good, but tha apparatua muat ba daaignad to
accoM”™ata diffarant ahapaa and tha aolution muat not
accumulata in intricata parta. Thia could cauaa unavan
dyaing and drag-out of tha dya. Tha diaadvantaga ia tha

larga capital coat. Tha advantagaa ara numaroua.
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2.3.3 Int«or*l Colour Anodlalno

The oxalic acid procaaa (4S>, first used in Japan
in 1923, can bs considarsd to bs ons fora of integral
colour anodising. Alternating current or a coabination of
alternating and direct current was wused and hard anodic
coatings wars produced which varied in colour froa yellow
to bronze. The colour was the least important aspect at
that time and was not controlled very well because the
process was not fully understood. In the 1930's interest
grew in colours other than grey which were provided by this
process.

Alcoa patented the 'Duranodic 300" process. The
aain constituent was sulphophthalic acid electrolyte. The
Alcoa headquarters in Pittsburgh, USA was one of the first
buildings to be clad in integrally anodised aluainlua using
a silicon alloy, although the colour reaained grey.
The Duranodic process is still used today.

A similar process is ‘'Kalcolor' which was
developed at the end of the 19S0’'s (43). 3-sulphosalicylic
acid was used and golds, bronzes and brown, as well as gray
were produced Table 6. This process was the corner-stone of
integral colour anodising, but is no longer used.

The basis of the method is the incorporation of
particles into the growing oxide file, Fig.iO. It is the
use of organic acid electrolytes which is peculiar to this
process. A small quantity of sulphuric acid is essential
since the organic acid alone gives a barrier film. The

sulphuric acid can be replaced by a metal sulphate. The
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alloy coMposition also affacta tha colour and ia a aajor
conaidaration. 8anarally gray coloura ara producad by
ailicon alloya whila yallow/gold coloura ara foraad on
chroaiua alloya. Currant danaity, voltaga, tamparatura and
tiaa ara atrictly controllad. Tha aluainiua contant auat ba
kapt within 1.5 to 3g/l of aolution and a cation axchanga
raain ia uaad to raaova tha axcaaa aluainiua. Tha oxalic
acid/organic acid/aulphuric acid aixturaa tolarata laaa

aluainiua than do tha aulphonatad aroaatic acida.

Tabla 6
'Kalcolor’ Coapoaition
Sulphoaalicylic acid SO - 100g/1
Sulphuric acid 5971
Tamparatura 25»C
Currant danaity and voltaga 2.5 - 3A/da*, up to 70V
"Ouranodic’ ia vary aiailar to ’'Kalcolor' axcapt 100g/1

aulphophthalic acid raplacaa aulphoaalicylic acid.

Intagral colour anodiaing givaa hardar and aora
abraaion raaiatant coatinga than aulphuric acid anodiaing,
dua to tha uaa of high voltagaa. High currant danaitiaa and
voltagaa aaka tha procaaa aora axpanaiva. Highar haat
out-put raquiraa afficiant cooling ayataaa. Colour control
ia alao critical. Thia procaaa haa baan popular and haa had
auch auccaaa, although coloura ara raatrictad.

Sulphuric acid ia wall known for giving hard
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tranapar«nt coatingSf but It can alao produca colourad
fllaa by altering tha condltiona (46). Hard coatings ara
foraad by raducing tha ability of tha alactrolyta to attack
tha fila and this is achiavad by raducing tha taaparatura.
Howavar, tha voltaga aust ba raisad in ordar to aaintain
tha currant dansity* Colourad filas can also ba producad by
raducing tha sulphuric acid concantration. Thasa conditions
ars not practical, howavar.

Tha intagral colour procass can ba ragardad as
anodising in low concsntrations of sulphuric acid, or tha
sulpuric acid can ba said to ba aodifiad by sulphonation
i.a. XSOaH whara X is tha aroaatic acid group.Sulphonation
fliakas thasa groups aora suitabla for anodising by
incraasing tha solubility and conductivity. Organic acids
incorporating tha carboxylata group ara also wusad, but
sulphata is prasant. Organic acids wusad arai aalaic,
succinic, citric, crssolsulphonic, tartaric, foraic,
sulphoanthranilic. Thara should not ba too graat a
diffaranca batwaan tha anodising strangths of tha aixad
acids (47). Tha coneantrations of tha acids should ba
invarsaly proportional to thair anodising strangths.

A third alactrolyta may ba incorporatad and this
is callad a 'bridging' alactrolyta. It is wusually of
intaraadiata strangth, sinca iif a waak and a strong
alactrolyta ara usad togathar, tha anodising takas placa as
if only tha strongar acid wara prasant. For axampla, waak
tartaric acid and strong sulphuric acid ara mixad with tha
Intarmadiata oxalic acid.

Rasaarch has baan carriad out on anodising in
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organic adds only. Perhaps tha bast known alactrolyta is
oxalic acid. This gives good polished finishes unlike other
integral colour anodising which tandr to roughen tha
aetal/oxida interface. All organic acid electrolytes are
sensitive to chloride contamination which causes pitting of
the film. Kaps (48) gave a detailed account of films formed
in various organic acids. It was concluded that anodic film
formation was achieved in di- and tribasic acids, but not
so readily in monobasic acids. Pitting tended to be the
predominant process for the latter acids. Tha factor which
determines whether film formation or pitting occurs is tha
strength of the acid i.e. degree of ionisation. The
strength influences the thickness and colour of tha films.

Alloy composition (49) also influences colour as
wall as quality of the film, and this together with
electrolyte composition must be carefully controlled. As
the anodic film thickens, the colouring effect increases.
The alloying composition can be made up of prime elements
or intermetallic particles. Their solubility in tha
electrolyte is another consideration as is tha size and
distribution of tha particles. Iron, manganese, nickel and
silicon are insoluble and causa coloration. Although
magnesium and zinc are distributed uniformly, the anodic
film is clear. Copper causes coloration after ageing. Table
7 gives tha colours produced with tha 'Kalcolor' process.
In tha case of tha KE4S alloy, the alloying elements
produce Al-Pa-Si constituents with copper or manganese
replacing the iron (SO). They are insoluble in the

electrolyte and give tha film its colour.
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Tabil

Extrusion Colour

«9 Bronza
hE20 Black

or HE30 Gray/black

KE45 (HE9-typa with

0.2X Cu and Mn> Dark bronza
Daapit* tha «any variabIM and procM M« availabl«, the
rang« of colours is linitad, laaving tha architact to

choosa batwaan «any anodising systa«s which giva basically
tha sa«« colours.

Tha pracisa «chanis« of film colouring is unsura
and thara has baan littla invastigation into this. A numbar
of thaorias axist (51>« including alu«iniu« particlas or
alloying constituants dlsparsad in tha filmt a raaction
similar to tha Kolb« raaction, whara anions ambaddad in tha
film ara polymarisadi colour disparsion of
carbon-containing compounds within tha film (raduction or
dacompostion of organic acids)] colour by raduction
products of sulphur. Tha colour must ba ralatad to pora and
call dimansions sines colours ara voltaga dapandant. Tha
colours ara producad by tha scattaring of incidant Ilight
causad by thasa particlas and tharafora dapth of shads
dapands solaly on film thicknass. It is likaly that tha

machanism procaads by a combination of tha abova thaorias,
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but alloying constituanta have a «ajor rola to play.
Tajiaa, Baba, Mori and Stiiaura (S2> wuaad aupar
purity 99.99X aluainiua apaciaan«. Thay ahowad that tha
alactrolyta aniona alao playad an intportant rola in tha
formation of tha film with raapact to atructura and colour.
By wuaing raaiativity aaaauraaanta thay ahowad that at
highar currant danaitiaa and with incraaaing thicknaaa,
mora aniona wara incorporatad into tha film. Thia raaultad
in a laaa than parfact atructura. Tha raaiativity waa
unchangad with changing thicknaaa whan additiona of organic
acida wara aada to aithar aulphuric or aalonic acid. Tha
organic acida had littla affact on tha raaiativity and it
waa tha dominant aniona which influancad tha colour.
Infra-rad apactroacopy confiraad tha thaory that aniona
wara incorporatad into tha film. From alactron micrographa
tha authora thought that tho calla had tranaparant cantraa
whila tha othar ‘circla’ waa colour. Aa tha thicknaaa
incraaaad tha colour apraad ovar tha whola aurfaca. From
thia tha authora indicatad that tha matarial batwaan tha
calla gava riaa to tha colour. Howavar, tha ‘'tranaparant’
cantraa wara aiaply tha call pora which raflactad whita

light in tha microacopa.
2.3.4 Elactrolvtic Colouring

Tha procaaa of alactrolytic colouring ia aimpla.
Aluainiua ia anodiaad in a convantional aulphuric acid
alactrolyta, rinaad , and tranafarrad to an alactrolyta

containing aatallic aalta. Sinuaoidal a.c. aupply ia
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applied and aetallic particlas ara depoaitad irravaraibly
at tha aatal/oxlda intarfaca i.a. tha pora baaa, during tha
cathodic half cycle, Fig.11l. Other wavaforaa have bean
triad with aoma degree of auccaea. Countar-alactrodea can
be aada of either tha aaaa aatal aa tha aalt aolution, or
graphite, atainlaaa ataal or lead.

Tha main advantage of thla procaaa over integral
colour anodlalng la that it la algnlficantly cheaper. The
deairad colour can be achieved regardlaaa of the thilcknaaa,
although ’'over-colouring’ auat be avoidadi tha colouring
procaaa la aaparata froa anodlaing allowing colouring to be
controlled Independently! tha baala eatal doea affect the
colour but euch laaa ao than with integral colouring! low
voltagea and currenta are uaad. A range of gold, bronze and
black coloura aimilar to integral coloura are produced when
nickel, tin or cobalt aalta are uaad, or coablnatlona of
theae. Copper-baaed alactrolytaa give red and black

flni/fahea, but the latter colour la not uaed in the UK due

to doubta about |light faatneaa and corroalon reaiatance.
Qanarally, electrolytic coloured fllima have alnllar
propartiea to ’'natural’ aulphuric acid fllaa, alnce tha

colouring coeponanta are depoalted at the baae of the porea
and do not affect aurface phenomena auch aa light faatneaa.
Fig.11.

In 1936 Cabonl (S3) diacloaed a method of
colouring anodlcally formed filma by electrolytic
technlquea. He wuaed copper, nickel or ailvar aalta and an
a.c. aupply. Electrolytic colouring waa made commercially

faaaibla by Aaada in Japan during tha 1960’a, and in 1966
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th« Alcan coapany obtainad tha world rights for tha procass
outsida Japan. ‘'Alcan' producad tha wall known ‘Anolok’
colour ranga using first a nickal salt solution and latar
cobalt salts. Today alactrolytic colouring is widaspraad in
tha architactural anodising industry, and auch rasaarch has
baan carriad out to iaprova tha tachniquas. Tha pracisa
machanisms involvad and problaas ancountarad ara still
undar scrutiny, and invastigation into thasa forms part of
this thasis.

Nickal-basad alactrolytas (54) ara still widaly
usad in Japan although usa alsawhara is lass common. Thay
ara chaapar than tin or cobalt alactrolytas but black
finishas can ba difficult to obtain. Thay hava low colour
throwing powar i.a. tha variation in colour batwaan high
and low currant dansitias, and ara sansitiva to
contaminants such as sodium. Thasa problams can ba rasolvad
by adding salts such as magnasium sulphata, aluminium
sulphata and sulphonic acids. Nickal and cobalt finishas
giva good abrasion rasistanca and light fastnass, and
compara wall with 'natural' sulphuric acid films. Corrosion
rasistanca is good also.

Cobalt-basad alactrolytas ara tha most axpansiva,
but bronza and black finishes <can ba producad. Tha colour
throwing powar is good and cobalt solutions ara less
sensitive to contaminants than nickal-based electrolytes.
Cobalt-basad electrolytes ara stable and Iloss is due to
drag-out and electrolytic deposition only.

Tin-based electrolytes ara of intarmediata cost,

and claims hava baan made that thay giva good colour
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uniformity mnd f««t colouring rata*. Howmvmr, thmrm has
bmsn racmnt concsrn ovsr ths quality of dark bronzm and
black finishes which have been investigated in this thesis.
Sensitivity to contaminants is fairly low] only nitrates
and chlorides have an effect at concentrations of ig/1l or
more. Colour throwing power is high. The stannous compounds
precipitate and do not redissolve. These components no
longer perform any useful function. In order to reduce loss
by oxidation, stabilising agents are added such as phenol
sulphonic acid, «cresol sulphonic acid or sulphophthallc
acid. Doubts have been cast over the abrasion resistance
and corrosion resistance of tin-coloured finishes, although
there is little difference between the light fastness of
tin, cobalt and nickel finishes. There is low pitting
resistance for dark bronze and black tin finishes, even
when the thickness is 2St>m, although light bronzes fair
wel 1.

Copper-based finishes give doubtful performance
qualities. Pink and maroon shades are obtained, as well as
black, but the light fastness compares only with colouring
in dyestuffs. Black copper finishes have Ilow pitting
resistance despite the good light fastness.

Qenerally, solutions of the sulphates are used
for colouring with nickel, cobalt, tin and copper. The
former two metals operate at a pH of 3.S to 5.S. Boric acid
is added as a buffering agent and ammonium sulphate is
added to increase conductivity. Typical concentrations are

given in Table B.
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Tabi* 8 (68>

Colouring Solution Compoaition
(9/1)
1. Boric acid 25
Cobalt aulphata 20
Ammonium aulphata 15
2. Boric acid 30
Nickal aulphata 30
Ammonium aulphata 15
3. Coppar aulphata 20
Sulphuric acid 7
4. Stannoua aulphata 20
Sulphuric acid 20
Phanol aulphonic acid 20

Tin and coppar mlactrolytas oparat* at tha low pH ranga of
1to 1.5. Colouring ia carriad out at ambiant tamparaturaa,
currant danaity rangaa fro« 0.2 to 0.8A/dm* and a voltaga
of S to 25V. Colouring may ba carriad out for a fixad tima
at varioua voltagaa or vica varaa. A fixad voltaga ia tha
mora common procadura. In ordar to maintain conaiatant
colouring, tha voltaga ahould ba incraaaad to tha optimum
at tha aama rata for aach load.

Colour ia dapandant upon tha langth of colouring

tima and hanca tha amount of matal dapoaitad. In tha aarly
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day« it w«« thought that aatal oxida« war# dapositad (5S>,
but it now *aaa* cartain that tha dapo*it« ara aatallic in
natura (S6>. Tin alactrolytas giva a light chaapagna colour
at lain colouring tiaa, bronza aftar Sain and black aftar
I0ain. Siailarly, langth of tiaa varia« tha colour« for tha
othar alactrolyta«. Tha colour i« cauaad by light
«cattaring of tha aatallic particla«. Dark bronza and black
tin finiaha«, and black coppar finiaha« do not parform wall
in corroaion and abraaion taata dua to tha diatribution of
tha aatal in tha poraa. Scanning alactron aicrographa of
cobalt and tin black finiahaa, Tig«.13 and 14, «<how tha
poaitlon of tha aatal. Tin approachaa tha aurfaca and haa
an irragular diatribution. Cobalt ia aora coapact and
ragular. For light to aid-bronza colour« tha diffaranca 1«
not aa pronouncad, although tin dapoaita tand to convarga
in placaa. X-ray anargy diaparalva analyaia haa baan uaad
to show tha aatal 'roda’ and dapoait-fraa ragiona batwaan
convarglng roda (S7>. Tha diffaranca« in aatal diatribution
ara thought to account for tha diffaring fila propartiaa
auch aa corroaion raaiatanca. Whara aatal axtanda to tha
outar aurfaca of tha fila, pitting occur« (SB). Thaaa
ara araaa of locally high conductivity, and corroaiva
aadla, auch aa that uaad in tha acidifiad «alt «pray taat,
proaota pit foraation. Shaaaby and Cooka (S3) found no
affact on abraaion raaulta with a high tin contant.

High adaittanca valuaa hava baan found (S3) for
dark colour«, and thia waa dua to tha coabination of tha
high conductivity of tha aatal dapoaita and thair poaltion.

Conaaquantly, thaaa filaa ara aora difficult to aaal than
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film with mtal confinad to tho por* ba*m. Furnoaux <58>
suggmtad that tham potantial pitting aitm ara dapandant
Iupon fila thicknma, but did not axplain why. Praauaably ho
rafarrad to thick cobalt-containing film and iapliad that
'thin films would ba suscaptibla to pitting if colourod for
long pariods. This 'ovar-colouring' has baan found (39) to
occur mora in tin than cobalt finishas. Extandad colouring
tim s do not changa tha colour (although tha tin my appoar
at tho surfaca, imparting a gray colour), but film
admittanca continum to incroasa. Furnaaux (38) has
raportsd that it was possibla to ovar-colour cobalt films
IWhan a non-uniform distribution was prasant. Dapanding on
tha mtal ion and/or pH of tha solution, diffaring amount
of daposits ara raquirad to produca tha black colour.

Tha pH affacts tha barriar layar during tha a.c.
traatmant (38). It has baan found that, for acidic
alactroUyas, procassas involvad in colouring ara
influancad by tha magnitudas of tha affactiva anodising and
colouring voltagas.

Doughty at al (60) showad that during a.c.
anodising in acidic solutions (pH 1), tha thicknms of tha
barriar layar was datarminsd by tha appliad voltaga and was
1.1 nmV-*, at paak voltaga. Whan using sulphuric acid
raanodising occurrsd bsnaath tha original barriar layar
(formad in oxalic acid) aftar a racovary pariod. It was
suggmtad that thara wara thrm stagm during alactrolytic
colouring. During tha racovary pariod fiald-assistad
dissolution procaadad until tha barriar layar dacraasad to

a valua govarnad by tha colouring voltaga, whan it was
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low*r than tha foraing voltaga. Raanodiaing than took
placa. During tha racovary parlod, naw Inclpiant poras
foraad, sinca dlasolution and acid anion panatration
pradoainatad ovar oxidation, and barriar layar thinning
occui’\réd locally. This waa dua to tha low fiald across tha
barriar layar and currant was concantratad at cartain
araas, probably at poras whosa basas had flaws. Uhan
colouring voltaga was highar than tha foraing voltaga,
daposition occui® iaaadiatfly and siaultanaously barriar
layar thickaning took placa. Natal oxidation was favoured
by tha fiald distribution across tha original barriar layar
(S8).

Tha sacond staga was daposition of aatal in tha
original pores during tha cathodic half-cycla. Electronic
conduction across tha barrier layar was thought to occur by
means of flaws which bridged tha 'insulating' barriar layar
between tha porous film and tha matal substrata.
Alternatively, conduction may occur by electron tunneling
or solid-state conduction.

Raanodising occurred on tha anodic half-cycla.
However, raanodising and daposition may inter fare with each
other sinca migration of solution species could be
inhibited by the matal deposits (S8). Doughty at al (SO)
gave evidence for tha absence of acid anions in tha
raanodisad layar, suggesting that these species ware too
large to pass tha deposited matal. Similarly, solvated
aluminium ions cannot pass out of tha oxide layar. This
assumes that tha matal comi’l‘ayi'a{y fills tha pore diameter

(33nm> and no spaces exist which are large enough to allow
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solution spscisB through. (lonic rsdii of Sn*" is 70 -
9Sp«, OH- is 118 - 123p« and Al*" is S3 - 67.5p«. >

No alterations of the barrier layer were thought
to occur in neutral pH solutions (S8>, but Tachihara et al
(61) showed that whan the colouring voltage was higher than
the forming voltage, barrier layer thickening occurred, as
in acidic solutions. No significant thinning occurred due
to the absence of an acidic medium. It was found that
interfacial impedance of a.c. coloured films (using nickel
sulphate and boric acid mixture) was larger than that of
uncoloured films. They concluded that this was due to the
new barrier layer growth. However, this information must
not be confused with films coloured in tin baths, in which
impedance values are lower than uncoloured films. The
nickel-containing films were only coloured for 120sec. It
was suggested that impedance values may be different for
longer colouring times. The experiment was designed to show
the presence of the new barrier and not the effect of the
deposited metal.

A problem encountered in electrolytic colouring
is spalling of the film from the basis metal] where the
oxide coating flakes away. This ~can occur with all
electrolytes. It had been found (S9) that high colouring
voltages or increasing the voltage too fast at the
beginning of the colouring treatment, resulted in spalling.
It tends to occur at lower voltages in nickel and cobalt
electrolytes than in the more acidic ones. Spalling is
possibly due to hydrogen evolution which competes with

metal deposition on the cathodic half-cycle. Alternatively,
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rsanodising «ay for* a lama Mechanically mound film bmnmath
tha original barrier layer. BalamubraManian and Shenoi <62>
reviewed the use of cheeical additions and pH control to
limit the risk of spalling. Using counter-electrodes of the
same metal as that to be deposited has proved beneficial.
Double anodising was discussed which is covered in tha next

section.

2.3.S Interference Colouring

Optical interference is the most recant advance
in colouring anodised aluminium. The advantages over
electrolytic colouring are that different colours can be
obtained from one solution, and the amount of metal
deposited is much less Tig.12. The drawback is that an
intermediate stage is required between conventional
anodising and colouring. This involves a second anodising
stage where phosphoric acid is used to alter the pore
dimensions in order to facilitate the formation of
interfarance colours. Typical phosphoric acid concentration
is 100 to 1SOg/1. This is used at 15 to 35*C for 2 to IOmin
at 10 to 40V. A.c. and d.c. conditions or a combination of
them can be wused. Conventional metal salt solutions of
nickel, cobalt or tin are wused for the electrolytic
colouring stage. Instead of bronze shades, grey-blue,
green-gray, yellow and reddish-purple are produced.

Anodising in phosphoric acid is tha most
important step in interference colouring (63). The pore

bases are enlarged. Fig.12. Other electrolytes were found
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to giv* sIMilar r»*ults, but phosphoric acid was the Most
convanisnt. Shsasby at ai <63> found that a dsposit size of
29na was rsquirsd bafors intarfsrancs sffacts wars saan.
Tha original pora siza was found to ba 14.6na, Fig.9,
saallar than tha final pora siza which was slightly
anlargad throughout its pora langth, approxiaataly 20na.
Tha authors conciudad that anlargaaant was graatast at tha
bottoM Imm and was causad by dissolution. Figs 12 and 9
show tha diffaranca in tha siza of tha poras aftar
phosphoric acid anodising and convantional sulphuric acid
anodising raspactivaly. Thasa figuras show tha positions of
tha daposits. In intarfaranca colouring tha daposits ara
confinad to tha pora basas. This craatas a 'thin layar’
affact. Tha distanca batwaan tha dapositad aatal surfaca
and tha aluainiua/oxida intar faca should ba of tha ordar of
tha wavalangth of light. Thasa two sur facas causa
raflaction and rafraction, Fig.IS. As mors aatal is
dapositad tha distanca batwaan tha two sur facas incrsasas,
changing ths intarfarsnca colours. Convantional bronzas ara
foraad whan tha matai axtands into tha narrow part of tha
pora. Evan if saparation batwaan tha two surfacas was
appropriata in alactrolytic colouring, tha daposit dianatar
would ba too small to giva intarfaranca colours. Not all
poras ara anlargad in tha intarmadiata stags and bronza
ovartonss may ba dstactad. This bronzing affact incraasas
as colouring procaads. Ths authors also showad by alactron
microscopy that daposits in convantional alactrocolourad
films wars vary irragular in haight, wharaas thoss of

intarfarancs films wars compact and ragular <63).
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where X is beam of incidence light,
X and Z are reflected beams,
A is surface of deposited metal,

B is surface of aluminium substratei

Constructive Interference occurs at nX
when n is an odd Integer and X

is the wavelength of light.

Destructive interference occurs when

the optical path difference is oA
2



It wa* diacovarad (63> that brightar colours wara
producad in acidic colouring alactrolytas. This was causad
by fila growth banaath tha aatal daposit layar Fig.12b.
This was achiavad during tha alactrolytic staga or in a
post—colouring staga. By using an alactrolyta of pH <2.5
for tha foraar procass, it was found that aftar a cartaln
pariod of tima, aatal daposition caasad and anodising
bsnaath tha daposit layar bagan. Howavar, conditions wara
critical to achiava this. As ths dapth of naw oxida fila
was incraasad tha whola spactrua of intarfaranca colours
wara producad| froa blua through to rad. Co—-daposits of
cobalt and nickal wara found to ba aora acid rasistant than
singla matal daposition. Transfarring tha colourad filas to
a post—anodising solution of sulphosalicylic acidf

containing no colouring coaponants, showad tha naw oxida

growth.

Larga scala laboratory tasta hava providad good
colour raproducibility and uniforaity for blua-gray
intarfaranca finishas, and savaral buildings hava

architactural coaponants colourad by this procass <64).
Tha propartias of thasa finishas ara similar to
alactrolytically colourad filas but thay ara not so
abrasion rasistant dua to chaaical dissolution during
phosphoric acid anodising. Caraful control is naadad to
anlarga tha poras sufficiantly but not to undaraina tha

anodic film.
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A r»«hin«tlon» of Two Finishing 8v»t—

Th* positions of ths colouring cosponsnts in ths
anodic oxida film ara shown in Figs.St 10 and 11. Tha
distribution is diffarant for aach oiathod and hanca
absorptiva (or adsorptiva) dyaing can ba combinad with
intagral or alactrolytic colouring.

Tha alactron nicroproba has baan wusad (44) to
show tha positions of tha colouring componants in tha
combination mathod of alactrolytic/dya colouring. Spaisar
(44) concludad that alactrolytic colouring doas not
obstruct dya absorption and tha propartias of tha two
procassas ramainad indapandant. Tha author statas that
ovardyaing with tin during tha alactrocolouring staga doas
not altar tha amount of matal dapositad, but othars hava
shown that tin can axtand to tha outar surfaca of tha oxida
film (58, 59). This would inhibit absorption of dyastuffs.
'‘Ovardyaing' would imply that a black colour was producad
and subsaquant absorptiva dyaing would ba radundant. Only
light to mid bronzas would banafit from dyaing. Tha
anodising and alactrolytic colouring stagas ara carriad out
in accordanca with B81&1511987 and B83987sl974. Tha dyaing
stap is carriad out according to tha 'Sanodal' systam (44).
A numbar of buildings hava baan built with architactural
componants coloursd by tha combination procass ’'Sandalor’
(44), which parforms wall, although a Sandalor blua systam
installad 7 yaars ago is baginning to fada.

Tha quality of tha saalad film was found to ba

tha sama as absorptiva dyad finishas. Corrosion rasistanca
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end «M»th«r rMistanc* war* unaffected by the underlying
metal. Light fastneea was found to be better than dyed
films because light is not reflected from the basis metal.
It is absorbed by the electrolytic layer and fading occurs
only from the light incident directly on the external
surface. There is no 'back reflection’ which normally fades
the dye from 'inside' the oxide film.

The disadvantage of this combination process is
that although only one tank is required for the
electrolytic stage, a number of tanks are required to hold
the dyes. Alternatively the dyestuff may be applied by the
spraying technique. The combination process must be
carefully controlled to attain reproducible finishes.
Caution is needed during the rinse between electrolytic and
dyeing, since contamination of the latter bath by the metal
salt would impair the dyeing ability.

By virtue of the colour component distribution,
dyeing followed by electrolytic colouring is generally not
possible. 'Sanodal Blue Q' or 'Turquoise PLM' (44) may be
used before electrolytic colouring, but these are affected
by the acidity of the electrolytic colouring electrolyte.

Integrally coloured films have the colouring
component included in the oxide film itself, leaving the
pores open for adsorptive dyeing. Due to the difficulty in
obtaining consistent thickness of 2S>m, there were
differences in adsorption of dyestuffs and therefore light
fastness. To overcome this the anodising temperature was
varied in order to achieve consistent thicknesses <6S>.

However, light/weather fastness tests showed losses of 5 to
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2SX of organic dya v;hich war« accaptabla and corraapondad
to axtarnal waatharing of approxlmataly 10 yaars.
Admlittanca valuaa for intagral/dyad coatings coaparad wall
with natural intagral coatings, showing that tha dya did
not affact saaling quality. Tha chromic acid/phophoric acid
waight loss tast showad rasults within tha waight Iloss
limit. Thara was no diffaranca in corrosion tasts batwaan
dyad intagral colours and natural intagral colours. It was
found that tha amount of dya adsorbad dacraasad with
incraasad intansity of tha intagral colour. This was dua to
varying tha anodising tamparatura and voltaga in ordar to
maintain a thicknass of 25>m. As intagral colours bacama
darkar, tha numbar of poras par surfaca unit araa and pora
volunta dacraasad. Intagral/dyaing systams ara basad on tha
E.U.R.A.S. spacifications. Various shadas of gold and
bronza with yallow, rad, blua and turquoisa ovartonas can
ba producad. Thasa ara not as bright as convantional
adsorptiva dyaing mathods.

Tha disadvantagas of this combination procass ara
that tha coating must ba kapt to a constant thicknass in
ordar to achiava raproducibla rasultsi diffarant intagral
colour finish«« hava diffarant dya adsorptiva capacitias
and this too must ba takan into account. Tha rang« of
colours is almost idantical to tha alactrolytic/ absorptiva
dyaing systams, and as far as is known, tha intagral/dyad
systam has not baan usad commarcially. Tha advantaga is

that only two stagas ara involvad.
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2i3i7 .CglQri— tr.Y

Th« colour of pigoontod anodic oxid* fila» in
eost production plants is aatchsd by ays. Not only is tha
visual appaaranca dapandant upon tha actual colour, but
also on tha taxtura of tha finishad surfaca and on tha typa
of illuainant usad. Tha aya is aora varsatila than any
instruaant bacausa of its sansitivity to gaoaatric factors
such as rolling diraction or dia-linas, and atchad or
pattarnad surfacas. Tha consistancy of thasa gaoaatric
factors is as important as tha control of tha colouring
tachniqua itsalf. Howavar, avaluations by aya ara
subjactiva and variabla with changas in viawing conditions
and from obsarvar to obsarvar. Instrumants ara lass
flaxibla than tha aya but thay provida nuaarical quantitias
which ara aora rapaatabla and wusually aay ba corralatad
with visual avaluations.

Instrumants aay ba groupad into two catagoriasi
thosa which maasura chromatic attributas, i.a. colour, and
thosa dafining gaomatric attributas, i.a. taxtura, gloss
atc.(67>. Tha formar is dua to salactiva absorption whila

tha lattar rafars to tha mannar in which tha incidant light

is distributad in various diractions. Sacondly
instrumants may giva physical or psychophysical
avaluations. Spactrophotomatars ara physical analysis

instrumants, whila colorimatars ara psychophysical analysis
instrumants which giva maasuramants that corralata with tha
human aya-brain imprassions. Evary instrumant incorporatas

both chromatic and gaoaiatric factors to soma axtant, but
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for that %rtiich maasuras colour, apactral propartiaa ara
tha moat important.

natala with diffuaing matai oxidaa auch aa
anodiaad aluminium ara conaidarad aa opaqua objacta whara
colour ia aaan by diffuaa raflaction. An inatrumant which
may ba uaad to maaaura tha colour of auch a aurfaca ia tha
Shaan Miniatura Colorimatar. Thia haa a light aourca, a
placa for tha objact to ba obaarvad and a photoalactric
light racaivar. A collimatad baam, which haa baan paaaad
through a narrow band colour filtar, falla on tha aurfaca

at an angla of incidanca of 45* . Any apacularly raflactad

light ia abaorbad on tha black wall of tha colour haad. A
photoalactric call, with an araa conaidarably largar than
tha illuminatad araa, ia placad normal to tha aurfaca, and

datacta light diffuaad ovar a ranga of anglaa on aithar
aida of tha normal. Tha main componanta of light diffuaad
in tha diractiona in which colourad finiahaa ara obaarvad
by aya ara maaaurad, but thoaa at low glancing anglaa ara
not. Tha raflactanca of tha inatrumant ia calibratad
againat black valvat (OX raflactanca) and a block of whita
magnaaium carbonata (I0OOX raflactanca). Tha raflactanca of
tha panai ia maaaurad at aix wavalangtha uaing aix C.l.E.
(Commiaaion Intarnationala da L’aclairaga) colour filtarai
660HmM (rad), 610]im (oranga), S70«<m (yallow), S20>im (graan),
480Mm (blua), 4SOHm (violat). Tha inatrumant ia calibratad
aftar aach raading, for aach colour. Tha factora which
affact tha appaaranca of anodiaad aluminium on which tha
anodic oxida ia colourad ara mora complax than thoaa

affacting paintad aurfacaa. Thia ia bacauaa tha colourad
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anodic oxida ia tranaparant, and both ita own aurfaca and
that of tha matal banaath diffuaa light which contributaa
to tha appaaranca. Tha natal aurfaca ia almoat alwaya
aniaotropic, which cauaaa tha appaaranca to vary quita
markadly with tha diractiona of incidanca of light and that
fron which tha aurfaca ia viawad.

Both ahaat and axtrudad alloya, whan atchad,
davalop taxturaa whoaa appaaranca diffara with diraction.
Tha limita of high and low raflactivity ara uaually found
in tha diractiona parallal to and normal to tha diractiona
in which ahaat waa rollad, or axtrudad alloya paaaad
through tha dia. Both gloaa and colour raflactancaa vary
batwaan limita corraaponding to tha incidanca of
illumination parallal to and normal to tha rolling or
axtruaion diractiona. Tha aimplaat charactariaation of
anodiaad aluminium tharafora raquiraa two maaauramanta to
ba mada at aach wavalangth, parallal to, and normal to tha
taxtura axaa of tha matal.

Tha colour can ba rapraaantad aa a graph of
parcantaga raflactanca against wavalangth) tha spactral
raflactivity curva. It can also ba charactarisad by
numarical valtas, tha chromaticity co-ordinatas, and can ba
prasantad in tarms of tha C.l.E. colour triangla. Tig. 16
(68). Tha co-ordinatas ara avaluatad from aquations
involving tha raflactivitias at 660Hm, 520Hm and 480t>m, tha
X, Y, Z tristimulus valtas. CA spactrophotomatar maasuras
tha parcantaga raflactanca from tha objact only, whila a
colorimatar takas into account tha illuminant and obsarvar

also. Tha raadings givan by a colorimatar ara actually tha
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Pig. 16 (68)
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X, Y, Z intagralB. A «pvctral curva can ba plottad froa tha
coloriaatar valltas sinca it is tha sama shapa as that
producad by raadings takan froa a spactrophotoaatar, axcapt
that tha valltas ara avaluatad in diffarant ways

Colour can ba considarad to ba a vactor whosa
coaponants ara lightnass, hua and saturation, Fig.1l7 (67>.
Tha hua is usually rafarrad to as tha colour. Saturation is
whara colours of tha saaa hua diffar in tha dapth of
colour. While tha tristiaulus value Y correlates with
lightness or tha luminance, X and Z do not correlate with
hua, saturation, or any visually meaningful attribute of
colour appearance. Chromaticity co-ordinates ara defined

asi

X+Y + Z X+Y+ Z X+Y + Z

Alone x, y and z do not correlate with any attribute of
colour, but whan incorporated into the C.I.E colour
triangle tha relationships of tha co-ordinates are
established.

The colour triangle is not uniform in tha spacing
of coloursi the relative sizes of differences between
colours on tha diagram do not correspond to tha sizes of
the diffarancas sensed by tha aye. Therefore attempts have
baeen made to develop uniform colour scales on which
measured values of colour ware more easily related to
visual attributes of colour. The C.l.E. L,a,b

(opponent-colours) colour solid is one such uniform scale
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II (67>. This i* derived free the trietimulu* values. L is
lightness, a is rednass-greanness and b is
yellowness-blueness. L,a,b can be regarded as combining to
form a vector in rectangular co-ordinates. Two different
colours may have the difference expressed as aE from the

equationl
aE « (aL)» & (Aa)* ~ (Ab)»

This is the difference between LoSobo and L*atbi in Tig. IB
i.a. aL Aa Ab is the difference between the co-ordinates of
each of the two points. This gives only the size of the
difference and not the direction or nature of the
difference from the reference colour. Hence it is more
advantageous to record L, a, b and aE values in order to
assess colour difference in a 3-dimensional representation,
Fig.18 (67).

The C.1.E. Y, X, y scale can be applied to all
stimuli, but the C.I.E. L, a, b scale is wused for opaque
diffuse objects. All scales are based on visual units of
colour perception and relate to perceived colour and colour
differences. Two colours that can be differentiated

visually can be represented quantitatively by the measured

value difference. If all production stages, including
colour quality control are under strict processing
conditions, the anodised coating will not only look good
Initially, but withstand many years of service although

fading may occur in certain circumstances.
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LoAobo

Fig. 18 (67)
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2.4 SMlino

2.4.1 Introduction to Scalino

The porous natura of anodisad aluainiua allows it
to ba colourad by a numbar of procassas. If no furthar
traatmants ara wusad aftar colouring thara raaains tha
propansity for aadia to panatrata tha poras. If tha nadia
ara corrosiva tha oxida film will ba undarminad. Tha naad
arisas to block or dosa tha poras in ordar to minimisa
corrosion and to halt tha potantial dagradation of
colouring componants. Qanarally, it has baan obsarvad that
tha longar anodisad films ara laft axposad to tha
atmospharai tha mora difficult it bacomas to colour tham.
This was attributad to an irravarsibla raaction batwaan tha
oxida and watar vapour in tha air, rasulting in a dacraasad
porosity. It was suggastad that tha anhydrous oxida bacama
hydratad to form boahmita crystals, AIO.OH or AlaOa.HaO.
This procass is accalaratad at high tamparaturas i.a.

iamarsion in solutions abova 90*C or suspansion ovar staam.

AlaOa HaO — -) 2A10.0H boahmita 2.s>

At lowar tamparaturas another crystallina form, bayarita,

is producad, AI(OH>a or Ala0a.3Ha0O, which doas not saal

tha poras as wall as boahmita.

2A10.0H 2HaO-> Ala0a.3Ha0 bayarita (2.6)
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Saallng is csrrisd out in dsionissd or dMinsrslissd wstsr
to ainisiss tha dslatarious offsets of calciua and
aagnssiua, silicatas and phosphatas. Tha oxact aochanisa of
saaling has baan tho subjact of auch dabata. Mith iaprovad
analytical tachniquas in racant yaars, axporiaantal
avidanca has thrown aora light on tha aachanisms involvad.

Soaling is also parformod in wator containing
chaaical additivas such as nickal salts (acatato, sulphata
or nitrata), aaaioniua acatata, triothanolamino, dichromata
solutions and sodiua silicato. In nickal salt saaling the
mechanisms are different from those of hydrothermal
saaling, although hydration still occurs with high
tamperaturas. Tha additivas augment tha sealing process by
forming 'plugs' inside the pores. Dichromata saaling is
also a combination of two processes! the absorption of
chromate ions plus hydration. Sodium silicate is the least
used solution. It also seals by forming plugs of aluminium
silicate, but it is known that the presence of silicate
inhibits hydration. This renders tha process lass
attractive than the other pore plugging solutions.

Cold sealing or impregnation processes are
currently under development and investigation, but they are
a more recant advance and there is little public
information on the pore closure mechanisms or performance
in service. Many operate below £0*C and hydration is
unlikely to occur to any significant extent. Pore plugging
takes place by precipitation of salts.

Another form of sealing is 'physical' saaling

where coatings such as oils, waxes or lacquers are applied
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to th* oxida fila. Thara 1ia no chaaical participation of
thasa aubstancaa i.a. thay do not raact with tha oxida but
iapart a auparficial layar on tha aurfaca. Thay aay alao
'lapragnata’ tha poraa. Thaaa and othar organic aaalanta
ara wuaad only for apacialiaad purpoaaa) whara aurfaca
phanoaana ara mora important than tha inharant propartiaa
of tha oxida layar. Maxaa and oila ara oftan appliad aftar
aaaling aa a tamporary barriar to alkalina madia uaad

during building conatruction.

2.4.2 Hvdrotharmal Saalinn Machaniama

Tha aimplaat axplanation for tha aaaling
machaniam ia tha hydration of alumina AlaOar to giva
boahmita AIO.OH . This compound closaa tha pora dua to tha
voluma axpanaion within tham. But tha machanism ia mora
complax than thia and a numbar of thaoriaa axiat.

Barnard and Randall (69) auggaatad that tha
hydratad product formad, whan aluminium matal raactad with
boiling watar, waa tha aama aa that formad on barriar
layara in boiling watar. Tha rata of hydration of tha oxida
film and tha rata of formation of tha product on aluminium
warm aimilar. Thay conciudad that tha machaniams muat ba
tha aama. Tha aaaumptiona wara only baaad on rates and
X-ray diffraction patterna which ware aimilar in both
caaaa. It ia fair to aay that although a compound similar
to boahmita was found in both instances, which has since
bean proved, the mechanisms of formation wera not

substantiated.
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Qin«b»rg and Uafara (70> mxaminad filas formad on
aluainiua by watar and staam. Thay callad tha products
'hydroxida filas’ sinca noaanclatura had not baan wall
dafinad. Only a small proportion of film aatarial was
crystallina, and this was found to ba bayarita whan
aluainiua was raactad with prassurisad staaa balow 1S0*C.

Abova this tamparatura boahmita was formad. Tha admission

by tha authors that only a small amount of hydratad
matarial was crystallina suggastad that soma othar
amorphous compound dominatad tha hydratad layar. In a

subsaquant papar Ginsbarg and Mafars (71) daseribad
naadla-shapad crystallitas which graw mormal to tha ’ fibra
bundlas’ of tha anodic oxida. Thasa bundlas consistad of
%-boahmita which graw inwards from tha surfaca. This formad
dua to movamant of hydroxyl ions through the lattica undar
a fiald. Tha fiald was causad by tha diffusion of hydrogen
ions through tha film. Spoonar and Torsyth (72) showad by
maans of X-ray spactroscopy that saaling procaadad inwards.
Although a boahmite structura was formad, it was not
idantical to AlaOa.HaO and had praviously (69) baan found
to contain stoichiomatrically mora watar.

In 1969 O’Sullivan, Hockay and Mood (73) studiad
unsaalad and saalad films by infra-rad spactroscopy. Thay
too conciudad that although tha boahmita was found for
films axaminad at ambiant tamparaturas, no positiva
idantification of all hydratad spacias could ba mada. It
was not possibla to calculata tha pracisa amount of
molacular watar ratainad within tha films, although this

had baan astimatad praviously (72). Tha stratching
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vibration of watar anhancad ona particular absorption band,
and this was tha charactaristic band of boahaita and
bayarita. Thasa crystals wara in tha ainority sinca this
absorption band changad littla. Crystal growth tandad to
occur aainly at tha pora souths and although tha avidanca
showad that aftar a saaling tima of 24 hours, tha whola
pora had baan saalad, tha matarial was of an wundafinad
form. Initially a ‘'plug’ foraad at tha surfaca, but
avantually tha whole pora sealed by agglomeration of tha
amorphous anhydrous alumina crystallites. Oautaron exchange
of the accessible hydroyl groups was progressively retarded
as sealing proceeded, indicating that these groups had
become 'locked' in tha structure. Electron micrographs (74)
clearly showad the changes which occui”d to the porous
structure. As saaling progressed the more difficult it
became to define the pore walls as they became filled with
precipitated sealing material.

Pseudoboehmite was proposed by Vedder and
Vermilyea (7S) to be the crystalline material. This has the
formula AlaO».nHaO where n is between |.S and 2.5. It is
like boehmite but with an excess of «crystalline water.
These molecules were chemically bound to the large surface
area of the crystallites.

Mefers (76) described a detailed mechanism for
saaling in which water penetrated the pores and pore walls,
and dissolved the oxide, liberating the anion SO« from
sulphuric acid films. Reprecipitation occurred forming
pseudoboehmite which crystallised and sealed the pore

mouths. The aquation for this reaction isi
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Ala0«0.280a -f 2.8HaO — > 2Al*« » S.60H-

+ 0.280* e-- <2.7)

Th* mobilization of tha 80* ion« by dissolution
dmcrsassd ths pH at th* oxidm/liquid intsrfacs and hydratsd
aluminium oxidm raprmcipitatmd on thm pore walls and at thm
pora mouths. This ion axchanga machanism was not applicabla
to oxidas formad in solutions such as chromic acid whara
tha anion contant was low (77). Chromata or dichromata ions
wara not as raadily absorbad by tha film as sulphata ions,
and it was thought that tha chromium was incorporatad as
dichromata rathar than chromata ions which accountad for
tha small amount. It was at tha oxida/liquid intarfaca that
protons, sat fraa by hydrolysis of tha alumina, war«
ramovad by diffusion. Fig. 19 (78) shows how this occurrad,
ralaasing watar in a condansation raaction at a latar stag«
of tha procass. Initially, a solid formad rapidly at tha
surfaca of tha film. Tha hydratad alumina first
pracipitatad as a hydroxida gal and as tha pH dacraasad,
crystallina boahmita formad. Condansation gradually slowad
to laava small crystallitas which containad axcass amounts
of bound watar. Soma of tha condansad watar prograssad
inwards down tha poras which continuad to saal inwardly. A
'glaza' layar (78), also known as an intarmadiata layar,
was formad Just banaath tha axtarior surfaca of tha oxida.
Fig. 20 (78). 8oma of tha rapracipitatad hydratad alumina

diffusad through to tha surfaca and formad a saaling smut.
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Thi« WM in a diffarant fora to that of tha glaza layar and
warn found abova it on tha axtarior of tha oxida layar, Fig.
20. It waa concludad that tha aaount of watar takan up waa
ona pora voluaa bafora thia protactiva glaza layar foraad.
Subaaquantly, watar had to diffuaa through thia layar. Thia
can tharafora ba daacribad aa a diffuaion aachaniam rathar
than an ion axchanga machaniaa. Tha thicknaaa of tha glaza
layar incraaaad with aaaling tima at a rata that incraaaad
with aolution taaparatura and dacraaaing acidity. Undar
cartain conditiona it waa found that tha glaza layar could
Prr>atrata to tha baaia aatal. Howavar, undar normal aaaling
timaa it waa uaually <Itm thick.
Tha moat racant thaory ia by Thompaon and Wood
(79). Thay daacribad a diaaolution/pracipitation proceaa
which ia comparabla to that of Mafara (76). Thompaon and
Wood found that tha hydratad alumina within tha poraa did
not axhibit wall dafinad cryatallinity, whila that formad
on tha outar aurfaca did, giving a 'naadla-lika' atructura.
Tha glaza layar, of undafinad morphology, davalopad banaath
thaaa aurfaca cryatallitaa. Larga particlaa agglomaratad by
tha diaaolution/pracipitatjon procaaa in prafaranca to amall
onaa ovar a pariod of tima. Thia ia now known to ba tha
againg procaaa. Tha hydroxyl ion contant incraaaad bacauae
tha molacular watar waa trappad banaath tha forming aolid.
Tha microcryatallita aurfacaa playad a rola in forming
hydroxyl iona. Acid aniona wara intrinaic in tha
aaaling procaaa and aaaling occurrad at diffarant rataa for

filma formad in diffarant acida.
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2.4.3 Practical A«o«ct« of 8««lInci

Operating consldarations for watar aaaling muat
ba carafully followad. AIll work must ba rinsad thoroughly
bafora saaling to avoid contaminating tha saal bath sinca
contaminants affact tha saaling quality. Idaally thara
should ba two rinsing stagas followad by a soak timo.
Soaling tanks may havo Ilids or floating polypropylana
spharas to raduca avaporation. Tho tanks should be
insulated to avoid heat loss. Tha sealing solution is
agitated by means of its convection currents.

Tha ideal sealing temperature is between 98 to
100*C. Below 90*C tha saaling rata is reduced, and at 95*C
tha saaling tests may ba passed but the rata of saaling is
slower than at 98*C. Specialised thermostats are required
to maintain the temperature Just below 100*C since this
gives the most efficient use of energy. The introduction of
large amounts of metal reduces the temperature locally and
this must be accounted for in the bath heat input.

The longer the work is sealed, the lass weight
loss there is in sealing assessment tests. The sealing is
adequate if tha weight loss is less than 2g/m* using tha
Kape test or 3g/m* wusing the phosphoric acid/chromic acid

In the United Kingdom a sealing time of 2min/t>m is
considered to ba adequate. Elsewhere 3 or Amin/ftm are
required. The important factor is that the work should pass
tha acceptance tests. Oversealing (saaling for long
periods) has no advantage over adequate times and is

Inefficient. Although admittance test values may ba
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favourabl« for long saaling timam, it ia at tha axpanaa of
waathar rasistanca of tha film dua to incraasad aoftnaas.
It is known that wunsaalad films hava a highar abrasion
rasistanca than saalad films.

Tha pH of tha saaling solution is important and
a ranga batwaan 5.S and 7.0 can ba racomaiandad. Two common
rangos ara 5.6 to 5.8 and 6.4 to 6.6 (80). If tha pH
axcaads a valta of 7.0 tha coating may ba attackod by tho
saaling solution, and bolow 5.4 tha soaling quality is
poor. Saaling solutions tand to bacoma acid in usa dua to
tha drag-in of anodising alactrolytas. This may bo
countaractad by additions of ammonia or caustic soda. It is
advisabla to buffar tha saaling bath against pH changas by
adding lg/1 ammonium acatata. If tho pH should risa, it can
ba corroctad by adding acatic acid.

As with dyaing, mains watar should bo avoidad
~inca it contains impuritias. Tha daminaralisod watar may
bacoma contaminatod and tha affact of thaso impuritias has

raviawad (81). Tabla 9 givas soma common contaminants.
Howavar, diffarant tasting mathods dafino difforant
tolarancos. Tha silica tolaranca is so low that it must ba
kapt in chock. It has boon found to ba pH dapandant and tha
largast offacts occur balow < pH 6.0 . Admittanca tosts
fail to datoct poor saaling duo to tha prasance of silica
or phosphato ions. Phosphato is also known to inhibit
saaling. Films grown in phosphoric acid havo inharant
phosphata ions and dospito having larga poros (comparad to
sulphuric acid films), which might ba axpactad to hydrata

raadily, thaso films saal only aftar prolongad

94



trMtMnts <82). The«« »paciM inhibit «»«ling bacauM thay
form strong bonds with tha surfacas of tha pora walls.
Dissolution of tha oxida and incorporatad anions is

tharafora mora difficult and rapracipitation is inhibitad.

Tabla 9 (81)

Contaminant Maximum tolerance mg/1
PO* m- >
BiOa 10
r~ (Although NaF has bean found s
Cl~ to ba harmlass at 50mg/I, 100

and Cl~ at 400mg/l.)
Cur*- m detrimental to
Fa»* J saaling
Ca»* (It has bean found that

refluxing with CaCOa

deteriorated the solution.)

Crazing of tha anodic film is an unwantad sida
affact which occurs dua to a diffaranca in tha coafficiant
of tharmal axpansion batwaan tha matal and tha oxida. This
can ba avoidad by haating the work by holding it ovar a
small amount of staam bafora immarsing in tha saaling
solution. Crazing can ba raducad if tha aluminium is atchad
to produca a rough surfaca. This braaks up tha strassas in

tha film, as doas a fina particla distribution.
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2.4.4 at»M 8«lInQ

Scaling in steam, often at high pressures is an
alternative to sealing in boiling water. The advantage is
that steam and vapour are unlikely to contain contaminants
such as calcium or silicates. The condensed steam is in
affect distilled water. The disadvantages are that it s
difficult to operate and expansive. Large batches of work
are needed to fill the steam chamber in order to make the
process efficient. An inverted chamber is required to
prevent loss of steam upon removal of the work. The chamber
must be air-tight to ensure a positive pressure of steam.
Additives or pH monitoring and/or adjustments are very
difficult to make. As the steam condenses on the work it
may cause streaking of dyed films, although bleeding occurs
lass. Rinsing the work is essential since any trapped
solution would not be diluted to the same extent as in a
volume of wateri the trapped solutions would be washed away
slowly, possibly affecting the surfaces with which they
came into contact.

Generally, steam sealing is as good as water
sealing and the <choice is based on cost and operating
efficiency. The bast operating conditions are that the
steam must be damp and at a positive pressure to give a
temperature of 110*C (83).

Vapour sealing (84) uses SO/SO water and, either
trichloroathylana or perchloroethylane and has bean used in
a vapour degreasing-type of operation. This operates at

below 100*C.
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2.4.s 8»*1InQ Bloo«

Scaling bloont or Miut la a 1oob«, pracipitatad
powdar found on tha axtarior of tha poroua oxida and la
formed by hydratad alumina diffualng to tha aurfaca during
hydrothermal aaaling, Fig. 20 (78). It ia the ordar of
wavelength thicknaaa and diffara from tha aaalad oxida
ainca it diaaolvaa in acid and ia not abraaion reaiatant.
It appaara aa a white iridaacant coatingi not to be
confuaad with tha bloom formed from weathering. The bloom
ia con”aidarad a nuiaanca, particularly on coloured
finiahaa. Tha amut ia not touch-realatant and picka up dirt
and graaae eaaily. Thera ara two aolutiona to thia problami
removal and prevention. Originally tha bloom waa removed by
buffing with pumice powdar, or a wax emulaion was applied
to maak it. Due to the degradation of thaae waxes with
tima, tha bloom reappeared latar. Buffing ia very labour
intanaive, and although waxing ia quicker, it too takaa
conaiderable manpower. Another method of removal ia by
dipping in 30X/vol nitric acid at 20 to 30*C for 10min
(85). It ahould be enaurad that tha work ia well aealed
(indicated by the formation of the bloom!) ao that the acid
doea not attack the film.

The bloom can bo prevented by atopping tha
aeallng reaction Juat before the bloom forma. Thia practice
muet be approached with caution because the absence of
bloom may mean inferior sealing. The moat common form of

prevention is to include additives in the sealing solution.
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ThM« inhibit bloo« formation but au»t b* carafully
controlled «ine« if the level« rise, they may also inhibit
the sealing reaction itself.

Nickel acetate was one of the first solutions to
be used wrtiich facilitated easier removal of the bloom. The
porous coating is sealed with nickel hydroxide which still
forms a bloom, but this is more easily dissolved in nitric
acid (8&) than the bloom formed in water. This process was
modified further to include dispersing agents which reduced
the amount of nickel hydroxide and boehmite deposits, but
did not eliminate them totally.

Another approach was to use organic chemicals
which completely prevented smut formation. The difficulty
with this was that the sealing reaction and smut formation
result from the same chemical reaction. The chemicals must
be specifically tailored to prevent formation of bloom on
the surface wrtiile allowing boehmite formation within the
pores.

Although phosphate is known to inhibit the
sealing reaction, it can be used as a smut preventative in
concentrations of 3 to 10 parts per million (ppm) (B7>. The
concentration must be monitored carefully. Phosphoric acid
is also used (8&), but some phosphate is always present and
the concentration limits are soon reached.
Polyhydroxycarboxylates give a better finish than
phosphoric acid, and these together with phosphonates are
the most widely wused additives at present (86).
Polyhydroxycarboxylates have Ilow sensitivities to metal

ions and acids, and give the clearest surface finish.
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Two othar clasMS of organic coMpound* wusad »rm
polycarboxylatas and polyhydroxya. Tha formar clasa la
pracipitatad by acida and haavy aatal tona, but thay giva
good dya apot taat raaulta. Polyhydroxya alao par forni vali
in thia taat, but thay ara tharaally unatabla, and tand to
foaa (8&>.

Additiva concantrationa ara uaually 1 to 2al/l or
g/1l, and aolution taaparatura, pH and aaaling tima ara tha
aaffla aa for convantional aaaling. Anti-aaut additivaa bava
atringant charactariatica. Thay muat not affact tha
parforaanca of tha aaaling aolution, avan whan tha
concantration ia inadvartantly high. Thara muat ba no
diacoloration of tha film during aaaling or waatharing.
Thay «uat ba aolubla in watar and laava no raaiduaa on tha
aurfaca of tha oxida. Thay nuat not maka tha aaaling
aolution aanaitiva to matai iona auch aa aluminium,
calcium, tin, nickal or cobalt, and thay muat ba tharaally
atabla. Tha anti-amut additivaa muat not affact tha raaulta
of aaaling taata, particularly tha admittanca taat, dya
apot taat and waight loaa taat. Tha firat ia govarnad by
tha fillad pora and ao any additiva which affacts aaaling
aa a whola will giva poor raaulta. Tha lattar two taata ara
not only govarnad by tha fillad poraa but alao by aurfaca
phanomana. Tharafora if an additiva pravanta bloom by
attaching itaalf to tha aurfaca, than thia will affact tha
dya apot taat. It ia nacaaaary to parfora aa many taata aa
poaaibla in viaw of thaaa facta. It followa that tha
anti-amut additiva muat ba raatrictad to tha aurfaca of tha

oxida film ao aa not to modify tha pora filling matarial.
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This can bs controllad by Incrsssing tha solaculsr siza so
that it cannot antar tha poras. Gohausan and Shoanar (86)
proposad that saut is actually supprassad rathar than
aaskad by tha additivas. Thay put forward tha thaory of tha
"thrashold affact'. Tha additiva, in vary small
non-stoichioaatric concantrations, pravants tha formation
of crystallina compounds. This is shown in Tig. 21 (86),
whara tha anti-smut agant is adsorbad onto tha growth
cantras of tha crystal nuclai and pravants furthar growth.
Obviously, tha anti-smut agant must fit corractly in ordar
to pravant crystal growth, and tharafora diffarant agants
will giva diffarant dagraas of smut pravantion. Thasa
agants act immadiataly at tha start of smut growth, and so
ara only naadad in small amounts. It can ba saan that thasa
additivas affact tha surfaca phanomana and raact with tha
dya stain molaculas to giva various rasults for diffarant
additivas.

It is difficult to apply additivas to staam saals
sinca it is only condsnsad watar which comas into contact
with tha oxida surfaca. A pra-saal may ba wusad whara tha
work is immarsad in a solution containing an anti-smut
agant. It is subsaquantly saalad in staam. Tha smut
pravantativa may ba washad off by tha condansing staam to

laava a patchy surfaca.
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Fig. 21 (86)

sc)iematlc representation
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2.4.& g««lInQ B«th Addltlv»

Th*M additivM augiMnt th* hydration roaction by
co-pracipitation of «atal malts in thm poras. Tha aost
comaon saaling solution is that containing nickal salts,
usually tha acatata. Nickal hydroxida is co-pracipitatsd
along with tha hydration raaction to 'plug’' tha poras. Hoar
and Wood (88) suggastad that tha poras closad by succassiva
stagas of inward ntovaaant of saaling matarial. Tha pora
mouth was also closad. Tha machanism proposad was an
'‘advancad proton' modal for tha transport of OH- ions and
othar anions through tha oxida. Tha H- ion movas raadily
batwaan 0*~ ions and aftar formation of OH- ions in tha
sur faca layar, tha OH~ ions tharmally dissociata and H"-
ions mova by tharmal diffusion into tha sacond O*" layar.
This movamant of protons attracts anions such as OH~ ions
prasant in tha nickal acatata solution. This is causad by a
high alactrostatic fiald. This high fiald stops tharmal
diffusion of OH- ions.

Nickal acatata can also ba usad in conjunction
with cobalt acatata. Typical concantrations and conditions

ara givan in Tabla 10.

Tabla 10
Nickal acatata S-5.8g/1 IS to 20 min, 70 - 90*C,
Cobalt acatata 1.0g/1 pH S - 8 (optimum).

Boric acid 8-8.4¢9/1
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Th« boric acid acts aa a buffer. Nickel acetate can either
be wused ae a preseal solution followed by Ilemerslon in
boiling water, or wused near to the boiling point itself,
usually containing seut inhibitors. Control of smut
inhibitors is necessary since the nickel hydroxide blooe
becoees heavy if left unchecked. Seut inhibitors may act by
the ‘'threshold effect' or they may act as dispersants for
the hydroxide or be more specific than this (89).

Advantages of nickel salt seals are that they are
less sensitive to bath contaminants than deionised water.
Phosphate and silicate are precipitated as insoluble nickel
salts, and are rendered harmless to the sealing mechanism.
The precipitated nickel hydroxide inhibits staining,
increases the resistance to alkaline media and increases
the lightfastness of some dyes. Certain dyes. Golden Orange
RUM, Orange QL, Red GLU and Red RLM are less lightfast and
tend to bleed in the solution. Those which do benefit are
Bordeaux RL, Bronze G and Black LL <90). The precipitation
of the salts prevents bleeding and they may also react with
the nickel and/or cobalt to form a new metal complex. The
dye can be said to be 'fixed' by the seal.

Generally coatings sealed by these methods show
inferior corrosion-resistance compared to water sealed
coatings. Bloom can appear on long term exposure as a
result of weathering combined with the re-emergence of
hydroxide deposits (91).

More nickel salt solution is retained in the
pores of films which have been anodised at high

temperatures. This is due to the ‘'funnel' shape of the
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pores crMtsd by the greater acid dissolution of thi

exterior surface at the high teeperatures.

2.4.7 Dichroeate and Other Sealing Solutions

Corrosion resistance of anodised aluninium can bi

improved by sealing in a solution of chromate/dichromate.

Typical concentrations for highest corrosion resistance an

given in Table 11.

Table 11 (92 and 94)

Sodium dichromate 70 - 100g/1
Sodium carbonate 18g/1 2 to 4 min or
or Sodium hydroxide 13g/1 up to 10 min.
pH S.3 - 74
Temperature not less than 96»C
Potassium dichromate 159/1
Sodium carbonate 49/l 2 to 4 min or
or Sodium hydroxide 3g/1 up to 10 min.
pH 6.3 - 7.3
Temperature 90 - 93»C
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Am with nickml malt mmmim thm «rnchanimm of mmallng Includmm
incorporation of matal iona and hydration. Chroaata im
absorbad at low pH and thm hydration procmam which cloaaa
thm porma and trapa tha CrOc« iona occura at an optimum
pH graatar than 6.0. With incraaaing pH tha chromium uptaka
dacraaaaa whila pora cloaura incraaaaa. Chromium uptaka ia
graatar at tha pora moutha and ia dua to alowar pora
cloaura at low pH allowing mora aolution to antar tha
poraa. It waa notad by Hoar and Mood <88> that tha
initially alow aaaling rata of dichromata aolution
incraaaad with tima, probably dua to chromata axchanging
with 0*~ in tha film. Thia incraaaad tha pH. For raducad
chromata conaumption tha coneantrationa in Tabla 11 arm
uaad.

Tha corroaion raaiatanca ia a function of tha
hydration raaction and tha raaiatanca of tha abaorbad
chromata to laaching. Tha typa of axpoaura to tha
atmoaphara ia mora Important than tha pH ia to tha dagraa
of laaching. Tha abaorbad chromata givaa tha film a
diatinct yallow coloration, and thia limita tha uaa of thia
procaaa to work whara colour ia of littla importanca.

An important addition to daioniaad watar ia
ammonium acatata. Thia acta aa a buffar and doma not altar
tha hydration machaniam. It buffara tha aolution againat pH
fluctuationa which can bo cauaod by drag-in of acid. It haa
baan found (93) that thia aolution 1ia alightly mora
tolarant of phoaphata and ailicato than puro daioniaad

watar.
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2.4.B Imormanmtlon of th» Anodic Oxid» Film

Th» machania« involve« ’'por« plugging’ rather
than hydration. This is due to the low teeperature« used.
Water does play an ieportant part in a condensation or
'ageing’ process at ambient temperatures which is a
post-treatment reaction. Both aqueous and alcohol-water
solutions are used which contain silica or fluorides which
are precipitated out to plug the pores. Bacchi (95)
described the impregnation mechanism. The ’plug’, at the
mouth of the pore, forms more slowly than that formed
during high temperature hydrothermal sealing. During the
latter process, once the pore mouth has bean closed, the
remainder of the pore is sealed by a ’'condensation’
mechanism with a reduction of free energy. Partially sealed
films become wall sealed upon ageing. This is more
pronounced in nickel salt sealed films. The presence of
nickel prevents the deleterious effects of contaminants. |If
the mouths ware to remain open for longer, the sealing
inside the pore would be more complete. This is the aim of
impregnation. Admittance tests are not passed until a few
hours after impregnation. This result improves after days
and weeks. This is an analogous situation to partially
sealed hydrothermal films. Hoar and Wood (88) showed by
impedance measurements that a short plug of semi-solid
material probably formed. The absence of a sufficient
surface plug allows a high conductance and lower electrical
capacity. This allows the ageing process to proceed and

eventually the film becomes wall sealed. The disadvantage
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of iMpragnation is that sssling quality cannot ba chscksd
ikM»adiatsly after sealing. Qood admittance test results
have been achieved immediately after production by
accelerating the ageing process by means of a hot water
treatment, but this negates the supposed advantage of 'cold

sealing' of saving energy.

2u3__S«*linQ__Smut. Weathering Bloom__uui__Pitting__stl__ tlUI

Anodic Oxide Film

2.5.1 Introduction

Sealing smut, or bloom, is a fairly soft, powdery
precipitate (by comparison with the normal film) which is
formed on the surface of the oxide during sealing. This
bloom is reprecipitated hydrated alumina (boehmite), which
diffuses to the coating surface. Once removed by abrasive
cleaning with pumice, sealing bloom does not return, and
the coated article is ready to be used in architectural
construction. Providing the oxide film quality meets
certain specifications, then it should perform well for
many years, with appropriate periodic cleaning. However, if
the specifications have not been met or the anodising
process conditions are not correct, the work may suffer
various forms of deterioration. A disfiguring bloom may
form which is different to that formed during sealing. It
cannot ba parmanantly removed by cleaning. Initially,

cleaning may improve the appearance, but the bloom often
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raturn«. This blooM ia tha raault of phyaical dagradation
of tha atructura of tha film cauaad by waatharing and
chaaical attack. Tha moat aignifleant factora which
influanca tha raaiatanca to datarioration ara tha aaaling
quality, tha anodic oxida coating thicknaaa and tha
abraaion raaiatanca.

Uaatharing bloom, alao known aa ‘chalking’', (96)
can ba daacribad aa cracking and flaking of tha aurfaca of
tha film. It ia aaaociatad with chamical attack by acidic
or alkalina madia. In tha anvironmant it ia uaually cauaad
by aulphur dioxida gaa which forma aulphuroua acid in
aolution. Tha baaia matal is not affactad by this form of
dagradation. Tha affacta of waatharing can hava othar
advaraa conaaquancaa on tha anodic filmi iridescanca,
irragular bloom within tha film rather than 'chalk' on tha
aurface, and pitting corrosion. Colourad films can come
undar attack. Bloom or iridascanca can affact the <colour.
Fading of dyes is accelerated by inadequate sealing.

Iridescence can be seen most clearly on dark
coloured films, but it can be observed alao on 'natural’
colours. It is cauaad by interference affacta within thin
layers of translucent bloom. This initial stage of
waatharing is often a precursor to tha more obvious bloom.
The iridescence can be removed by cleaning although this is
very expensive.

International Standards only recognise two forms
of superficial weatharingi ‘chalking', which is a powdery
surface deposit, and ‘'waatharing bloom', which is a

whitening of tha film cauaad by mild chamical attack.
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HowMvari Furn«ux (97> distinguishvd four difforant typas
of dagradation dua to outdoor axpoaura, and aacartainad
whathar particular anodiaing and aaaling mathoda influancad

tha typa of dagradation obaarvad.

1. 'Chalking' waa found to occur on 'aoff filma which had
baan producad in aggraaaiva alactrolytaa, or anodiaad at
high tamparaturaa, or whara work waa itnmaraad in tha
alactrolyte for long parioda. Chalking was cauaad by
flaking of tha oxida film and was bound up with a watar
loaa-gain cycla which may hava affactad tha intarmadiata
layar. This layar has baan found to ba thickar than Snm in

soft films, wharaas normally it is loss than It>m

2. Meatharing bloom (not that caused by chalking) was
associated with poor sealing. Gross surface etching occultred
where cell boundaries had baan preferentially attacked
producing thin surface layers of different refractive
indices. This gave heavy bloom, while light matting was
associated with attack of the cellular structure. Both
types of weathering probably occur after tha iridescent
layer, or regions susceptible to resmutting, have been

lost.

3. 'Rasmutting’ occurred during weathering when an
anti-smut agent was used during sealing. This agent
decreased the formation of sealing smut. Any smut which
formed was easier to remove. It was thought that no

intermediate layer was formed when additives have baan
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uMd. It was concludad that resauitting was a surface
etching together with some precipitation of basic aluminium
sulphate. This attack was thought to be localised because
anti-smut additives inhibit sealing at the pore mouths.
Similarly, when additives have not been wused, resmutting
can occur once the iridescent layer has bean weathered

away.

4. Iridescence occurred on well-sealed films when cleaning
had not been sufficient to remove the sealing smut and the
intermediate layer. It was the latter layer which caused
the interference effects.

The last form of attack is pitting corrosion
(96). This is not as dependent upon sealing quality as upon
alloy type and film thickness. Pitting is a very localised
form of attack, usually associated with defect sites such
as flaws in the basis metal. Pitting declines with an
increase in the purity of the aluminium and is associated
with intermetallic constituents. It is a long-term form of
degradation and although a film may be well sealed, pitting

can eventually undermine the oxide coat.

2.5.2 Assessments Tests

The need to prevent deterioration of the
appearance of the finish of the anodic oxide is of the
utmost importance. Mill finished aluminium is sufficiently
corrosion resistant for buildings but soon looks

unattractive. The cost of anodising or painting is entirely
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to ratain < good appaaranca, hanca any loaa of aaathatica

is a fault avan whan corrosion is not sarlous. To ansura a

good appaaranca, avary aspact of anodising must ba
consldaradi alloy composition and microstructura, surfaca
topography, pratraatmants, anodising procass variablas,

colouring and saaling procassas togathar with coating
propartias, fabrication and installation, and anvironmantal
conditions. Each of tha conditions of any of thase stagas
may ba changad to impart a diffarant affact on tha oxida
film. Changas may ba advantagaous or datrimantal, and it is
tha skill of tha anodisar to achiava tha optimum conditions
for tha film that is raquirad.

Anodic oxida film propartias naad to ba assassed
in routina production control to maintain standards laid
down. This is dona by assessmant tasts, which indieata how
tha anodic film will parform ’'in sarvica’. Parformanca can
ba Judgad from thasa tasts in most cases, but information
from short tarm ’accalaratad corrosion tasts’ and long tarm
axposura tasts complatas tha pictura. Tha accalaratad tasts
ara davisad in ordar to spaad up tha affacts of waatharing
and corrosiva anvironments. In this way obsarvations of
rasistanca to datarioration can ba mada ovar a managaabla
pariod of tima. Long tarm axposura 'in tha fiald’ is tha

only ganuina way to monitor performance. Assessment tests

and short tarm tasts ara comparad to tha parformanca in
sarvica.

Two of tha most significant factors in
archltactural anodising ara tha saaling quality and

abrasion rasistanca which togathar giva soma indication of
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thMm M «th«tic dur«bility. Othar propartla* which mrm
important are anodic film thicknaas, light faatnaas and
u.v. light fastnaaa (for colourad films), optical and
alactrical propartiaa. Ganarally, optical propartiaa auch
aa apacular and total raflactivity and imaga clarity, and
alactrical propartiaa auch aa braakdown voltaga and
dialactric atrangth ara important in wuaaa for anodiaad
aluminium othar than in architactura. Light faatnaaa ia
usually only applicabla to colourad films (saction 2.3).
Dagradation of colourad architactural componanta can still
ba ragardad as poor aasthatics since the original
architecture is changed by it. Fading may be due to surface
dagradation and must ba prevented. Anodic film thickness is
vary important in architactural applications. Up to 10"m
thickness is used for decorative applications where
appearance rather than corrosion resistance is the prime
factor. Thicknesses less than IOpm ara adequate for
intarnal use. United Kingdom specifications for external
applications (1S020&4i1980, BSIfilSi1987 and BS3987i1974)
require a thickness of 2S>im. Anodising dulls bright
finishes and as the thickness is increased, tha coatings
lose their specularity. This is usually wunimportant in
architactura since a matt, etched finish is the norm. The

emphasis is on maximum protection to preserve the aesthetic

appearance. Very thick films (>50t<m) are used in
engineering because of their hardness and abrasion
resistance. Unsealed components of high thickness are used
for high wear conditions. Colouring processes in

architectural anodising do not normally affect the film
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thickness. Dyes require a file of at least ISnin in
thickness to be properly absorbed. Thickness is irrelevant
to electrolytic and interference colouring. Integrally
coloured films depend upon coating thickness.

Film thickness, sealing quality, abrasion
resistance, corrosion resistance and weathering are all
inter-related as each is a function of the anodic oxide
coat. Each function can be assessed separately by different
tests. The true picture is assimilated from information
derived from all the functions involved.

Measurement of film thickness is straightforward
and has been described in the Experimental section, as have
a number of other tests for sealing quality. The quality
control tests are the dye spot test (1S02143i1981 and
BSei&liPart 5:1982) and the admittance test (1802931:1983
and BS6161:Part 8:1984). These are non-destructive tests.
Other tests are used for referee purposes and where the
former two are not suitable. These are the nitric acid
pretreatment followed by immersion in acidified sodium
sulphite solution or in sodium acetate/acetic acid solution
(1802932:1981 and B861&I:Part 4:1981). Also immersion in
chromic acid/phosphoric acid solution (1803210:1983 and
BS6161:Part 3:1984). These are destructive tests. All the
above tests examine different aspects of the anodic film.
The dye spot test examines the sealing quality at the
surface of the film in one specific area. It measures the
sorptive properties of the film surface. Admittance
measurements are dependent upon film thickness and sealing

quality for a defined area. This test measures the
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impadanca propartias batwaan tha baaia aatal and tha
alactrolyta on tha aurfaca (and within tha poras).
(Howavar, IKHz a.c. ia uaad and tha raaiatanca ia high avan
without aaaling bacauaa of tha barriar layar.) Tha
immaraion taata maaaura tha chatnical raaistanca of tha film
whara ganaral aurfaca attack ia aaaaaaad.

The raquiramant of thaaa tasta ie a minimum
aaaling quality, rathar than diffarent degraes of sealing.
Sealing givea tha film a good chemical reaiatance which is
observed when it passes tha above tests. The admittance
tast does not indicate tha presence of contaminants or
excess anti-smut agents. Dye spot tests (981 rely on the
absorption of a dya into tha open pores of the oxide film.
This is a surface phenomenon. The first solution sensitizes
the surface. The second solution is a dye which is absorbed
by unsealed or poorly sealed films. No dya absorption
occurs with well sealed films since the pores are blocked
by boehmita. This is a quick and simple test but is prone
to subjective evaluation of the intensity of the dyed spot.
It cannot be wused with dark coloured films and is less
sensitive to seal quality with nickel or cobalt sealing
solutions. Anti-smut agents can give misleading results.
Tha test can be used on site’ and on the production line,
and can be applied to non-significant surfaces.

The effects of sealing can be studied by
a.c.-bridge measurements of the electrical impedance of the
file during sealing over a wide range of frequencies (99).
Impedance for an anodic film is related to the combined

values of resistance and capacitance, which is dependent on
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fraquvncy. Th* thicknass, atructiirai composition! mathod of
formation and typa and axtant of saaling affact tha ability
of tha film to pass a vary low voltaga altarnating currant
whan in contact with an alactrolyta ovar a spacifiad araa.

Hoar and Mood (88) maasurad impedanca
charactaristics of films during saaling using a
saries-resistance-capacitance balancing arm in an a.c.
bridga. Tha analoguas comprising of resistance! R and
capacitance! C! which represent the anodic film are given
in rigs. 22 and 23 (88>. Mernick! Pinner and Sheasby (100)
noted that the values of R and C were not specifically
related to any physical feature of the films and no
supposition was made concerning any electrical analogue. It
was only an analogy of how the film could be represented by
an electrical circuit. The individual components could not
be measured, but they represented the functions of the
barrier layer, pore etc. By observing the difference in
values batwaen unsealed, partially sealed and well sealed
films, it could be inferred from a knowledge of the
mechanistic models, how each component, and the whole film,
was affected by the changes brought about by sealing. When
the a.c. bridge was balanced over a wide range of
frequencies for one set of components, then a parallel had
been established between the network of components and the
film. This parallel was clearly demonstrated by Hoar and
Mood (88) who described Fig 22 as an unsealed film, and Fig
23 as a partially sealed film. By using
resistance-capacitance balancing arm in the a.c. bridge,

estimates of the components of the complex impedance were
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aluminium

Pig. 22 (88)

film surface

Fig. 23 (88)
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found. Uhan films war* s*«l*d in nickal *c*t*t* solution
th* por* rasistanc* incraasad. A substantial part of Ri was
concantratad as Rt.t which was intarpratad as a short
"plug’ of semi-solid material. This had a higher resistance
than the electrolyte. Across the length of the ’'plug’ was a
moderately high capacitance Ct.i. The ’'plug’ retained a
substantial amount of water and the high dielectric
constant would have contributed to the large capacitance.
Prolonged sealing increased the pore resistance. Ct.i and
Ct.a ware reduced due to the decrease in the diameter of
the main pore length. The ’'plug’ also increased in solidity
probably reducing the effect of the high dielectric
constant of water. The barrier layer capacitance Ca was
reduced which corresponded to an increase in the thickness
of this layer. However, since a.c. as well as d.c. causes
aluminium to be anodised, the prolonged application of a.c.
to unsealed and partly sealed films may change the film
being studied.

The reciprocal of impedance, 1/Z, is the
admittance and is a more wuseful term to use. The operating
details are given in the Experimental section (3.5.3). The
admittance readings are satisfactory over the range 5 to
30pm in thickness. The method of measurement commercially
is not the same as the a.c. bridge technique. Commercial
instruments give a value for the admittance directly, and a
single frequency of I000Hz is standard. These Instruments
are useful in production control. They are very useful
alone but can give even more information when combined with

other tests. Electrolytically coloured films have given
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enomalouB raaults which are discusMd in < latar Mction
(4.9). Tha affacta of contaminanta auch aa ailicataa and
phoaphataa ara not datactad and anoflialoua raaults can alao
ba obtainad with aoma aaaling additivaa. Tha apparatus can
ba used 'on-sita' and on tha production linaa on any flat
aur faca.

Mood and Marron (101) usad a.c. impedanca
meaauraments togathar with alactron probe microanalysis to
investigate the sealing properties of various solutions at
different stages of sealing. Nickel-containing and
chrofliiuRi-containing solutions ware wused, and impedance
measuramants ware made as soon as possible after entry into
the solution. This method was not as sensitive to the
initial stages of sealing as readings taken at ambient
temperatures after sealing. The conclusions drawn were
confirmedi tha increase in R» with time was a measura of
pore closure, ageing continued for vary long periods after
removal from the solution, pores closed in depth but with
pore plugging near tha surface the most significant factor.
After an initial stage where the sealing solution ions
rapidly penetrated the pores to form a gel, particularly at
the pore mouths, the second stage caused a solidification
of the gel. The impedance increased, and the transfer of
hydrating species was reduced. The solidification continued
in the third stage, presumably by the 'advanced proton’
mechanism  (88). It was impedanca measurements which
monitored the gel changes. The impedance increased with
solidi fication.

Impedance measurements are also influenced by
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film thinning and th* dialactric constant of tha
alectrolyta, as wall as spacias such as nickal and chroaium
ions which bacoina trappad within tha poras. For nickal
solutions with low <coneantrations tha impadanca would be
highar for a given extent of pore closure. There would be a
lower sealing rate and a slow pore closure would be given
by a high absorption of nickel. All chromium solutions
showed an induction period before impedance increased
significantly. In a subsequent paper, Mood and Marron (101)
showed that the impedance became Iless the highar tha film
formation temparature. Tha film was mora porous and CrOc«

ions ware absorbed for a longer period of time. pH was kept
low so hydration was slower. The impedance was also lower
because of the large cross-sectional area of the pores. It
was also suggested that prolonged sealing may be

detrimental to the film.

2.5.3 Acid Immersion Tests

The minimum sealing quality is assessed by the
chemical resistance of anodic oxide films in certain
solutions. These are destructive tests and are generally
used for referee purposes in cases of dispute. A
representative sample must be taken from the production
line for analysis. The test cannot be used 'on-sita’. Tha
tests give a quantitative evaluation of the degree of
sealing by weight loss measurements over a fixed period of
immersion. There is no dissolution of the basis metal.

The acidified sulphite test (Kape test) wuses a
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fr<sh solution (B86161liP«rt 4i1981 snd 1802932i1981). Thsrs
is s 10fflin prsdlp in SOX nitric «cid. Ths wsight loss «t
this stags m«y givs ussful information! for axampla a
waight loss ovsr lg/dm* oftsn suggasts inadaquate film
quality. The spaciman is then immersed in the test solution
and the waight loss par unit area calculated. The maximum
waight loss for adequate sealing is 2g/dm*. The acidified
sulphite test is a controlled laboratory experiment
designed to create a corrosive enviroment similar to that
found in service. Sulphur dioxide is produced in solution.

The chromic acid/phosphoric acid test is another
immersion test (1S03210i1984 and BSSIGIliPart 3>1984). This
solution is reusable until 0.1m* of anodised surface has
been treated par litre of solution. The nitric acid predip
is not specified but the BSI committee is considering
introducing it in a future revision. Chromic
acid/phosphoric acid is slightly more aggressive than the
Kape test, and a maximum weight loss of 3g/dm* s
acceptable.

Furneaux and Wood (102) assessed the effect of
acid immersion on unsealed, partially sealed and well
sealed anodic films. It is known that the nitric acid
predip ’'sensitizes' the film surface. Unsealed and partly
sealed films Jlost the surface and intermediate layers
during the predip, which does not occur in other solutions.
This ’'sensitizing’ of the film surface indicates that the
surface sealing products are undermined. Dissolution occurs
readily in the sulphite solution. However, when a well

sealed film was subjected to the predip, not all the
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intarnadiat« layar wan raaovad. A «lightly acidic pH,
causad by tha praaanca of sulphita and sulphata ions,
influancad tha aluminiua oxida/watar raaction and tha
soluta or disparsad aluntinium-containing phasas were
precipitated on the film surface. Initial pathways opened
up by the nitric acid healed over due to the precipitation,
and the admittance readings were found to decrease. Other
acids did not undermine the surface <crystals due to the
nature of the acid anions and the degree to which they
interacted with the solute or dispersed
aluminium-containing phases. Compared with phosphoric
acid/chromic acid solution, nitric acid attacked unsealed
and partially sealed films less rapidly, possibly due to
the low temperature. The chromic acid/phosphoric acid test
attacked the coating fairly uniformly« slow dissolution of
the surface crystals followed by more rapid dissolution of
the intermediate layer. Unsealed films were rapidly

dissolved because the film was unprotected and the solution

temperatures were high. It was shown that the surface
topography of the basis metal influenced the attack of
Immersion solutions on poorly sealed films. Sites for

preferential attack ware possibly ridges or depressions,
and the composition of these may have varied the
susceptibility to attack.

The precursor to acid immersion tests were the
absorption of dyes and coloured chemicals, and the
subsequent qualitative and quantitative estimate of those
chemicals. In 1960 Hoar and Wood (103) proposed a

colorimetric method of estimating the degree of sealing. A
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post-saaling traatmant waa applied whara tha film was
ifIMnarsad in potassium dichromata solution at 9S*C,
dissolved in sodium hydroxide and tha chromate content
determined by diphenylcarbazide. The results ware compared
to those obtained by a.c. impedance and weight increase
measurements. It was found that unsealed films absorbed the
coloured chemicals. The longer the films ware sealed, the
less the chemicals were absorbed, but the influence of the
file thickness, sealing solution, concentration of
dichromate, pH and temperature on chromium uptake was
important. It is well known that dichromate is a sealant
itself (section 2.4.7) and its use at 9S*C as a post-sealant
must be in serious doubt. This is in effect a second
sealing treatment, and no assumptions can be made upon the
content of chromate as found by the diphenylcarbazide

method. This test was not pursued further.

2.5.4 Abrasion Resistance

Abrasion resistance and hardness of anodic
coatings are very important for engineering applications
since wear resistance and strength are the main properties
required. Due to the effects of degradation and weathering
of architectural anodic finishes, the measurement of
abrasion resistance has become increasingly significant,
especially with respect to sealing quality and coating
thickness.

Abrasion resistance and hardness are two separate

properties, and it is only the former which plays a
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significant rol* in architsctural anodising. In ordar to
distinguish batwaan tha two propartias, an axplanation of
aach is givan. Hardnass (104) can ba maasurad only for
aatarials which undargo plastic daformation, and allow an
indantation to form. A hardnass valua is calculatad from
tha known load appliad and tha maasuraments of tha
indantation. Elastomars racovar as soon as tha load s
ramovad, while hard, brittle materials like glass, fracture
at a critical load rather than deform. The anodised metal
is composed of a hard oxide coating on a soft substrata,
and any load applied will affect the aluminium. Tha
hardness figure represents a combined value of the oxide
coating and the substratei the latter actually suffers tha
majority of the indentation, which ruptures under the
applied load. To avoid the effect of the soft substrata, a
normal micro-hardness indenter (10S> is used which makes a
series of indentations on a cross-saction of the film,
using vary low loads a.g. IS or SOg. This method is only
used for hard anodic films and those greater than 2Spm in
thickness. The hardness at various positions throughout tha
film can be tested in this way. This method is not
influenced by tha basis metal and therefore the ‘'hardness’
of the anodic film is measured.

Abrasion resistance should be a measure of the
resistance to an abrasive medium. This can be interpreted
as a wear resistance rather than resistance to deformation
at a specific point. A conventional method is the Jet
abrasive test. This is quoted in terms of the mass of

silicon carbide per micron of coating required to penetrate
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th« film. The Schuh and Kern abrasive Jet method was
adopted in BSI£15il972 and is now included in 1S082S2il987
and BSSIGliPart 10i1987. The abrasive and air supplied to
the apparatus must be dry. The values obtained are
comparative only and depend upon the particular apparatus
used. Other Jet tests give different results on the same
test sample due to experimental variation of the apparatus.
It has been found that dyed, pigmented or impregnated
coatings may be assessed, where admittance values are
untrustworthy (106).

A more recent advance is the abrasive wheel test
(section 3.S5.9). This method is becoming increasingly
widespread in its use and is the subject of a draft
international standard (ISO DP82Sl)and is included in
BS6161liPart 9i1987. This method is not subject to
variations associated with the Jet abrasion test; the
abrasive paper is standard and varies little, whereas, by
virtue of the Jet test using a particulate abrasive under
pressure, variations have been found (107). These were
associated with the abrasive, the apparatus, the rates used
and the water content in the air and silicon carbide. The
abrasive wheel method (I0S) uses a load of 400 gram force
(gf) and 400 double strokes (ds). The film thickness loss
(or weight loss) from the abraded area as a function of the
number of double strokes used, is the measure of the degree
of abrasion. This can be quoted in terms of wear
resistance! the number of double strokes per micron of
wear | or the abrasion resistance which is the the thickness

loss per 100 double strokes. The wear index (mass or
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thlckn«B*> is given as

wear index - loss (ease or thickness) of saenle (2.8)
loss (Mass or thickness) of standard

20*C, HaSO« film

for a specified number of double strokes. This method can
give a ’'profile' of an oxide coating showing changes in
hardness throughout the film as it is abraded away.
Information about production and/or degradation may be
revealed, for example soft layers within the film. A
standard film is used for comparative purposes only. The
disadvantage of this method is that it requires a test
sample from the production line and cannot be wused
on-site. The process is also time consuming to set up and
often upto 200 samples are required for quality assurance.

The need arose for a simple non-destructive
abrasion test which could be used 'on-site’ on
non-significant surfaces. Clarke (108) has devised a simple
abrasion test for the control of quality of anodic films.
Using glass, garnet and silicon carbide abrasive papers in
turn, anodised films can be divided into classes which
indicate the propensity to ’'chalk’ in service. The test is
based upon the principle that one material is only
scratched by another which is harder. This is Mohs’
principle. If the abrasive is harder than the oxide, film
dust is picked up by the paper. The abrasive can be felt to
'bite’ into the film, abrading it. If a film is harder than

the abrasive then no chalk-like dust appears. The abrasive
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pap*r maraly burnishas th* film. The loss of thicknmsB, if
any, i> mmasurmd by the rnddy currant mathod. Tha thraa
diviaiona of anodic film givan by glaaa, garnat and ailicon
carbida papar ara aa followai

1. Filma acratchad by glaaa papar ara too aoft for axtarnal
applicationa.

2. Filma acratchad by garnet and silicon carbida but not
glaaa papar ara those produced by correct sulphuric acid
anodising procedures, and dyed <correctly by any of the
standard procassas.

3. Those films scratched by silicon carbide paper only are
those produced by <correctly operated integral colour
anodising procedures, those formed in oxalic acid,
sulphuric acid films formed below S*C (hard anodising),
films produced by normal sulphuric acid anodising but not

hydrothermally sealed.

Clarke (108) made between 13 and 200 teste on individual

members of numerous samples drawn from production batches.

The Acceptance Quality Level (AGL) wused in acceptance
testing is 1X. This is because not all members have the
same abrasion resistance and there will be slight
variations. If more than IX of the members of a batch are
scratched by glass, then they are put in the glass
category. I f less than IX then they are in the garnet

category. Similarly if more than [IX are scratched by
garnet, they are in the garnet category and if less than
IX, they are in the silicon carbide category.

Table 12 (108) shows natural and coloured films
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Tabi« 12

abrasive wheal test (apparatus manufactured by the Cufla
Instrument Company) using glass, garnet and silicon carbide
papers, and the three paper test. The hardness boundaries
between the three abrasives are defined in terms of this
abrasive wheel test. The tests were repeated with garnet
paper and glass paper to provide a comparison with the
silicon carbide paper. The conclusion was that the softer
abrasive papers removed the film almost as fast as silicon
carbide if tlie film was soft, but they removed almost
nothing when the film was harder. Some materials such as
very hard matt anodic films increase in thickness after tlie
glass paper test because they pick up burnished glass from
the paper during the test.

A major distinction between the abrasive wheel
test and the three paper test is that the latter can detect
a film which possesses a soft outer layer of 1 to 3pm in

thickness. This occurs under certain production processes.
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It can b* ramovad by claaning to laava tha undarlying hard
film. Tha aoft layar ia ravaalad by dust on tha glass
papar. If a frash araa of glass papar is usad on tha sama
waar track a sacond or third tima« no dust appaars,
indicating the outer layar has bean ranoved. A check with
tha eddy currant mater confirms this and tha resistance of
the 'bite’ is no longer fait. If tha film was soft
throughout, repeated glass paper tests would continue to
show tha dust, and the abrasive wheel test would show
unsatisfactory results.

These are comparative tests. Tha thickness loss
varies for tha abrasive wheal test with tha load and number
of double strokes. If an anodic film is rough or unevan,
tha abrasive wheel test removes more film from high spots.
The three paper test is not affected in this way. The

degree of pressure exerted does not affect the result since

if a film is harder than the abrasive, no amount of
pressure will scratch it. If a film is of sufficient
quality , the small test area will not be subjected to

degradation since the film thickness loss is negligible by
virtue of the nature of the test i.e. a poor quality film
scratched by abrasives will not reach the minimum
requirements and hence will not perform well in service.

If the three paper test is to be wused in

conjunction with the abrasive wheel test, careful
interpretation is required of both teat results. The
thickness wear resistance ()>m/100ds> gives a good

indication as to the film quality. In commercial anodising

limits must be set to allow for a percentage variation. In
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thi» cas* an uppar limit of 1.4 for thm thicknaaa waar
indax (glaaa papar) ham baan suggastad on a dafinad
parcantaga, ainca variationa do occur in production. It haa
baan propoaad that an AQL <B.S.161S11987, Appandix E> of 1%
abova tha thicknaaa waar indax of 1.4 (109) anauraa that
poor quality work ia rajactad. If tha thraa papar taat ia
uaad in conjunction with tha abraaiva whaal taat aa a go/no
go taat, battar quality control could ba achiavad. 1007.
complianca with a apacification raquiras 100X inapaction
which is oftan impractical whan thara are more than 100
itams. If a number of random aamplaa from a batch are
taated by the go/no go test and are found to ba acceptable,
and if those same samples are tested by the abrasive wheel
method, tha batch as a whole may be accepted upon a
specified percentage of samples which ara below a specified
wear index value. If one or two samples, which have not
been tested are outside the acceptance limits and do chalk
in service, then it is not unduly costly to replace them.

Abrasion resistance tests are becoming more
important as a means to predict performance in service,
since they are sensitive guides to factors which have an
influence on weathering behaviour. At the same time
information about the anodising and sealing conditions may
be revealed. By wusing these tests to supplement existing
assessment tests, a much clearer picture of the history and
future performance can be formed.

The abrasion resistance is influenced by the
anodising and sealing variables. Low sealing temperatures

increase abrasion resistance, whereas most other tests show
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infarior film quality undmr thmmm conditions. It has bsan
found (110) that abrasion rasistanca is dacraasad by highar
anodising tamparaturas. Oxalic acid additions compansata
for tha affacts of high anodising tamparatura. Tha duration
of anodising also influancas tha abrasion rasistancai long
anodising tinas dacraasa it. Elactrolytas with high
concantrations also dacraasa tha abrasion rasistanca.
Saaling lowars tha abrasion rasistanca to SO to 7oy, of tha
unsaalad valua. Similarly againg raducas tha rasistance due
to slow hydration. Smut inhibitors do not affact abrasion
rasistanca. A highar anodising currant dansity increasas
tha abrasion rasistanca although it has baan raportad (111)
that constant rasults wars obtainad whan varying tha
currant dansity and the <concentration at a constant
temperature of 18*C. Abrasion resistance is increased by
increasing the homogeneity of the alloy. Especially highly
alloyad material reacts with more sensitivity to changes in
tha anodising conditions. It has baan found that abrasion
rasistanca is not influancad by adsorptive dyeing nor by
electrolytic colouring (111). Elevated temperatures used in
the two-stage electrolytic <colouring can reduce abrasion

resistance.

2.5.5 Rasistanca to Degradation of tha Anodic Film

The acid immersion tests can be interpreted in
terms of tha sealing quality of an anodic film. Corrosion
tests measure tha resistance to pitting corrosion in a

corrosive medium. They are separata from tha former tests
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»inc* sealing quality has less influence on pitting than
does the film thickness or alloy wused. However sealing
quality is important in preventing staining.

Anodised aluminium exhibits good resistance to
corrosive enviroments and hence the acetic acid salt spray
test (1S0376911976 and B.S.S466iPart 2i1977) and
copper-accelerated acetic acid salt spray test (CASS Test
1S0377011976 and BSS466iPart 3t1977) were devised to
reflect this (112). Caution is needed in interpreting the
results. Their correlation with service performance gives
the best indication of <corrosion resistance. The tests
simulate the effects of the environment, but at an
accelerated rate. In order to pass the tests there should
be no pitting of the specimens. The CASS test is now used
for thick coatings. A rating for frequency of pitting is
allowed from O to 10, where 10 indicates no pitting. The
specimen area is divided into specific squares and the
corrosion frequency is the ratio of squares with corrosion
pits expressed as a percentage of the total number of
squares. The CASS test is useful for distinguishing good
and bad films. This is not a sealing test and fails to
discriminate between sealed and unsealed films. However,
parallels must be drawn with long term exposure since
unsealed coatings, after a period of time, appear to seal
to soaie extent. Experiments (113) have shown that the CASS
test could have a sealing effect. Various workers found
that during accelerated tests the films underwent a pore
closure reaction which resembled the sealing process

itself. Strazzi (113) used the CASS test as a starting

131



point for « Mor* «eloctiva corrosion test to distinguish
bstwssn saslsd and unssalad films. Lowsr tsmpmraturss warm
used so as to raduca tha 'saaling' affact. Tha CASS tast
was changad by tha addition of sodium matabisulphita which
libaratad sulphur dioxida. A'similar modification to tha
CASS test has bean wusad in Japan (112>. It too combines
sulphur dioxide gas with the CASS test and the authors
claim that it relates better to atmospheric corrosion than
the unmodified CASS test. However, others (114) have
favoured the CASS test results. These modified tests are
not widely used, and careful monitoring of all parameters
involved is needed to assess the optimum conditions which

give the most accurate results.

2.5.6 Weathering

The simplification of corrosion conditions, and
the acceleration of <corrosion rates in the interests of
short term results, renders corrosion tests unreliable to
an extent such that long term exposure tests are still
needed. A major factor affecting corrosion resistance is
the environment to which an anodic film is exposed.
Comparative tests have been performed in rural, marina and
industrial sites. The last environment has been shown to be
the most severe on anodised aluminium. By virtue of its
location, the industrial atmosphere is polluted with dirt
and acidic components such as sulphur dioxide. The severity
is compounded by wet weather (especially in the UK) leading

to corrosive solutions.
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Clark* and L**da (115) adaptad a t*st first
devisad by Britton and Clarke which was used originally to
measure the porosity of coatings of gold and platinum
metals on substrates of copper and its alloys, nickel and
silver. It has since bean applied as an accelerated
corrosion test for oxide films. Similarly the Kap* test is
intended to provide conditions where sulphur dioxide s
present. The sulphur dioxide test in BS1615il972 has
disappeared from the 1987 edition, because it was taken
from BS1224 originally, and dropped from this too. Mhen
BS1224 discarded it the test lapsed. For BS161S it is still
felt that a sulphur dioxide test would be useful but there
is none at present. In an enclosed chamber moist air is
used containing 0.5 to 2.0X (vol) sulphur dioxide. The
temperature is 25 +*2*C. This can be classed as a sealing
test since poorly sealed films produce a white bloom after
exposure. The test sets out to produce an environment
similar to that which is experienced on industrial sites,
although dirt accumulation is not present.

Industrial sites are the most aggressive towards
anodised aluminium compared to rural and marine sites. It
has been found (105) that a marine site on Hayling Island
is similar to a rural site at Banbury. Sheasby (11&)
investigated a number of factors affecting pitting
corrosion by exposing anodised aluminium at a selection of
sites. Anodised panels were produced by standard sulphuric
acid anodising. In an industrial environment the
accumulation of dirt had a significant bearing on corrosion

since pitting occurred due to condensation of moisture at
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dirt dapositM. Sulphur dioxida disaolvad in this watar and
attackad tha anodic film at waak pointa. It was found that
a high rata of dirt daposition, combinad with wat waathar
producad mora corrosion than at a sita with highar lavals
of sulphur dioxida but lass dirt daposition.

Tha position of anodisad aluminium componants on
a building has an offset on film dogradation. Shaltarad
compononts tand to show mora pitting than thoso which are
*washed' by rain. The amount of exposure is equally
Important. For these reasons the sulphur dioxide humidity
test may not correctly simulate the natural anvir®*ent.
Areas which are protected from sunlight and rain accumulate
more dirt, and condensation does not dry as quickly. This
was confirmed by panels exposed at 45* facing due south in
which the underside was subjected to greater pitting
attack. This also occurred at an earlier stage than on the
exposed face <116). These results show the need for
maintenance cleaning. Anodised aluminium in marine and
rural sites need less frequent <cleaning than that in
industrial sites. Cleaning prolongs the life of anodised
aluminium. Mater and a mild detergent applied with a nylon
brush is adequate. Harsh abrasives and chemical cleaners
should be avoided. Organic solvents remove grease or sticky
materials.

Once blooming and pitting have taken place they
cannot be permenjhtly removed by cleaning, although the
progress of corrosion may be halted if caught in the early
stages. Once a pit forms, it acts as a trap for more dirt,

so perpetuating the process. Pits eventually 'stifle’ and
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tha aaiount of corrosion that occurs rsachss a Uniting or
"thrsshold’ valus. Prsvsntion is the best policy, sines if
clsaning is <carriad out aftar blooming or pitting is
datactad, than harshar mathods ara raquirad which may
thamsalvas shortan tha lifa of tha anodic film.

Othar factors affacting corrosion parformanca
dascribad by Shaasby (11&) arai-
1. Alloy usad,
2. Pratraatmants,
3. Film thickness,
4. Anodising conditions,
5. Quality of saaling,

6. Post sealing treatments.

1. The alloy composition influences blooming and pitting.
If commercial purity aluminium is taken as a standard, the
addition of copper, manganese or silicon decreases pitting
resistance while magnesium increases it. High silicon
alloys and Al-Zn-Mg alloys are particularly prone to bloom
formation, but regular cleaning reduces this.

2. Pretreatments do not affact bloom formation, but do have
a bearing on pitting. Smooth finishes hava less tendency to
pitting than rough ones. Conversely, if bloom does appear,
it is more obtrusive on the smooth surface than when light
is diffused by a matt surface. Etching decraasas the
pitting resistance while mechanically or electrochemically
brightened aluminium has an increased pitting resistance.
This is because rough surfaces retain more dirt and

moisture. Defects or flaws increase tha incidence of
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pitting for th* s«m r*«sona. Thicknaaa is lower st these
sites giving an uneven surface. Finger print corrosion of
the substrate proeotes pitting.

3. Anodic file thickness is the most iaportant factor
affecting pitting resistance. Generally the thicker the
film, the greater the pitting resistance, but although the
number of pits is fewer, individual pits tend to be larger.
Films thicker than 30)>m have a lower resistance to pitting
than thinner films because the anodising time is long,
unless higher current densities are used. Due to this
longer time in the electrolyte, the abrasion resistance is
lowered and the film is said to be 'soft', and more porous
i.e. the pores are larger. It is more difficult to seal and
the combined affects of all these factors lowers the
pitting resistance.

4. Anodising conditions used are very important.
Temperature and electrolyte concentration, if too high,
give soft films. However, it was found (11G) that raising
the temperature from IS to 21 to 2S*C increased the pitting
resistance in certain alloys containing intermetallic
particles. This must be viewed with caution since high
anodising temperatures are known to produce soft films.

5. Sealing quality has little effect on pitting resistance,
but is a determining factor in bloom formation (section
2.5). The effects of ’'crazing’ ware discussed in section
2.4.3. If it does occur then pitting will take place
preferentially along the craze lines. The problem is made
worse with very thick films (>30)>m) and particularly where

the pretreatment has formed a smooth surface. Crazing is
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raducad on films which havs bsan atchad or hava fina
particla distribution. Thasa braak up strassas in tha film.
6. Lacquaring or waxing tha film protacts it from attack by
wat mortar, plastar and camant. Uax is usually ramovad once
tha anodised aluminium has baan erected. Lacquer was
applied widely 20 to 25 years ago. It was supposed that it
would weather and be detached, but in practice some
remainded for long periods in a semi-detached <condition.
Lacquer was abandoned in favour of low tack tape or a
sprayed rubber solution which formed a pliable film. More
recently, a thin film of 2nm of acrylic lacquer has been
applied as an aqueous emulsion (rather than the 10 to 20Mm
film in organic solvent of 20 years ago). This is cleaned
off fairly wearly in the life of the coating. There 1is
little experience of the effectiveness of this approach to
date.

The performance of dyed anodic coatings depends
on the nature of the dyestuff wused, the amount of dye
absorbed and the quality of sealing. Integral colour films
and electrolytically coloured films, (bronze, grey,

blue-grey or black) tend to have adequate resistance to the

detrimental effects of weathering, and have good
colour-fastness. Electrocolouring with copper fades and
reduces the durability of the film. Black electrolytic

finishes produced with tin have reduced resistance if the
tin extends up the pores.

Mitt and Jahnke (117) monitored specimen panels
over a period of time which included periods of exposure

and periods of storage. Results of weathering these films
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in an industrial atmosphar* shovHtd that they ramaindad
assantially unchangad or avan improvad. This rasult has
navar baan raportad alsawhara and is dubious.

In conclusion, accalaratad tasts hava shown
raasonabla corralation with axposura tasts. Tasts providing
information about pitting rathar than blooming are hardar
to avaluata. Thay ara based on visual inspaction, and not
on guantitativa measuramants such as waight loss, although
the rating for the frequency of pitting has been discussed.
Pitting is independent of blooming, and a film prone to
blooming may hava a good resistance to pitting and vice

versa.

2.5.7 Effects of Impregnation on Anodic Film Daoradation

Due to the relatively recent introduction of
impregnation of anodic oxide films, thara has bean little
information on long term exposure performance. The ’'Fox 33’
cold sealing process was the first sold in the UK. Acid
immersion tests may be less suitable for evaluating
impregnated films (118). Others (113) have found that the
phosphoric acid/chromic acid test and the dye spot test
give valid results. It is wall known that ageing of
impregnated films markedly increases the 'sealing’' quality.
The length of time between production and testing was not
recorded (1123). The only comparison to bo found is that
both impregnated and hydrothermally sealed films were
tasted at the same time after production. Ageing was not

taken into account. Ueight loss results were found "to be
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within th» limita atipulatad" for ’'amalad' filma. Howavar,
tha main purpoaa of tha communication waa to avaluata the
corroaion raaiatanca of impragnatad filma by modifying tha
CASS taat in ordar that it did not producd a aaaling affact
on tha filma. It waa conciudad that thia modi fiad taat gava
uaaful information on tha "quality of fixation" and on
corroaion raaiatanca.

It haa baan damonatrated (119), by uaing
admittanca valuaa and waight loaa raaults in tha phoaphoric
acid/chroffiic acid tast that againg doaa hava a aignificant
role in the proceas of impregnation. Maight loaa
measurements and admittanca values ware found to decrease
with time, whereas conventional hydrothermally sealed films
ramainad constant ovar periods of days, but ovar periods of
months both films showed decreased admittance. These
authors also wished to know the subsequent corrosion
resistance of impregnated films in tha light of tha
asaeaament taat results. Thay recognised tha axistance of
the ageing process. Thay concluded that impregnation gava
batter protection against blooming aftar an ageing period
of IS days than did conventional hydrotharmally sealing.
However, this did not automatically mean that impregnated
films also gave batter protection against pitting. The CASS
test was considered not to give useful information on
pitting since the degree of sealing does not have a
particularly large influence compared to film thickness.
Therefore it was assumed that such teats would not reveal
any substantial difference between impregnated and

hydrothermally sealed films. The effect of ageing of
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impragnatvd filum on tha propansity to pitting ia alowar
than in tha caaa of blooming, comparad to hot watar
saaling. Thus a cartain pariod of againg is raquirad in
ordar to raach tha sama rasistanca to blooming as a
convantionally saalad film, but a much longar againg tima
is naadad in ordar to attain tha sama pitting rasistanca.
It is claar from those two <conflicting accounts
(113 and 119) that much moro resoarch is needed and long
term exposure tests will be tha ultimata test for
impregnated films. Research (120) has shown obvious pitting
after an exposure of 4 years, which indicates these seals
may not give the sama protection as hydrothermal sealing.
However, the advantages of impregnation become evident
after long ageing periods and this may have some bearing on

how pitting resistance is studied.
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3.1 Praoaftion «nd Pr«trMta»nt of SotiMn»

3.1.1 3o«ciwfi Praparation

Th* aluminium alloy usmd in this investigation
was rolled sheet aluminium, grade 1200 (B.S.1470), formerly
designated SIC, the percentage chemical composition of
which is Al 99.0, Cu 0.0S, Si-fre 0.6, Nn 0.0S, Zn 0.1, Ti
0.05, other impurities 0.ISX . The specimens used were flat

panels measuring lI00OxISO millimetres (mm) (standard size),

100x7Smm and SOx7Smm. A small hole was made in the corner
with a punch which designated the ’top’ of the panel, and
identification marks stamped along the shorter edge
designated the ’'bottom’. The latter also signified the

"front’ while the ’'back’ had no markings.

3.1.2 Specimen Pretreatments

The panels were degreased in trichloroethylene
vapour and wiped over with tissue soaked in acetone. They
were fitted into Jigs made of alloy 6063 (B.S.1474),
formerly designated HE9, the percentage chemical
composition of which is Cu 0.1, Mg 0.45-0.9, Si 0.2-0.6, Fe
0.35, Mn, Zn, Cr, and Ti 0.1X each, the remaining
percentage being Al. Each Jig was shaped to hold one or two
panels which rested on notches on the Jig. The panels were
held securely by the tension of the Jig imparted by the

springy alloy. All Jigs had been etched for 1 minute(min)
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in 4 - 10X sodiua hydroxid* at 70*C and the notchaa filad.
Tha panala wara atchad for batwaan 30 aaconda(aac) and
2ain, iaaadiataly rinaad, and daaauttad for Saac in
SOX/vol. nitric acid at aabiant taaparatura. Aftar a final
rinaa tha Jiga wara claapad firaly in tha anodiaing bath.
Tha panala wara not allowad to dry batwaan pratraataant
atagaa. Rinaing batwaan all atapa, including anodiaing,
colouring and aaaling ia aaaantial to anaura tha beat

raaulta and minimisa contaaination batwean batha.

3.2 Anodiaino

3.2.1 Tha Anodiaino Bath

Anodic oxidation of aluminium waa carriad out in
16S grama per litre (g/1) sulphuric acid in a 60 litre (1>
plastic tank as illustrated in Fig.24. Tha electrolyte was
agitated by compressed air and the temperature was
maintained at 20*C by means of cooling coils. A 50 Watt
immersion heater was usad to raise the bath temperature for
elevated temperature anodising, while liquid nitrogen was
poured into a clamped stainless stael baakar in order to
lower tha temperature. During either of these procedures

the cooling water was omitted but agitation was maintained.

3.2.2 Tha Anodising Process

The anodic oxide coating can be formed either by
maintaining a constant current density (c.d.) and altering
the anodising time, or vice versa. The values in Table 13

refer to a single standard panel. If the size and/or
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Tabi* 13

Aurr*nt Curr*nt  Thickn***  Th*or*tical Actual Tia*

i*n*ity
<A/da*) (A) (mm> Ti**(«in) (*in)
1.8 5.4 10 18 23
M H 15 27 35
" " 20 36 46
* ! 25 45 60
0.54 1.6 10 - -
0.81 2.4 15 - -
1.08 3.3 20 - -
1.8 5.4 25 -
Tabi* IS

8*ctlon R*f*r*nc*
3.5.1 B.S.5411iPart 3i1984

B.8.3987iApp*ndix Bil974
3.5.2 B.S.61611 Part li 1984
3.5.3 B.S.6161iPart 6i1984
3.5.4 B.S.6161liPart 511982
3.5.5 B.S.6161liPart 3il984
3.5.6 B.S.6161liPart 4i1981
3.5.8 B.S.61611 Part 1111985
3.5.9 B.8.6161tPart 9i1987
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quantity of panala la altarad, than tha currant ia
alfflilarly altarad.

Tha aquationa uaad to calcolata tha valuaa arai

c.d. - thicknaaa x 323 (3.1)
tima
currant > c.d. x araa of panai (3.2)

To achiava tha targat thicknaaa for conatant anodiaing
currant danaity it waa found to ba nacaaaary to incraaaa
tha thaoratical anodiaing time by 33X. The anodiaing
voltage waa in tha range of 17-21 volte (V). Panela ware
anodleed to produce anodic filme nominally 2SMm in

thickness, unless otherwise stated.

3.3 Colouring
Tha anodic oxide film was coloured by two

mathodsi inorganic dyeing and electrolytic colouring.

3.3.1 Inorganic Dvaina

In this investigation anodised panels were dyed
by tha ‘'double dip’ method. The panel was immersed
consecutively in two solutions with rinsing between
immersions. Tha two combinations of solutions used werei
50g/1 cobalt acetate and 30g/l potassium parmanganatai
309/l potassium ferrocyanide and SOg/1 ferric sulphate. The
former pair gave a range of <colours from pale gold to

bronze, and the latter gave varying shades of blue. The
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colours resulted from the reaction of the two compounds to

form an inorganic pigment.

Qold colouri

Co(CHsCOO)a + KMnO« — Co/Mn oxide mixture (3.3)

Blue colouri

2Fea<S0*)a + 3CFe(CN)«3K« — & CFe(CN).3«Fe* + 6KaS0* (3.4)

Best results were obtained when the solutions were heated
to 50*C (KMnO« at 30*0. The depth of colour was increased

by repeating the procedures.

aili2 Coigurina

Panels were anodised in 1659/l sulphuric acid,
rinsed and coloured in a metal salt solution by means of an
alternating current (a.c.). The basic colouring solution
used was composed of 209/l sulphuric acid, 20g/l stannous
sulphate and 20g/l phenol sulphonic acid, at a pH of 1. The
freshly prepared solution was left to stand for 24hours
before being decanted to remove the basic stannic sulphate
which accumulates as a result of oxidation of the stannous
sulphate. Phenol sulphonic acid was added in order to

stabilise the solution with respect to this oxidation. When

not in use the solutions were bottled to prevent
7/

eiarrewt density of 12V. During the first minute of

treatment the voltage rose smoothly to approximately

IA/dm*, but gradually decreased to a steady value of
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O0.SA/dm=*. Tha d»pth of colour was datarmlnad by th* amount

of matal dapositmd, i.a. thm colouring tima, and not tha
thicknasB of tha oxida film. Colours rangad from
'champagna’ for ISsac to black for ISmin. Standard

colouring was carriad out at ambiant tamparatura. Elavatad

colouring tamparaturas wara achiavad by haating tha
solution on a hot plats. Daprassad temparaturas ware
achieved by surrounding the bath with ice and water.

Fig.25 is a diagram of the colouring bath.

Other colouring experiments were carriad out in
which an addition agent 'Tribrite’ was added to the basic
colouring solution, together with formaldehyde, sodium
normal octyl-sulphate and phenol sulphonic acid, which
altered tha way in which the tin was deposited in the

pores.

3.3.3 Hull Call Test

The Hull Cell Test was used to estimate tha
covering power of the tin in the various <colouring
solutions. 267milli litres (ml) of the solution were put
into the Hull Cell as in Fig.26. The anode was tin and the
cathode was a piece of copper foil measuring 100mm Xx 63mm.
A currant of O.SA was used for Smin. Tin was deposited onto
the copper and its appearance indicated the covering power
of the solution. A loose deposit of single outward growing
crystals indicated poor covering power, while a smooth
shiny deposit indicated good covering power. During the
test hydrogen gas was evolved at the cathode. Mora currant

from the anode tends to concentrate on the near and of the
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cAthod«, th«r*for» tha c.d. falls from tha naar and to tha
far and. Tha raaistanca is biggar batwaan tha anoda and tha
far and.

Tha activity of tha addition agants uaad in soma
axparimanta was monitorad by tha Hull Call Tast. Incraasad
or dacraaaad activity was avaluatad from tha appaaranca of

tha depositad tin.

3i4 Stalina

Panels ware sealed by immersing them in hot
solutions. Table 14 lists the solutions and conditions. They
were kept at a temperature of >98*C and the panels wera
held over tha steam for ISsec. This allowed them to warm up
and not experience tha 'thermal shock' that caused crazing
of tha oxide film whan cold panels were immersed into
boiling solutions. Using sec/Mm or min/>>m sealing times
wera determined. After sealing, tha length of time that
panels wera stored was taken into <consideration when

carrying out further experimentation.

Table 14
Solution Composition
Mater Distilled or deionised, pH S.S-6.0

Nickel acetate buffered Sg/1 nickel acetate, 5g/l boric

water acid, pH 5.5-6.0

'Alcoa 482' 4.Sg/1 nickel acetate, Ig/1
sulphuric acid, pH S.S-8.0

Ammonium acetate lg/1 ammonium acetate, pH S.S-fi.O
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3. g A«c— «—nt Tr»t»

Tabl» Ig lists ths tssts wussd in this project
according to the British Standard Specifications for Anodic
Oxidation Coatings on Aluminium (B.S.ISIgil9B7) which
refers to Methods of Tests for anodic oxide coatings on
aluminium and its alloys (B.S.6161i19B1, 19B2, 19B4, 19B5
and 19B7) and Methods of Test for Metallic and Related
Coatings (B.S.g411i1974). Anodic oxide Coatings on Wrought
Aluminium for External Applications <B.S.39B7il1974) is also

quoted.

3.9.1 Thickness Measurements bv the Eddv Current Principle

This method was used as a non-destructive test to
measure the thickness of the anodic film. The ’'Permascope’
instrument (Fischer Instrumentation Ltd.) has a search coil
through which a high frequency current is passed. The
strength of the reading is dependent upon the distance
between the coil and the conducting surface i.e. the
aluminium base metal. Five readings were made on each side
of the panel and an average taken. The measurements were
made after the anodised panels had been rinsed but were not

allowed to dry out.

3.9g.2 Gravimetric Method for Thickness__ PItIBriniHitign— tUL
StrioDina

This was used as a destructive test to measure
the thickness of the anodic film, known as the 'strip and

weigh' method. This employed a boiling solution containing
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20g/1 chromic «cid «nd 35inl/l ortho phosphoric «cid
(d*nBity-1.7Sg/dmo> ,«id* up to 1 |litra with daionis«d
w«tar. The p«n«l w«s weighed before «nd «ftar the test, «nd
the «re« noted. The p«nal w«« degreased before initial
weighing and handled as little as possible at all times.

The film thickness was evaluated using the equation

t - MIOQ (3.5)

A.d

where t is thickness (>im)
W is weight loss (g>

A is area <cm¥*)

d is density (2.4g/cm" for unsealed coatingsi the
density may vary for sealed coatings from 2.6g/cm* to

2.7g/cm»>.

3.5.3 Admittance Measurements

The instrument used was an ’'Anotest’ meter which

operates at a frequency of IKHz. By employing an
alternating current under specific conditions the
admittance, inverse of impedance, of an anodised surface

could be measured. The admittance was measured in mS and
was designated Y(2S*C>. To account for films of different
thicknesses, the product of admittance and thickness,
corrected to 2S*C, was used and was designated as Yt(2S0C>
(Sm X 10-»*). The quality of the sealed film could be

evaluated.
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Th* panai was dagraaaad and an adhaalva annular
rubbar ring (13mm intarnal diaraatar) waa fixad to it. Araaa
wara chosan which wara unblamiahad i.a. not acratchad. Tha
ring actad aa a call into which an appropriata conducting
alactrolyta waa put. Tha atandard aolution uaad waa 3Sg/I
potaaaium aulphata. Othar axparimants wara parformed uaing
varioua coneantrations of nitric acid. A acraw clamp was
attachad to a ramota point on tha panai. This was screwad
tightly in ordar to braak tha oxida coating and make
alactrical contact with tha basis metal. A small metal
electrode waa immersed in tha electrolyte, completing the
circuit, and a reading taken. Readings were made aftar Imin
to allow tha meter to equilibrate. However readings were
taken at intervals over a period of time when drifting
occurred. British Standard 1615:1987 requires a value of
less than SOO/t pS where t is the thickness of the anodic
coating in micrometres at 25*C.

The following aquation was used to evaluate a

correction factor F for any given temperature:

(3.6)

where @ is the givan temperature and F>i at 25 *C.

At other temperatures Yt was divided by F.

Theory of Admittance of Elactrocolourad Anodic Films

The anodic oxida film can be considered to bi

parallel plate condenser, the capacitance of which is:
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<3.7)

whara ia tha dialactric conatant of tha fila,

A ia tha araa of tha plataa,

d ia tha distanca of aeparation.
In ordar to meaaura tha admittanca, an annular rubber ring
was placad on the surface into which is put the
electrolyte. The standard cell size used was 13mm,

A -TT(1.3/2)» (3.8)

If the anodic film thickness is 2SMm,

47725

e 42.25 esu

Sinca 0.9 x 10** esu » 1 farad

C- 4.7 X 10-** farads

At a frequency H, the admittance is

Y - 2TTHC (3.9>
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Th* 'Anotast' usad H « 1 xiO* Hz, hanca

Y - 2TT10“C (S)

2.93 X <mS)

If it is assumad is 10 tor a hydrotharmally saalad fil(

Y - 2.95 (mS)

Hance the admittanca x thicknass is

Yt - 3 x 25 (3.10)
= 75 <Soi X
This is tha thaoratical calculation. British Standard

1&1511987 raquires a valta of lass than SOOSm x 10~*“. In
practica, valuas for naw wall hydrothermally sealad films
are 150 (Sm xl0“**) or greater. Aged films can give lower
valuas.

An alactrocolourad anodic oxida film can be
described in terms of the capacitance. Tha depositad
metallic tin can be regarded as a conductor with infinite

dielectric constant. If a plate of thickness d’ (i.e. the

tin) is placad between the capacitor plates (i.e. tha
metal/oxide interface and tha surface of tha oxide), the
affective separation becomes d-d' (thickness decreases)

and capacitance rises toi
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¢ - jla (3.11)

4TT(d-d")
Supposa the metal in the tin layer behaves as a metal plate
of uniform thickness, t«,. |If the anodic film is well sealed
and of total thickness t, the effective dielectric
thickness is reduced toi
t' -t - t« (3.12)
For a well sealed uncoloured aged film Yt(2S*C> is 200,
however, for a well sealed electrocoloured film the value
is very large, Yt(25*C> is x. If it is assumed that

Yt'(25«C) » 200 (3.13)

then for the alactrocoloured film.

(3.14)

and.

200t

where t' is the thickness of the effective dielectric

constant and tm, the thickness of the tin, can be deduced.
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3.5.4 Dv Soot TMt

This i« e quick and simpla t*st for aasasaing tha
th* dagra* of aaallng. An annular rubbar ring was attachad
to tha dagraasad panai. At rooa tanparatura a drop of
solution 'A' was put into tha ring for Imin axactly. Tha
ring was rinsad and driad with tissuas. A drop of solution
'B' was appliad to tha sama ring for Irnin axactly, rinsed,

tha ring ramovad and tha spot rubbad with a dry tissua.

Solution 'A’l 2Sel HaSO« 10g Kr par litra.

Solution 'B'l 1/ Aluminium Fast Rad 63LM in watar

Tha rasidual colour intansity was comparad to a standard
chart. If tha coating is fully saalad, no rasidual colour
ramains. The ~colour intansity increases with incresingly
poor sealing. However, as with the admittance test, only
one specific area is tested and variations over the
remainder of tha panel are not known. Dark coloured panels

obscure the test results.

3.5.5 Phosphoric-Chromic Acid Test

This is a destructive test for assessing the
sealing quality of an anodic film. Any surface bloom was
removed by rubbing with a dry tissue and the specimen was
degreased. A panel of known area was immersed in the test
solution which was haatad to between 37-39*C for 15min. The

solution temperature was maintained by stirring.
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Tast molutioni 20g/l chromic acid 3S«1/1 ortho phosphoric
acid (danaity-i.ySg/cm*“) nada up to 1 litra with daioniaad

watar.

Tha panai was rinsad« driad and rawaighad. Tha mass loss in
g/m* was calculatad. Unsatisfactory saaling is indicatad by
a value greater than 3g/m*. The test solution was reusedt
but discarded after 10dm* of anodised surface have been

treated per litre of solution.

3.5.6 Acidified Sulphite Test

This is a similar acid immersion test to 3.S.S
which assesses the sealing quality by the mass loss in
g/m*. Any surface bloom was removed as in section 3.5.5.
The panel was immersed, at room temperature, in a 5054 by
volume solution of nitric acid for I0min, the ’'predip'. It
was rinsed and immersed in the acidified sulphite solution
for 20min at a temperature of between 90-92*C. The maximum

mass loss allowable is 2g/m*.

Test solutioni 10g/1 sodium sulphite (anhydrous) made up to
1 litre with deionised water to which glacial acetic acid
(20miI/1  to 40ml/l) has been added to give pH 3.6-3.8
followed by addition of SN sulphuric acid (loml/1 to
ISmI/1I> to give pH 2.5. Fresh solution was made for each

test.

3.5.7 Bleach Test

This is based on the same principle as the Dye
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Spot T«st, but was wusad for colourad panels. The same

procedure was followed but different solutions were usedi

Solution 'A'l 25ml HaSO« + 10g KF per litre, applied 2min

Solution 'C’l NaClOa, applied Sain

and
Solution 'D'; 50%. by vol HNOa, applied 5min

Solution 'C’t NaClOa,applied Smin

3.5.8 Total Reflectance

The total reflectance is important in defining
the depth of colour of diffuse surfaces for colour matching
purposes. The colour and shade of the panels were assessed
by means of a Sheen Colorimeter. The reflectance of the
instrument was calibrated against black velvet <on
reflectance) and a block of white magnesium carbonate
(100%). The reflectance was measured at six wavelengths;

using six CIE colour filters 600pm (red), 610pm (orange),

S70pm (yellow), 520pm (green), 480pm (blue), 450pm
(violet), and the instrument was calibrated after each
reading. Measurements were made both along and across

(jia—lines for extrusions and rolling directions for sheets.
An average of two readings were taken in each direction.
Graphs of percentage reflectance against wavelength were
plotted (spectral reflectivity curves). The shade and
colour was thus characterised by numerical values, the CIE
chromaticity co-ordinates and can be described in terms of

the CIE colour triangle. Fig.16.
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Th» chromaticity co-ordin«t»» w»r» »valuatad from thi

equation»!

X ~ X (3.15)
X+Y + Z
(3.16)
X+Y + 2
wh»r» X «nd y «re th» chromaticity co-ordin«t»»

X is th» p»rcr»ntag» r»tl»ct*nc» at 660Mfli

Yol n 1 I Il S20)iin
21 I Il " " 4BO|im
Th» luininan/ic» (Rmok) of a panel is the percentage

reflectance value at S20m> (green).

3.5.3 Abrasion Reaiatance
Two methods were used to assess the abrasion
resistance of anodic oxide films! the 'Throe Paper Test'

and the Abrasive Mhcel Test.

Three Paper Test

This is a simple abrasion test which uses glass,
garnet and silicon carbide abrasive papers. The particle

size of the abrasives used were!
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Qlassi Tlour’ grad*
Qarnati 220 «meh grit
Silicon carbidai 320 nash grit

(English Abrasivas Ltd.>

Strips (12ffim wida) of aach typa of abrasiva papar, starting
with tha glass papar, ware wrapped around an eraser <6nm
wide) in turn, Fig.27. This edge was rubbed for 10 double
strokes against tha panel to be tested. The strip of papar
was moved so that a fresh area was ready for the next test.
The test is based on the principle that one material is
only scratched by another which is harder. This is Mohs’

principle.

Abrasive Hheel Test

The abrasive wheel used a Iload of 400 gramme
force <gf> (3.92N) and 400 double strokes <ds). The
apparatus used was manufactured by the Suga Instrument
Company and used a silicon carbide abrasive band of width
12mm, (English Abrasives Ltd. P320A mesh grit). The
abrasive band was fixed to the wheel so that it rotated by
0.9* after each double stroke (one forwards and one
backwards movement) under the preselected load. Each double
stroke therefore wused fresh paper and the band was changed
after 400 double strokes. The abrasive strip was bonded or
mechanically clamped into position, but so that the ends
did not overlap. Abrasion detritus was continously removed
by blowing or wiping with a fine brush.

The film thickness loss (or weight loss) from the
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abrad*d arra «e e function of th« numbar of doubla atroka*
uaad is tha maasura of tha dagraa of abrasion. This can ba
quotad in taras of waar rasistanca, tha nuabar of doubla
strokas par aicron of waar (ds/)>a>( or tha abrasion
rasistanca, tha thicknass loss par n nuabar of doubla
strokas (Ma loss/ n ds>. A convaniant unit of aaasuraaant

is tha waar index which is given by tha following equationi

Wear index (aass or thickness) =

loss (aass or thicknass) of saapla (2.B)

loss (aass or thickness) of standard 20*C HaSO« fila

(The wear index is a ratio and is diaansionless).

The thickness loss found for a standard 20*C HaSO« fila was
-7.43Ma for 400 ds at 400 gf. A thickness wear index of 1
or less indicates a *hard® fila® i.e. this indicates a
lower degree of waar than that on the standard specimen.
The wear resistance can be found from the gradient of the
line of the graph of thickness loss against number of
double stroke cycles. This gradient can be found by»

1. Tha linear regression of tha graph. The value s
multiplied by 20 and gives a value which takas into account
tha scatter of all the points on tha curve. It is useful if
tha graph is non-linaar.

2. Tha actual thicknass loss found at 400ds.

3. Tha thickness loss found at 100ds or 200ds and
multiplied by a factor of 4 or 2 respectively.

4. By taking an individual point on tha graph and
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calculating th* thicknaas loas at 400ds byi

thicknaa« lo»« (v) x 4Q0da <3.17)

numbar of da (x)

3.S.10 Abraaiva Whaal Taat Aoparatua Uaad aa a Mlicrotoaa

Tha film waa abradad by a aat numbar of double
strokaa ( ona cycla) uaing a 400gf load. Aftar aach cycla
tha admittanca and thicknaaa ware maaaurad. Tha admittance
X thickneaa product Yt(25*C) waa calculated and a graph of
Yt(25*C) againat thickneas waa plotted! a Yt-t profile.
Alternatively, a Y-{ profile could be plotted. Thia ia

referred to aa a depth survey of the anodic oxide coating.

3.6 Sulphur Dioxide Exparimanta

3.6.1 Sulphur Dioxide Taat

Anodiaad aluminium panels were exposed for
various times and at different temperatures to sulphur
dioxide gas. Ambient temperature experiments were conducted
in a 30.51 closed glass vessel, Fig.28. Elevated
temperature experiments were performed in a 4.941 closed
perspex box. Fig.29, which was placed in a thermostatically
controlled oven. Careful monitoring of the temperature was
observed. Panels were suspended by terylena thread from
plastic supports in the vessels. A strip of PVC tape was
placed across the panel to mask a control area. Any cut

edges were similarly covered. The 1lid of the glass vessel
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lid B«al*d with ’Vasaline’

Flg. 28

lid with



was mads air tight with 'Vaseline’. The perspex box had a
fitted lid. The protecting tray in the bottom of the
perspex box prevented the effervescence of the reacting
solutions from spraying onto the panels. All apparatus,
panels and solutions were preheated in the oven before
elevated temperature experiments so that condensation was
kept to a minimum. The gas was generated by mixing BY.
sodium thiosulphate and 8N sulphuric acid immediately prior

to sealing the vessel. The volume of solutions used wasi

V- ox <3.18)

where V is the total volume of the vessel (cm*)

X is the total volume of solutions used (cm*“)

Thus!

(3.19)

NaaSaOa * 4x = Va (3.20)

5

where v, is volume of HaSO« (cm*)

Va is volume of NsaSaOa (cm*)
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3.6.2 Qu«ntit«tiv Analvi» of Sulphur Dioxid»__Q«a Purina
Aabfnt TaemD»r«tur» Ex b tl— fit«

Th*s« mxpariuMtnts war* parformad uaing a 51
closad glass vassal, Fig.30., and carriad out at anbiant
tamparaturas for 24 hours. Gas was drawn off froai an outlat
on tha vassal and tha parcantaga avaluatad using iodina

titrations. Tha percantaga was found from tha aquationi

c - 5614 (3.21)

whara ¢ is tha concantration of tha sulphur dioxide
X is tha voluma of gas naadad to raduca tha iodina in

tha titration (cfli*).
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CHAPTEK 4

4.1 Tha Admlttanc« Drift T«»t

Concantratad nitric acid and Solution 'A’ of the
Dye Spot Test (section 3.S.4) were used as alternative test
solutions to potassium sulphate (3.SX by wt> for the
admittance test. Each was used in an Anotest cell and the
change of admittance was measured over a known period of
time. The ‘admittance drift', Y, was evaluated by the

following equationl

Y(25*C) - Y" - Y' (S X 10-*/min) (4.1)

and the admittance x thickness product drifts

Yt(25*C) » Yt" - Yt <Sm X 10-'"*/min) (4.2)
™ - T
where Y” is the final admittance reading, using HNOa
(cone) or solution 'A' in a cell 13mm in diameter.

Y' is the initial admittance reading,

Yt" is the final admittance x thickness product,
Yt' is the initial admittance x thickness product,
T* - T' is the time (min) over which admittance is

measured.
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Th* admittanca

at tha

final

initial

reading

<or

tima waa aubtractad

time and thia waa divided by

which waa uaually 10 min.

Reaults for

adaittanc™

panels aealad

from tha

the total

in daioniaad watar

x thicknaaa product)

reading at the

1, 2 and 3 min/fim (panala 494, 49S and 496 reapactively>,
are given in Table 16.
Table 16

Panel Yt<25»C) Yt<25«C) "ft (25*0

KaSO« HNO. Solution ‘A’

(Sm x (Sm x (Sm x

10-*») 10-*»/min) 10-*»/min)
494 318 -0.3 (266) 1.2 (312)
495 224 -0.3 (183) 1.2 (243)
496 194 -0.6 (227) 0.9 (195)
N.B. Figures in parentheses refer to the Yt(25*C) values
obtained using the alternative electrolyte to KaSO«.

Yt(2S*C) decreased as sealing time increased

for the =electrolytes potassium sulphate and Solution 'A',
but panel 493 had a lower Yt(25»C) value than 496 for
concentrated nitric acid. The negative values for Yt<25*C)
using nitric acid showed that the admittance values
decreased over 10 min. Those for Solution 'A' showed a
positive ‘'drift’ in admittance with time. A Three Paper
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Abrasiv* Tast showad that all thraa panala wara acratchad
by Qarnet.

Panals which had baan aubjactad to a period of
waatharing of 82 waaka (aaa Raaults aaction 4.9> had
admittanca maaaurad wusing concantratad nitric acid and
Yt(25*C> and 'i'(25*0 avaluatad, on expoaed facas only.
Graphs la, Ib, and Ic show how Yt(25*0 varied with
admittance test time, using concantratad nitric acid as the
electrolyte. Yt(2S*0 measured using potassium sulphate is
indicated on the graphs. Graph la  showed how Yt(2S*0
increased with time for unsealed panels. Partially sealed
panels 112 and 113 showed an increase while 110, ill and
114 remained parallel to the x axis. A similar pattern was
found in Graph Ic where panel 119 alone increased in
Yt(25*0 over 60 min. '{'t(25*0 and 'i'(25*0, front of
panels, can be related to the shape of the graphs. Lines
parallel to the x axis gave values of<2.0 for 'i't(25*C> and
0.1 for 'j'<25*0.

The Admittance Drift Test was performed on aged
coloured panels, anodised under standard conditions. Table
17. Panels 439, 440 and 441 were coloured in a standard
tin solution while 442, 443 and 444 were coloured in a
solution containing Tribrite ( see Results section 4.15
Graph 32, Experiments 164 and 166). 439 to 444 were aged
for 23 weeks. 'Cow Gum’ was used to seal the Anotest rings

to the panels 439 to 444, and to prevent the electrolyte

from creeping under the ring. (’Cow Gum’ is a solution of
unvulcanised rubber in an aromatic solvent.) If the
electrolyte does creep under the cell wall, this creates a
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Graph of Yt(25*)HNO| against Time for Unseaied

Panels
Groph 1o

Thickn€st (pm)
(25*) (Sm x 10 'Vmin)
#(25%) (S X 10=e/min)

Graph of Yf(25*)HNO| against Time for Partially

Sealed Panels
Groph Ib

Tima (min)
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Graph of Yt(25*)HNO, against Tims for Fuliy Seaied

Paneis
Graph 1c
Time (min)
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positiv» «rror

ara thoaa naaaurad

panels wars processed, and

Yt<2S*C> values after

the ageing period.

consistent results for panels 439 to 444. Panels 441 and
444 gave results less than 2.0 and 0.1 for 'i't<25*C) and
Y(2S*C> respectively.
Table 17
Panel Colouring Yt(25*C) 'i't(25*C) 'i'"(25*0
Time HNDa HNOs
(Sm x (Sm x (Sm x
(min) 10-*») 10-‘»/min) 10-»/min)
439 1S 21048 (12272) 339 18
440 8 5269 (3782) 93 4.8
441 3 446 (275) 1.9 0.1
442 15 4957 (2612) 88 3.8
443 8 1769 (1040) 5.3 0.24
444 3 345 (237) 0.9 0.04
Oversealed panels (sealing times S, & and 7
min/)>m> which had aged for 3 months showed negligible
admittance drift.
The value of '« (25*0 for aged panels, which had

been anodised and soaked

temperatures was measured using
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Tabla 18

Panai Anodialng Soaking Thicknasa Thicknass
Taaparatura Tamparatura Loss Waar Indax
(=C) (=C) (H)> (L.R.)
319 26 - 0.6 agad 2.05
520 31 - 7.3 80 2.80
322 31 37 10.6 days 5.14
526 29.5 26 6.7y 3.30
546 15 26 0.8 1.05
548 1S 36.5 0 aged 1.16
550 15 30 0.8 49 0.98
552 15 18.5 1.2 / days 0.84
Tabla 20
Panai Thicknass Uaar Indax Pradip
(L.R.> Waight Loss
(9/m™*>
Original Aftar Pradip
479 1.1 1.0 0.42
480 0.7 0.6 0.41
513 1.7 1.6 0.62
528 2.8 whola film 2.9 whola film 11.02

9.3 outar film

1.9 innar film

L.R. indicataa valua waa found by linaar ragraaaion.
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Tabla 18. 'Cow gum’ was uaad to amal thm Anotast rings to
ths panels. The admittance drift was negligible for panels
519, 546, 548, 550 and 552| and -0.1, -0.1 and -0.05 for
panels 520, 522 and 528 respectively. Table 18 shows the
conditions under which the panels were processed. Panels
were soaked for 8 min. The thickness loss refers to the
reduction in film thickness on the admittance test area
after immersion in the concentrated nitric acid.
Significant losses were recorded for panels 520, 522 and
526. The thickness wear indices, found by the linear
regression method, measured immediately after the panels
were produced showed they carried very soft films.
Subsequent experiments have been performed in
which the technique for measuring admittance drift has bean
refined. The results for new tests performed on the panels

mentioned above and on others, are given in section 4.3.
4.2 The Nitric Acid Predio

Panels were immersed in 33X nitric acid for 10
min at room temperature. The weight loss and/or abrasion
resistance ware found. The thickness wear indices were

evaluated from the following equation:

thickness loss equivalent to 400ds at 400Qf (2.8)

-7.43
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Tabi* 19 givas tha historias of the panels tested.

Table 19
Expt/Panel Histories
1717479 Anodised at 15*C, soaked at 38*C,
171/480 Anodised at 15*C,
183/513 Anodised at 24.5*C, coloured at 22.5*C,
183/517 Anodised at 26*C, coloured at 38*C,
183/518 Anodised at 26*C, soaked at 37.5*C,
183/528 Anodised at 30*C, soaked at 30*C,
193/553 Anodised at 25*C, sulphur dioxide test for

6 hours at 50*C.

Table 20 gives the thickness wear indices found
by the linear regressionmethod (section 3.5.91 and the
predip weight Jloss in g/m*. The thickness wear indices for
panels 479, 480 and 513 were not changed by the predip and
weight losses were small. Panel 528 revealed a slightly
harder film after the predip and suffered a substantial
weight loss. 8raph 2 shows how two distinct layers
existed before the predip, but only one afterwards.

Table 21 gives the thickness wear indices for
another set of panels before the predip. Panel 528 had
already been subjected to the test as in Table 20.

Table 21 gives the thickness wear indices and
weight losses for panels 517, 518, 528 and 553 after the
predip. Panels 517 and 518 showed a substantial weight loss

and the thickness wear indices revealed the films remained
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Tabi» 21

Panai Thicknas» Thicknaaa Pradip
Maar Indax Waar Indax Maight Loaa
(L.R.> Aftar Pradip (g/m»>
(L.R.>
317 4.0 3.0 7.5
518 3.3 3.4 4.2
528 2.8 whola film

9.3 outar film

1.9 innar film

2.9 aftar pradip 3.0 0.5
553 1.8 whola film 1.5 whola film 1.5

2.3 outar film 2.1 outar film

1.1 innar film 1.0 innar film
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Graph of Film Thickness Loss against Number of

20ds Cycles : Panel 553
Graph 3

After SO. After HNO, predip
-e- * -0 -

Graph of Yt(25’) and Y(25*) against Time:
Panels 594, 596 and 598
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i e n i
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soft. Thar* was only a saall weight loss for panel S28
after the second nitric acid predip but the file remained
soft. The thickness wear indices for panel SS3 after the
sulphur dioxide test, but before the predip, showed that
there was a slightly soft film as a whole, but there was a
harder underlying film above which a softer film was
present. There were no significant changes for the values
for the outer and inner layers, although the thickness wear
index indicated a slightly harder film as a whole. Some
weight loss was observed. Graph 3 shows how these values
were represented as thickness loss against number of 20 ds
cycles.

Further experiments have been performed to
observe any thickness loss caused by nitric acid
dissolution and to <calculate the abrasion resistance on
panels subjected to varying periods of immersion in nitric

acid. The results are given in section 4.3.

4.3 Improved Admittance Drift Test

Concentrated nitric acid in the cell tended to
undermine the film at the ring edges and creep. This
enlarged the test area and added a false drift to any real
one. Attempts to use a circle of absorbent paper with a
waxed circle and a stainless steel 13mm cylinder were
better, but there was still creep. A method was devised to
avoid creep of the nitric acid as follows:

Potassium sulphate was used in the normal manner

for measuring the original admittance of the film for the
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fflodIfind tachniguB. A raading was taksn at 1 min intarvals
for a period of 5 min. The solution was washed off and the
cell dried with tissue paper. A solution of 337/ nitric acid
was introduced into the same cell (13mffll and left for a
period of 10 min. At the end of this period it was washed
off, the cell removed, and the panel dried. A fresh cell
was placed on exactly the same area, potassium sulphate
solution introduced and the admittance measured at 1 min

intervals for a period of S min.

Admittance drifti

'5'(25*0  “ Y* - Y» (S X 10-*/min) (4.1)

10

Admittance x thickness product drifti

'iI't(25»C)  » Yt* - Yt» <Sm X 10-»*/min) (4.2)

10

where Y' is the admittance using 3.SX KaSO« at 1 min after
introducing the solution,
Y" is the admittance using a fresh cell, applied to
the area exposed for I0Omin to 337. HNOa, using 3.5X KaSO«
with the conditions as for Y’.
Yt is the admittance x thickness product.
The Yt(2S*C) values of panels 439 to 444 aged 2
years and 1 week (Table 22) can be compared to those of

Table 17, where the Yt(2S*C) values are for the fresh film
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Table 22

°anel Yt(25"C) Agei ng Y(25«C) Thickness

(Sm X 10-»“) Period (S X 10-*/min) Wear Index

(L.R.)
+39 7744 \ 48.9 -
+40 2635 4.7 R
*41 178 2 years 0. 13 -
*42 2738 1 week 6.6 -
+43 1230 1.2 -
*44 166 j 0.1 -
546 139(293)1 1 year 0. 13 1.02
548 169(356)) 7 months 0.09 1.32
519 170(307) 1 year 0. 19 2.37
520 295(581) > 8 months 0.25 4.63
526 363(655) 3 0.21 6.3

N.B. Yt(25®C) values in parentheses are those after ageing
periods as in Table 18; Panels 546 and 548 aged 49 days,

panels 519, 520 and 526 aged 80 days.
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and aftar an ageing pariod of 23 waaks. Yt(25*C> had
dacraasad for all tha panels except 442 and 443 which had
increased slightly during tha period 23waaks to 2 years and
1 week. The new admittance drift test gave results
comparable to the old methodf 'i'(2S*C) Table 17. Panels 441
and 444 passed the Yt(2S*C> <S00 criterion. The remaining
panels in Table 22 (process conditions as in Table 18) were
placed in order of the thickness wear indices. The
thickness wear indices had been measured immediately after
anodising. The admittance drift values roughly followed
this pattern. The old method gave negligible and small
negative values. The values of Yt(2S*C) halved during the
ageing periods of 49 days to 1 year and 7 months (panels
546 and 548), and 80 days to 1 year and 8 months (panels
519, 520 and 528).

Graph 4 shows the change in Yt(25*C) and
admittance drift with time for panels sealed in 'Alcoa 482’
for 3, 5, 10 sec/)>m (panels 594, 596 and 598 respectively).
Both measurements decreased with time.

The admittance drift, 'i'(25®C), results for the
Weathering Experiment panels (section 4.9) are compared to
Yt(25*C) in Graphs Sa, 5b and 5c, where the abscissa is in
microns. The panels had been exposed for 3 years and 7
months. The unsealed panels (Graph Sa) showed erratic
changes for the admittance drift. Both lines lay above the
value of 0.1. The line for Yt(25*C) for the front of these
panels did not lie below 500/t vS. The front of the
partially sealed panels (Graph 5b) showed a steady Iiﬁ"V

while that of the back showed an overall decrease. Both
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Graph of Yt(25*) and t(25*) against Thicknsss:

Fully Ssalsd Pansis
Oroph 5c¢

Graph of Yf(25*) against Film Thicknsss Loss
Graph 6

4 s - 7 -

ThicknoM loss (Aim)

Hydrothsrmol IS ssc/iifn 30 ssc/iim
o] A [m|

t2

O/\

0.«

oa

0.2

*0.4



lines lie below the 'i'(25*C> value of 0.1, except for a
single point. The admittance drift for the front of the
fully sealed panels (Sraph 5c> gave a line parallel to
the abscissa, with values below 0.1. 'i'(2s*C> for the back
of the panels gave varying values for the thinnest and

thickest films.

4.4 Thickness and Weight Loss Due to Nitric Acid Immersion

Table 23 gives the thickness wear indices in
increasing order. The 33% HNOa predip weight loss (Tables
20 and 21) was included in order to compare with the
thickness lost after 33% nitric acid was put in a cell for
10 min and then washed off. Significant thickness loss was
observed for panels 520 and 527. Panels 517, 518 and 528,
having similar large thickness wear indices to the latter
panels, also showed large predip weight losses.

Panels anodised wunder standard conditions were
sealed for varying periods of time and all were immersed in
33X nitric acid for increasing lengths of time. This was
done to see whether HNOa itself had a role in softening
films as distinct from dissolving films already softened by
other agents. The thickness wear indices after the acid
soak averaged 0.48. The only significant effect of nitric
acid immersion was that the poorly sealed film soaked for
16 hours and the well sealed film not soaked showed some
softening, although the hardness remained acceptable. The
alloy used was N84. The panel sealed for 5 min/nm and

soaked for 4 hours was tested a second time revealing a
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Panai

480

477

479

476

513

514

528
520
518
527

517

Thicknasa
W*ar
(L.R.)
0.

0.

7

8
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Tabi* 23

Pr*dip

W*ight Loa*

<g/da¥*)

0.42

0.41

0.62

7.5

Thicknaa*
Lob™*
(hm)

1.4



valu* «ora in lina with tha othars than tha first.

4.5 Saalino with >Alcoa 4B2»

Panala wara aaalad for various timas in a
propriatory solution 'Alcoa 482', tha composition of which
was 4.5g/1 nickal acatate and ig/l1 sulphuric acid made up
to a pH of S.S to 6.0. Admittanca was measured and a
Phophoric Acid/Chromic Acid Test (PCA) was performed on the
sealed films.

Initially the panels ware dried before sealing,
but this gave rise to very variable Yt<25*C) values, and a
sealing time of 75 sec/pm did not pass the test. The PCA
test also gave variable results. PCA values of 3.0g/m” and
3.lg/m* ware achieved for sealing times of 10 and 35 sec/nm
respectively. However, a sealing time of 25 sec/)»m gave a
range of values, the lowest being 2.06g/m”~ and the highest
5.15g/m*.

Further experiments were done where the panels
ware not dried before sealing. A sealing time of 60 sec/pm
passed the PCA test at 2.9g/m*. Yt <25"C) was not passed
for this time, <1279Sm x 10“*»). A subsequent experiment

performed using the 'Alcoa 462' solution at ten times
the concentration. Yt(25*C) was not passed, but PCA values
of 2.4 and 2.6g/m” were achieved for 15 sec/)>m.

Subsequent experiments have been carried out to
show how the PCA test and Yt(25*C> can be passed at very

short sealing times, as followsi
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It wa« found that if panala aaalad in 'Alcoa 482’

wara laft to 'aga', than both Yt(2S*C>

and PCA taat wara

avantually paaaad. Tabla 24 givaa tha raaults of
Exparimant 3A whara panala wara agad for 14 daya.

Tabla 24
Sealing "Unaged"’ PCA "Aged’ PCA
Time Yt<250C) Yt(25»C)
(sec/pm) <Sm X 10-*») (g/m») <Sm X 10-*») (g/mp»)
5 7295 25.7 864 5.1
15 3056 6.5 523 2.6
;30 1129 1.4 412 1.2

Tha PCA tast was paaaad aftar 14 daya fo

for IS sec/Hfflf and although the PCA test

r the panel sealed

was passed on the

sane day as anodising for the sealing tine of 30 sac/Mnc«

Yt(2S*C> criterion was not reached until

tha film had aged.

Graph & shows Yt(2S*C) versus abrasion loss (section

3.5.10> for sealing times of 15 and 30
and 592 raspactively. This analysis was

panels after they had had the PCA test

sec/t>m, panels 590
carried out on the

. Tha x axis shows

tha thickness removed by tha abrasive whael after every 100

double strokes. An hydrothermally sealed panel, C933.21,

was included as a comparison. However,

PCA test. This gave a line horizontal to

this had not had a

the x axis, while

the 'Alcoa 482' sealed panels showed increase in Yt(25*C>

as thickness was removed. The thickness wear indices as

found by linear regression of thickness
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Graph of Yt (25*) against Tims

Graph of Y(25*) against Tima
Graph 8



number of double etrokes for panels 590 and 592 were 0.85
and 0.64 respectively. That of panel (€933.21 was 0.99.
Panel 588) sealed for 5 mmc/tun, was analysed by the
abrasive wheel method, but it was found that the Yt (25*0
value was of the order of 10*. No graph was drawn.

Panels were aged for 63 days (Expt.7A>, but
sealed for shorter times than Expt. 3A. A sealing time of 5
sec/)>m passed the PCA test after the ageing period, and
Yt(25*0 was borderline to passing for 10 sec/Mm. Graph 7

shows the decrease of Yt(25*0 with ageing.

4.6 Long Term Cold Sealing

Anodic oxide films 25tm in thickness were formed

by anodising for 33min at 2.4A/dm” and at a temperature of

12*C. They were not sealed but immersed on 8/9/81 as

followsi
1. CF61 and CF62 in deionised water,
2. CF63 and CF64 in 5g/1 nickel acetate and Sg/1

boric acid.
The present investigation made various tests on these
panels at 39, 57 and 77 months after immersion. Previous

data is included with these results.

The admittance value Y(25*C> was recorded over 77
months. Graph 8. The values decreased with time. Panel CF61
gave readings of >300mS until the two final readingsi

57 months 43.75]iS

77 months 10.9 hS
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During tha pariod 0 to 12 inonthB thara waa a alow incraaaa
in aaaai about -f0.0Sg in watar and -*0.14g in nickal
aolution. During tha pariod 39 to S7 months thara was a
slight dacraasa in maas| about -0.0Sg in watar and -0.02g
in nickal solution. Aftar 12 months tha panals wara cut in
half and half was wusad for dastructiva saaling tasts
(failed). The remaining panel was cut in half again aftar
S7 months and a phosphoric acid/chromic acid test conducted
on one half of each panel, PCA Test, Table 2S. Tha panels
immersed in water failed the test while those immersed in
the nickel solution ware borderline failures. The thickness
wear indices wars measured at 57 months which showed the
films sealed in nickel acetate to be harder than those
sealed in watar. All the films hava acceptable hardness
values, Table 25. The Dye Spot Test showed that CF63 and
CF64 passed the test, but the test solutions discoloured
the films of CFE1l and CF&2. This result could not be
compared to the standard test chart. At 57 and 77 months an
Anotest cell containing concentrated nitric acid was placed
on the panels for 40 min and 10 min respectively. The
change in thickness was recorded. Table 25. There was a
small thickness loss for panels CF61 and CF62 at 57 and 77
months. Panels CF63 and CF&4 showed a very small loss at 57

months but a negligible thickness gain at 77 months.
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Tabi* 2S

PCA Test Thickness Dye Spot Thickness

Panel Loss g/m" Wear Index Test change (g)
57m 7m
CF61 8.06 5.94 whits mark -1.9 -1.15
CF62 14.36 1.09 white mark -1.9 -1.0
CF63 4.43 5.32 1 -1.0 =04
CF64 4.34 5.42 1 -0.6 +0.1

Graph 9 shows th* Yt(2S*C) valtas using concantratad
nitric acid against time. Th* panels sealed in th* nickel
solution have constant Yt(2S*C) values while those sealed
in water are much higher and increase over time. The
admittance drift values recorded after 77 months showed
high values for the panels sealed in water but small values
for those sealed in the nickel solution. Graph 10 is the
abrasion profile of SO double strokes at 300gf against
thickness loss. Panels CF61 and CF62 showed an underlying
film which was harder than the surface film. The other
panels showed the films to have the same hardnesses

throughout.

4.7 Sulphur Dioxide Test

Experiments were performed using combinations of

0.SX and 0.5N, 17. and IN, 27. and 2N, and 4% and 4N sodium

thiosulphate and sulphuric acid respectively in both th* 30

litre and S litre vessels as described in section 3.6.1.
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Graph of Yf( 25%*) (cone. HNO,] against Tima:

57 months, front of panels
Graph t

Graph of Film Thickness Loss against Number of

50ds Cycles:3000gt
Graph 10

Numbor of CyciM (SOdo)
CF63 CF64



Panels ware mealad for 0.2Sain/i>a and 3min/Min in daioniaad
watar and othars wara laft unaaalad. Sulphur dioxida gaa
was analyaad as daacribad in «action 3.6.2 and tha
parcantaga was found to ba batwaan 0.32% and 0.6X for tha
8X and BN combination.

The appearance of the panels after the tests was
recorded and compared to the length of sealing time.
Generally it was found that unsealed panels were vary badly
corroded while panels sealed for 0.25min/»>m, although
corroded, did not show such heavy corrosion. Those panels
sealed for 3min/Hm gave results which varied from no
corrosion to quite heavy corrosion products. It was
subsequently observed that the anodic oxide on the sealed
panels experienced 'thermal shock’ when the cold panels
were immersed directly in the boiling sealing solution.
This caused the anodic oxide film to crack (craze), leaving
the aluminium prone to corrosion at tha discontinuities.
Initially, the appearance of ‘'blisters’, glassy films,
dried yellow crystalline deposits and white powder ware
believed to indicate the formation of corrosion products,
but when panels were cleaned, removing the surface
deposits, a bloom or iridescence was seen to be present on
the oxide film beneath. Tha surface deposits, although more
voluminous on badly corroded panels, were in fact the
result of spray from the sulphuric acid and sodium
thiosulphate. The effervescence produced products which
collected and dried on tha panels. This falsa indication of
corrosion was avoided by positioning the panels further

away from the reacting solutions. The optimum
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concwitrations war* found to b* 8X sodiu* thiosulphat* and
8N Bulphuric acid. Th* method of aaa*saing th* corroded
panels was as follows i a light was shone obliquely onto
th* surface of the panels, which were viewed against a dark
background perpendicular to their plane. Th* panels were
viewed at eye level. A panel was deemed to pass the test
and to be well sealed if no bloom nor iridescence was
visible after cleaning

Table 26 gives the results of sulphur dioxide
tests on panels sealed in a buffered nickel acetate
solution. However, these results and those of Tables 27 and
28 must be interpreted with caution since the panels had
bean allowed to dry after anodising and before being
sealed. Th* oxide film on panels in Tables 27 and 28 were
found to be cracked to varying degrees, which influenced
the results. Yt(2S*C> values, before the sulphur dioxide
test, for panels in groups ’'S2' and '64' are comparable,
while those of group 63’ are higher. This was probably
because th* latter panels were sealed 4 days after
anodising. The values of Yt(2S*C> measured after the
sulphur dioxide tests show that, for the test conducted at
room temp (group ’'62’) there was a decrease. Values
obtained after a test at 3B*C were generally higher than
the initial ones. Values found after the room temperature
sulphur dioxide test carried out on panels sealed 4 days
after anodising, show both increases and decreases.

In the high temperature sulphur dioxide test, all
the panels failed with severe corrosion. The panels sealed

4 days after anodising also failed. However group ’'62’
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Panal

62/1

62/2
62/3

62/4

63/1

6372
6373
6374

64/1

64/2
64/3
64/4

67/2*

67/4*

68/2*

Saaling

Tima

(inin/)im)

0.

o O o o

33

.83

.33

.83

.33

.83

.75

.83

Tabla 26

Notaa/Sulphur
Dioxida Taat
Conditions
Room tamp.

21.5 hours

Saalad aftar
4 days/
Room tamp.

22 hours

M

38*C,

22 hours

M

38«C

24 hours
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Appaaranca aftar

Sulphur
Tast

Slight bloom

A littla bloom

around

idanti fication

mark

Bloom

Patchy bloom

M

Haavy bloom

Bloom

Bloom

Dioxida

Yt(25»C)

<Bm x 10-»%*)

Bafora

10978

5844
2565

1170

17928

11620
6754
3412

11766

4368
3789
1452

596

530
480

Aftar
4254

2992
1936

1712

12422

10067
7661
3715

8309

6752
13500
8249

525

343
322



T«bl« 27

(Sulphur Dioxid* Test Condition« war« 38*C for 24 hourk)

P«n«l Saallng Appaaranca aftar Yt(25»C)
Tima Sulphur Dioxida (8m x 10-»«>
(ain/)un> T««t Bafora Aftar

B5/1 1 Bloom 2649 -

65/2 8 M 234 -

69/2 =2 Slight bloom 225 282

69/3 s Irridaacanca 149 686

70/1 2 Bloom 280 1676

70/2 3 M 237 1757

70/3 4 x 201 1185

70/4 5 M 187 2745
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Tabi« 28

»an«l 8««llng Not«/8ulphur Appearanc« aft«r Yt<25*C)

Tiim Dioxld« T««t Sulphur Dioxid« (8m x 10-»*)
(«in/)iin> Conditions Test B«for« After
98/1 0.17 Room tamp. Slight bloom 2248 -
6 hours
98/2 0.7S M No bloom 607 -
98/3 I.S " ! 396 -
98/4 5.35 t Slight bloom 230 -
72/1 1 40«C, Slight bloom 477 1075
24 hours
72/3 3 M 8p«ckl«d bloom 231 1266
7272 1 40»C, Slight bloom 421 380
6 hours
72/4 3 " ! 230 236
71/4 - ! No bloom 220 235
97/1 0.17 40»C, ! 2658 -
8 hours
97/2 0.75 - o " 515 -
97/3 1.5 " H 390 -
97/4 5.35 t - 234 -
99/1 0.17 50»C, H«avy bloom 2571 -
6 hours
99/2 0.75 ! Bloom 597 -
99/3 1.5 " ! 390 -
99/4 5.35 H ! 228 -
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T«bl*

»anal

142/1

142/2

143/1

143/2

Expt/

~anal

43/

5>>3m
25n0m
25M3m
56/
5>>0fl
5<3Affl
25H0m

25H3m

28 continuad

8aallng
Tima

(min/M«>

10.4

Dya
Spot

Tast

Thickaaa/

Sulphur

Dioxida Tast

Conditiona
»*m/ 50» C,

6 hours

M

2S)<ni/ 50*C,
fi hours

M

Sulphur
Dioxida Tast
Conditions

50*C, 6 hrs

M

50»C, 4 hrs

M

M
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Appaaranca aftar
Sulphur Dioxida

Tast

Spacklad

Slightly

spacklad

No bloom

Bloom

Tabi* 29

Appaaranca aftar
Sulphur Dioxida

Tast

Haavy bloom
No bloom
Haavy bloom

No bloom

Haavy bloom
No bloom
Haavy bloom

No bloom

Yt(23»C)
(Sm x 10-»»)

Bafora

S48

359

215

174

Yt(25»C)
(Sm x 10-»»)

Bafora

3547
110
19954
136

>7224
91
>34776
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fallad with only slight corrosion. Panels Marked with an
asterisk (£7/2, 67/4, 66/2) had had a room temperature, 24
hour sulphur dioxide test before the (second) test in Table
26. The appearance of the panels after the first test
showed very slight spotting. Yt(25*C) values decreased
marginally after the first test to the figures in the
'before’ column of Table 26. After the second test a more
pronounced bloom was observed, and again the Yt(2S*C>
values decreased slightly. The values of Yt(2S*C) for
panels 67/2, 67/4 and 68/2 were much Ilower than those of
the other panels.

The results of a sulphur dioxide test and
corresponding values of Yt(2S*C) are given in Table 27 for
panels sealed in deionised water. The surfaces were washed
and rinsed in deionised water after the sulphur dioxide
test. Panels 65/1 and 65/2 showed very erratic values of
Yt(25*C) after the test indicating that the oxide films
were severely cracked, also indicated by a bloom on each.
Panels 69/2 and 69/3 failed but the corrosion was slight,
and only iridescence was observed on 69/3, which had been
sealed for Smin/Mm. Group '70' all failed the test. The
values of Yt(25*C> fell within a narrow range, and all had
increased after the test.

Other panels, sealed in deionised water, were
subjected to various sulphur dioxide tests. Table 28. The
oxide films were allowed to warm up in the steam above the
sealing bath before immersion so that crazing was avoid«*>d.
Only the oxides on panels 72/3 and 72/1 were cracked.

Groups '97', '98' and '99' had average oxide thicknesses of

200



Itifli. Th* sulphur dioxids tssts wsrs psrfornwd sithsr in a
S litrs glass vassal, or in a 4.94 litra 'parspax' box.
Panala axposad to 80a at 40*C, for 24 hours davalopad only
slight bloom but high Yt<25*C) valtas, aftar tha test,
showing that tha oxidas wars crackad. Panala 72/2, 72/4 and
71/4 carriad uncrackad films, whosa valiua of Yt(25*C> did
not increasa aftar tha test. For them the 40*C , 6 hour
test gave more satisfactory results. In tha room
temperature, 6 hour test both tha poorly sealed and
over-sealed films failed. Groups '97' and '99' tasted at
40*C and SO0*C respectively all failed. Tha oxide films on
groups '97','98' and '99' were not cracked, and had
consistent values of Yt(2S*C> for each range of sealing
conditions. Panels 142/1, 142/2, 143/1 and 143/2 ware
sealed for long times. Those films sealed for 10min/>im or
more failed by bloom formation caused by 'over-sealing’.
For sealing times of S min/pm, the thinner film failed, but
the 2S|im film passed. The values of Yt(2S*C> before the
sulphur dioxide test ware higher for tha thinner films than
for tha 2S Mm films.

Other panels were sealed in ‘'Alcoa 482' solution
for 1, 1.3, 1.7, and 2 min/Mm. The sealed films passed both
room temperatura and 38*C sulphur dioxide tests, conducted
for 6 hours. Only ona panel, whose film had been sealed for
2 min/nm, passed Yt(2S*C> before the SOa test. Aftar the
room temperature 80a test, the values of Yt(2S*C> decreased
slightly, so that a second film sealed for 2 min/Mm
passed. These films passed both the Dye Spot test and the

phosphoric acid/chromic acid test prior to the SOa test.



SMplaa produced by Alcan Laboratories were also
given various sulphur dioxide tests, Table 29. The panel
notation gives the thickness, and sealing time in min/)>m,
e.g. 'ShOoi' means Sfim sealed for Omin/Mn. In these tests
the unsealed films failed both the sulphur dioxide tests
and Yt<2S*C>, while those sealed for 3min/>im passed all the
tests. The ’'SnOm’ oxide films appeared to pass the Dye
Spot test, but this was a false result caused by solution
A’ of the test (section 3.S.4) dissolving most of the
surface oxide (removing 2-3 pm). There was so little film
left to absorb the dye solution ('S’), that a false
negative result was obtained. An SOa test carried out at
50*C for 2 hours made on a set of panels similar to those
in Table 29, failed to distinguish between the sealed and

unsealed samples.

4.B Sealing Bloom

Films ware not dried after anodising and were not
cracked. Panels sealed for 1, 2, 3, S, 6 and 7 min/ttm in
ammonium acetate were tested in sulphur dioxide at the
optimum conditions of SO'C and & hours. All panels passed
Yt(2S*C) except those sealed for 1 min/nm which were
borderline failures.

A sat of panels was sealed for 1, 2 and 3 min/nm.
Only the oxide sealed for 1 min/i“m developed a bloom after
the sulphur dioxide test. A strip of masking tape was
placed across the surface of the panels to leave an area
unattacked by the sulphur dioxide for comparison. For oxide

films sealed for 2 and 3 min/pm there was a noticeable
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diffaranc* batwaan tha maakad and unmaakad araaa (tha
fliaakad araa was darkar than tha unmaakad araa), but no
blooAi was obsarvad. A threa papar abrasion tast (saction
3.5.9), was carriad out aftar tha sulphur dioxida humidity
tast. Garnat papar carriad a whita powdar rasidua aftar two
applications of doubla strokas to tha same araa for all tha
panals. With glass papar tha first tan strokes left a
residue of whita powder, but a further ten on the same area
did not. A thin soft layer of a sealing bloom was detected
by the sulphur dioxide and by the latter abrasion tests.
These panels were anodised during December when the
anodising electrolyte temperature was between 12*C and
14*C. Additional tests ware performed during May when the
anodising temperature was between 18 and 20*C. A set of
panels was sealed for 1, 2 and 3 min/Mm and given a three
paper abrasion test before the sulphur dioxide test. Garnet
papar abraded the oxide on all three panels in two
successive applications of ten double strokes. Glass papar
did not abrade the oxides sealed for 1 min/pm but gave a
slight white powder residue for tha first ten strokas, but
not for a further ten strokes, with the other panals. No
80a bloom was found. Tha oxide film on another set of
panels was sealed for 5, 6 and 7 min/pm during May. No
bloom developed when these oxides were tested in sulphur
dioxide. The abrasion test (before SOa) showed that garnet
abraded all tha films aftar two successive applications of
tan strokes. Glass paper also gave slight whita powder
rasiduas for two successive lots of tan strokes.

Two panels were anodised at a temperature of 2S*C
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(crosm rmfi Tmblm 33, axparimMit 193). On« oxid* film was
Bsalad for 2.3 min/hi» (panel 5S3) and the other for 6
min/Min (panel S54). An overall bloom was formed on both
oxide films after the sulphur dioxide test. Thickness wear
indices equivalent to 400 ds at 400 gf were calculated from
the linear regression of thickness loss against number of
20 ds cycles, Graph 23, for abrasive wheel tests mads after
the sulphur dioxide test. Both panels carried a soft outer
film. Other panels anodised at elevated temperatures
(experiment 19S, panels S21 and 524) also investigated
using the abrasive wheel tests, were found to have very
soft outer layers of oxide. The underlying oxides although
harder, were still unacceptably soft for architectural
service conditions (cross refi Table 34).

Samples designated 'A, B, C and D', anodised at
20*C, from another laboratory were also tested for the
presence of a sealing bloom. Panels had been sealed for 60,
30, IS, and 5 min in the order B, C, A and D. 'D' did not
pass Yt(2S*C). They were subjected to a 50*C sulphur
dioxide test for 6 hours. All developed a bloom and the
order from best to worst was C, B, A and D. After the films
had been exposed to SOa and were cleaned with water and

acetone, they were given the following series of testsi

1. Abrasive Paper Test

All were abraded by garnet paper. Glass paper abraded A and
D during the first ten strokes, but no white powder
residues were observed after a further ten strokes on the

same area.
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2. Nitric Acid Pradip T««t
Tha apacimana wara itiunaraad for half thair langth in SO/SO
nitric acid for 10 min. Thara was a diffaranca in

appaaranca batwaan tha two halvaa.

3. Dya Spot Taat
Tha oxide filma on B and C gave the result 0, but a white
mark remained on both halves after testing the films on A

and D.

4. SOa Test (SO*C for Shours)
Tha order of increasing bloom was C, B, A and D after tha

second SOa test.

5. Colorimetry
There was no difference between that half of each panel
which had been immersed in HNOa before or after the second

sulphur dioxide test.

Other Alcan samples similar to those in Table 29
were tested with abrasive papers before and after a sulphur
dioxide test. Table 30. White powder residues were observed
after ten strokes with glass paper on both of the panels
sealed for 3 min/pm but not for those unsealed, before the
80a test. A grey coloured powder residue on the garnet
paper used on the S>m films showed that this paper had cut
through to the metal. The unsealed 25‘m oxide film was not

'abraded by garnet as expected. After the sulphur dioxide
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Expt/ 3 Papar Tast

Panai
142/

ShOm

5)>3m

bafor* 80a

eii-<10)

Gtigray (20>

GliwhitadO)

QtigraydO)

2550m Qli-d 0 >

6ti-<20)

293ffl QliwhitadO)

Notai

par*nth*c*a r*f*r

6tiwhitaClO)

31 is

abrada th* aurfaca.

glass,

Tabi* 30

3 Papar Taat Dy* Spot

aftar SO*
QliwhitadO)
graydO)
QtiwhitadO)
Qli-(20)
QtigraydO)
Gliwhit*(20>
GtiwhitadO)
Gliwhit*(20>

GtiwhitadO)

Qt is
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garn*t,

to th* nunbar of doubl* *trok*a

Appaaranc* aftar

SOaTaat

Bloom

No bloom

Slight bloom

Slight bloom

and th* nunib*rs in

takan to



tamt, tha unaaalad films had baan attackad. Tha ‘'slight
bloom’ found on tha saalad 2SMm oxida film was also
datactad by glass papar, while the 5tm film was not abradad
by glass papar. Hence, if tha anodising temperatures were
high (20*0 than oxide films anodised to a thickness of
2SHm would have been exposed to sulphuric acid at
relatively high temperatures than those anodised to a
thickness of only S >m thus causing a sealing bloom. This
was revealed by powder formation in the three paper test
mada before the sulphur dioxide test, and as a surface
bloom after it. The Dye Spot test solution ‘A’ had
dissolved the S »m film, giving a false negative result,
while the 2S >m film was shown to have ‘'self-sealed’ at
least on the surface. All panels had been half immersed in
337. nitric acid before the sulphur dioxide test but the SOa
results were not affected by the immersion. Hence the
nitric acid did not remove the softer outer layer which
caused the sealing bloom. Colorimetry detected no

difference before and after the sulphur dioxide test.

4.9 The Weathering of Unsealed._ Partially Sealed and Fully

Sealed Anodised Panels.

Panels were anodised to give average film
thicknesses of 20, 2S, 30, 35 and 40 tim. The sealing
solution was deionised water at a pH of 5.5 to 6.0. The set
of panels 105 to 109 were not sealed. Panels 110 to 114
were sealed for 16.5 min. The final set 115 to 119 were

sealed for 75 min. Each set comprised five panels of
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diffarant thicknaasas, and tha saaling time was basad on
tha 30 pm thicknass. The admittance was measured after
sealing and Yt(2S*C) was calculated. The panels wars
exposed on the roof of Central House, London, EIl, at an
angle of 45*, facing south. The admittance was measured at
intervals, over a total period of exposure of 3 years 7
months. The panels were allowed to dry in the laboratory
for 24 hours before the tests were made.The panels were
cleaned under running tap water with tissues and then
rinsed with deionised water each time they were withdrawn
to measure the admittance up to week 82. The panels tested
at week 172 were cleaned under running tap water with a
nylon brush, rinsed in distilled water, and rubbed with a
cloth soaked in acetone. For the final measurement at weak
184, the panels were cleaned with soap and water using a
nylon brush, and rinsed in distilled water. The admittance
was measured on areas which were, as far as possible, free
from crazing.

Graphs of Yt (25*0 against thickness were
plotted for each series of admittance tests. (Readings for
the first few weeks were off scale.) Graphs for the
unsealed panels, front and back showed a decrease of the
linear regression gradient with time. However, only after
exposure of 172 and 184 weeks did the back of the panels
reach a gradient of less than -*10. These lines were below
the pass criterion, while those for the front of the panels
straddled the pass criterion, with gradients not less than
-*.10. Graph 1la shows how the gradient varied with exposure

time for unsealed panels. lgnoring the solid points.
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Graph of tho Gradiont against Tims

Unssalsd Panslit
Graph |la

Graph of ths Gradlsnt against Tims : Partially

i no «40
Tim« (w««k)



(which indicata that tha raading was off tha highast scala
of tha admittanca matar) tha gradiant droppad vary sharply
after 23 weeks for tha front, which continued to decrease
until it leveled out after 82 weeks. The gradiant for tha
back of tha panel decreased sharply between 19 and 30
weeks. It continued to decrease, reaching a steady value
after 172 weeks.

The graph for partially sealed panels, front
only, showed the lines were, from top to bottom, generally
in the order of the number of weeks exposure, except for
weeks 19, 23 and 30 which ware positioned above weeks 2, 3,
4, S, &, 9 and 14. Notably, the admittance values for weeks
19 and 23 lay above the pass criterion. Graph 11b shows tha
gradient against the number of weeks exposure for the
partially and fully sealed panels. The line corresponding
to the front of the partially sealed panels showed an
initial large decrease which steadied temporarily until
another significant decrease in the period from 19 to 3S
weeks. The gradient increased again at 65 and 77 weeks, and
finally levelled out. All the gradients except for week 0
were less than or fractionally above >10.

The graph for partially sealed panels, back only,
did not give such a wuniform sequence of changes in the
positions of the lines with time. However, the gradients
could be classified into groups, as shown by Graph 11b.
Initially, the gradient decreased smoothly from 2 to 19
weeks. A very large decrease followed in the period from 19
to 35 weeks, which was followed by a very large increase

from weeks 65 to 77. The gradients became fairly steady at
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WMks 82, 172 and 184. Qradiants fro« 2 to 14 w*«ks war*
«m10 plus or minus 1.6. Qrsdlsnts from 6S to 77 wsaks vsrisd
widely, while those of 82, 172 and 184 weeks were well
below -*10. The lines for weeks 19, 23, 30 and 35 were above
the sealing pass criterion.

The lines for fully sealed panels, front surfaces
were close together and all lying below the pass criterion.
The closeness of the lines masked the order. However, weeks
19, 23 and 30 were found above all the other weeks, and 172
and 184 ware below any of the others. All gradients were
less than +10. They decreased smoothly to week 14 and rose

at week 19. There was another decrease to week 35 followed

by a small increase and finally a levelling out of the
line. The back surfaces of fully sealed panels behaved
more erratically, in a manner similar to that of partially

sealed back surfaces. Referring to Graph 11 b, there was a
smooth decrease to week 14, where gradients were all well
below +10, and then a rise at week 19. There was then a
sharp decrease to week 35 followed by a very large increase
to week 65, the gradients being negative for the former and
very large for the latter. The line showed a decrease again
at week 172 and 184, where the gradients fell to +6.6 and
+6.5 respectively. Graph of fully sealed panels, back only
showed that in weeks 30 and 35 the values lay above the
pass criterion, while at weeks 65, 77 and 82 they straddled
it.

The group of unsealed panels showed identical
behaviour for both front and back, which was very different

from that of the partially and fully sealed panels. These

211



lattar groups showed very similar trends to one another for
both front and back. The difference between graphs of
partially and fully sealed panels, front and back, was the

relative position of the sealing pass criterion with

respect to the lines. Graph 11 b shows all four lines
follow a similar pattern. If the appropriate months were
assigned to the x axis then it is found that all lines
decreased from October to February where a small increase

was observed (except for partially sealed, back coatings).

There was another decrease from February to June, which had

the lowest gradients in each case, but thereafter there
were significant increases in the following January. The
gradients were steady until the following May, when all

decreased (except fully sealed, back, which subsequently
decreased in the next February). The gradients remained
stable through to the next May. It was shown that the back
of both groups of panels gave wider fluctuations in the
gradients than did the front.

Thicknesses did not change significantly after
172 weeks exposure when they were remeasured. Loose dirt
had accumulated on the front sides which was removed with a
nylon brush and water. Thick tenacious dirt on the
undersides was removed by rubbing with a cloth soaked in
acetone. Bloom was worse on the front sides than on the
undersides. The bloom on the fully sealed panels was much
lighter in colour than that on the unsealed and partially

sealed panels.
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4.10 Lin«ar R«Qr«»ion of Yt(25»C)__ Aa«in»t__ _ThithPMH__ifilL

Natural P*n«l*

Anodic film thicknessaa of 18, 24, 26, 33 and
36>im wars formed by anodising at a constant time of SS min
and at current densities of 1.47, 1.76, 2.05, 2.35, and
2.64A/dm™* respectively. One series of panels was sealed in
deionised water 24 hours after anodising, and the other
set, sealed in 'Alcoa 482', was sealed 48 hours after
anodising. The Yt(25*C) values are not representative of
panels which are usually sealed immediately after anodising
without being dried. Each range of thicknesses was sealed
for cumulative times as indicated on the 8raph 12. The
Yt(2S*C> value for each thickness was recorded after each
sealing period. The gradient corresponding to each sealing
period was calculated together with the ordinate intercept
and the coefficient of correlation of the points on the
curves. The gradients decreased for both the sealing
solutions as sealing time was increased. The gradient fell
below >10 after a total sealing time of 35 mins for water
and after 76 mins for 'Alcoa 482'.

Further experiments were performed in which
thicknesses of 18 to 36)>m were formed by anodising at a
constant current density of [.BA/dm* and varying the times.
One range of thicknesses was sealed in deionised water and
the other sealed in 'Alcoa 482", both 24 hours after
anodising. Once again the Yt(2S*C) values must be
interpreted with caution. Each range of thicknesses was

sealed for cumulative times as indicated on the Graph 13.
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Graph of Gradlant against Cumulativo Ssaling

Tims: Anodissd at Constant Tims
Graph 12

Graph of Gradisnt against Cumulativo Soaling

Tims:Anodisod at Constant Currsnt Dsnsity
Graph 13



Tha gradients dscrsasad as sealing time was increased for
both sealing solutions. Tha gradient fell to -*10 or less
after a total sealing time of 20 min for water, but the
'Alcoa 482' panels failed to achieve a gradient of -«10 or

less despite a total sealing time of 7S mins, Qraph 13.

1j-U-—Uin««r— Rtartaaign__of Yt<25«C) Against Thickness for

Coloured Panels

The lines of linear regression of Yt<25*C) on
thickness were plotted for panels coloured with and without
Tribrite. One set of panels was coloured for 6 min at a
current density of O0.SA/dm”, and a second set was coloured
for 1.5 min at a current density of 0.5A/dm*, Graphs 14a
and ISa respectively show the gradient against cumulative
sealing time.

The first experiment, experiment 181i anodising
temperature 17*C and colouring temperature 20*C, used a
solution made up of 20g/l sulphuric acid, 20g/l stannous
sulphate, 20g/l phenol sulphonic acid and 13.Sml/l SNOS.
This solution was divided into two 2 litre amounts and one
was used without Tribrite and the other with a total
addition of 4ml Tribrite, dissolved in a small amount of
dilute sulphuric acid. No formaldehyde was added. HCTs were

done as follows:
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Tabla 31

HCT Tribrite Appearance of Tin Deposit

Addition
(ml)

72 - Loose

73 2 Good cover, dull.

74 1 H

75 1 M

76 as above Good cover, not bright but
+ 27ml metallic finish (Table 35), gas
SNOS streaked.

Panals were anodised in pairs to various

thicknesses. One of each pair was coloured in the solution
not containing Tribrite and the other in the Tribrite
solution. Both panels were sealed for consecutive intervals
of 10 min in ammoniuni acetate buffered water (pH 5.9 -
6.0). After each 10 min sealing period Yt(25*C) was
measured on the front of the panels. All panels were sealed
for a total of 50 min. Graph 14a shows that there was a
significant decrease in the gradient (i.e a more positive
number) for the solution containing Tribrite compared to
that without. However, the slopes were still very large and
negative. It was noticeable that there was a marked
decrease in the gradient for the 20 min sealing time
compared to the 10 min value. The gradients for 20, 30, 40
and 50 min sealing times generally decreased but with
fluctuations.

In the second experiment films were anodised at
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Graph of Gradlant against Cumulativo Ssaling

Tims: Colouring Tims 6 mlnutss
OrapO 14s

Graph of Gradisnt against Cumulativs Ssaling

Tims: Colouring Tims 1.5 minutss
Graph ISo



Graph of Tin Contonf against Anodising Tims:

Coiouring Tims 6 min
14b
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Graph of Tin Contsnt against Anodising Tims:

Coiouring Tims 1.5 min
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a taaparatur* of 22*C and coloured at a temperature of
24*C. nims were coloured for 1.5 min. This experiment was
done 43 days after Experiment 181 using the same solution.
HCT 78 was made 42 days after experiment 181. This showed
a loose tin deposit. An extra 1 ml of Tribrite was added
before the start of this experiment. The subsequent HCT 79
was found to have better cover but it was dull.

In this experiment, Graph I1Sa, all the gradients

were positive, and decreased (i.e. became less positive).
There was no distinction in the gradients between the
solution containing Tribrite and that without. The

gradients for the 10 min sealing times were greater than
those for 20, 30, 40 and SO min sealing times. The
gradients for these latter times decreased smoothly. Only
the 40 and SO min sealing time points (except the panel
sealed for 40 min and coloured without Tribrite) had
gradients of -«lO or less.

Graphs 14b (colouring time 6min) and Graph ISb
(colouring time [.Smin) show the percentage of tin in the

films as calculated from the equationsi

t - t, (3.12)

and
(3.14)
if Yt» - 200 Sm x 10-»» (3.13)

where the values of Yt(25»C) measured at a total cumulative
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time of SOmin, «re used to represent the well sealed film,
i.e. for the 24.8>im  film coloured without Tribrite,

Yt(25*C) at a sealing time of SOmin is 650 Sm x

t' =200 X 24.8

650
7.6pm
therefore,
t’ » t t,,

7.6 = 24.8 - t*

t, = 17.2pm

4.12 Results Using Standard Colouring Solution

The standard colouring solution used was 20g/l
sulphuric acid, 20g/1 stannous sulphate and 20g/l phenol
sulphonic acid. Graphs 16a and 16b gives some typical
values of Yt(2S*C) for a range of colouring and sealing
times. All panels were anodised at room temperature and
sealed in Ig/1 ammonium acetate buffered water. Yt(25<’C)
values decreased as panels coloured for 3 min were sealed
for increasing times. Values of Yt(25®C) increased as
panels sealed for 2min/pm were coloured for increasing
times. It was found that for extended <colouring times
(greater than IOmin), a current density of 0.8A/dm* caused

spalling of the anodic film. Very long colouring times at
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Graph of Yt(25*) against Ssaling Tims:

Colouring Tims 3 minutss, c.d. 0.8 A/dm*
Graph I1Sa

Graph of Yt(25*) against Colouring Tims:

Ssaling Tims 2min/Aim
Graph 16b



low current densitlIM, produced » patchy grey colour on the
black films when spalling did not occur. The current
densities of 0.3, 0.S and O0.SA/dm* were accompanied by
voltages of 11.0, 12.7 and 14.7V respectively.

The thickness of the anodic film does not affect
the colour produced by equivalent short <colouring times.
There is some variation in chromaticity co-ordinates for
equivalent colouring times, but the Raaos values are within
a narrow range.

Graph 17 gives the effect of thickness on
Yt(2S*C> values for identical sealing times. For 3 minutes
colouring time the thinner the film, the higher the
Yt(2S*C) value. However for 1 minute colouring time, the
Yt values show no such trend.In fact the values are totally
random. Colouring did not alter the thickness of the oxide
films.

Graph 18, the CIE chromaticity diagram, shows all
films coloured for any length of time and uncoloured, to be
clustered around one area. Films coloured red, yellow, blue
and violet are included for comparison. Graph 19 is
semi-logarithmic and shows the position of films coloured
for different times and those uncoloured.

Graph 20 shows the L values against colouring

time. The L values for the colouring current densities of

0.5 and O.BA/dm”~ decrease with colouring time at
approximately the same rate. The order of the current
densities for decreasing luminance is 0.33, 0.S, and

O.BA/dm”. This order is reversed at long colouring times.

The chromaticity co-ordinates show no distinction
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Graph of Yt(25%*) against Thicknsss
Graph 17

CIE Chromaticity Diagram
Graph 1B



Graph of Percontag* RafUctanc« against

Wavsisngth
Graph 19

Graph of L values against Colouring Tims
Graph 20



Graph of fiE Valuot against Colouring Tims
Oroph 21

Colouring timo (min)

Graph of Film Thicknoss Loss against Colouring

Temperature
Graph 22



batwMn colouring timas for diffarant currant densitias.
Graph 21 shows the aE vallas against colouring

time for all current densities. The curve of the graph is

the mirror-image of that on the graph of L on <colouring

time.

liLJI3_ftnalitsLa.iai-1LQ

Both the abrasive wheel test and the glass paper
test gave a black powder trace on the first application for
a 20><m film coloured for ISmin.

25>im films were coloured for 3 and &min. They
were left unsealed, dried and weighed. The anodic oxide
film was stripped from the aluminium wusing a solution of
35ml/l HaPO« and 20g/l CrOa. The stripped aluminium had a
grey/black powder remaining which was the tin. The panels
were dried, reweighed and the tin removed. They were
weighed again and the weight of the tin calculated. The
film thickness as estimated from the ’strip and weigh’
method was found to be approximately 2S>>m, which was in
agreement with that found with the eddy current method.

14mg/dm“ of tin was found for both colouring times.

4.13.1 X-Rav Diffraction Analysis

X-ray diffraction analysis showed that the
d-spacings for pure aluminium correlated very well with the
theoretical values. The values for pure tin found by
experiment also correlated very well with the theoretical

values for tetragonal tin. Tin deposited in the oxide film
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was analysed and the experimental d-spacings were found to
be 0.01 to 0.02 units higher than the theoretical values

for pure tin.

4.13.2 Powder Diffraction Analysis
Two methods for removing the anodic oxide film

containing tin were usedi

1. Film was scraped from the aluminium.

2. Film was removed with HgCla.

The experimental d-spacings correlated fairly well with the
theoretical values for tetragonal tin by the first method,

and very well by the second method.

The, Efi.est gf EiSYflted_ Temperatures Purina Anodising.

Soaking and Colouring.

In this section all panels were sealed in
ammonium acetate buffered water. Thickness wear indices
were derived from the value for thickness loss found by the
abrasive wheel test using 400ds and 400 gf and were
calculated from the gradient of the linear regression graph
of thickness loss against number of cycles.

Panels soaked for varying lengths of time in
20g/1 sulphuric acid at 30°C but not sealed, showed no loss
in abrasion resistance. Coloured films which had been
soaked after sealing showed reduced abrasion resistance. A

film soaked for over 2 hours had almost dissolved
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completaly, Table 32, Expt. 113.

Colouring or soaking at elevated temperatures in
the basic colouring solution, (20g/l sulphuric acid, 20g/Il
stannous sulphate and 20g/l phenol sulphonic acid), prior
to sealing, also revealed a decrease in the abrasion
resistance Table 32, Expt.170. The thickness wear indices
however were still within acceptable limits despite the
noted effects of <colouring and soaking prior to sealing.
Colouring gave marginally larger thickness wear indices
than soaking. The panels not soaked nor coloured gave the
lowest thickness wear indices.

A subsequent experiment showed no reduction in
abrasion resistance after long colouring times.

A series of experiments was performed to observe
the effects of a range of anodising, colouring and soaking
temperatures on the abrasion resistance of anodic oxide
films. Graph 22 shows the effects of raising the anodising
temperature. Within each anodising temperature the
colouring temperature was increased (colouring time Bmin).
Raising both temperatures brought about a decrease in
abrasion resistance. The first point of each line on the
graph is a reference point showing the thickness loss for
a panel anodised at the appropriate temperature, but not
coloured. Similarly, an almost identical trend is shown for
soaking at elevated temperatures (soaking time Smin). All
thickness losses were derived by the Ilinear regression
method.

The effect of over sealing was investigated.

Sealing for 2min/>>m is sufficient to pass the sealing
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Expt/

Panel

113/326'

113/327

113/328

170/473

170/476

1707477

170/478

1707479

170/480

ram.

Colouring

(min)
3
room
temp

uncoloured

8

30»C
uncoloured
8

38»C

uncoloured

uncoloured

means remaining

Tabi* 32

Soaking

(min)
unsoaked
20

2hr28

8
30.5»C

unsoaked

unsoaked

unsoaked

8

38*C

unsoaked

229

Sealing

(min/»>m)
2

2

Three
Paper
Test

garnet
gl ass
glass

garnet

garnet

garnet

garnet

garnet

garnet

Thickness
Wear Index
(L.R.)
0.74
1.81
I-2»im rem.

1.2

1.6

1.4

1.1

0.7



Table 33

Expt/ Soaking/ Sealing Thickness SO.
Panel Colouring Conditions Mear Index Test
(min) (min/fim) (L.R.>
193/SS3 unsoaked 2.27 1.8 whole film
uncoloured 2.3 outer film uni form

1.1 inner film
193/554 unsoaked 6 1.7 whole film bloom
uncoloured 1.7 outer film

0.9 inner film

L.R. indicates values were found by linear regression.
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Table 34

Expt/ Anodising Soaking/

Panel Conditions Colouring
<min)

195/521 31»C coloured
8

37®C

195/524 29®C soaked

15®C

232

Thickness
Wear Index
(L.R.)
before SOa
3.4 whole
4.8 outer
2.7 inner
after SOa
16.7 outer
3.4 inner
before SOa
3.8 whole
4.7 outer
1.7 inner
after SOa
12.1 outer

2.3 inner

film
film

film

film

film

film
film

film

film

film

SOa

Test

very
heavy

bloom

very
heavy

bloom



tasts. Timas longer than this are unnecessary. Tilms
anodised at 20*C showed no reduction in abrasion resistance
when panels were oversealed. A graph confirmed this,
although a sealing bloom was apparent as indicated by the
three paper test. The panels were unaffected by the sulphur
dioxide test. Anodising at 25®C, Table 33, Expt.193,
showed that the elevated anodising temperature had a
softening effect on the film, while the length of sealing
time was irrelevant. The sulphur dioxide test and the
subsequent abrasion profile. Graph 23, showed a soft outer
layer and a slightly harder inner layer.

The final experiment showed the effects of
elevated anodising temperatures with respect to the sulphur
dioxide test and abrasion resistance. Table 34, Expt.
195.The abrasion resistance was greatly reduced and a very
heavy bloom resulted in the sulphur dioxide test. The
detrimental effect of the sulphur dioxide was shown by the
subsequent thickness wear indices for the inner and outer
layers. The inner layer, although "harder' was still
unacceptably soft. Graph 24.

The appearance of a grey or black streak during
the abrasive wheel test, and the thickness loss at which
this occurred, was noted. Trom the known total film
thickness, the metal thickness can be calculated from the

equationi
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t» » t - t' <3.12)

whare t. is the tin metal thickness,
t is the total film thickness,

t' is the metal-free section of the film.

The results are given in Graph 25. The results show that
generally, films anodised at 1S°C have less tin in the
pores than films anodised above iS°C. Ulithin each anodising
temperature range, the colouring temperature does not have
a clear trend with respect to the amount of tin present.The
average film thickness decreased as anodising temperature
increased.

After 40 cycles of the abrasive wheel test, the

film anodised at 15®C and coloured at 30.5“C showed only

white powder residues. This indicates that when the film
was abraded down to tin had not appeared, i.e. due
to the very good abrasion resistance of this film, the

depth at which tin was deposited was not reached.

Ills Thw Effetta gf .Daina__ 'Tribrite»___in the Tin Colouring

Solution

Experiments were performed to investigate the
effects of 'Tribrite’', an electroplating bath brightening
addition agent, on the deposition of tin in the pores of
the anodic oxide film. Throughout the experiments the
sealing solution used was water buffered with Ig/1 ammonium

acetate and all coatings were sealed for 2min/>im. In the
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Graph 28, the column headed 'No. of Days, TB-Expt’ means
the number of days between adding the Tribrite and the use
of the ~colouring bath. The column headed 'No. of Days,
TB-HCT' means the number of days between adding Tribrite
and the Hull Cell Test on the solution. 'HCT' always means
the latter, and a column headed thus gives the reference
number of the HCT.

The solution used for experiments 124 to 130 had
a volume of 4 litres, and contained 20g/1 sulphuric acid,
20g/1 stannous sulphate, 20g/1 phenol sulphonic acid,
18ml/1 sodium normal octyl sulphate solution (277.), (SNOS),
plus various amounts of formaldehyde and Tribrite.
Tormaldehyde (407 solution) was added in the same volumes
as the Tribrite solution, (see ’'Total Tribrite’ column).
For all the experiments in Graph 26 the HCT was made G days
after the addition of Tribrite. The <colouring current
density used was O0.SA/dm=> and the film thickness was
approximately 24nm.

The general trend of Yt(25®C) is that as more
Tribrite was added, the values decreased. Although the
decrease was consistent for 3min colouring time, the values
for 8min colouring time remained constant for 4ml and 8ml
Tribrite additions. For the ISmin colouring time Yt(25*C)
rose for experiment 126 but decreased after the addition of
a further 4ml of Tribrite. It was found that the Tribrite
did not dissolve completely in the tin solution wuntil the
following day. For this reason the ISmin colouring time was
repeated with no further Tribrite additions. HCT 1 gave a

very loose tin deposit. There was a slight improvement for
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HCT 3f 4 and S, but the deposit did not adhere well to the
copper surface of the Hull Cell cathodes.

To show the affect of colouring time within the
anodic oxide film graphs of percentage spectral reflectance
against wavelength were plotted and Scanning Electron
Micrograph (SEMI pictures taken. Graph 27a shows colouring
times of 1, 3 and Smin, and Graph 27b shows 8, 10 and IS
min colouring time. Tigures 31 to 36 are the respective SEM
pictures. It can be seen that the graphs for 8, 10 and 15
min colouring times were very similar. Colouring times of 3
and 1 min showed an increase in percentage reflectance
towards the red end of the spectrum. The SEM pictures
showed a noticeable increase in amount of tin in the pores
from 1 to 8 min colouring times. Those of 8 and 10 min were
similar, while that of IS min showed the tin to extend
slightly further towards the oxide surface, reaching the
surface in places. The composition of the solution used was
209/l sulphuric acid, 20g/l stannous sulphate, 20g/l phenol
sulphonic acid, 18ml/1 SNOS, 2ml formaldehyde and 2ml
Tribrite. The effect of Tribrite on the deposition of tin
could not be observed in the SEM pictures. Figures 37 to
42. Those figures without Tribrite correspond to Experiment
12S and those with Tribrite correspond to Experiment 129,
Graph 26. Spectral curves for IS and 8 min colouring times,
with and without Tribrite showed no distinction between
them. However, 3 min colouring time did show changes for
varying amounts of Tribrite, Graph 28 which shows the
amounts of Tribrite corresponding to Experiments 12S, 126

and 129 (Graph 26). Finally, Figure 43 shows an oxide film
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Graph of Ptrcantag« RafUctanc« against

Wavsisngth
Graph 28

Graph of Yt(2S*) against Tribrits Additions

Stannous Sulphata 60 g/I
Graph 29a
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coloured for 20 min in a solution containing no Tribrite.
The tin is seen to extend out to the surface of the film.

Experiments 145 and 14G used the same colouring
solution as in the last set, 124 to 130, Graph 26. Further
additions of Tribrite and formaldehyde were made as in the
column headed 'Total Tribrite’, where formaldehyde was
added in the same volumes as the Tribrite. The further
addition of 4ml Tribrite and 4ml formaldehyde in experiment
131 was made 6 days after the addition in experiment 129.
Colouring current density was 0.5A/dm* and film thickness
was approximately 25)>m.

In experiment 131 the film was detached during
the 8 and ISmin colouring times, while for a colouring time
of 3 min the colour was a very pale gold. Yt <25»C) was not
measured for these panels. The cathode for HCT 6 showed
better covering than HCT 7 or 8, but the deposit did not
adhere. HCT 8 showed poor cover 46 days after the Tribrite
addition. The next addition of 12ml Tribrite in experiment
145 was made 79 days after that made for experiment 131.
HCT 9 was made 2 days thereafter and showed a marked
improvement in cover. The next addition (experiment 146)
was made 3 days after that of experiment 145. HCT 10 was
made the same day as this latter addition which showed a
further improvement in cover. HCT 11, done 3 days later,
showed a slightly further improvement. Yt(25®C) decreased
markedly from those found in experiment 129, and the
decrease continued from experiment 145 to 146. The asterisk
against the ISmin colouring times indicates that ’'popping’

noises were heard during the later stages of colouring.
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Experiments were performed using a volume of 41
colouring solution containing 60g/l sulphuric acid, 60g/Il
stannous sulphate, 60g/l phenol sulphonic acid and S4mli/1
SNOS. Successive additions of 10ml Tribrite together with
10ml formaldehyde were made. The <colouring current was
O.SA/dm* .Panels were coloured the day after the additions,
except where a weekend intervened, in which case 3 days
elapsed. The HCT was made on the same day as colouring.
Yt<25®C) was measured on the day after colouring, except at
weekends. Because it became increasingly difficult to
dissolve the Tribrite soley by agitation the additions of
50, 60, 70, and 80ml Tribrite were dissolved in the
minimum amount of dilute sulphuric acid. ’'Popping’ noises
were heard during the colouring of the final 3 panels in
the series coloured for 15 min, accompanied by current
surges. Small rings had appeared on the film surfaces and
in some places bare aluminium was exposed. Mhen panels
were sealed, further sections of the film were detached.
Graphs 29a, 29b and 29¢c show the relationship between
Yt<25®C) and the amount of Tribrite added. Generally, as
Tribrite concentration was increased, Yt(25®C) decreased.
There was a significantly large decrease between 10 and
20ml additions for colouring times of 15 and 8min, (Graphs
29a and 29b). A further large decrease occurred between
additions of 20 to 30ml, for 8 and 3min colouring times,
(Graphs 29b and 29c>. After these large decreases, the rate
of decrease fell. The pass criterion for Yt(25°C) is shown
by the dotted line. Admittances decreased slightly during

the 2min monitoring period for panels coloured for 15 and
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8min in baths with 20ml Tribrite.

Graph 30 shows the relationship between the
luminance and the amount of Tribrite added. AIll colouring
times show increases in the graphs corresponding to the
first three 10 ml additions. Colouring times of 8 and 15min
show a slight decrease with a further two 10ml additions,
while a colouring time of 3min shows a decrease for another
10ml addition. AIll luminance values increase thereafter.

Finally a graph showing the relationship between
colour differences aE, and the amount of Tribrite is
similar to graph 30. The 3min colouring time shows a smooth
increase. The 8 min colouring time shows a slightly less
smooth increase, while the line for ISmin <colouring time
shows a smooth increase from 50ml Tribrite onwards but
below this the graph is erratic.

The HCT for 10ml Tribrite (HCT 17) gave the best
cover. HCT 18 to 23, for the corresponding 10ml additions,
gave increasingly roughened cover, especially at the high
current density end, and large mirrored areas were observed
on the back of the copper plate. HCT 23 was blackened and
discoloured. Table 35 assigns values to the appearance of
the tin deposit under various conditions. These values are
represented in graphical form against the number of days
between HCTs. Graph 31 is such a graph. HCT 24 corresponds
to the final 10ml additions. No further additions were made
and subsequent HCT cathodes showed the activity of the
Tribrite with respect to tin cover on the cathodes. HCTs
24, 39, 40, 50, and 54 showed extremely blackened and

roughened surfaces. HCT 58 showed a marked improvement.
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Graph of RwiValu«s against Tribrit« Additions
Graph 50

Graph ot Tribrit« Activity against Numb«r ot

Days: Stannous Suiphat« 60 g/i
Graph 51

Numbor of daxs
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In the final set of experiments in this section,
a 1 litre bath was made wup of 20g/l sulphuric acid, 20g/l
stannous sulphate and 20g/l phenol sulphonic acid. Film
thicknesses were approximately 20>im. The first experiment
was 157, Graph 32.
CNotes on Graph 32
a) Hull Cell Test was made when no Tribite was present.
b) Hull Cell Test was made after each addition. The first
addition was SNOS, the second was formaldehyde plus the
first addition of Tribrite and subsequent additions were
equal amounts of Tribrite.
c) Hull Cell Test was made at selected intervals after the
experiment. Number of days from the addition of Tribrite

until the Hull Cell Test is given in the final column.!

Colouring current density used was O.SA/dm®. Three panels
were coloured in this standard solution for 15, 8 and 3min
colouring time. 18ml/l SNDS was added to the solution
separately and HCT 27 made. Tribrite was added to this
solution in equal amounts. 2ml  formaldehyde was added at
the same time as the first addition of 2ml Tribrite. After
each addition of Tribrite, a HCT was made until an optimum
concentration of Tribrite was reached. Graph 32, note b.
The Tribrite was dissolved in 4ml dilute sulphuric acid
before addition to the solution. Panels were coloured for

15, 8 and 3min in this ’'new’ solution, on the same day as
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Graph of Yt(25*) against Colouring Tim«
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Tribriti
not

present.

Tribrita

insufficient.

Tabl* 35

Tabl» of Hull Call T»«t AopMrMC«

I.Very loose tin deposit. Outward growth of

2.

crystals. Areas of copper plate still
exposed.

Bright area shrinks. When it is lass than
two thirds of the plate, addition is
necessary.

High current density end dull/grey, dull

streaks may stand above brighter background.
Brighter areas may be at low current density

end. No mirrored surface on back of plate.

Mirrored surface over most of plate. Some
gas streaking at high current density and,

Also small mirrored band on back of plate.

.Very bright at high current density end,

where bright streaks stand above dull
area,but less mirrored at low current
density and. Large mirrored band on back,

which may start to blacken.
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Tabla 35 continuad

Tribrita in
axcaaa/

working-in
pariod not

complata.

Time delay
after
Tribrita
addition/
working-in
pariod

complata.

7.And/or blackened streaking or roughness
at high currant density and, sometimes
extending over whole of plate.

8 .Excessive amounts of Tribrite indicated by

blackened surface on back of plate as wall

as front. Uneven areas of copper appear.

7.After a period of time the mirrored surface

reappears at high current density and, but

blackening may still be at low current

density end.
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the additions had been made. Yt(2S*C> was measured for
panels coloured in the standard solution and for those
coloured in the solution containing Tribrite. 32,
Expt 157,shows the Yt(2S*'C> values for panels coloured
without Tribrite. However, upon colouring after a total
addition of &ml, the film was detached and no admittance
could be measured. Inspection of the HCT cathodes showed
that HCT 28 had the optimum cover. HCT 23 and 30 showed
roughening and a mirrored back. Subsequent HCT cathodes
showed varying degrees of cover, as shown by Graph 33.
Significantly, the curve reached a peak for HCT 30, then
declined as sharply as it increased until HCT S| after
which the decline was gradual.

This solution was used in another experiment,
1G3, 4 days after the Tribrite addition, to determine if
the <colouring current density had been too high. Panels
were coloured for ISmin at various current densities. The
current density during which no ’'popping' noises were heard
was taken as the best. This was found to be 0.33A/dm".
Yt(25“C) was recorded for this panel.

The next experiments, IGO and 1G2, used a
solution made to the same formula as that used above. The
current density used was O.SA/dm”. 1ml Tribrite was added
separately dissolved in 2ml dilute sulphuric acid. 2ml
formaldehyde was added with the first addition. The
experiment was performed as in experiment 157. Yt(2S*C)
values in Graph 32 for colouring with and without Tribrite,
decreased when coloured with the Tribrite solution, except

for the 3min colouring time. 'Popping' noises were heard
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during the ISmin colouring time. HCT 3S gave the optimum
tin cover. The subsequent HCT cathodes showed varying
degrees of cover, as shown by Graph 34. The shape of this
graph is similar to Graph 33, except that there is a
plateau between HCT 33 to 35. Graph 35 shows the percentage
spectral reflectance against wavelength for the panel in
experiments IGO and 162. The 3min colouring time resulted
in higher reflectances at all wavelengths for ~colouring
with Tribrite than for colouring without, but for 8 and
15min colouring times, the reflectances with and without
Tribrite are inseparable.

The final set of experiments, 1G4, IGG and 1G7
used a solution again made to the same formula but using a
colouring current density of 0.33A/dm®. The additions of
formaldehyde and Tribrite were the same as in the last
experiment, and the experiments were performed as above.
The Yt(25°C> values decreased with the addition of the
Tribrite. No ’'popping’ noises were heard. The optimum tin
cover was given by HCT 47, Graph 3G. A small plateau was
observed between HCT 45 and 4G. HCT 48 was not as good as
HCT 47. A further 1ml Tribrite was added 2 days later to
this solution, experiment 167. Graph 32 shows even lower
Yt(25°C) values. However, ’'popping’ was heard for a ISmin
colouring time. HCT 49 showed good cover, but severe gas
streaking was noted at the high current density end of the
copper cathode. Subsequent HCT cathodes showed varying
degrees of cover. A sharp peak was noted for HCT 49 which
declined as rapidly as it rose until HCT 57 after which the

decline was very gradual. Graph 37 shows that the curve for
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Graph of Tribrita Activity against Numbar of
Days
Graph 36

Graph of Parcantaga Ratlactanca against
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Graph 37
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a 3niin colouring time with Tribrite resulted in higher
reflectance at all wavelengths than that without Tribrite.
However, the colouring time of 8min shows the two curves
reversed, while at ISmin colouring time the curves are

inseparable.

4.15.2 Colorimetry

Variations in the luminance values at the lower

end of the percentage reflectance scale are insignificant

because the films are black and very little light is
reflected. A variation of 1 to 5/ between values is
acceptable. Small amounts of Tribrite did not affect the

colour significantly and this was not detected by the

colorimeter.

4.15.3 Stannous Tin Content of the Colouring Baths
The stannous tin content was measured by

titration with O.IN iodate-iodide solution using starch as

the indicator. To a Sml sample of solution, 20ml 20V.
hydrochloric acid was added before titration. All  tin
solutions were stored in air-tight bottles containing a

piece of tin metal. Solutions were analysed which had been
made between 2 years 6 months and 2 years 10 months, and
had not been exposed to the air during the period of
storage. Some of these solutions had various amounts of the
Tribrite solution. Tresh standard colouring solutions were
made (not containing Tribrite) and the tin content was

analysed at intervals. The results show that the stored
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solutions (with and without Tribrite) contained 2.3g/1 to
5g/1 of tin. The freshly prepared solutions had 5.5g/1 to
£g/1 of tin. There was no change in the stannous tin
content for the fresh solutions over a period of 62 days.
If the assumption is made that 20mg/dm* of tin is
deposited during one colouring period, the amount of tin
removed from each of the old solutions can be calculated.
This was found to be between 0.2g/l and 0.7g/l. One
solution which had been used for a total colouring time of

SOOmin may have lost 1.47g/1 of tin.
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Th* of th* 33X HNO« pradip w«s
investigat«d on films of various dsgrsss of hardnsss. If
films had alrmady bssn softmnsd by agsnts such as warm
anodising mlmctrolytms (as rmvmalad by a thicknsss wear
index of greater than 1) then both substantial thickness
and weight loss occurred during the predip. If films had
not been previously softened, then it was found that the
acid had no softening effect on the hard films. A very
slightly softer film remained after the predip for a poorly
sealed film soaked for IS hours in the acid. An unsoaked

sealed film <5 min/pm) showed a hardness similar to
that of the latter film. As sealing time increased the
surface and intermediate layers increased in thickness. The
pore filling material increased in density. The overlying
layers thus protected the porous layer from attack. After a
sealing time of 0.5 min/nm (approximately 12.5 min) the
intermediate layer would be sufficiently thick so as not to
be dissolved by the acid (102). The intermediate layer is
protected in turn by the surface layer to a small extent.
However, due to the nature of the surface layer it s
'‘porous' and does not offer much protection to the
intermediate layer. At very long acid immersion times the
intermediate layer may be slightly attacked. At very long

sealing times (5 min/pm lapproximately 125 min) the surface

2&e



layer reaches its limiting thickness. Due to the formation
of primary and secondary groups of platelets, which the
acid dislodges, some surface layer is lost. A higher wear
index is obtained because of the removal of the soft outer
layer, while the hard underlying layer is retained. This is
confirmed by an unsoaked well sealed film having a slightly
softer film due to the presence of these sheets. This layer
is approximately 0.5 >m in thickness and once removed, the
underlying well sealed film is unaffected by the acid.

Soft films which have lost some of the outer
layer by dissolution do not Ilose any further film after
subsequent additional predipsi the thickness wear index
remains constant and no weight loss is observed, despite
the film being inherently soft. Prior to the predip, an
abrasion profile of thickness loss against the number of
cycles of 20 double strokes showed two distinct layers. The
outer was softer than the inner. The total film thickness
wear index was an average of the two separate layers. After
the predip the two layers no longer existed, but the total
film thickness wear index was the same as before the
predip.

If there is no thickness wear index data, then a
substantial weight loss after the predip would indicate a
soft film, part of which would be lost during the predip.
Inherently soft films which were adequately sealed were
attacked by the 33X HNOa. The alumina, when hydrated,
failed to form well defined <crystalline boehmite. It is
proposed that a different type of intermediate layer formed

in soft films since they exhibit two distinct layers. This
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intarmadiata layar ia attackad by tha acid and raaovad.
During anodising at alavatad tamparatures tha dissolution
affact of tha alactrolyta is mora pronouncad. This promotas
a aora porous layar. Subsaquant saaling may not taka placa
afficiantly dua to tha raducad microcrystallita contant. It
was suggastad that tha call wall roughans during saaling,
resambling a parallal stacking of platalats (76). This was
thought to be a dissolution pattern on the cell wall and
that sealing enhanced rather than caused the platelet
stacking. If tha cell wall is a mora open structure,
platelet stacking would not ba so concentrated and it is
likely the anhydrous cell walls thamsalvas become hydrated.

This may account for the soft outer layer.

5.2 337. Nitric Acid Admittance Drift Test

The wusefulness of the 33X HNOa drift test to
indicate the quality of sealing of an anodic film can be
assessed by applying the mechanisms involved in the predip.

Hard, well sealed, aged films gave a positive Y
drift of 0.1 to 0.2 and it of 1 to 2. The small drift was
due to the removal of some of the surface layer <smut>. The
consolidation throughout of a wall sealed film has been
shown by the Y—{ profile method. Softer, well sealed, aged
films had larger positive drifts. This was dua to the
dissolution of the soft outer Ilayers, and not due to
inadequate sealing.

The drifts can thus ba axplainadi if tha film is

inadequately sealed than the drift is large and positive
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and i* du* to tha dissolution of tha pora filling natarial

and is givan by tha aquationi

Y<2S»C) - Y" - Y»  <SxIO-»/min) (4.1)

10

whara Y’ is tha first admittanca reading,

Y" is the final admittance raading, aftar 10 min.

Similarly, 'i't will also ba large and positive. If a soft,
well sealed film gave a positive V drift larger than 0.2
then the drift would be due to thickness loss and is given

by tha aquationi

Y<2S»C) « Jt A - . (S.n
10\f -t
whera Kk is a constant Ci.i Yt(25»C) = 200 for a well

sealed film),
t is the initial thickness,

t' is the final thickness.

For an inadequately sealed hard film the drift will ba due
solely to tha dissolution of the pore filling material,
thusi
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sine«

An inadequately sealed soft film would give a very large
positive drift due to the combination of the two factors.

Negative drifts occur under certain
circumstances. If the admittance decreases during the 33v.
nitric acid application this implies that either there is a
change in the conductivity of the pore filling material, or
that the thickness has actually increased. Negative drifts
were recorded for two thick weathered films (see discussion
on Weathering section S.&). The admittance decreased due to
the collapse of the «cell walls. These drifts were recorded
on the shielded faces. The shielded sides of thin films
showed large positive drifts confirming the observations of
Taller (126). All things being equal, corrosion is higher
on the undersides than on the exposed sides, and thinner
films suffer more than thicker films.

It is the contribution of the intermediate layer
to the sealing quality which determines the type of drift.
The surface layer contributes little to the overall values.

The drift test showed how consolidation within
the pores occurred over a period of weeks in films sealed
in 'Alcoa 482' (see discussion on Proposed Mechanism for
Sealing in Nickel Acetate Solutions section S.4). These

films do not attain the same drift values as hydrothermal
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film* «ftar 13 weeks but « steady low value would be
expected to be reached eventually.

Only films coloured for short times attain the
low drift values. Films coloured with Tribrite attain lower
values than those coloured without Tribrite (see discussion

on Tribrite section 5.11).

5.3 Concentrated Nitric Acid Admittance Drift Test

The drawback of this method was that the
conductivity of the acid was greater than that of 33X
nitric acid. Freshly prepared films showed negative drifts.
The drift found by using solution 'A' of the Dye Spot test
as an alternative &electrolyte to the acid gave positive
drifts, and the admittance values were comparable to those
found with potassium sulphate electrolyte. This indicated
that the concentrated acid reacted with the pore filling
material. In freshly prepared films this material would be
the gel which had not yet crystallised.

The admittance drift found for the sky-ward faces
of the weathered films which had been exposed for 82 weeks
compared very well with those found at an exposure time of
172 weeks and measured using 337. nitric acid. However, for
the thick unsealed, partially sealed and well sealed films
the concentrated acid drift values were larger than those
found with 33X acid. This indicated that the concentrated
acid had a larger dissolving effect on the more porous
thick films. At 82 weeks exposure the gradients (of the

graph of admittance against time) had begun to decline
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again auggasting cracks wara haaling. Tha very small
negative drift found for tha thickest partially saalad film
showed that tha collapse of the cell walls Just outweighed
any dissolution effects, i.e. some redistribution of
material and debris balanced any dissolution effects. The
large positive drift for the thick well sealed film
showed that the film was defective (see discussion on
Weathering section 5.6).

Oversealed films gave negligible drifts showing
complete consolidation of the film.

nims anodised and soaked, in sulphuric acid, at
elevated temperatures (>2£*C) gave soft films. Those
anodised at 2&*C and not soaked at high temperatures, or
anodised at 15*C and soaked at high temperatures gave only
marginally softer films than those produced under ideal
conditions. The thickness loss for the soft films was
greater than that for the hard films. This gave larger

positive values for the equation

(5.1)

Y found from the drift in admittance gave small negative
values. This indicates that the soft outer layers are not
only dissolved but there is a redistribution of material
causing the pores to become blocked. This gave a false
impression of increased sealing quality. It is postulated
that it is the surface layer which is dissolved and the

intermediate layer which is redistributed.
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Ag«d colourad films gmvm coR”mrabla drift valuas
to thosa found with 33X nitric acid. This showad how wall-

saalad films ara unaffactad by any concantration of acid.

The products of tha hydrotharmal sealing reaction
are combinations of aluminium hydroxide gel, psaudoboehmita
and crystalline boehmite, or compounds similar to these but
containing more water than the stoichiometric compounds.
Different amounts of aach type of hydration product occur
at different stages throughout tha sealing reaction, which
proceeds throughout the length of the pore. As sealing
proceeds local pH changes occur within and around the pore
influencing the progression of the sealing reaction. This
mechanism has bean proposed by Thompson and Hood (79).

Whan sealing is carried out in a boiling nickel
acetate solution such as 'Alcoa 482’ the mechanisms
involve not only those associated with tha hydrothermal
reaction but a pore blocking mechanism also. During the
initial stages of sealing a poorly developed crystalline
form of pseudoboehmite precipitates within the pores as
water, at relatively high pH, meets the acidic AlI*" ions
diffusing out of the pores. At about the same time
dissolution of the macroscopic film surface occurs causing
formation of a surface layer. This layer appears to be
crystalline boehmite. Some Al*'"" ions may diffuse from

within the pores to contribute to tha formation of this
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murfac« l«y»r by a pracipitation-dicsolution mschanism.
Groups of platalsts form st nucléation mitas increasing the
thickness of this layer. As these hydrothermal reactions
proceed the presence of a green surface bloom confirms the
presence of nickel hydroxide which is deposited as
Ni(OH)a.0.2SHaO (101). This reaction is also favoured by

relatively high pH according to the reaction

NiCCHaCOOla + 20H- — - Ni(OH)a + (CHaCOO)a (5.2)

For pore filling or surface product to occur it is
necessary for local solution conditions to be favourable
for precipitation rather than dissolution. In the neutral
pH range 4-8 aluminium has a very low solubility. But as
the pore blocking material increases, the Al*-*. ion
concentration within the pore increases. The ‘'Alcoa 482'
solution is slightly acidic since 1 g/1 sulphuric acid is
contained within the solution while sodium hydroxide s

used to achieve a pH of between S.S-&.0.

2NaOH + HaSO* — 4 NaaSO.» + SO* »- + HSO* - w-2HaO + 3H-(5.3)

The reaction between nickel acetate, sodium sulphate and

pseudoboehmite is as follows

Ni(CHaC00)a NaaSO* CAIOOHIa—> Ni-Al + HaSO* HaO

2Na(CHaC00) (S.4)

Nickel acetate does not react significantly with
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Aluminium and nickml both form hydratad ions in which tha
apatial arrangamant of watar molaculea ia octahadral. Aa
wall aa tha hydroxida, nickal ia known to form tha
haxaaquanickal (I1> ion C N i | t ia likaly that
thia ion combinaa with CAl CHa0)*3®*" in a condanaation
I'vmction aimilar to that propoaad abova with tha
alimination of watar. At pH 5 aa much aa 90% of aluminium

ia in tha form of polymers and at a high degree of

hydrolysis the main ion has been found to be
CAl (121). Successive condensation
reactions would eliminate water leaving ill-defined forms
of the hydrated product. It is well known that
pseudoboehmite has a small crystal size with the majority
of its hydroxyl ions spatially arranged in much the same

manner as boehmite but with excess hydroxyl ions which are
not in a boehmite arrangement. Since nickel is also found
in highly hydrated forms it too would be involved in such
complicated reactions and the result would be a complex
crystalline matrix of aluminium and nickel ions as stated
in the above reaction equation. As polymerisation proceeds
during tha ageing process the density and crystallinity of
this pore blocking material increases and diffussion
pathways become blocked. It has bean suggested that water
may diffuse through the anhydrous cell walls releasing
SOa ions into the bulk solution. A volume expansion of

cell wall material may be associated with intermediate
layer formation (102). Polymerisation and ageing are
promoted by low acidity, high temperatures and high Al*-"

ion levels. The latter levels are maintained by the
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incraasing dansity of tha pora blocking aatarial. Tha fact
that vary short saaling timas giva vary low waight lossas
in tha phosphoric acid/chromic acid tast whila high
admittanca valtuas ara found indicatas that it is tha outar
most layars which ara tha most imparmeabla to tha acid
solution. Tha nickal is confinad to tha outar layars of the
anodic oxide film. This is partly dua to tha rapid
formation of the gel which restricts fresh solution entry.
It must also ba borne in mind that the presence of nickel
itself would create unfavourable concentrations gradients
for further uptake. This is confirmed since sealing in more
concentrated solutions is less rapid than in dilute

solutions (101). The extremely rapid crystallisation can be
explained partially due to the ability of nickel to prevent
the detrimental effects of silicates and phosphates,
allowing the 'active sites' of the pore walls to promote

the hydroxyl concentration. This maintains a low acid level

which enhances the ageing reaction. As the pore filling
material becomes more crystalline this promotes
intermediate layer formation, although its presence may be
very small at very short sealing times as stated

previously. Assuming that there is some intermediate layer
formation, water diffusion controls its formation. As it
advances towards the metal/film interface it encounters the
increasing Al*-'- ion concentration. However, if bound SO« *-
ions are released from the cell walls, the pH would become
locally favourable. The increasing hydroxyl ion
concentration would also favour intermediate layer

formation. The participation of tha acid anion incorporated
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in th» porous oxide film from the anodising acid may
influence these reactions. Hydrolysis sites are considered

be the initiators of the reactions and these anions may
have an affect on the develop”ment of colloidal alumina,
its polymerisation and precipitation. It is also likely
that the above mechanism proceeds in combination with that
proposed by Uefers (76). The formation of a nickel-hydroxo
sulphate salt similar to that proposed for aluminium,
CAI(OH)(S04>HaOl1l, may be an unstable intermediate in the
series of complex reaction mechanisms.

When films were dried before being sealed, it
was found that ’'Alcoa 482’ was not as efficient as water at
subsequently sealing the films. This showed that the
hydration of the alumina which takes place when unsealed
films are dried, causes sufficient blocking of the pores so
as not to allow precipitation of Ni-Al compounds. It can be
assumed that nickel acetate does not react with crystalline
boehmite. The subsequent sealing in water probably occurred

by diffusion of water from the bulk electrolyte.
5i5 A Proposed Mechanism for Long Term Cold Sealigy

It has been shown that long term cold immersion
in water and nickel acetate solution caused anodic oxide
films to seal, but by different mechanisms. Water-sealed
films showed a softening of the outer layer and the pore
blocking material was not crystalline boehmite. Nickel
acetate-sealed films showed no softening and the films were

properly sealed and not blocked, as found with the boiling
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solution.

The films immersed in water can be compared to
those sealed in boiling water} they can be regarded as
partially sealed. The solution was at room temperature and
the precipitation/dissolution mechanism was very slow.The

bloom observed upon removal from the solution during the

period of immersion was possibly due to the
precipitation/dissolution mechanism creating a surface
layer. Competition between dissolution and precipitation

during the immersion time and this accounted for
variations in thickness recorded at intervals. The surface
layer may have reached a limiting value after a period of
time. This layer may have become undermined and dislodged
in a mechanism similar to weathering due to continual
contact. After the total immersion period both

films showed a surface bloom which was approximately 0.S>im.
At the pore bases continual dissolution would give AI*"™*"
ions and the hydroxyl ion content would be mobile due to
the presence of the electrolyte, but diffusion of both
species would be slow. The formation of the intermediate
layer is also promoted by p&i~cipitation/dissolution and
this forms to some extent due to the continual diffusion of
water from the bulk electrolyte which controls its

production. This intermediate layer may contribute to the

soft outer layer. Subsequent work (122) involving the
Y-$ profile method has shown that for poorly sealed films
there is increasingly less, or ill—-defined boehmitc as the

pore depths are reached. The admittance drift test is a

useful tool in this <case. Some polymerisation of the
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te takes place» This is promoted by low
acidity, high temperature and hiflh Al*- ion levels. The

latter levels are maintained by the continuing dissolution

of the pore bases. The continual contact with the
electrolyte keeps the acidity relatively low due to fresh
supplies of hydroxyl ions. This promotes the ageing
reaction, but because the temperature is low, it occurs
extremely slowly. The hydroxyl ion concentration also
favours intermediate layer formation.

Long term cold immersion in nickel acetate

solution seals the film by a mechanism similar to that

occurring during hot nickel acetate sealing. It is assumed

that the mechanisms occurring in cold water immersion also

occur in the present case. The nickel also contributes to

the sealing. It is assumed that the ageing reaction, which
was shown by the Y-J profile to occur in hot nickel acetate

sealing, occurs in this case, but at a slower rate. At the

same time as the surface layer is formed, nickel hydroxide
is deposited as a surface bloom. The formation of Ni—-Al

complexes proceeds in a manner similar to that found in hot

sealing. The polymerisation of the <crystalline material
occurs quite quickly, compared to cold water sealing,
despite the low temperatures. The increased density tends

to block the diffusion pathways, thus polymerisation is

promoted by low acidity and high Al*- ion levels. The

continual presence of the electrolyte offers a continued

hydroxyl ion concentration which is promoted at ’'active
sites"'. These do not become inhibited due to the presence
of the nickel. It is questionable as to whether an
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intermediate layer forms during cold nickel acetate sealing
since no soft outer layer was observed. It has been noted
<97) that anti-smut additives do not form an intermediate
layer. The presence of nickel hydroxide in the surface
layer also showed how it hindered the formation of a soft
outer layer. The solution 'A' of the Dye Spot test did not
have a dissolving effect on the surface, while for the

film it gave a reaction showing some
dissolution.

If the results of the admittance drift test and
the Y -{ profile method are compared for nickel
acetate-sealed films, it can be shown that the
consolidation of the crystalline material increases with
time. That most of the nickel is confined to the outer
layers does not appear to lessen the extent of the
underlying crystallinity. Minute quanitities of nickel in
this region appear to be sufficient for polymerisation. It
appears from the Y-J profiles that it is not the depth of
penetration that influences the ageing process, but the
concentration of the nickel. This concentration appears to
be critical in the ageing process. After 48 days ageing the
film sealed for the shorter time showed a lower admittance
than that sealed for longer time. Measurements were made at
the same film depth as for those performed on the freshly
prepared film. It is concluded that the nickel content
affects the dielectric constant of the sealed film. This

ithroughout the whole film, and at any one point is

determined by the amount of nickel present and the

resulting crystallinity.
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Earlier work performed on the same films (1231
upholds these proposed mechanisms. Tisher showed that there
were 3 sealing stages for both water and nickel acetate.
1. A rapid Yt(25'C> decrease due to hydration accompanied
by a decrease in the pore length and diameter.

2. Irregular behaviour of Yt<2S*C) due to formation of a
pore mouth plug.

3. Subsequent slow rate of sealing due to diffusion of
sealant through plugged pore mouth.

There was three times more weight increase for
nickel acetate than for water during the first S to 7 days
of immersion. This weight increase is now accounted for by
the incorporation of the heavier Ni—Al material and this
shows the rapidity with which it formed. The graph of
Yt<25»C) against time showed that the superficial
mechanisms of early pore blocking/sealing are quite
different in the two electrolytes.

The admittance drift distinguished between films
sealed by cold immersion in water and those in nickel
acetate. The admittance drift for films sealed in water was

large and positive as found by the equationi

Y(25"C) = Y" - Y* (4.1)

There was a small drift due to thickness loss as found from

the following equation, but this was small:

Y(25<>C) =t Q. - i] (5.1)

10 It’ t
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Thsse results show that the pore blocking material was
dissolved, i.e. the film was not 'sealed"’.

Films immersed in nickel acetate showed that a
negligible amount of pore blocking material was dissolved
as indicated by a very small drift found by equation 4.1.
The neglig”le negative drift found from equation S.1 arose
due to instrument error and is assumed to be zero. This
implies there was no drift due to thickness loss. Thus, for
water sealed films the actual thickness loss outweighed any
contribution from instrument error, whereas for films
sealed in nickel solutions, instrument error alone was

recorded, since there was no change in thickness.

__ItLs Prgfirg___ Method on Films Sealed in Boiling

'Alcoa 4S2’

There is a change in the amount of Ni-Al complex
throughout the pore length. The ageing of such films was
observed by admittance measurements. Measurements made
immediately after sealing showed very high values
indicating little crystallisation of the gel. As ageing
proceeded the admittance values decreased showing increased
crystallisation. A Y-{ profile made on a properly
hydrothermally sealed film showed the admittance to be
constant throughout the length of the pore. A poorly sealed
film which had been aged showed that the admittance rose as
the film was abraded away. This was also observed for films

sealed for Ssec/"m in 'Alcoa 482’. If 'Alcoa 482’ films.
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sealed for longer times, were also regarded as poorly
sealed, like the poorly sealed hydrothermal films, then the
Y-S profiles for aged films might be expected to be
similar. However, after ageing for 48 days the ‘'Alcoa 482'
films attained a line horizontal to the x axis, while the
poorly sealed hydrothermal films, aged for number of years,
showed the admittance rose within the pore depths. This
supports the proposition that it is the intermediate later
which has a significant bearing on the hydrothermal
reaction.

The mechanism of ageing can be proposed. For
poorly sealed hydrothermal films the extent of formation of
pseudoboehmite by dissolution of the pore walls is limited,
particularly at the pore bases. Subsequent polymerisation
once the film is removed from the solution is restricted
since the temperature is low, the A" jon concentration
decreases, and the hydroxyl ion concentration decreases as
the condensation slowly stops. The sealing product
eventually reaches a stable state leaving a more 'open'
matrix at the pore base than at the mouth. The rate of
ageing is dependent wupon the OH~ ion concentration (76).
Thus short sealing times only allow Ilimited formation of
hydroxyl ions at the active sites. This 'open' matrix lends
support to the proposition that the intermediate layer
plays a role in the agglomeration of the gel, since it has
been shown (79) that dissolution and precipitation occur
throughout the length of the pore. The formation of this
layer is controlled by diffusion of water from the bulk

electrolyte. The presence of the intermediate layer
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therafors pronotes polymerisation. It is wunlikely that
continuing condensation reactions contribute enough water
to be of any significance to the overall hydroxyl ion
content.

Films sealed in 'Alcoa 482’ show very different
sealing mechanisms. Assuming that there is a contribution
to sealing from an accompanying hydrothermal reaction
(although at very short times) then the following ageing
mechanism can be proposed!

1. The presence of nickel allows ’'active sites’ to remain
unhindered and consequently more hydroxyl ions are present.
2. The Ni-Al complexes are very much larger than the
boehmite molecules creating greater consolidation.

3. It is the concentration of nickel that influences the

admittance.

5.6 Weathering

The theory of long term cold immersion can be
loosely applied to films which are unsealed and subjected
to long term outdoor exposure.

The admittance for unsealed films decreased with
time. The first few weeks of exposure showed no adequate
sealing but after a while sealing proceeded rapidly,
followed by a more gradual rate. The shielded sides showed
adequate sealing and some thickness increase while exposed
sides were not adequately sealed and there was some
thickness reduction. This ’'sealing’ was combined with

"weathering’ as exposed surfaces had a pronounced bloom,
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which was «ore severe than on the shielded sides. The
admittance drift test, however, revealed that the pores
were not sealed but blocked. These findings are in
agreement with Patrie (124) who found that the admittance
values remained overall above 400/t (pS), even though
admittance may decrease during the course of exposure.
These decreases were not a true indication of sealing. The
admittance drift confirmed this. Only the shielded faces
attained values less than SO0/t (hS) while exposed faces
remained above this value. In the work of Patrie it was the
"landward’ face which became corroded. My work revealed
that for partially sealed films the exposed face gave the
worst bloom. However, subsequent admittance drift tests
showed the exposed face to be sealed while values for the
shielded face indicated inadequate sealing. Bloom and
corrosion are different phenomena and the comparison of
these results with those of Patrie must be treated with
caution.

The pore blocking material was probably poorly
formed pseudoboehmite/boehmite as found with long term cold
sealing. There was little crystallinity. Dus to the
presence of a bloom, some form of weathering also took
place. It may be that the ’'weathering product’ blocked the
pores to give favourable admittance values, but the
admittance drift revealed no true sealing. Weathering also
undermined the surface layers and caused sheets of
pletelets to become dislodged. This would account for the
thickness decrease on the exposed surfaces. This ’'lateral

flaking’ has also been suggested by Purneaux et al 07). It
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| was suggested that the intermediate layer may have a role
since it too was a lateral feature.

Shielded faces showed thickness increases and
this may be because conditions were favourable for the
precipitation/dissolution mechanism to form surface layers.

Some polymerisation takes place although it would
be very slow. During wet periods this may proceed due to
favourable conditions, although the temperature would not
be high. However, the temperature can vary by as much as
2S*C , and damp warm periods would promote crystallisation.
The metal would heat up quite considerably in the sun. The
films were first exposed during October and during the damp
winter months polymerisation would have been enhanced. This
was shown by a sharp decline in the graph of gradient
(found from the linear regression of admittance against
thickness) against time from October to June of the first
year. It can only be conjectured that if the films had been
exposed during the summer months, and the weather had not
been damp, then the gradients may not have decreased as
rapidly. Subsequent periods of electrolyte contact did not
have such an effect on polymerisation as the diffusion
pathways would have become blocked. However, crazing may
have opened up other pathways. Renewed
precipitation/dissolution may ultimately heal these cracks.
The effects of dry periods may be rectified by subsequent
wet periods. Additionally, wet periods also incrc the
effects of weathering. Environmental humidity cycling was
mentioned by Furneaux 07) confirming this theory.

Furneaux found that very many samples produced under a
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variety of conditions exhibited light bloom or matting.
This is in agreement with my findings that well sealed
films exhibited a bloom. The mechanisms of long term cold
immersion and weathering of unsealed films are akin to one
another.

Partially and fully sealed films which were
subjected to outdoor exposure were subject to mechanisms
similar to those of unsealed films. The extent of further
sealing was limited because the alumina had already been
hydrated either partially or completely. Similar trends for
the gradients were observed for partially and fully sealed
films. The pattern for the exposed faces were almost
identical while that for the shielded faces showed the
partially sealed films to have larger maxima and minima.
Less adequate sealing on the shielded faces had been
reported previously (125). Further polymerisation was shown
by continued decrease in gradients despite the blocked
diffusion pathways. This indicates that diffusion of water
may take place through the anhydrous cell wall and this may

be enhanced by the presence of microcracks. This effect was

less pronounced on fully sealed films. The occurrence of
all the gradients increasing during the summer/autumn
period suggests polymerisation has slowed and that

microcracks are not healed over. The admittance was shown
to improve on purposely cracked films (125) confirming
these ideas. Final thicknesses were found to be the same as
for unsealed films except that for the exposed faces 80/. of
fully sealed films showed thickness reduction and 407.

thickness increase. This result shows the competition
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between th« pracipitation/dissolution inachanism and
waatharing. Maatharing may occur during dry periods due to
surfaca layars drying out and then subsequent ingress of
water between lateral flakes. | found that bloom formation
was worse on exposed faces than shielded faces, and worse
on the partially sealed films than on the fully sealed
films.

The admittance drift test after exposure showed
the well sealed film to give consistently low values for
all thicknesses. This showed that, although weathering had
produced a bloom, it had not undermined the well sealed
film.

Unsealed films were shown by the drift test not
to be sealed but blocked by pore filling material which was
not boehmite. The values varied widely for different
thicknesses and did not consistently attain low values.

Partially sealed films showed that the exposed
faces gave consistently low values while the shielded faces
gave widely varying values. Despite a bloom on both faces,
that on the exposed face was superficial and confined to
the surface layers while that on the shielded face included
weathering product inherent in the anodic film. These
results show the need for maintenance of shielded areas
which may be subject to increasing dirt accumulation and
moisture retention as discussed by Sheasby (I1B).

Negative admittance drifts were recorded for
thick partially and fully sealed films. This showed (as
with the results found for cone. HNO* drift tests on thick

films) that the film collapses during the measurements.
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blocking the pores. If the thickness decreased and/or the
pore filling material was dissolved then the drift would be
positive. The negative drifts indicate that the thick films
have softer outer layers. The ~cell walls of these soft
films collapse and this effect outweighs any dissolution,
which would be small. Only small positive drifts are
recorded for other similar films.

Concentrated HNOa, as an electrolyte for the
admittance drift test, has a larger dissolving effect than
33% HNOa. Well sealed films showed no drift with the former
electrolyte, but very thick films showed some drift. Thick
partially sealed films were not as well sealed as thinner
films. Films having very high thicknesses (40>im) showed
small negative drifts and the thickness was reduced after
measurement. One panel carrying a thick, well sealed film
gave a large positive drift. The film was not soft and any
thickness reduction did not account for such a large drift.
It was concluded that the film was defective in some way,
perhaps crazed. Sheasby (1161 reported that film thickness
was the single most important factor for crazing of thick

fi 1ms.

5.7 Sulphur Dioxide Tests

Sulphur dioxide tests are accelerated corrosion
tests. They were intended to represent outdoor exposure at
an accelerated rate. The optimum test conditions were found
to be for & hours and at a temperature of 40*C. Perfectly

sealed films 25 Hm in thickness passed the test, which was
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inaicatad by no attack of tha film surfaca.Tha admittanca

maasurad bafora and aftar the test gave small variations.
An oversealed 25 sSiin film failed after a test performed
for 24 hours at 38*C. The admittance after the test was

greater than before and there was an iridescent surface

bloom. Tilffis lass than 25 «m in thickness failed the test,
even those which had been oversealed. Crazing of the anodic

film was observed to cause a bloom and the admittance

increased after the sulphur dioxide test. Uncrazed films

which failed the test gave a slight bloom and the

admittance decreased. This result was also found by Tisher

(123). Although pores become blocked due to attack by the
sulphur dioxide, the inadequate sealing allows corrosion
within the film. My work showed that subsequent tes:s on

films, which had been cleaned, continued to show a
bloom but the admittance decreased. Fisher (123) suggests

that subsequent tests block the pores.

Poorly or oversealed films are attacked by the

sulphur dioxide gas during the test. The reaction of sodium

thiosulphate and sulphuric acid is complex. A variety of

compounds are produced (115). The initial reactions arei

NaaSaOa + HaSO., ) HaSaOa + NaaSO., (5.5)
HaSaOa S HaSOa (5.6)
The sulphurous acid is partitioned between the gas space of
the test chamber as SOa and water vapour and the solution

in which it probably exists as and HSO«' . By slow
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dacomposition and raformation raactions othar polythionic

acid» decomposa to give tha final product» SO., H.SO-, and

sulphur. Vary little H»S is formed since the equilibrium
reaction
2HaS + SO* t=- 2HaO + 3S <5.7)

lies far to the right hand side. In a room temperature test

lasting 24 hours the SQa concentration rises during the

first 2 to 3 hours and the ratio of water vapour to SO,

decreases sharply. The water content remains constant.

Prior to elevated temperature tests, all solutions and

equipment were preheated so as to avoid excessive

condensation in the test chamber. Excessive aluminium

sulphate may be produced if condensation is present during

this critical period. The appearance of a wet surface film

on the specimens indicates that sulphate, probably as

sulphuric acid , is present. These wet films form deposits

of crystalline sulphates obscuring the true test result.

These deposits wera also recorded by Fisher <123) during a

test performed at 60*C for 2 hours. In this test the H*SO.,

concentration was Jlow and NaaSaOa concentration was high.

The reduced acid content and high temperature lead to an

increase in humidity. At high temperatures HaSOa does not

form but the species exist as SOa and HaO. The sulphurous

acid attacks the filmi SOa and HaO separately do not

dissolve alumina. The high temperature has a sealing effect

on the film, thus giving false positive results. The best

test temperature was 40*C, as the temperature stability
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of tha ovan waa poor.

Unsaalad films in which the alumina has not been
hydrated were subject to corrosion. The sulphurous acid
dissolved the alumina. Partially sealed films also showed
attack. In both cases the attack was within the porous
layer. The bloom was possibly partly aluminium sulphate.

Oversealed films were also subject to bloom
formation, although this appeared as iridescence. This form
of attack was similar to that encountered during the
weathering of thick films, and is a consequence of lateral
flaking of the surface and intermediate layers 071.

Films sealed for short times in ’'Alcoa 482’ and

aged for 24 hours showed no bloom formation during room

temperature or tests conducted for & hours.This showed
that the pore filling material was resistant to the
sulphurous acid. Only well sealed (2 min/pm) films gave an

admittance of less than SO0/t (mS> after the tests. This

showed there was some redistribution of the surface layers.

5.7.1 Sealing Bloom

It has been shown that oversealed films had a
sealing smut which was detected by the sulphur dioxide
test. However, this investigation has also shown that a
sealing bloom formed on films sealed for other times may
not be revealed by this test. The appearance of white
powder residues on the abrasive papers of the Three Paper
test, before the sulphur dioxide test, reveals the sealing

bloom of well sealed films. Short sealing times did not

233



give eny reeidues. Thi* indiceteB that the bloom s
associated with the surface and/or intermediate layers.
Analysis of the Three Paper test results and the Sulphur
Dioxide test results showed the following: well sealed
films which gave no sulphur dioxide bloom were abraded by
garnet paper to give white powder residues after each
application of 10 double strokes. The first 10 double
strokes with glass paper gave a residue, but a further 10
double strokes did not abrade the surface. This showed that
there was a very thin soft outer layer. Poorly sealed films
which gave an SOa bloom were abraded by both glass and
garnet paper after the test. If a Three Paper test was
performed before the sulphur dioxide test, no abrasion
occurred. Well sealed films, anodised at 20°C, were abraded
by the glass paper revealing the sealing bloom, but a
subsequent sulphur dioxide test gave no bloom. This showed
that the Three Paper test is an alternative method of
revealing the extent of sealing. It can also separate thick
and thin films which were anodised at 20°C.

Film softening caused by anodising at elevated
temperatures was revealed by an abrasion profile and
sulphur dioxide test. An abrasion profile (thickness loss
against number of double strokes) showed there to be two
distinct layers after the sulphur dioxide test. After
immersing this film in 337. nitric acid a subsequent
abrasion profile revealed that both layers had been
softened further; the outer layer to a greater extent than
the inner. The overall thickness wear index of the whole

film was slightly lower after the predip than before. The
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predip does not reaiove the sulphur dioxide bloom« but
eccentuetes it. A soft film which exhibited two distinct
layers but did not have a sulphur dioxide test, was given a
predip. A subsequent abrasion profile showed only one
layer. The overall thickness wear index was unchanged. This
showed the predip had removed the softest outer layer

although the whole film was inherently soft.

S.B Analysis of the Qradients of Yt(25»C) Against Thickness

Found bv Linear Regression for Natural Coloured Films

The anodic oxide film should be at Ileast 2SMm

thick for external architectural use in Britain. In
commercial production it has been found that film
thicknesses of a batch may have a wide range of

thicknesses. A standard sealing time of 2min/>im for a
nominal film thickness of 2S»im should give an admittance of
less than SO0/t (hS) (25*0 to be of acceptable sealing
quality. If the sealing time was fixed at SOmin, based on a
nominal batch film thickness of 2S>im, then thinner films
would be sealed for longer than 2min/Mm and thicker films
sealed for less. Variation in thickness during production
is to be expected. The technological wuse of linear
regression to find the gradients during inspection of
commercial products was the origin of the experimental
investigation. Over a limited range of thicknesses the
points on the graph of Yt(2S*C> against thickness were
treated by linear regression to obtain an equivalent

linear gradient. A batch of thicknesses was deemed
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acc«ptable if the gradient was ~ -f-io, which allowed for
some thickness variation. It has been shown that a total
sealing time of SO min, in water, gave a gradient of <
=10 for a thickness range of between ISpm and 3&Vm. The
method of measurement of Yt<2S*C> required each film to be
dried after each IOmin sealing period. Therefore the stated
sealing time included periods during which the films
experienced some ageing. This was not exactly
representative of commercial production control. The
application of the linear regression to find the gradient
does show however, a useful connection with the question of
the degree of sealing of batches having a range of
thicknesses but a common sealing time. The selected,
carefully measured points generally seem to confirm that
the linear relation is a reasonable assumption. Films which
were anodised under constant time and increasing current
density to achieve various thicknesses attained a gradient
of -flO or lees after a longer total sealing time than those
films anodised to various thicknesses by increasing the
anodising time. This showed that for the thicker films the
pores were larger and hence required longer sealing time to
close the pores. Both graphs gave good coefficients of
correlation.

Films sealed in "Alcoa 482’ gave good
coefficients of <correlation for the graph of Yt(2S'*C)
against thickness when anodised at varying current
densities. Films produced by anodising at varying times
showed the points to fit almost perfectly (coefficient of

correlation was -*!>  Both sets had been dried prior to
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sealing. The results indicate that, despite gradients not
decreasing below -*10, all films were sealed at the same
rate. Ageing sealed the pores which were ultimately blocked

by the nickel compounds; the sealing time was irrelevant.

5.9 Electrolytic Colouring (Electrocolourino)

The amount of tin deposited during
electrocolouring was in agreement with that found
elsewhere, typically 5 - 20mg/dm® (127). Gohausen (128)

referred to the metallic nature of the deposits. In this
investigation the d-spacings found by X-ray analysis were
slightly higher than those of pure tin. Powder diffraction
analysis gave d-spacings which <correlated very well with
those of pure tin. This suggests that the tin was in a
slightly distorted tetragonal form.

It was found that the current density affected
the admittance values of the anodic oxide films. High
current densities caused ’'spalling’, a local flaking of the
film from the substrate metal. During long colouring times
at high current densities ’'popping’ noises were heard which
were accompanied by surges in current. There was a break
down of the oxide film allowing electrical conduction of
current through the aluminium. Spalling has been explained
by two theories. The first (129) is evolution of hydrogen
gas at the pore bases mechanically separates the film from
the metal. During alternating current a large proportion of
flaws are activated in the barrier layer. This allows a

large proportion of pores to fill with metal. Flaws are
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causad by ‘'puncturing’ of the barrier layer and this is

caused partly by thermally enhanced field assisted
dissolution. An alternative explanation (60) is that after
pigmentation, re-anodising beneath the original barrier

layer creates a less mechanically sound film.

Deposition of tin is not favoured by bulk
conduction of electrons but by the presence of the flaws
within the residual barrier layer. During the initial
recovery period where barrier layer thinning occurs (when
colouring voltage is less than anodising voltage! hydrogen
gas is evolved in preference to tin deposition. It is
postulated that the trapped electrons, which reduce the H"
ions may play a role in flaw generation. At long colouring
times at high current densities the puncturing may cease

due to the physical impossibility of creating more flaws.

Th final reanodising stage may exacerbate the mechanical
weakness of the new barrier layer, above which the old
barrier layer can no longer support flaw formation. Thus

spalling may be a combined effect of hydrogen gas at the
new barrier layer/old barrier layer interface.

As colouring time increased, the colours became
darker (in appearance). At extended colouring times the tin
was shown by a number of methods to extend to the pore
mouths. The variations in the chromaticity co-ordinates
for films coloured under identical conditions were due to
variations in the surface topography. This was particularly
noticeable along and across the rolling directions of the
aluminium. This macroscopic effect was detectable at low

percentage reflectance, although the differences were
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small. All colours ar* a cooipitis* of a variaty of
raflactances at all tha visibla wavalangths of light. Tha
chromaticity co-ordinates show tha ratio of ona spacific
wavalangth to tha sum of two others and that spaci fic one.
Subtla variations in one of these three reflectances gives
different co-ordinates. These variations are not detectable
by the eye. The measurement of colour is dependent upon not
only the reflectance at selected wavelengths, but also the
physical features of the surface. The luminance is a more
useful variable by which to compare colours. Similarly, the
L values of the L, a, b, aE system give useful information
as to the degree of colouring. Topographical effects still
cause variations in measurement. At low percentage

reflectances the topographical effects affect the luminance

value less. Graphs of the Iluminance values against
colouring time showed that higher current densities
produced colours with lower luminances, i.e. the colours

were darker. This indicated there was more tin within the
pores. The colours were produced by light scattering. This
correlated with the higher admittance values. At long
colouring times the colours became lighter. The luminance
values were high for low colouring ~current densities
(0.3A/dm”) at short colouring times (up to Smin). At long
colouring times the Iluminance values were lower at low
current densities than the high current densities. The
influence of the colouring voltages play an important role
with repect to the colouring time (130). At short times the
voltage range may be from 8 to 20V, but only 10 to 16V for

long colouring times (ISmin) above which the colour
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lightens «gein <S8). The lower current density (and
voltage) produces the darker colours for longer colouring
times, while at high current densities ( and voltages) the
limiting values are approached and spalling occurs or the
colour lightens. At low current densities spalling did not
occur because the preferential reaction was tin deposition.
Both high current densities, and long colouring times at
low current densities, gave high admittance values.

At very short <colouring times (Imin) the
admittance values were low but irregular. This was because
during the first minute of colouring the current rose
rapidly due to the rectifying action of the anodic film.
The same two theories that were postulated for tin
deposition can be applied once again. An alternative theory
is that the pH rises and this enhances tin deposition. Thus
the time taken for rectification to cease determines the
initial tin deposition. The variations in the admittance
values reflect the variations in cessation of
rectification. Electrons must play a part either in H*
reduction or the activation of flaws. It may be that
semi-conduction occurs through the flaws. It has been
proposed (60) that current probably passes through the
flews and deposition of tin occurs at the original pores,
while new tiny incipient pores form during the recovery
stage. It is these new pores which cause barrier layer
thinning by their nucléation and growth (58). The
re-anodised layer does not contain electrolyte acid anions
due to the difficulty of solution species diffusing past

the deposits.
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Tha graph of aE against colouring time was the
mirror-image of the graph of the luminance value against
the colouring time. Although there was a certain amount of
scatter in the former graph, the general trend showed that
the curve increased rapidly at short colouring times} it
levelled out at long colouring times. The scatter was due
to topographical effects of the film surface and instrument
error. aE is the difference between the reference colour (a
natural film) and the selected colour. The graph showed
that aE changed more rapidly due to increasing amounts of

up to a certain amount. The differences at long

tin
colouring times were not as great because the optimum
amount of tin had been achieved. 'Over-filling’ the pores

with tin can be avoided by observing the shape of this

graph.

The admittance is proportionally related to the
c*P*citance of a parallel plate capacitor which is the
anodic oxide film. The theoretical admittance value was
calculated as 3pS for an uncoloured well sealed film. In

practice the figure is usually about B to 10pS, although

aged films may approach the theoretical value. Admittance

of electrocoloured films was shown to be greater than that

of natural films, although very short <colouring times

little from natural films. The high values were
accounted for by the presence of the tin within the pores.
Theoretical calculations showed tfie amount of tin
deposited for films of different thicknesses but the same

colouring time. This showed that, for equivalent colouring

times, thin films contained proportionally more tin than
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th« thick films. The bar charts (Graphs 14b and 1ISh)
showed that the position of the tin appeared to be
influenced by the thickness of the oxide film. For long

colouring times (Gmin) the percentage of tin decreased as

the thickness increased, while for short colouring times
(I.Smin) the percentage of tin increased as the thickness
increased.

It was proposed that deposition occurred

preferentially in shorter pores, suggesting a significant
solution resistance within the pores (131). This was
confirmed by the calculated t«. values for a colouring time
of Gmin. The effect of solution resistance was not as
pronounced for short <colouring times. The proportion of
different pore lengths within a film must be taken into
account, although evaluation was not possible. The
proportions of short and long pores may vary due to
different thinning rates of the barrier film in thick and
thin films. During the recovery period of electrocolcuring;
field assisted dissolution proceeded by the nucléation of 3
or 4 incipient pores at the base of each original pore
(GO). Favoured pores increased in length and diameter once
the barrier layer had thinned. At the new voltage the
steady state population density of pores indicated that at
least 100 incipient pores were nucleated from every
original pore. The alternating current activated flaws and
pigmentation occurred at different rates in different
length pores. It is proposed that because thicker films had
larger pores, there was a smaller flaw population and so

less tin was deposited.
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Tha calculated tin content was based upon the
assumption that for an uncoloured well sealed film Yt(2S*'0
was 200Sm x 10~*>, and that Yt’ (25<*C) also equaled 200Sm x
10~ (whare t’ was the metal-free section of the film i.e.
t’'=t-t<ii) then if t’ equals 2>m in a 2Spm electrocoloured
film, Y must be 100. Uhen films consisting of a range of
thicknesses were sealed for a common sealing time, then
thin uncoloured films had small admittance values and thick
films had large values. Mhen thin films were coloured for
long times the admittances were large, indicating the
contribution made by the tin. The calculated tin content
(t’=t-ta,> for these films confirmed the proposed theory of
admittance of electrocmloured films.

The large tin content in thin films indicated
that the optimum colouring time had been exceeded” they
were ‘'over-coloured'. Tor the same colouring time, thicker
films had Just reached the optimum amount of tin.
Proportionately less tin was deposited in the thicker films
than in the thinner films due to the increased surface area
of the larger pores. At short colouring times the
percentage of tin increased as thickness increased because
the ratio of internal pore surface area to colouring time
was smaller than for long colouring times. Thin films are
therefore more sensitive to colouring time and this s
reflected in the admittance values. This situation is
analogous to thick films coloured for extended periods.
These results are at variance with those of Sheasby (54)
who claimed that colour was independent of the anodic film

thickness. This allowed a full range of colours to be
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produced on relatively thin films, S to 10™m in thickness.
The colouring time of less than IOmin was used but | have
shown that this would exceed the optimum colouring time for
thin films. It can be said that colour is independent of
film thickness ., to a point, but film quality of coloured
films iji. dependent upon film thickness and colouring time.
This is in agreement with Gohausen (128). However, Gohausen
showed that both tin and cobalt deposits extended to the
same distances through the film. Others (57) have disputed
this} but comparisons cannot be made since the latter

authors do not give colouring times.

5.3.1 Theory of the Gradient__ _Found bv Linear Regression of

Admittance Against Thickness for Electrocoloured Films.

Theory suggests that as the metal comas further
up the pores, the gradient for each thickness becomes more
negative. This is a non-linear relation ( given that
Yt(25**C) for the sealed metal-free section of the pore is a
constant). By treating the points (on the graph of
admittance against thickness) by linear regression an
equivalent average linear gradient is obtained. It can be
assumed that Yt(2S°C) = a -f bt Cwhere Yt(25°C) is the
admittance X thickness, t is the thickness and a and b are
constantsl, and Yt(2S°C) varies with the degree of sealing.
Over a range of t, b gives information as to the degree of
sealing.

When the thickness covers a range of values in a

batch, the assumption is made that the metal thickness t«
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is fxxsd. Tha remaining film t' is well sealed so that

Yt'(25*C) is a constant, a for a freshly prepared film.

t’ =t - t« (3.12)
t' =t - constant
hence, Yt<25*C) = "~ x t (s.8)

t
the admittance x thickness of the whole film.
The gradient of a set of well sealed films of various
thickness is given by
iiltl =s At ! (5.9)
dt dt\t-t«.J

\(t-t«) (t-t«)"'

therefore, b (5.10)

<t-t«)=»

wSier e A = Y (t-t») <25*0 = Yt’ <25<>C)

However, b is a non-linear function of t. The gradient is

negative and becomes numerically greater the higSxer the

metal comes up the pores. The assumption is made tliat A =
400Sm X 10-*~ for a well sealed, fresh film. (A is a
constant even when the effective dielectric thickness t' s
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very small. Ageing causes A to decrease. Oversealing may
cause A to reach a limiting value.) As the film thickness
increases the gradient decreases (assuming A and t«, remain
constant). The change in film thickness is accounted for in
Ct-t«.)» in the above equations. Over a limited range of t,
the theoretical points could be treated by linear
regression to get an average linear gradient® an average
value of the form Yt(2S*C) = a “mbt. This average gradient,
found by experiment, was compared to the empirical value
obtained by linear regression of Yt(25°C) data for
commercial tin electrocoloured blacks in a similar t range.
Hence the gradient <can be calculated for each thickness
assuming A - 400Sm x Linear regression will give an
average value of a gradient over the whole range. The
comparison of experimentally produced ranges and commercial
ranges suggests the theory is not too simple to give
reasonable results if the assumption is made that the tin
fills 22 to 23im of a 25 to 30wim film. Coefficients of
correlation are good indicating a good fit of the points.
Using the linear regression on films coloured for
6min the gradient became more negative as the thickness
decreased when the calculated values for metal thickness

were used in the equation

b = -At- <5.i0)

However, the value of A must vary as t' varies for a common

sealing time for a range of thicknesses i.e. for a sealing
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tinuB of I10min i

t°

0.3] 1.3( 3.5] 7.7 (Hin) corresponds to

niin/pm = 33.3, 7.7, 2.9, 1.3

and so Yt' must increase as t’ decreases. In depth sealing
has not been found to occur (58). The assumption that A=400
Sm X 10~ is incorrect, as shown by the bar charts (Graph
25). The metal thickness was not a constant when a range of
thicknesses were coloured for a common time. Therefore if
tai changes as thickness increases for a colouring time of
Gmin, the individual gradients for each thickness found

from the equation

(5.10)

decrease (become less negative). This is non-linear as
theory suggests. The gradients are spread more evenly than
if calculated with t«, as a constant. Also if A has varying
values then the graph of gradient against total film
thickness approaches a semi-logarithmic relationship. I f
linear regression is applied to the range of thicknesses,
the average linear gradient is found to be a reasonable
one.

For very short colouring times (1.Smin) the
gradients found by experiment were positive. A gradient of

less than -<10 was achieved after a total sealing time of
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40«in. 1t can ba assumed that the metal thickness was not
significant and that the effective dielectric thickness was
approximately equal to that of the total oxide thickness.
In this case a linear relationship was assumed and the
electrocolour admittance theory did not apply. Graph ISb
showed the percentage of tin within the pores for a range
of thicknesses as calculated from t’'-t-t,. and t’=200t/Yt".
This showed that if the pores were filled to half their
length then the metal did not have a bearing on the
admittance values of well sealed films. This was confirmed
since the gradients were also positive for poorly sealed

films.

5.9.2 Flaws and Defects

Due to the presence of Silicon in the SIC alloy,
flaws originating from these inclusions are proposed in
electrocoloured films. Others (1321 have found such flaws
in barrier layer films although these thin films were
analysed by STEM which has higher resolution than SEM. If
it is assumed that the flaws originated from Si inclusion,
then my results may be interpreted by this model. Only
relatively coarse particles were analysed and their
positions were different from those of the barrier layer
films due to the film being porous. The photograph of panel
344 (Fig. 33) showed the presence of a ridge in the barrier
layer and above this no tin was present. If it was assumed
that this was due to an inclusion in that region then

either there was a void above the particle or, assuming it
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to be silicon, it had been oxidised to some extent to form
an amorphous material. During anodic oxidation of porous
films any ridges at the oxide surface were flattened. The
massive particle in the photograph of panel 352 (Fig. 39)
corresponds to a similar particle also observed by Shimizu,
Thompson and Mood (132). It was assumed that the particle
was separated from the metal by the barrier layer but this
was not observed due to the poor resolution. The
photographs of panels 343 and 351 (Figs. 34 and 3£) did not
reveal the presence of any particles, but it was assumed
the resolution was not sufficient to detect them. Not all
gaps in tin deposition <can be accounted for by particle

inclusion.

5.10 Elevated Anodising. Soaking and Colouring Temperatures

The amount of tin in the pores of films anodised
and coloured at different temperatures was assessed by
means of the abrasive wheel test (see section 3.5.10). The
original purpose of this test was to determine the abrasion
resistance of a film. By measuring the thickness at which
the residue powder turned from white to grey or black, the
position of the highest tin in the pores was found. This
was converted into the percentage of tin which filled the
pores (Graph 25). The general trend showed that there was
less tin in the films when anodised at 1S°C than when
anodised above this temperature. This indicated that pores
were enlarged when films were anodised at elevated

temperatures allowing a large surface area for tin to be
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deposited. Elsewhere (131) it has bean proposed that the
amount of deposition depends upon film porosity. Therefore
the thinner pores appear to restrict the tin to the pore
depths. This contradicts my earlier results in which
thinner films had larger tin deposits than thicker films;
although "thicker’ films do not necessarily imply greater
porosity; i.e.larger pores. This indicates that the
physical geometry of the pore plays a role in how tin is
deposited. The calculated values for ta, (Graph 14 b) appear
to be overestimated compared to the tin content found by
the abrasive wheel method (for colouring time of 8min).
This overestimation was due to the assumption that Yt' =

A
200Sm x 10~*“ xthe equation

(S.11)
If Yt (A) changed as t’' ~changed i.e. Yt’ increased as t’
decreased, then the tin content, calculated from t’=t-ta.

may have been similar to those found by the abrasive wheel
method, i.e. less tin in the thicker films. The Y~i
profile would be useful tool to use with the abrasive wheel
method. The abrasive wheel method was not used on films of
thicknesses less than 20pm.

Soaking a coloured film in sulphuric acid for
extended periods after it had been sealed, completely
dissolved the film. It was found that soaking films in
sulphuric acid before sealing had a detrimental effect on

the anodic oxide film. Colouring and soaking films in HaSO«
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at elsvated temparatures before sealing reduced the
abrasion resistance. Colouring had a marginally greater

effect than soaking. Colouring for any length of time at

room temperature did not have a detectable softening

effect. Soaking or colouring unsealed films did not reduce
the abrasion resistance, and the pore bases were not
softened, as was found by the abrasion profile graph. The
process of sealing, once the film has been coloured or
soaked, softens the film. It is well known that unsealed
films are very abrasion resistant. It has been proposed

that unsealed films may have a relatively soft outer layer
and a harder inner layer (133). Sealing balances this

difference to some extent. It has been shown in the present

work that both colouring and soaking at elevated
temperatures soften the film. If anodising was performed at
high temperatures then the softening effect was

exacerbated. Anodising below 20°C only slightly reduced the
abrasion resistance when films were subsequently coloured
or soaked at elevated temperatures. The acceptable
thickness loss for an anodic oxide film is 7 - 8>m (400gf,
400ds). Agreement (10S) is near on an International
Specification for the abrasive wheel test (ISO DP82S1). The
abrasive wheel test will be included in the next revision
of BS161S. Only when films were anodised at 20°C or less
and soaked or coloured at very high temperatures (37°C) was
this optimum exceeded. Gohausen (133) showed that for
anodising at 18 - 19°C, 2.5>>m were abraded when coloured at
a temperature of 17°C, and 7.5>>m at 30°C> a three-fold

increase. My results (anodised at IS and 20°C gave
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thickness losses of 11.S and 12.S»iin for colouring at 18.5
and 37*0 did not show such a large difference between two
colouring temperatures. Agreement was found however that at
low anodising and colouring temperatures there was no
difference in the thickness loss between coloured and
uncoloured films. When anodising at 25 and 30*C the
uncoloured film lost more film thickness than the coloured
film. Also, the critical anodising temperature was found
to be 20*C. If close temperature control of the anodising
bath cannot be ensured then a temperature of 18 -13*C
allows for any small rise which may occur. Uhen a film was
anodised at a temperature of 30*C , the abrasion
resistance was greater than that of a film anodised at a
temperature of 2S*C, when the colouring temperature was
37*C. This effect has been reported -elsewhere (133).
Gohausen showed that for a colouring temperature of 18°C, a
film anodised at 27°C gave a greater thickness loss than a
film anodised at 30°C. Gohausen stated that the ability of
sulphuric acid of a specific concentration to disslolve
unsealed alumina increases rapidly above a temperature
which is dependent wupon the concentration. This accounts
for differences in the two sets of results. Discrepencies
also arise because Gohausen anodised for a fixed time while
| anodised for various times. However, the contribution

played by the temperature of the colouring electrolyte is

an important one. Soaking may have a different ‘critical
temperature’, (where the combination of anodising and
soaking temperatures cause differences in abrasion

resistance), to that of colouring.
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My investigations showed agreement with those of
Qohausen) the electrolytic colouring treatment did not
detrimentally affect abrasion resistance if films had been
anodised under standard conditions. If inherently soft
films existed then the abrasion resistance was reduced for
uncoloured films and further reduced wupon electrolytic
colouring treatment. It was not the alternating current
colouring treatment at elevated temperatures which caused
the reduction in abrasion resistance, but the temperature.
This was confirmed by experiments in which the films were
soaked in the colouring electrolyte. An almost identical
trend in thickness loss was observed. This was also shown
by the abrasion profile graph. Thus factors which influence
the redissolving process influence the abrasion resistance.

Two distinct layers were observed in films
anodised at high temperatures; a soft outer layer and a
comparatively harder inner layer. This latter layer did not
give a thickness wear index of less than 1, however. For
coloured films the ratio of outer to inner layer was li2
while for soaked films it was 1:1. The inner layer of the
coloured film was softer than that of the soaked film; the
outer layers gave the same abrasion resistance. The
combination of acid electrolyte and the bulk high
temperature, and possibly higher local temperatures, caused
the anodic film to soften after a period of time. The outer
layers were exposed to these factors for longer than the
newer inner layers. The marginally greater dissolving
effect of the colouring process was noted. It is not

coincidence that the thickness at which the inner layer
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occurs corresponds to the appearance of tin in the abrasive
wheel test.

The exclusion of the thickness lost during the
first 100 double strokes of the abrasive wheel test may be
required to eliminate any roughness on the surface,
eliminating topographical high points. For soft films the
roughened surface is a distinct feature which influences
other properties of the film. The first 100 double strokes
may give an indication of this surface phenomenom and in
this case cannot be excluded. The load used and the number
of double strokes in a cycle are important in this respect.
The three paper test is unaffected by rough surfaces.

Oversealing alone does not reduce the abrasion
resistance, but a sealing bloom was shown by the three
paper test (section 5.7.1). If a film was anodised above
20“C then the surface layers were softened, irrespective
of sealing time. A subsequent sulphur dioxide test
for & hours) carried out on these films gave a uniform
bloom. This showed an already soft film was softened more
by the sulphur dioxide. Graph 24 showed how both inner and
outer layers were softened, but the outer layer to a
greater extent. The outer layers were not as thick as they
were before the test. The softening of the inner layers
showed how the sulphur dioxide undermined the whole film.

Anodising at elevated temperatures caused the
pores to widen. Dissolution of the pore walls occurred and
this effectively weakened the matrix of as-anodised
material (131). This was shown by the reduced abrasion

resistance. Chemical dissolution is also known to ’'open up’
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the cell wall structure. If the <cell wall material had a
low apparent density, sealing may have been adversely
affected. Softening occurs irrespective of sealing time.
Even at short sealing times the softening process has begun
and is irreversible. Complete closure of the pores cannot
harden the film. The detrimental effect of the sulphur
dioxide gas was exacerbated when films were anodised at

high temperatures.

5.11 The Role of ’'Tribrite> 1in Electrolytic Colouring

The composition of the Tribrite solution is not
certain. Mhen used in a stannous sulphate plating bath it
causes bright deposition which is not explained as a
phenomenon as yet. It promotes high throwing power i.e. the
ability to give even deposit thickness on cathodes of
uneven shape. On copper cathodes the effect of adding it to
a stannous sulphate solution was to suppress outward growth
of tin (whiskers), and promote sideways growth and very
small grain size. If the poor distribution of tin in the
anodic pores was caused by using tin baths which would
plate only loose whiskery deposits, use of a bright
solution should favour a compact pore deposit at the pore
base; a form of lateral growth.

The application of Tribrite in a plating bath has
been discussed (134). Its use in electrolytic ~colouring
will be explained in the light of this present knowledge. A
substantial proportion of the brightener was found to be

incorporated in the bright deposit plated onto a copper
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cathode. This was 3 or 4 tines as hard as tin and was

conpressively stressed. It was the addition of the
brightener which gave a throwing efficiency of >+100 and
the unusual potentiostatic polarization curve. The

brightener caused more tin deposition on the far cathode
than on the near cathode. Thus more recessed areas distant
from the anode were analogous with the base of the pores«
and it can be assumed that more tin was deposited in this
region, in preference to the pore mouths. Excessive amount
of brightener gave a throwing efficiency of >+100 while
normal additions gave below +100j(. This phenomenon occurred
at low average cathode current density. Co-deposition of Ha
gas occurred as the current density was raised, and
throwing efficiency was <+100 . Gas evolution was also
observed during electrocolouring. The potentiostatic
polarization curve showed that at a specific potential,
polarization of the cathode occurred. This only happened
with the addition of brightener. Uith the other ingredients
polarization was low up to a limiting current density. This
cathode passivity was where the cathode reaction of tin
deposition stopped. In electrocolouring the deposition of
tin and evolution of hydrogen gas ceased. The
potentiostatic polarization curve showed the 'active’ and
'passive’ regions of the cathode potential. At about -0.2SV
Cnhe) brightener adsorbed very strongly onto the tin to
form a layer through which stannous ions passed with
difficulty. Thus the heavy incorporation of the
non-metallic matter immobilized the tin atoms; but at

normal plating temperatures they were particularly mobile.
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Therefore the two mechanism were in competition. Deposition
of tin occurred over the whole potential range -0.2 to
-0.7Vf it was the brightener which gave the unusual
potentiostatic curve. It sfiould be possible to find
conditions where the near cathodes (pore mouths) are

polarized while the far cathodes (pore bases) are on the

'active’ part of the potentiostatic polarization curvei
which  would receive a higher current. Due to the
'oscillating polarization’ found by galvanostatic
polarization curves, the upper part of the pore was in the

"active’' state for a short time, allowing some deposition
to occur here. If the pore bases spent more of the time in
the 'active’ state, then the majority of deposition would
occur here. The proposition that tin is deposited
preferentially in short pores (131) does not follow from
this active-passive pore theory. The total cell current was
low because it was made up of the small near cathode
current and the larger far cathode current. Additions of

brightener increased the polarization for Ha discharge on

the tin cathode; such polarization is in any case high on
tin. The gas evolution eventually stopped due to the
polarization. Applying this to electrocolouring, it was

shown the brightener favoured deposition over the other
cathodic reaction. Tests of samples of the stannous
solution containing the brightener in a Hull Cell Test
showed a sharp demarcation between bright and dull areas.
The equation i=C103S—-S24109gx3l was only applicable when
polarization was negligible. The brightener was

incorporated into the bright area, at the high current
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density end of the Hull Cell Test cathodei which was where
polarization was negligible. However, if tin deposited on
the low current density end of the cathode, then
polarization occurred and the equation was not applicable.
Coarse dull deposits were formed on the Haring-Blum cathode
at lower (more negative) potentials, even when brightener
was present. Thus the cathode potential of the anodised
aluminium determined what type of tin was deposited i.e.
bright in the active region or dull near the passive
region. The amount of brightener had a direct bearing on
this deposition.

Admittance decreased with increasing Tribrite
because tin was suppressed down the pores. A greater
fraction of the total thickness acts as a dielectric and
hence the admittance is less than for electrocoloured films
from baths not having Tribrite added. At long colouring
times suppression of tin reached a |Ilimiting point and when
coloured for excessive periods evolution of hydrogen gas
became the predominant reaction, causing the film to spall.
The admittance reached a Ilimit for small additions of the
brightener to a concentrated tin solution, and further
additions did not cause admittance to decrease any further.

Increased amounts of Tribrite caused spalling to
occur at shorter colouring times than in solutions without
the brightener. Lower current densities prevented spalling.
The presence of Tribrite may promote either a greater flaw
production, more reanodising beneath the original barrier
layer or greater hydrogen gas evolution, or a combination

of all three factors. It is thought the gas evolution plays
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a significant rol«.

Tha Hull Call Tast cathodes showed how well the
tin solutions plated onto the copper. Small quantités of
Tribrite gave good cover but as the amounts increased the
smoothness and brightness of the cover deteriorated. The
Hull Cell Test cathodes showed no correlation with either
the admittance or the luminance. These latter maasurements
indicated better performance than the corresponding cathode
cover would suggest. The admittance was influenced by small
initial quantities, rather than excessive amounts. This
showed the immediate impact of the Tribrite. Occasionally
the ~cover on the cathodes did not change after further
additions of brightener. This was because it may not have
dissolved completely. Another factor was that if additions

were made within a short period then the activity of the

brightener would not have been increased since a
'working-in' period was required before full activity was
reached. In the concentrated tin solution plating on the

copper cathode occurred at the high current density end
only. Tor less concentrated solutions polarization forced
the tin round the back of the cathode. Resistance was small
between the anode and near end because when current density
is high, the potential tends to zero i.e. non-polarizable.
The equation i = t103S-S2410gxll is used only if
polarization is negligible i.e. the ~concentrated solution
where plating occurred at the high current density end.

The activity of the Tribrite diminished with
time. Optimum amounts reached a peak of activity which

declined rapidly but then maintained a Ilow level of
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activity for a period of time. This indicates that the
Tribrite complexes with the tin solution and excessive
amounts simply saturate it. The activity cannot be

increased beyond a limiting value.

5.11.1 Colorimetry

Gold and light bronze colours had a high
percentage reflectance at the red end of the spectrum. The
percentage reflectance, at all wavelengths, became fairly
equal as the colour tended towards black. Very little light
was reflected from dark colours, but even the gold colour
only reflected small amounts overall (approximately 12 ,
At long colouring times the colour becomes grey, this was
confirmed by the SEM photographs. Tribrite decreased the
percentage reflectance at all wavelengths, but there was a
slightly greater percentage reflectance at the red end of
the spectrum than at the blue end, for short <colouring
times. Tfiis showed Tribrite altered the light scattering
centres of the deposits. Tor concentrated tin solutions,
increasing amounts of Tribrite caused the colours to become
lighter for all colouring times. This indicated that
Tribrite altered the way in which the tin was deposited.
Tribrite may cause perferential formation of P-tin, as is
found in the pure metal.

A standard 20g/l stannous sulphate solution
should contained 10g/1 S but analysis showed that only
5g/1 Snm™* was in solution. The tin was lost during
preparation of the solution due to oxidation to stannic

sulphate. Of the 5g/lI Sn*"' in solution, up to half was lost
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due to oxidation depending upon the frequency of u&e and
slow oxidation over time. However, Sheasby (54) stated
that this loss occurred whether the bath was used or not.
Presumably the solutions were left open to the air. In my
investigations, the solutions were bottled when not in use

and this limited the amount of oxidation.

The negative gradients for the colouring time of
&min showed irregular behaviour for colouring with and
without Tribrite as sealing time increased. Overall, the
gradients were lower when films were coloured with the
addition of Tribrite. A similar trend was also observed for
the positive gradients for short colouring times, although
the effect was not as pronounced. Graphs 14b and 15b, which
showed the calculated tin content, indicated that there was
less distinction between the amount of tin found with or
without Tribrite present. Tribrite appears to have a
greater influence at short sealing times. At short sealing
times, and particularly for fresh films, the pore blocking
material was gelatinous. The contribution made by the tin
to the admittance value may have been greater in this case
and hence any effect of Tribrite may have been detected

more readily. The gradients calculated from the equation

<5.10)
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CHAPTER &
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6.1 Nitric Acid Pr»dip

Films already softened by other agents, such as
high anodising electrolyte temperature, suffered
substantial weight and thickness loss, while hard films did
not. It is the surface/intermediate layer which is lost
when two layers exist. It may be the intermediate layer
which is the much softer outer layer in inherently soft
films, and this may be accounted for by the more ’'porous’
anhydrous cell walls which occur in soft films. The cell
walls may themselves become hydrated. Oversealed films lost
some of the soft outer layer to reveal an underlying hard

film.

£.-2 33/. Nitric Acid Admittance Drift Teat

It appeared to be the intermediate layer which
influenced the drift test. Uell sealed films gave small
positive drifts while inadequately sealed films gave large
positive drifts. The Y-( profile showed how well sealed
films were consolidated throughout while partially sealed
films were not. Soft films exhibited a drift, but this was
due to the removal of the soft outer layer, decreasing the
thickness, and not due to inferior sealing quality. It was
found that well sealed hard films gave a positive Y of 0.1

to 0.2 and Yt of 1 to 2.
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The drift method ahowed how the pore filling
meterial of films sealed in "Alcoa 482’ increased in
consolidation as ageing proceeded. However, the drifts did
not attain the Ilow values characteristic of hydrothermally
sealed films.

The concentrated nitric acid drift of freshly
prepared films could not be measured because the pore
filling gel required consolidation before a value could be
measured.

Negative drift values indicated that soft outer
layers were not dissolved but that some redistribution of
material caused the pores to become blocked. It is
postulated that it is the surface layer which is dissolved
and part of the intermediate layer which is redistributed.
This redistribution may just outweigh the dissolution
effects. If dissolution is greater, this would result in a

positive dri ft.

£.3 Nickel Acetate Sealing

When anti-smut agents are present in the sealing
solution it is thought that no intermediate layer s
formed. However, due to the competing hydrothermal reaction
some form of boehmite may be present. The possible
combination of the hexaaquanickel (rr) ion with the
CAl <H*0)«i*' ion may form an insoluble complex which
blocked the pores. The ageing of this complex may proceed
by a polymerisation reaction causing the density and

crystallinity to increase, and blocking the diffusion
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pathways. Th* outer regions of the pores were the most
impermeable since rapid initial gel formation occurred
here. The presence of nickel allowed the ’active sites’ to
remain unhindered by contaminants, so that the hydroxyl ion
concentration continued to be promoted at these sites. As
the quantity of pore blocking material increased, a higher
AlI'*'"" ion concentration was promoted, and the low acidity
due to the increase in hydroxyl ion concentration, and high
solution temperature, favoured the ageing process. A net
uptake of water may control the pore filling process. It
was found that water seals unsealed films, which have been
dried, to a greater extent than ’'Alcoa 482’, supporting the
view that once the pores became partially blocked by
boehmite, the nickel was hindered from entering and forming
the complex to any great extent.
The admittance-abrasion profile (Y-() of a well
4 yt—(rr>
sealed hydrothermal film showed a constant admittanse
throughout the Ilength of the sealed pores. Both fresh and
a oM.
aged poorly sealed hydrothermal films showed the admittance
the film was abraded, as occurs also with
freshly prepared poorly sealed 'Alcoa 482’ films. However
an aged 'poorly’ sealed "Alcoa 482’ film attained a line

horizontal to the x-axis. This showed that consolidation

increased with ageing throughout the length of the pore.

£.4 Long Term Cold Immersion

The sealing mechanism for films sealed in plain

water differed from that for films sealed in nickel
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acatat*. Tha suparficiaX machaniams of early pore
blocking/saaling ware quite different.

Water sealed films can be compared to partially
hydrothermally sealed films. Admittance measurements
appeared to show the films were sealedi but the admittance
drift test showed that the pores were only blocked with
material soluble in nitric acid. These films were similar
to those partially sealed by exposure to the environment
where there was a competition between sealing and
weathering.

Films immersed in a nickel acetate solution were
sealed by a mechanism similar to that which occurs during
hot nickel acetate sealing. The formation of a
nickel-aluminium complex blocked the pores by
solidification of the complex, as shown by the admittance
drift values. The <consolidation of the material increased
with time and changed the dielectric constant of the
material. The concentration of the nickel rather than the

depth of penetration appeared to affect the ageing process.

6.5 Outdoor Exposure of Anodised Films

Exposed faces of unsealed films which were not
adequately sealed, had a severe bloom and there had been
some thickness reduction. The shielded faces appeared to be
sealed by the criterion of an admittance test, but the
admittance drift test revealed the sealing was inferior.
There was a bloom and some thickness increase. These

results are similar to those of unsealed films immersed for
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long periods in water.

The admittance drift on partially sealed films
showed the exposed faces to be sealed while the shielded
faces were inadequately sealed. However, exposed faces
carried a worse bloom. Weathering products may block the
pores, giving a low admittance value, but in the admittance
drift test, this loose, pore blocking material dissolves.
The decrease in thickness was due to the surface layer
being undermined and removed by the weather. The
intermediate layer may also experience the same phenomena.
Thickness increases were due to favourable conditions for
the precipitation/diSBolution mechanism.

Microcracks and crazing may have influenced the
admittance values at different times of the year causing
admittance to rise after hot, dry periods and renewed
precipitation/dissolution may have healed these defects
after wet periods. However, wet periods would also promote
"weathering’ of the film. Thus there was a competition
between weathering and sealing, the effects of either one
predominating during specific environmental patterns.

The <continued decrease in the gradients of
partially and fully sealed films indicated that, although
diffusion pathways may be blocked, further sealing occurred
since some diffusion of water may take place through the
anhydrous cell walls, and this may be enhanced by
microcracks. Variations in thickness on exposed faces of
fully sealed films showed the competition between the
precipitation/dissolution mechanism and weathering. The

admittance drift of well sealed films was small indicating
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that axpoaur« had not undarntinad tha film. Vary thick filma

wara prona to crazing avan whan well aealed.

6.6 Sulphur Dioxida Test

The optimum conditions for a sulphur dioxide test
were 6 hours at a temperature of 40*C. Mall sealed
hydrothermal 25Mm films passed the tast. Tilms sealed for
other times and having other thicknesses failed the test.
Crazed, well sealed films also failed. The pores of
inadequately sealed films became blocked due to the
presence of corrosion products, which undermined the film
as shown by an inherent bloom. The sulphur dioxide gas
softened films which exhibited an outer soft layer and an
inner harder layer. The presence of condensation during the
first 2 to 3 hours of the test caused the formation of
sulphate. Oversealed films showed iridescence due to the
lateral flaking of surface and intermediate layers.

Films sealed in ’'Alcoa 482’ were not attacked by
the sulphurous acid indicating the impermeable nature of

the pore filling material.

6.7 Sealing Bloom

White powder residues on the glass paper of the
three paper test showed a sealing bloom to be present on
well sealed 25>m films, while the sulpur dioxide test gave
no bloom. Short sealing times did not give a sealing bloom,

but a sulphur dioxide bloom formed. The three paper

328



abramion t»st can distinguish bstwsan poorly and well
saalad films, bafora a sulphur dioxida tast is par formed.
It can also discriminata batwaan thick and thin films which
wara anodisad at alactrolyte tamparatures abova 20*C. Thick
films wara subjactad to the dissolution effects of the acid
and showed soft outer layers whila thin films did not.
Anodising films at elevated temperatures and
subjecting them to a sulphur dioxide test gave two distinct
layers in the film, the outer layer being softer than the
inner layer, which was also unacceptably soft. After a
predip in 337C nitric acid both layers were softened further
showing that the nitric acid predip does not remove the
sulp”r dioxide bloom/soft layers but accentuates them. This
bloom is inherent within the film. A soft film having two
layers and subjectedto a predip alone carried only one
layer after the predip.The predip had removed the soft
outer layer. It canbe concluded that the intermediate
layer plays a significant role in the soft outer layer and
when this layer is attacked by the sulphurous acid its form

changes so that it becomes insoluble in 33V, nitric acid.

£.8 The Significance__gf tht__ariditnt*__ 0l SriCh gf
Yt(25*»C) Against Thickness u _ found__by_ yis__ Linear

Regression Method

Over a limited range of deliberate thickness
variations of anodic oxide films it was found that if the
points on the graph of Yt(2S*C) against thickness were

treated by linear regression to obtain an equivalent linear
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gradient, the batch was deemed acceptable if the gradient
was less than -*10. This approach showed a useful connection
with the question of the degree of sealing of batches
having a range of thicknesses but a common sealing time.

The linear relationship is a reasonable assumption.

6.9 Electrocoloured Oxide Films

It is possible that the electrolytically
deposited tin is in a distorted tetragonal form. The
influence of colouring current densities played an

important role with respect to colouring time. The lower
current densities produced the darker colours for long
colouring times, while at high current densities the
limiting values were approached quickly and spalling
occurred. This may have been due to a combined effect of
hydrogen gas evolution and the new/old barrier layer
interface. An alternative explanation is that a rise in pH
enhances tin deposition. Electrons must play a part in
either a reduction reaction or activation of flaws, and
semi-conduction may occur through these flaws. As colouring
time increased the colours became darker as shown by
colorimetry, and at extended colouring times tin was shown
by various means to extend to the mouths of the pores.
Variations in the chromaticity co-ordinates for films
coloured wunder identical conditions were due to variations
in surface topography. The luminance value was found to be
more useful measurement than the co-ordinates and together

with the L, a, b, aE system, gave quantitative evaluations
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of colour. By observing the shapes of the graphs of aE
against colouring time, and the luminance against colouring
time (which are mirror-images), the 'overfilling’ of pores
with tin may be avoided. Both curves of these graphs
increased rapidly at short colouring times, but at long
colouring times produced little variation. This showed the
increase in the amount of tin deposited occurred very
quickly reaching an ’'optimum’ value. Increasing the tin
beyond this optimum value was detrimental to the film.

At short colouring times the amount of tin
appears to be irregular for identical <colouring times.
During the first minute of colouring the —current rose
rapidly due to the rectifying action of the anodic film.
The time taken for the rectification to decrease may
determine when tin deposition begins.

The admittance of electrocoloured films was
greater than that of natural coloured films. Film thickness
was independent of colouring time«p to a point but film
quality was dependent wupon the film thickness. Theoretical
calculations showed the thickness of the film influenced
the amount of tin deposited for identical <colouring times.
Long colouring times showed the percentage of tin decreased
as thickness increased, while for short colouring times the
percentage increased as thickness increased. It was
suggested that deposition occurred preferentially in shorter
pores which appeared to be confirmed by the calculations of
tin thickness. It was possible that the thicker films had a
larger pores creating a smaller flaw population and less

deposition of tin (but see sections 6.10 and 6.11).
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The gradients of the graph of Yt(2S*C) against
film thickness for well-sealed films were large and
negative due to the presence of tin in the pores. As film

thickness increased, the gradient found from the equation

decreased, assuming that A and t«, remained constant. The
points on the graph of Yt(25*C) against thickness over a
limited thickness range can be treated by linear regression
to give an equivalent linear gradient; an average value of
the form Yt(25*C) = a + bt, over the whole thickness range.
The comparison of experimentally produced ranges with
commercial ranges suggested the theory was not too simple
to give reasonable results, if the assumption was made that
the tin fills 22 to 23)<m of a 25 to 30>>m film. However, A

must vary as t’ varies for a common sealing time for a

range of thicknesses. Thus A and t«. did not remain
constant. (A increased as t’ decreased.) The graph of the
gradient against total film thickness then approached a
semi-logarithmic relationship. If the linear regression

method was applied to a range of thicknesses the average
linear gradient was found to be more reasonable.

For short colouring times the tin metal thickness
was not significant and the effective dielectric thickness
was approximately equal to that of the total oxide
thickness. The gradients were positive and achieved a value

of -1-10, so the electrocolour admittance theory did not
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apply ae nagativa gradients were only found with dark

colours.

6.10 The Effects of Anodising. Soaking__and Colouring at

SlcYtttd TiiTiBeratures

The abrasive wheel test was useful for assessing
the thickness at which tin was present in the film. The
general trend showed that therewas less tin in the pores
when films were anodised at 15‘C than when anodised above
this temperature. This indicated that the pores were
enlarged at elevated anodising temperatures. The thinner
pores appeared to restrict the tin to the pore depths. This
result was at variance with the thickness of tin found by

theoretical calculations for films of different thicknesses

coloured for identical times,in which the larger ©pores
carried lesstin (but see section 6.9). However, the
morphological changes which occurred to the porous
structure during elevated temperature anodising were

greater than any changes to pore dimensions which may occur
simply due to chemical dissolution. This fact together with
the evidence of tin thickness found from the abrasive wheel
test suggests the experimental evidence is reasonable. The
tin content found by the theoretical calculations appeared
to be overestimated compared to those found by the abrasive
wheel method. This overestimation was due to the assumption
that A was a constant CYt'(25«C) = 200 Sm x 10-‘“1, and if
A increased as t’ decreased, then the tin content may have

been more in line with that found from the abrasive wheel
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test. However | the abrasive wheel method was not used on
films less than 20>m in thickness. The contribution made by
the elevated temperatures to the size of the pores was
significant and the apparent contradictory results may be
genuine due to geometrical factors.

Colouring and soaking films in sulphuric acid at
elevated temperatures before sealing reduced the abrasion
resistance. Colouring at room temperature did not have a
detectable softening effect. Colouring had a marginally
greater effect than soaking. It was not the alternating
current colouring treatment at elevated temperatures which
caused the reduction in abrasion resistance, but the
temperature of the solution. Factors which influenced the
redissolving processes affected the abrasion resistance.
Two distinct layers were observed in films anodised and
coloured or soaked at high temperatures. The inner layer of
coloured films was softer than that of the soaked films and
the thickness at which the inner layer occurred
corresponded to the appearance of the tin during the
abrasive wheel test. Inherently soft films which were
coloured at elevated temperatures had a thicker, softer
inner layer than soaked films, showing the slightly greater
detrimental effect of colouring. It seems that soaking soft
films exacerbated the softness of the two layers, while
colouring influenced the relative positions of these
layers.

Anodising at -elevated temperatures caused pore
widening. Dissolution of the pore walls weakened the matrix

of the as-anodised material. Colouring and soaking at

334



elevated temperatures compounded this effect. If the pore
wall had low apparent density, subsequent sealing may have
undermined the cell wall structure causing greater
softening since the hydrothermal reaction is known to

soften the film.

6iH The Effects Using__ 'Tribrite» in the Electrolytic

Colouring Solution

Uhen Tribite was wused in the tin sulphate
colouring bath it was shown, by various analytical
techniques that it caused some degree of suppression of the
outward growth of tin in the pores of the anodic oxide
film. This occurred in a manner similar to that which
occurred during tin plating on copper cathodes. If the pore
base was likened to the far cathode in the Hull Cell Test,
then this would account for the preferential tin deposition
in this area. Two mechanisms were in competetion with one
another: (il tin atoms were immobilised by the
incorporation of the non-metallic matter, and (ii) at
normal plating temperatures the tin atoms were particularly
mobile. It may be possibleto find conditions where the
near cathodes (pore mouths) were polarised while the far
cathodes (pore bases) were onthe ’active’ part of the
potentiostatic polarisation curve. The proposition that tin
deposited preferentially in short pores is not supported by
this active-passive pore theory (see section 6.9).

Additions of the brightener increased the

polarisation for hydrogen gas discharge onthe tin
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cathodes, and gas evolution eventually ceased due to this
polarisation. The brightener was incorporated into the
bright area of the Hull Cell Test cathode, at the high
current density end, where polarisation was negligible. The
cathode potential of the anodised aluminium determined what
type of tin was deposited, i.e. bright tin in the active
region or dull tin in the passive region. At long colouring
times suppression of tin reached a Ilimiting value and
hydrogen evolution became the predominant reaction, causing
the film to spall. An optimum brightener concentration was
found by means of the Hull Cell Test cathodes. Spalling
occurred at high current densities for long colouring times
due to the increased polarisation for hydrogen discharge.
This may have increased the flaw production, or stimulated
reanodising beneath the original barrier layer, but it is
thought that the evolution of hydrogen gas played a
significant role.

Hull Cell Tests showed how well tin solutions
plated onto copper cathodes, although the cathodes showed
no correlation as to the type or degree of tin deposition
as indicated by the admittance and Iluminance values. These
latter measurements gave a better indication of tin
suppression.

A ’'working-in’ period was required for the
Tribrite to exhibit any activity. An optimum activity was
assessed by the Hull Cell Test cathode cover. Activity
diminished with time, but was maintained at a low level for
a considerable time. The activity could not be increased

beyond a limiting value. The equation i=C1035 - 524 logxll
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was only applicable when polarization was negligible, i.e.
when plating occurred at the high current density end.

The negative gradients of the graph of admittance
against thickness as found by the linear regression method
were lower when films were coloured with Tribrite than when
coloured without Tribrite. At short colouring times
(positive gradients) the effect was not as pronounced.
Tribrite appeared to affect the admittance more at short
sealing times due to the freshly formed boehmite. If
smaller negative gradients were to be obtained, the
exclusion of the thinnest films would be necessary in a

range of thicknesses.
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CHAPTER 7

rUTURE WORK

7.1 The Admittance Drift Teat (Yli

The admittance drift test may be applied as a
rapid, non-destructive test to monitor aBcing/weathering of
anodic o>.ide film which have been sealed in boiling
solutions other than water, where the admittance value is
anomalously low.

Similarly, to discover whether impregnated
<lcold-sealed) films have been correctly processed.

The use of the drift test to supplement negative
gradients of tin blacks and dark bronzes for which the

admittance values are anomalously high needs further

investigation.

7.2 The Admittance - Abrasion (Y - 1) Profile

This test may be used to confirm non-destructive
test results from admittance values on impregnated films
and on metal growth up pores from electrocolouring. Tho
combination of the admittance drift test used at different
deptlis during the Y-J profile may give useful information
on these films.

The effects of the sulphur dioxide test could be
investigated further by the admittance drift test and Y-J
profile. Similarly, information on the effects of ageing

before and after the sulphur dioxide test may be found.
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The competing mechanisms of weathering and
sealing may be followed more <closely by these tests,

revealing the contribution of the intermediate and surface

layers.

7.0 The Abrasive tjheel Test

Detailed deptli analysis using this test may throw

light on the effects of elevated temperatures of the

process solutions. A destructive test may be found by
combining the abrasive wheel test and the nitri'. acid
predip, which may give information on the participation of

the different layers in soft films.

2iJ Il li&fi___j¢l___Additions___Agents Purina Electrolytic

Colouring of Anodic Or.ide films.

Turther testing and modifications of the
metal-inmore distribution by wuse of appropriate addition
agents is required. 'Tribrite’ shows tliere is an effect,
but this may not be the best agent.

Additional spectrocopic analysis and colorimetry
together with the admittance tests and abrasire wheel test
may indicate tlie contribution addition agents make to tin
suppression.

The effects of contaminants, pH and temperature
of the electrolytic colouring solution on the addition
agents, and the concentrations, activity, working-in period

and age of the agents require a systematic programme of



research.

Addition agents may be beneficial to
electrocoloured films which are subject to outdoor exposure
and sulphur dioxide tests, since tiie addition agent
"Tribrite’ is I;nown to act as a corrosion inhibitor.

The use of the addition agents in
electrocolouring solutions containing mixtures of metallic
salts, such as tin-nickel solutions, requires
investigation.

During interference colouring not all pores give
interference colours, but some produce iiormal electrolytic
colouring effects. This is shown by tire bronze overtones
and the effect is enhanced as colouring proceeds. Addition

agents may prevent tliese broirze overtones.
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