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Abstract

High current anodization of magnesium and magnesium alloys

Ellen Angharad Cafter

Pure magnesium and three magnesium alloys containing different amounts of aluminium

(2-9%) plus zinc and manganese were anodized with constant current density in sodium

hydroxide solution with and without fluoride or phosphate ions. Electric field strengths of

resultant anodic films were calculated from galvanostatic transients. These transients

showed three characteristic features: linear voltage increase, noisy high voltage signals

accompanied by sparking, and sawtooth-like events characterized by instantaneous voltage

drops followed by slower voltage increases. Each feature was linked to certain physical

processes occurring in the metal/film/solution system.

Oxidation of magnesium and magnesium alloys formed anodic films with bilayer

structures: a passive barrier layer adhering to the metal electrode, topped by a porous

secondary layer. Cation injection into the barrier film across the metal/oxide interface was

the rate determining step for film growth. Interstitial cations migrated through the film

under the influence of the electric field. At the film/solution interface they reacted with

electrolyte species and either thickened the film or dissolved in solution.

Electric field strength was constant for particular metal/solution combinations and was

independent of applied current density. Changing the electrode material altered the resultant

electric field strength: pure magnesium produced oxides with lower electric field strengths

than films formed on the three magnesium alloys. Changing the electrolyte had no

discernable effect on the electric field strength. Charge efficiency of the film growth process

was investigated by oxygen gas evolution; efficiency decreased during sparking.

lon beam analysis (Rutherford backscattering, fluorine depth profiling and nuclear

reaction analysis) coupled with X-ray photoelectron spectroscopy, scanning electron

microscopy, X-ray diffraction studies and Raman spectroscopy gave information about

the anodic film surface. These techniques showed that oxides formed on magnesium-

aluminium alloys were thinnerthan those formed on pure magnesium caused by aluminium

dissolution. Fluorine depth profiling revealed that concentration profiles forfluorine in anodic

oxides formed in fluoride-containing solution altered depending on the aluminium content

of the electrode material.
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INTRODUCTION

Operating philosophy

Anodization behaviour and characteristics of magnesium and magnesium alloys

are notwellunderstood. As applicationsformagnesium-based metals proliferate,

this dearth of information will become critical. This study is a novel attempt to fill

some of these gaps in our collective knowledge base.

Mission statement

To determine a mechanism forfilm formation on magnesium and magnesium-

based alloys during anodization undergalvanostatic conditions. This mechanism

must account for changes fo the anodic film caused by alteing the alloying

elements and using different electrolytes.

Strategic plan

A bipartite experimental plan was devised to realize these objectives:

anodization kinetics of magnesium and magnesium alloys

Ki netic stud ies i nvolved record i n g g a lva nostatic transients prod uced by

the anodic films as they thickened and changed. This allowed calculation

of electric field strengths of anodic films formed on magnesium and

magnesium alloys.

sufface analysis of resultant anodic films

lon beam analysis, X-ray photoelectron spectroscopy, scanning electron

microscopy, X-ray diffraction and Raman spectroscopy techniques

probed the surface of anodic films.

A modelwas formulated from these results which satisfies the mission statement.



lntroduction

7.1 Backgrou nd i nformation

Each year the Electrochemical Society receives the Report of the electrolytic industries

(Gibbons & Pillay 1995). This document showed that in 1994 the United States accounted

for half of the world's magnesium production of 27OkT.

Two extraction methods are used: a thermic process to reclaim magnesium from

dolomite (MgCO..CaCOs), and an electrolytic process to recover magnesium from sea

and lake brines. This latter process has the advantage that magnesium comprises 0.13%

of seawater, an almost inexhaustible source.

steel and iron
desulphurization castings and

wrought products
22"/"

reducing agent
9o/o

cathodic
protection

5o/o

other 6"/"

aluminium industry
46o/0

Figure l.l: Uses of magnesium in the United States, 1994

Weight-critical industries such as transportation and aerospace are keen users of

magnesium alloys; typicallythey are 25% lighterthan aluminium alloys of the same stiffness.

Under the US Government Corporate Average Fuel Economy (CAFE) legislation,

automobile manufacturers must improve the fuel efficiency of their vehicles. Reducing

weight by using lighter alloys for steering wheels, seat parts, valve covers, instrument

panel related castings and interior cross car beams aids fuel economy.

Molten magnesium alloys are veryfluid so intricate, thin-walled castings can be made.

A low specific heat capacity means that Mg alloys cool faster than Al alloys, speeding up

the casting cycle (Busk 1989). Mobile telephone casings are made from magnesium alloys

because they are light, form thin castings and shield against electromagnetic radiation.
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1.2 Magnesium

Crystal structure of magnesium compounds

Magnesium has a hexagonal close packed structure (a= 3.20 A, c = 5.20 A). Magnesium

oxide (MgO) occurs naturally as the mineral periclase. lt has a face centred cubic sodium

chloride-like structure with a 4.2112 A unit cell (Wyckoff 1921, Wyckoff 1963: 88).

Magnesium hydroxide (Mg(OH)z) has a cadmium iodide-like structure. lts hexagonal unit

cell contains one molecule (side length = 3.147 A,long diagonal = 4.769 A (1963: 268)).

Thermodynam ic sta bility of magnesi um com pou nds

Perrault (1974, 1979, 1985) investigated the thermodynamic stability of magnesium in

aqueous conditions and concluded that the stable form in neutral and alkaline solutions

was magnesium dihydride, MgHz. Magnesium hydroxide and divalent magnesium ions

were also stable under certain potential and pH conditions.

Choosing magnesium dihydride as the stable form seems rather unlikely:

MgHztrl + 2H*(aq) +
aG,e: -36 kJ mol-1 0 kJ mol-l

AG.,t = 419 kJ mol-1 - -RflnK,

Mgolsy + Hrot,l -+

AG,e: -569 kJ mol-1 -237 kJ mol-1

Eqn 1.1

-455 kJ mol-1 0 kJ mol'1 (Aylward & Findlay 1974)

K',=27x1073

Ms(oH)r,,, Eqn 1.2

-834 kJ mol-l .'. AGr" = -28 kJ mol-1

Mg2*("0) + Hr(n)

therefore magnesium hydride is unstable in acid solution and at all pH.

In solutions with neutral pH, magnesium dissolves rapidly, evolving hydrogen. In strongly

basic solutions, white magnesium hydroxide forms as a protective layer on the metal

surface. Mg(OH), has a low solubility constant (K" = 8.9 x 10-12\ and is favoured

thermodynamically over magnesium oxide according to Eqn 1.2.

Magnesium hydroxide will form spontaneously on the surface of a piece of MgO immersed

in water. Under high electric field conditions it is assumed that Mg(OH), loses its protons.

MgO is the meta-stable species in the barrier layer formed during anodization of magnesium-

based metals.

M9t'l + Mg(oH)r,", -) 2Mgo,r, + 2H* + 2e- Eqnl'3

Mobile protons will be swept out of the lattice by the high field, leaving magnesium oxide.
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Nature of the oxide layer formed on magnesium

Pilling and Bedworth (1923) developed a ratio to predict the type of oxide formed on a

metal surface (Eqn 1.a).

Rr, = Vr(oxide)/V,n(metal) Eqn 1.4

lf the molar volume of the oxide is smaller than that of the metal, the oxide layer is

either porous or under high internaltensile stress. Underlying metal is open to corrosive

attack through these pores.

lf the molar volume of the oxide is larger than that of the metal, the oxide forms a

coherent, protective layer over the metal surface. This non-porous oxide may have high

internal compressive stress. WO. formation on tungsten (Pilling-Bedworth ratio = 3.4)

should produce a film with compressive stress. However a study by Kim, Pyun and Oriani

(1 995) found that the film was under tensile stress at the metal/film interface due to reactions

occurring at both the metal/film and film/solution interfaces. Kim ef a/ concluded that the

Pilling-Bedworth concept is an oversimplification but useful as a first approximation.

For magnesium oxide formed on magnesium the Pilling-Bedworth ratio is 0.8049.

(ym(Mg) = 13.97 cm3 mol-1; V'(MOO) = 11.245 cm3 mol-1 (Lide 1994)). Therefore an anodic

film of magnesium oxide will not protect the underlying magnesium metal from corrosion.

By comparison the Pilling-Bedworth ratio for the formation of magnesium hydroxide

on magnesium is 1.77. (Vn(Mg(OH)r) =24.71cm3 mol-1 (Lide 1994)).

Magnesium oxidation by gaseous oxygen

Kubaschewski and Hopkins (1953) reviewed oxidation rate results from several studies of

magnesium. They reported thatverythin oxidefilmswere protective and showed a parabolic

oxidation rate according to Eqn 1.5 (1953: 165)

(Lm)z = k.,.t + c

Lm = mass increase of sample
| = time
k.,, c = constants

For thicker oxide films the oxidation rate was linear (1953: 165)

Eqn 1.5

L,m = kr.t Eqn 1.6

Mechanisms were not given for the formation of either of these types of oxide films.
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Leontis and Rhines (1946) found that very thin, coherent films of MgO form on

magnesium at high temperatures in pure oxygen.

ldeal magnesium oxide surfaces

Growing very thin magnesium oxide films on metal substrates (Martinez & Barteau 1985;

Wu, Corneille, He, Estrada & Goodman 1992) or examining the behaviour of perfect MgO

crystals (Henrich & Cox 1994) provided a starting point for predicting the behaviour of

thick oxide layers. Atomisticsimulations of magnesium oxide byWatson, Kelsey, de Leeuw,

Harris and Parker (1996) and by de Leeuw, Watson and Parker (1995) allowed prediction

of the effect of defects on the chemical and mechanical behaviour of bulk MgO.

These models of the MgO surface at the atomic layer probably are irrelevant to this

present study of highly porous, amorphous films.

Ghemical conversion coatings formed on magnesium

Coatings formed on magnesium immersed in KOH and in KOH + lOo- (Vermilyea & Kirk

1969) had different characteristics. Periodate presence thickened the film and decreased

the corrosion rate but the researchers were unable to characterize the altered film.

In a solution of 104 mol dm-3 MgSOo plus KOH to pH 10, Vermilyea and Kirk (1969)

noted spontaneous porous film growth on magnesium. Evans (1978) attributed this to a

dissolution-precipitation mechanism whereby magnesium metal dissolved into solution

until it reached a saturation limit and then precipitated out as the hydroxide.

Gorrosion of magnesium

Magnesium and its alloys perform very poorly in salt water corrosion tests but show little

sign of corrosion when exposed to a halide-free atmosphere. For example magnesium

alloy aircraft wheels were used extensively during the Second World War in all environments

except for aircraft carrier duty when the enhanced corrosion from the salt-laden air proved

a major problem (Loose 1946). Magnesium undergoes galvanic corrosion when in contact

with other metals, making it perfect for cathodic protection of ship's hulls and buried pipelines

but unpopular in manufacturing.
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Above pH 10.2 magnesium autocorrodes to form a protective film of Mg(OH), on the

surface of the metal (Loose 1946; Young 1961: 223). At room temperature and at less

than 50% (w/w) concentration, sodium hydroxide solutions will not attack magnesium.

Once the temperature exceeds 70 oC, corrosion occurs rapidly.

Hanawalt, Nelson and Peloubet (1942) compared the corrosion rate of commercially

pure (99.9%) magnesium with that of high purity (99.994%) magnesium. They found that

the small amount of impurities raised the corrosion rate in 3o/o sodium chloride solution

from 0.15 mg cm-2 dafl to between 5-100 mg cm-2 daf1.

Anodization of magnesium

Huber (1953) studied the anodicformation of films on magnesium electrodes in a 1 moldm-3

sodium hydroxide solution. He concluded that an oxide layer formed initially which was

then converted to hydroxide under electrolyte influence. Solubility products for the two

species support this idea: MgO - 10-6; Mg(OH)z - ,lO-tt (1953: 381).

Three distinct film types occurred, depending on the applied voltage: at low voltages

(0.5-3 V) a thin dark grey coating, between 3-20 V a thicker dark grey film and from

20-50 V a smooth, light grey adherent film formed.

X-ray studies of the thick films showed only hydroxide species. Electron diffraction

studies of thin films grown for less than two minutes showed magnesium oxide; if the film

growth continued for a longer time hydroxide bands predominated.

1.3 M ag nesi u m-based al I oys

Each alloying element has a solubility limit which dictates the maximum mass of that

element that can be added to form a binary Mg-M alloy. Aluminium (< 12.7o/o (Murray

1990)), zinc (< 6.20/o (Clark, Zabdyr & Moser 1990)) and manganese (<2.2% (Nayeb-

Hashemi & Clark 1990)) are commonly alloyed with magnesium.

lmpurity elements such as iron, nickel and copper increase the corrosion rate of

magnesium alloys; limiting their inclusion to below recommended tolerance limits enhances

the usefulness of the alloy (Hanawalt et a|1942). Aluminium-containing magnesium alloys

are particularly susceptible to iron inclusions; the tolerance limit reduces from 0.017o/o in

pure magnesium to below a few thousandth of a percent in Mg-Al alloys.
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Adding manganese increases the tolerance level for iron in binary Mg-Al alloys to

around 0.002o/o (Loose 1946). Manganese particles surround the iron impurities and isolate

them from the bulk magnesium (Robinson & George 1954). Adding a small amount of

zinc also increases corrosion protection.

AZ9l alloy

Observation of the effect of impurities on corrosion rates led to the widespread use of a

family of casting alloys called AZ91. These contain 8.3-9.7%Al, 0.4-1 .Oo/oZn, -0.3% Mn

and the remainder magnesium (Polmear 1994). M91C (Mg-9Al-0.72n-0.2Mn) is used

for die casting. AZ91D and M91E have very strict impurity tolerance levels: AZ91D must

have <0.004o/o Fe, <0.001 % Ni, <0.01 5% Cu and >0.17% Mn (1 99a: 4).

Lunder, Lein, Hesjevik, Aune and Nisancioglu (1994) studied the morphology of 4291.

They found aluminium distributed unevenly between the solid solution and B-phases (as

Mg.,rAl,,, or AlMnFe). These precipitated phases were found both within the grain bodies

and aggregated at grain boundaries. Even within the solid solution the aluminium

concentration varied; dendritic regions contained only a few percent aluminium while along

grain boundaries and between dendritic regions the concentration exceeded 10%.

Zinc distribution showed none of these variations and was present in the same

proportion in both the matrix and B-phases.

AM60 alloy

Low aluminium-containing magnesium alloys such as AM60 (Mg-6o/oAl-0.3%Mn) form

fewer B-phase inclusions and have improved ductility and fracture toughness. Above 120 oC

the mechanical properties of both AZ9l and AM60 decrease due to p-phase melting and

consequential grain movement within the cast piece (Polmear 1994).

Chemical conversion coatings formed on magnesium alloys

Ratnakumar (1988) studied the resistance and capacitance of passive layers formed on

AZ21 magnesium alloy battery anodes (Mg-2%Al-1o/oZn) after exposure to chromate

solution, olive oil and coconut oil. SEM analysis showed that chromate thickened the
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primary layer whereas coating in oil affected only the porous secondary layer.

Affect of alloying on film formation

Several studies showed that alloying elements affect the formation of passive films:

. Leontis and Rhines (1946) showed that alloying aluminium with magnesium caused

the oxidation rate of the metal to increase at high temperatures in pure oxygen.

. Hanawalt ef al (1942) noted that as the amount of aluminium in a magnesium-

based alloy increased, the films formed on these alloys in aqueous conditions

were thinner.

. Burstein, Armstrong and Yang (1992) showed that alloying elements accumulated

at the metal/film interface. Depending on the element, this either enhanced or

reduced the passivating nature of the resultant film.

Aluminium alloyed with magnesium

Aluminium anodization has been studied much more extensively than magnesium

anodization (Debuyck, Moors & Van Peteghem 1993, Gudic, Radosevic & Kliskic 1996,

Patermarakis & Moussoutzanis 1995). These investigations provide clues to the anodic

behaviour of aluminium alloyed with magnesium.

Aluminium in an Al-Mg-Zn alloy dissolved faster in sodium hydroxide solution than

either magnesium or zinc. Wu and Hebert (1996) used Auger electron spectroscopy and

Rutherford backscattering to study the surface of 99.98% pure aluminium films exposed

to 1 mol dm-3 NaOH. Aluminium had a highly defective region in the bulk metal situated

10-20 nm from the metal/film interface. In this region the concentration of vacancy-type

defects approached 1o/o. During dissolution, magnesium and zinc impurities accumulated

atthe metal surface in a segregation layer approximately 10 nm thick. lmpurities remained

in solid solution with the aluminium because of this defect layer. As the aluminium dissolved

around them the impurities diffused gradually into the bulk metal, but remained in the

disordered region. Auger electron spectroscopy found the concentration of magnesium

and zinc highest at the film surface and decreasing with depth.
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Magnesium alloy oxidation

Kubaschewski and Hopkins (1953) investigated the high temperature oxidation rates of

magnesium alloys in air. Alloying with zinc, aluminium and manganese increased the

oxidation rate relative to pure magnesium (1953: 184). Electron diffraction studies of these

oxidized alloys showed ZnO and MgO.AlrOg (spinel structure).

Anodization of magnesium alloys

Takaya (1989) studied the anodic polarization behaviour of an Mg-Mn alloy in potassium

hydroxide solutions in combination with severalotherelectrolyte species: A|(OH)3, Na.POo,

KF or KMnOo. Baths containing A|(OH)3 and Na.POo behaved the same as the KOH

solution. A fluoride-containing bath showed a much lower current density in the passive

potential region. This was attributed to the formation of MgFr, an insoluble compound.

SEM imaging showed that films formed in the passive region at low potentials were

thin and dimpled. Films formed at higher potentials were coarse and porous. X-ray diffraction

studies showed a mixture of MgO and MgAlrOo in the film.

Secondary ion mass spectrometry (SIMS) showed the depth profile of aluminium atoms

through the anodic films. Prior to anodization the wrought Mg-Mn alloy had less than

17 ppm aluminium. Increasing the anodic voltage increased the amount of aluminium

present in the film relative to magnesium.

Genescd, Betancourt and Rodriguez (1996) used electrochemical impedance to study

the film formed on a magnesium galvanic anode under low current conditions. They found

an initially porous layerwhich became protective overtime. X-ray diffraction studies showed

Mg(OH), formed on the surface.

1.4 Effect of electrolyte species

Part of the mission statement for the present study is to investigate the effect of electrolyte

species on the anodization behaviour of magnesium-based metals. Anodizing aluminium

produces Al2O3 with a regular porous secondary layer on top of a thin barrier film. Anodic

films formed on magnesium are less regular but electrolyte species will behave similarly in

magnesium oxide and alumina.

Wood, Skeldon, Thompson and Shimizu (1996) proposed a modelfor incorporation of
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efectrolyte species into anodic alumina under galvanostatic conditions. Wood et alfound

that oryanions from the electrolyte adsorbed onto the film surface and produced the double

layer charge density. Each fresh monolayer of film added at the film/solution interface

contained all of these adsorbed oxyanions. Fresh anions adsorbed onto the surface

immediately to maintain the double layer charge.

ForW percent of anodically formed alumina came from processes at the film/solution

interface; the remaining 60% was from the metal/film interface. However Rutherford

backscattering showed oxyanions such as phosphate at depths below this 40%. lons

must migrate into the film under the influence of the electric field. Rate of migration was

calculated as 0.50 t 0.05 relative to the mobility of the 02- or OH- ions.

1.5 Patents and commercial coatings

Commercial corrosion protection schemes for magnesium alloys employ several stages:

surface preparation, chemicalconversion coating, anodization and surface sealing (Polmear

1994). Various combinations of these techniques under different conditions led to the

wide variety of proprietary treatments available today, each tailored to a specific end use.

Commercial processes for corrosion protection of magnesium

Three commercial magnesium alloy anodization processes dominate the corrosion

protection field: Dow 17, HAE andCr-22. Table 1.1 shows the bath composition, anodizing

conditions and resultant films for each variation of these processes (Nakatsugawa 1993).

Dow l Tprocess

Recent work by Ono, Asami, Osaka and Masuko (1996) determined the structure of the

anodic film formed on pure magnesium by the Dow 17 process. A 10 nm barrier layer on

the metal substrate was topped by a porous layer with 15 nm diameter pores. Amorphous

MgFz and magnesium oxyhydroxide (Mgr*r/zor(OH)y) formed at the metal/film interface

and comprised the non-porous barrier layer. Formation of MgO in the barrier layer was

ruled out after current efficiency calculations. Crystals of MgF, and sodium magnesium

fluoride lNaMgFj were found in the outer layers of the film; the sodium salt was formed by

chemical reaction of MgFrwith Na+ ions in the electrolyte rich pores. Barrier layerdissolution



lntroduction 11

occurred at the base of the pores. Competition between field driven oxide growth and film

dissolution maintained a constant primary film thickness. Film dissolution disrupted the

regular structure at the outer surface of the secondary layer.

Table 1.1: Comparison of commercial magnesium anodization processes
Comparison of Dow-17, HAE and Cr-22 commercial magnesium anodization processes, Each of the three
processes has more than one gpe of anodization. Bath composition, anodizing conditions and film type are
given for each coating (Nakatsugawa 1993).

coating bath composition anodizing conditions film type

Dow-17 214-360 g L-l NH4HF2
(AC current) 100 g L-1 NarCrrO7.2H2O

90 mL L'l 85% H3PO4

Dow-17 same as AC current
(DC current)

0.5-5.0 A dm-2 AC
71-82 0C

thin coat: 75 V, 4-5 min
thick coat: 100 V, 23 min

0.5-5.0 A dm-2 DC
71-82 0C

thin coat: 95 V, 2.5-3 min
thick coat: 100 V, 15 min

1.9-2.'l A dm-2
0-60 vAc
I minutes
room temperature

1.9-2.1 A dm-2
0-85 VAC
60 minutes
room temperature

4.3 A dm-2
0-9 vAc
15-20 min, 60-65 oC

1.6 A dm-2
320 V (thin)
350-380 V (thick)
12-15 min, 80-90 oC

2.7 A dm'2
320 V (thin)
350-380 V (thick)
12-15 min. 85 oC

light green, 2.5-7.5 pm
dark green 23-38 pm

light green, 2.5-7.5 pm
dark green, 23-38 pm

yellow brown or
dark brown
2.5-7.5 pm

yellow brown or
dark brown
2.5-7.5 pm

yellow brown or
dark brown
15-28 pm

green
10-28 pm

black
5-25 pm

HAE
(type l,
class A)

HAE
(type ll,
class A)

HAE
(type ll,
class B)

Cr-22
(class B)

Qr-22
(class C)

165 g L-r KOH
35 g L-1 KF
35 g 1-t NarPOo
35 g l--t Al(OH)3
20 g L-t KMnOo or MnOo

same as HAE I A

same as HAE lA

25 g L-1 CrO.
233 mL L'1 NH4OH
28 mL L-t HF
28 mL L-1 85% H3PO4

same as Cr-22. class B

HAE

McNeill and \Mck (1957) studied the effect of polyvalent metal anions on the anodic film

formed by the HAE process. They removed manganate from the electrolyte and replaced

it with chromate, tungstate, stannate or vanadate. These different solutions produced

films with different colours. McNeill and \Mck attributed these colours to reduced forms of

the polyvalent oxyanions incorporated into the films. Adding vanadate improved the

corrosion resistance; coating in solutions containing the other anions formed samples

with similar corrosion resistance to the piece anodized without additives.
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Magnesium anodization patents

Several magnesium anodization process patents have been granted:

. Hawke (1973) used AC current in a sodium hydroxide and sodium hexafluorotitanate

bath, with or without sodium vanadate

. Kobayashiand Takahata (1985) hold a patentforan anodization process in a bath

containing aluminate, alkali hydroxide and at least one of the following: a boron

compound, a phenol, a sulphate, oran iodide. Applying an anodizing voltage of 10

to 150 V for between 10 and 90 minutes within a current density range of

0.5-1.0 A dm-2 formed a 70 pm layer of the spinel MgO.AlrO..

. Kozak (1986) patents a claim for an anodization process in a bath containing an

alkali metal silicate, an alkali metal hydroxide and a fluoride. Applying a constant

potential of 150 to 400 volts caused sparking on the magnesium surface. Maintaining

this voltage over a certain time produced the desired coating thickness.

. Bartak, Lemieux and Woolsey (1994) proposed a two step magnesium anodization

process. Initially a constant current was applied to the metal immersed in a

hydroxide- and fluoride-containing solution. Subsequently the piece was transferred

to a bath containing a water soluble hydroxide, a fluoride and a water soluble

silicate. Under constant current conditions they maintained the potential difference

above 150 V. Bartak ef a/ claimed this process resulted in a superior coating with

increased abrasion and corrosion resistance.

. One extraordinary patent claims a method for producing oxide ceramic layers on

aluminium, magnesium, titanium, tantalum, zirconium, niobium, hafnium, antimony,

tungsten, molybdenum, vanadium, bismuth and their alloys (Kurze, Banerjee &

Kletke 1995). These films were produced by plasma-chemical anodic anodization

in a chloride-free bath with pH 2-8 and temperature -30 to +15 oC under constant

current conditions. Bath composition was eclectic with combinations of: phosphate,

borate, silicate, aluminate, fluoride, citrate, oxalate, acetate, urea, glycol, glycerin,

hexamethylenediamine or hexamethylenetetramine. Anodization conditions and

electrolyte were adjusted for each alloy or metal.

For example, anodization of an AZ91 sample involved a solution of sodium,

ammonium, phosphate, borate and fluoride ionswith hexamethylenetetramine held
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at+12 oC. Under a constant current density of 4 A dm-z an end voltage of 252 volts

was reached after seventeen minutes and a film thickness of 50 pm reported.

None of these five patents made any effort to explain the mechanism by which the anodic

film was formed. Indeed, in the case of Kobayashi and Takahata the patent seemed either

deliberately misleading or, at the very least, unlikely due to the claimed benefits of adding

iodide ions. lodide ions are well known pitting initiators in electrochemical treatments of

magnesium (Barton & Johnson 1995).

Barton process

Different electrolyte compositions have a profound effect on the results of magnesium

anodization processes. Barton and Johnson (1995) undertook a systematic study of the

consequences of adding 0.15 mol dm-3 aluminate, fluoride, tetraborate, citrate or iodide

ions or 0.05 mol dm-3 phosphate to a 3 mol dm-3 sodium hydroxide solution. Table 1.2

shows the effect of each anion on the anodic oxide film.

Table 1.2: Effect of electrolyte composition on film formation
Effect on film formation of different anions to the electrolyte; from Barton and Johnson (1995).

anion resultant film

aluminate

fluoride

phosphate

tetraborate

citrate

iodide

thick films with high aluminate incorporation; smooth;
patchy light grey colour

thin films; smooth, even and grey in appearance;
good corrosion resistance; little surface incorporation
of fluoride ions

smooth thin films; grey colour; some increase in
corrosion resistance; no phosphate found in surface
layers

moderately thick films; white and patchy in appearance;
no boron detected in surface layers

inhibited pitting sparks and formed a small number
of mobile sparks, no analysis provided of resultant
films

uncontrolled pitting of the sample occurred

Anodization occurred by increasing the potentialof the magnesium anode untilsparks

began to form on the surface at about 50 VDC. Sparking was maintained for 15 minutes

by adjusting the potential slowly up to a maximum of 90V.
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XPS gave surface composition measurements. Electrochemical impedance

spectroscopy investigated the corrosion resistance of the samples. Surface roughness

estimates came from SEM imaging and a diamond stylus technique.

Electrolysis and spark formation occurred in all anodization processes but the bath

composition modified the behaviour. At low voltages in sodium hydroxide, gas generation

was vigorous but as the voltage was ramped to higher values the amount of oxygen

evolved decreased.

These observations correlate with theories of electrolytic breakdown of anodic oxide

films. Vijh (1971) attributed oxygen evolution in the absence of sparking to a tunnelling

mechanism through a very thin barrier film. As the applied voltage increased, the film

thickened to a point where tunnelling was no longer energetically favoured. Sparking

occurred by an electron avalanche multiplication mechanism which also provided an

alternative route for oxygen evolution (Albella, Montero & Martinez-Duart 1984).

Barton and Johnson noted that addition of anions to the bath decreased the amount of

oxygen generation; initial passive films formed on the electrode in these solutions provided

a more effective barrier to tunnelling.

Sparking duing Barton process

During anodization two types of sparks were seen on the electrode surface. Mobile white

sparks moved across the surface in waves. Occasionally orange sparks appeared and

remained in one place, drawing significant current and forming pits.

Barton and Johnson observed that over time at a constant applied voltage the mobile

white sparks decreased in number. Any subsequent increase in voltage caused more

sparks to form and again move over the metal surface. After a wave of sparks moved over

a particular section of the surface its appearance would change. They attributed this to a

film formation process caused by the sparks. High local temperatures within the spark

could cause film species to fuse and form an amorphous, glassy layer.
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1.6 Models for film formation

Anodic oxide films on many metals have two distinct layers: a passive coherent primary

layer and a porous secondary layer. For example this structure is found on aluminium

(Gudic et al 1996, Patermarakis & Moussoutzanis 1995), on bismuth (\Mlliams & Wright

1976, 1977) and in a recent study of iron (Hutton & \Mlliams 1996).

Motion of ions through an oxide laftice

Many theories of oxide film growth rely on metal ions moving as interstitial cations through

a network of immobile metal and oxygen atoms (Young 1961: 13). These interstitial cations

occupy potential energy wells between the immobile lattice atoms and jump from one well

to the next underthe influence of thermal agitation and electric field. Increasing the electric

field strength decreases the potentialenergy barrierto cation movement in the direction of

the field, increasing the forward current. Atthe same time the PE barrierto cation movement

against the field is increased, decreasing the current in the reverse direction.

High field limit

Applying a high electric field strength increases the potential barrier for interstitial cation

motion against the field to such an extent that the reverse current becomes negligible.

Assuming that gaE>kf (high field approximation) then the overall current is equal to the

current in the fonruard direction (Eqn 1.7; 1961: 15)

i -- 2azenv exp -[(t4l- qaE)lkTl

= forward current = overall current
= distance between P. E. we//s
= charge on ion
= number of mobile ions per unit volume
= frequency of SHM vibration

- P. E. barrier height
= charge on ion = ze
= electric field
= Boltzmann constant
= temperature

Eqn 1.7
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Low field limit

Applying a low electric field strength still increases the potential barrierfor cation movement

against the field but to a lesser extent so interstitial cations can move in both directions.

Overall current is now the difference between the forward current and the reverse current

from Eqn 1,8 (1961: 16) and assuming that qaE << kf (low field approximation)

i = 4a2ze exp (-WlkT).lnvqElkT - 6n/6xl Eqn 1.8

6n/6x represents the effect of the concentration gradient of mobile ions through the oxide.
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Summary

Both the high and low field limits are reduced to simpler forms to show the relationship

between applied current and electric field strength (A, B and C are constants):

highfieldlimit: i - Aexp(BE)

fowfieldlimit: i = CE

Eqn 1.9

Eqn 1.10

Eqns 1 .9 and 1 .10 predict that the relationship between applied cunent density and resultant

electric field strength should be exponential (high field limit) or linear (low field limit).

lf oxide growth on a metal depends only on the movement of interstitial cations through

the oxide layer, experimentaldata from real metal oxides willdistinguish between the high

and low field limiting cases.

However this model for oxide film growth makes no mention of effects at the metal/film

orfilm/solution interfaces. Several researchers have extended this basic modelto investigate

particular metal oxides or to account for interfacial processes.

Verwey model

Verwey (1935) developed a modelfor alumina formation on aluminium metal. This model

relied on aluminium ions moving through the oxide by jumping between adjacent octahedral

and tetrahedral sites. Four of these jumps carried the ion across the 7-AlrO, unit cell so

the activation distance was To of lhe unit cell diameter. He made no attempt to describe

how the ion moved from the metal into the oxide or what happened to it at the film/solution

interface (Young 1961: 18).

Gabrera and Mott model

Cabrera and Mott (1948-9) developed their own theory of the oxidation of metals. In this

mechanism the rate determining step is the movement of a metal cation from a site in the

metal over a high potential energy barrier to reach a site in the oxide (Fig. 1.2).

At the metal/film interface the potential energy barrier is related to Af* the metalffilm

interfacial potential difference. \Mthin the oxide film the potential energy barriers correspond

to cation movement from one interstitial site to the next, identical to the model used in high

and low field limiting cases above. lonic migration through the oxide film occurs under the

influence of the electric field.
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By contrast an express chair lift can transport hundreds

of skiers to the top of the slope per minute so the flux of

skiers coming down the slope is much higher. Fig. 1.3

shows a bored single skier on a slope by herself. Fig. 1.4

shows three happy skiers having a wonderfultime together

on a skifield with an express chair lift.

Figure 1.4: Three happy
skiers on a ski field with an
express chair lift

Extending this to Cabrera and Mott's theory means that increasing the applied current

increases the electric field strength. This causes the PE barrier at the metal/film interface

to decrease. Cations inject into the film at a higher rate achieving the required higher

current density.

Each cation in the metal has a certain chance per unit time of passing over the barrier

Figure 1.2: Potential energy baniers to ion movement from metal into film and through oxide

According to the Cabrera and Mott theory, increasing the applied constant current

increases the likelihood that the metal cations can pass over the potential energy barrier

at the metal/film interface. More interstitial cations in the film lead to a higher ion flux and

hence a higher current density.

Figure 1.3: Bored single skier
on a ski field with a rope tow

A good analogy for this process is that of skiers on a

ski field. A slow rope tow delivers very few skiers to the

top of the slope per minute so the number of skiers coming

down the piste at any one time is small.

lntroduction 17
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at the metal/film interface. Current through the oxide film adjusts itself to equal the current

from cation injection (Young 1961:19).

i - Nv exp-lW-qaEY kfl Eqn 1.11

A/ = number of atoms per unit area of metal surface

Cabrera and Mott's theory predicts that current density is proportionalto the exponential

of the electric field strength. This theory tackled the problem of the metal/film interface but

made no attempt to account for processes occurring at the film/solution interface.

Real oxide ys ideal oxide

ldeal oxide lattices were used in the theories of Verwey as well as Cabrera and Mott. ldeal

lattices are highly ordered with immobile metaland oxygen atoms at predetermined sites.

This leads to identical potentialenergy barriers for interstitialcation movement, regardless

of the position within the lattice.

Real metal oxides growing on metal surfaces contain defects like Frenkel defects: a

cation vacancy and interstitial cation pair (Young 1961: 23). These defects cause a range

of different potential energy barriers to exist within the film. lt is assumed that the effect of

defects evens out over the entire oxide so that the bulk oxide has a constant electric field

strength and cations experience identical potential energy barriers and mobilities.

Point defect model

To account for processes occurring at both the metal/film and film/solution interfaces, the

point defect modelwas developed (Chao, Lin & Macdonald 1981, Lin, Chao & Macdonald

1981, Macdonald & Urquidi-Macdonald 1990, Macdonald, Biaggio & Song 1992). This

model contains several assumptions (Macdonald & Urquidi-Macdonald 1990: 2395):

. film contains a high point defect concentration

. metal/film and film/solution interfaces are in electrochemical equilibrium

. electrical potential drop across the film/solution interface depends on the applied

voltage and the solution pH

. electric field strength within the film is constant and independent of film thickness

These four assumptions lead to Eqn 1 .12, an equation for the steady state current flowing
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through an oxide film (1990:2397) generated by a flux of cation and oxygen vacancies

through the film

i - F[6JM-2(6tilJol Eqn 1.12

flux of cation vacancies
charge on metal ion
flux of oxygen vacancies

= steady state current
= Faraday constant
= charge on ion ejected from barrier layer

For magnesium oxide, 6 = X, since the ion ejected from the barrier layer is the metal ion.

Eqn 1.12 gives the steady state current for the growth of the passive primary layer.

According to the point defect model, growth of the porous secondary layer is modelled by

incorporating a factor 0 for the fraction of cations released by the barrier layer that precipitate

to form the outer layer.

Growth of secondary layer

In 1992 Makushok and Parkhutik proposed a theoretical model for pore initiation and

groMh in the secondary layer of an oxide. They considered each pore propagating in the

oxide to be a conducting sphere with its electric potential equal to that of the electrolyte

and a radius identicalto the pore radius. Pore initiation followed from a system of micropaths

at the surface of the barrier oxide.

This approach was extended by Makushok, Parkhutik, Martinez-Duart and Albella

(1994) who found the morphology of porous films dependent on the rate of electric field

enhanced dissolution of the electrode material at pore bases.

Anodization conditions also affect the porous secondary layer. Kang and Jorn6 (1993)

found that pore density increased with increasing applied potential.

Nature of passive film

Photoelectrochemical studies showed passive anodic oxide films to have amorphous and

possibly non-stoichiometric character leading to localized states in the band gap. Estimates

of donor or acceptor concentrations are 1020-1921 qm-3 (Dean & Stimming 1989). Bulk

metaloxides can be used to modelelectronic properties of passive films (Schmuki, BUchler,

Virtanen, Bdhni, MUller & Gauckler 1995). This approach applies to semiconductor oxides

with moderate bandgaps. MgO has a 7.7 eV bandgap (Strehlow & Cook 1973) and is an

insulator.

,-tM

x=
Jo=
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Localized states promoted electron movement through the insulating film by two

processes: field assisted thermal excitation according to the Poole-Frenkel effect or

tunnelling processes into either the metal or electrolyte. Electron tunnelling into the

electrolyte was against the field but this was possible if the localized state was close to the

film/solution interface. Any current from this process detracted from the overall current

which was in the same direction as the field.

1.7 Breakdown of pass ive films

Electrolytic breakdown of anodic oxide films in electrolytes which attack the oxide is

dissolution controlled (Parkhutik, Albella & Martinez-Duart 1992). Initialoxide growth under

constant current conditions was homogeneous. When the film reached a certain thickness

the outer surface of the oxide began to dissolve and weak spots formed. These areas had

increased localcurrent density and hence oxide growth. They promoted sparking, oxygen

generation and film breakdown. Breakdown occurred either by mechanical means (oxide

crystallization or microcracks formation) or by an electrochemical route (porous oxide

formation or pitting assisted dissolution).

Several elementary processes occurring during oxide thickening have been blamed

for contributing to film breakdown. These include:

. ionic movement through an oxide film under the influence of an induced electric

field causing an accumulation of mechanical stress within the oxide (Despic &

Parkhutik 1989; Fromhold & Fromhold 1984)

. oxide growth causing internal tensile or compressive stress (Pilling & Bedworth

1 e23)

. electronic current through growing oxide films encouraging breakdown (Diggle

1 e73)

. oxygen gas generated atthe oxide/electrolyte interface changing the film and aiding

dissolution (Vermilyea 1 954)

' incorporation of anionic electrolyte species into a film, changing its properties

(Albella, Montero & Martinez-Duart 1987)

. aggressive electrolyte species dissolving the outer layer of the oxide (Diggle 1973)
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Anodization conditions

Changing anodization conditions affects the breakdown characteristics of the oxide film.

Parkhutik, Albella, Makushok, Montero, Martinez-Duart and Shershulskii (1990) studied

aluminium anodization in acid solutions. They found that the type of film formed depended

on the applied current density. Below 5 mA cm-2 a porous oxide formed whereas higher

cunent densities promoted growth of a non-porous barrier film.

Different electrolytes may dissolve the outer surface of the oxide or cause various

electrolyte species to incorporate into the thickening film. Distribution of electrolyte species

through the oxide depends on thetype of anion. Oxyanions such as phosphate aggregated

at the film/solution interface and some distance into the film but left the inner layer

uncontaminated (Despic& Parkhutik 1989, Pawel, Pemsler& Evans 1972\. Halidestended

to congregate at the metal/film interface, possibly due to their high mobility compared to

oxygen ions (Pawel et al 1972). Parkhutik (1986) studied oxyanion incorporation from

acidic electrolytes during aluminium anodization. He found incorporation of phosphate,

sulphate or oxalate anions into the oxide increased the rate of oxide dissolution. Despic

and Parkhutik (1989) reported similar findings.

Electrolyte temperature, concentration and pH affect oxide properties (Diggle 1973).

A study of magnesium corrosion in chloride and perchlorate-containing solutions

(Fiskina, Demidov & Morachevskii 1994) showed that the corrosion rate increased due to

pit formation.

Electrode composition, preparation and geometry

Metallic alloy components alter the breakdown voltage of a film depending on the activity

of the electrolyte to the impurity. Preferential dissolution of one cation leads to an increased

number of defect sites at the oxide surface (Wu & Hebert 1996).

Film breakdown is affected by the relative mobility of the two cations through the oxide

formed on an alloy. Perridre, Siejka and Rigo (1980) studied the relative movements of

cations during anodization of superimposed metallic layers of Ta-Nb and Al-Nb. They

showed that the niobium cation was transported preferentially, regardless of which metal

was on the outside. Pringle (1980) extended this study to theoretical predictions for other

metals, including aluminium but not magnesium.



lntroduction 22

Surface roughness of the specimen prior to anodization also plays a part. Vermilyea

(1954) examined tantalum anodization and found that under constant current conditions

smooth electrodes gave a linear voltage increase with time. By contrast, rough metal

surfaces showed a small departure from linearity, some gas evolution before sparking

and a slightly lower breakdown voltage.

Anode geometry affects the oxide growth rate. Edges and corners on samples have

increased current density and form thicker oxides but may undergo electric breakdown

earlier than the centre of planar electrodes.

Sparking

Initiation of film breakdown often coincides with the appearance of sparks on the oxide

surface. These sparks are caused by an electricaldischarge occurring through the oxygen

gas bubbles generated at the anode surface during electric breakdown (Alwitt & VUh 1969)

however oxygen evolution does not cause the sparking and dielectric breakdown.

For example, anodization of silicon and tungsten causes oxygen evolution at voltages

far below the film breakdown voltage and with no associated sparking. Vrjh (1971) attributed

this phenomenon to oxygen evolution occurring by a tunnelling mechanism through the

relatively thin barrier film (less than seventy angstroms in both cases). Spark discharge

required an avalanche multiplication process within the film (lkonopisov 1977; Albella,

Montero & Martinez-Duart 1984). This electronic multiplication provided an alternative

lower activation energy pathway for oxygen generation.

At highervoltages, sparking occurred concomitantwith oxygen evolution on both silicon

and tungsten, indicating thatthe mechanism fororygen generation changed from tunnelling

to avalanche multiplication. Oxygen evolution and spark discharge on magnesium

substrates have not been studied specifically.

Models of electrolytic breakdown

Several models have been proposed to explain the electric breakdown:

. electronic processes at the film/solution interface caused by electrons injected

from the solution into the oxide layer. These electrons are generated by

electrochemical reactions at the film/solution interface such as water decomposition
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to form oxygen gas, or are liberated by anions adsorbed on the oxide surface

(fkonopisov 1977).

high electric fields cause electrostriction forces within the film (Ord 1980).

Electrostrictive compressive stress occurs normalto the oxide film and arises from

coulombic attraction between opposite charges across the oxide layer.

Repassivation

In his review article on repassivation kinetics, Ambrose (1983) stated that repassivation

began at the edges of a break in the existing passive oxide film. Some nucleation occuned

within the unpassivated area if a defect in the underlying metal provided unusually high

current density at that point. During the repassivation event, the last point on the metal

surface to be repassivated had experienced more dissolution than other areas. This caused

the metal surface to recede further into the bulk metal, creating a dip in the surface.

1.8 Summary

Extensive studies have been carried out on magnesium-based metals. Howeverquestions

remain about the passive film growth kinetics as well as the effect of alloying elements

and electrolyte species on these kinetics. This present study attempts to answer some of

these questions using electrochemical and surface analysis techniques.
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EXPERIMENTAL METHOD

2.1 Solution preparation

Analytical grade reagents and Milli-Q water formed all solutions used in the experiments

described in this study. Two balances were used for reagent weighing: Mettler AJ100

(0-100 g, 0.0000 g precision) or Sartorius Basic (0-3 kg, 0.00 g precision).

2.2 Magnesium and magnesium alloys

Four magnesium-based metals were used as working electrodes (WE) or anodes in this

study. Table 2.1 shows the percentage composition of each metal and the source.

Table 2.1: Electrode composition and source

metal composition

magnesium 99.9% pure(t) Goodfellow Cambridge Ltd

Z,A123{ a 84.3% Mg, 2.0% Al, Industrial Research Ltd

13.3o/o Zn, 0.4o/o Mn (historic collection)

AM60 93.9% Mg, 5.8% Al, Magnesium Products Ltd,

0.3% Mn Ontario

AZ91 90% Mg, 9% Al, 1% Zn lnterlock Industries Ltd

AZ91was chosen for this study because it is a commonly used die casting alloy. 7A123

and AM60 contain different amounts of aluminium, zinc and manganese from those found

in AZ91. Including 7A123 and AM60 in this work enabled me to study the effect of varying

the amount of these alloying elements on the anodization process and resultant films.

1 Typical analysis provided by the suppliers showed impurity levels of (in ppm): Al 70, Cu 20, Fe 280,
Mn 170, Ni <10, Si 50 and Zn<20.

2 A magnesium alloy used in cathodic protection.
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2.3 Counter electrode

Throughout this study the counter electrode (CE) used in

electrochemical experiments was made from a cylinder of

platinum gauze supported on a platinum wireframe. lt measured

50 t 2 millimetres in height and had a diameter of 30 r 2 mm.

Approximately half of the counter electrode was immersed in

the electrolyte giving a nominal surface area of 24 cm2: the

true surface area is probably twice this value. Hence the counter

electrode has a surface area about one hundred times larger

than the magnesium-based working electrode. This cylinder

was soldered onto copper wire. A glass tube, heat sealed at

Electrode design

lnitial experiments with AZ91 used the electrode design shown in

Fig. 2.2. A small piece of the alloy was hacksawed off a larger die

cast sample and polished with 600 then 1200 grit emery paper (silicon

carbide abrasive). These electrodes had approximate dimensions

of 20 x 5 x 1 mm (excluding lug) and had an areaol2 cm2. A stainless

steel connector joined the electrode to a copper wire. A glass tube

fitted over the wire and the connector and was sealed using teflon

tape. Only the AZ9l was exposed to the electrolyte.

the lower end, prevented the copper from reacting with the electrolyte and provided rigidity.

2.4 Reference electrode

A Radiometer REF401 saturated calomel electrode (SCE) was used as the reference

electrode (RE) in allexperiments using a three electrode experimentalsetup. Allpotentials

are quoted relative to SCE which is 0.2415 V relative to the normal hydrogen electrode

(NHE). A luggin capillary provided the contact between the bulk electrolyte and the reference

electrode. A Quickfitthermometer holder on the luggin tube provided an airtight seal around

the top of the reference electrode to maintain the electrolyte level in the luggin.

2.5 I n iti al galvanosfafic experi menfs
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Figure 2.1: Platinum gauze
and wire counter electrode

Figure 2.2: lnitial
AZ91 electrode design

screw
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Three electrode cell

This AZ91 working electrode was used in a three electrode cell along with a counter

electrode and a reference electrode. Fig. 2.3 shows the three electrode glass cell used in

these initial experiments. A flange top with standard Quickfit joints allowed the electrodes

to be adjusted separately to give the optimum geometry. Allthree electrodes made contact

with the 3.00 mol dm-3 sodium hydroxide electrolyte (Scientific Supplies Ltd, AR grade).

This three electrode cellwas used only for a small number of steady-state galvanostatic

experiments, the results of which are detailed in Section 4.2.

working electrode

reference electrode
counter electrode

Figure 2.3: Three electrode cell
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An EG&G Princeton Applied Research (PAR) Model 173 Potentiostat / Galvanostat with

an EG&G PAR Modd 276 Interface supplied the constant current. An EG&G PAR

Model 178 Electrometer was connected to the reference electrode. By adjusting the cell

voltage between the alloy working electrode and the platinum gauze counter electrode

three electrode galvanostat

Figure 2.4: Circuit diagram for initial
g a lv a n o static ex pe ri m e n ts

2.6 Kinetic sfudies

Electrode design

Electrodes for the kinetic anodization experiments were different

from the AZ91 electrode used in the initial studies because the

metal area exposed to electrolyte had to be known precisely. To

be able to compare results from the different magnesium-based

electrodes they had to be as similar as possible. A diameter of

7.9 mm was chosen as the standard; the pure magnesium rod

was supplied with this dimension and the blocks of 4123, AM60

and AZ91 were machined to match.

Pure magnesium, AZ91 and 7A123 rods were tapped onto

separate 6 mm diameter stainless steel rods, approximately

300 mm in length. Using the pressfit method, the sides of the

magnesium-based rod and ten millimetres of the steel were

encased in teflon (Fig. 2.5). This ensured that only the round,

planar end of the magnesium or alloy could come in contact with

the electrolyte. ldentifying letters were stamped onto the teflon or

stainless steel.

the galvanostat maintained the

applied current at a constant value

(Bard & Faulkner 1980: 249). A

Fluke 77 Multimeter measured the

potential of the working electrode

relative to the reference electrode.

Fig.2.4 shows the circuit diagram for

this experiment.

Figure 2.5: Electrode
design for Mg, AZ91 and
24123

sideview

<-+
7.9 mm

end view



Connecting the disk of AM60 to a similar stainless

steel rod proved more challenging. Tapping was

impossible because the rod was only three millimetres

thick. An initial design to overcome this problem is

shown in Fig. 2.6. This involved using Wood's metal

(50% Bi, 25o/o Pb, 125% Sn, 12.5% Cd) which has a

melting point of 68 oC. A cylinder of teflon was machined

and the AM60 disk fitted snugly inside one end. Pouring

molten Wood's metal into the otherend of the cylinder

ensured a good electrical contact with the AM60

because the Wood's metal expanded as it cooled. A

stainless steel rod was tapped into the cold, solid

Wood's metal and the overall resistance from the AM60

to the steelmeasured with a Fluke 77 multimeter. Two

of these electrodes were made; one had a resistance

of 0.5 Q and the other 1.5 Cl.
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Figure2.6: lnitial
AM60 electrode design

Unfortunately this electrode design could not

withstand the required operating conditions; after a few

seconds of sparking under high applied current density

the Wood's metal remelted and the AM60 plug fell out.

Despite the setback valuable information was gleaned

from the mishap; under sparking conditions the

electrode temperature at three millimetres from the

solution exceeds 68 oC.

Consultation with members of the Physical

Sciences Workshop resulted in a more successful

alternative design (Fig. 2.7). A similar teflon cylinder

was used and the AM60 held in place at one end with

superglue. Pressing the stainless steel rod against the

inner side of the AM60 provided sufficient electrical

stainless
steel

end view

Figure 2.7: Final AM60
electrode design

side view

7.9 mm
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contact. Superglue was used to hold the stainless steel in place in the teflon sheath and

the electrical resistance was measured as 1.0 Ct.

Electrolytes

Three electrolytes were used in these kinetic studies:

. 3.00 mol dm-3 NaOH

. 0.050 mol dm-3 NaF(s) + 3.00 mol dm-3 NaOH

' 0.050 mol dm-3 NaNH4HPO4(4) + 3.00 mol dm-3 NaOH

lf left for an hour at room temperature, the phosphate-containing solution formed long,

white, needle crystals. To counteract this problem the solution was made up just prior to

use. During experiments the cellwas suspended in a waterbath containing hot tap water

(-47 oC) up to the level of the top of the electrolyte. Before each run the temperature was

recorded; when the temperature dropped below 30 oC the waterbath was refilled.

These three electrolytes were chosen based on the experience of Industrial Research

Ltd in developing a practical method for anodizing magnesium alloys (Barton & Johnson

1995). All the electrolytes were alkaline, ensuring that the solubility of magnesium oxide

remained quite low. Introducing fluoride or phosphate ions was an attempt to enhance the

durability of the anodic coatings by incorporating anions which formed insoluble compounds

with magnesium.

Two electrode cell

A two electrode cell was used to study the kinetic anodization behaviour of these four

magnesium-based electrodes (except for the initial steady-state experiments detailed in

Section 4.2). This was identicalto the three electrode cell except the reference electrode

and luggin capillary tube were removed leaving only the working and counter electrodes.

Instrumentation

Of major interest in this study was the potential response of a magnesium-based alloy to

a constant anodizing current in a solution of high pH. Galvanostatic conditions were supplied

by an EG&G PAR Model 173 Potentiostat / Galvanostat with an EG&G PAR Model276

3 Sodium fluoride(BDH, AR Grade)
4 Sodium ammonium hydrogen phosphate 4-hydrate (J. T. Baker Chemical Co., AR Grade)
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Interface. To measure and record the potential response of the system a Gagescope

CompuScope Lite board was used; an oscilloscope emulator for data capture at very high

sampling rates, with 8 bit resolution and 16 KB memory depth. This oscilloscope was

limited to a t 1 V input; magnesium anodization under constant current generated potentials

up to 100 V. To combat this problem two Radio Spares x100 Modular Oscilloscope Probe

Kits (Stock No. 489-734) were used.

Dual mode capture eliminated problems associated with the different instruments

experiencing different earths. One probe was connected to the counter electrode and the

data stored in channel one on the oscilloscope. Data was fed to channeltwo bythe second

probe connected to the working electrode. Subtracting the baseline channel two data

from channel one gave the overall system response. Both probes had ground leads attached

which connected to the same earth as the galvanostat. This instrumental setup is

summarized in Fig. 2.8. h'a a,aafrada

All data were recorded with the

Gagescope CompuScope Lite card. Data

were converted to ASCII format using a

program called GS2ASC within the

Gagescope software. lmporting ASCII

data into Jandel Scientific SigmaPlot for

Wndows (1993) and creating a graph allowed visual identification of time windows with

linearvoltage slopes. These regions were analyzed using the STDV_REG.XFM transform

contained within SigmaPlot. This transform computed the slope and standard deviation

using a linear first order regression.

Experimental method

Each of the four magnesium and magnesium-based metalelectrodes was studied in each

of the three solutions. Prior to anodization the electrodes were polished with 600 then

1200 grit emery paper (silicon carbide abrasive) then wiped with a soft tissue to remove

any filings. After immersion in the electrolyte and between each run the working electrode

was tapped to remove any gas bubbles. As wellas recording the behaviour under a single

constant current, each combination of electrolyte and electrode was studied while the

Figure 2.8: Circuitdiagramforkineticsfudrbs
of high current anodization

two electrode
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applied current was stepped. Starting from a current A the system was stepped to a new

current B (either higher or lower than A) and then back to A.

Galvanostatic experiments were chosen over potentiostatic techniques because the

EG&G PAR Model 173 PotentiostaUGalvanostat was limited to delivering t 10 V and

magnesium-based metals spark at about + 80 V.

2.7 lon beam analysis

Electrode design

lon beam analysis of the films formed by anodization of magnesium and its alloys required

electrodes ten millimetres square and one millimetre thick. 99.8% pure magnesium foil

(Advent Research Material Ltd(s), 25 mm square, 1 mm thick) was cut to these requirements.

A twenty millimetre diameter rod of AZgl from Interlock Industries Ltd was machined

to form a square cross-sectioned rod with ten millimetre side length. One millimetre thick

wafers were sliced from this rod. Prior to anodization all wafers were polished on 600 then

1200 grit emery paper (silicon carbide abrasive) and

wiped with a soft tissue to remove any filings.

Electrode holders for wafers had to form a good

electricalcontact with the metalsample but not interfere

in the electrochemical processes. Two were made, one

from 99.8% pure magnesium and the other from AZg1.

Fig. 2.9 shows the final design.

During spark anodization the electrolyte'boiled', due

to local heating, and some solution splashed onto the

holder. lf the solution reached the adjusting brass nut

and bolt, the copper in the alloy anodized preferentially

to the magnesium sample. To prevent this happening,

the brass fitting was coated before each experiment with

a silicone dielectric, Dow Corning@ 4 Compound, to

prevent competitive oxidation.

5 Typical impurity levels quoted by the manufacturer were
(in ppm): Zn 300, Al 500, Si200, Cu 200, Fe 300, Ni50, Ca 200,
Mn 1oh-2o/o max.

Mg or
pzg1

Figure 2.9: Electrode holderfor
IBA samples
A copper wire was wound around
the top bolt and sandwiched
between the two washers to provide
electrical contact. Holder was
approximately 25 mm long.
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Electrolytes

Three anodizing solutions were used:

. 50/o ammonia + 0.050 mol dm-3 NaNHoHpoo

. 3.00 mol dm-3 NaoH + 0.10 mol dm-3 NaNHoHpOo

. 3.00 mol dm-3 NaOH + 0.050 mol dm-3 NaF

Table 2.2 shows the substrate, solution, and anodizing conditions for each sample.

Table 2.2: Anodized samp/es for IBA
Description of substrate, anodizing solution and anodizing condition for each sample analyzed by lBA.

electrode anodizing solution anodizing conditions

Mg ammonia + phosphate 200 V, 180 s

Mg ammonia + phosphate 220 V, 180 s

Mg ammonia + phosphate 250 V, 180 s

Mg NaOH + phosphate 5 V, 60 s, sparking

Mg NaOH + phosphate 20 V, 90 s, sparking

Mg NaOH + phosphate l=2A(60 s),3A(60 s) then4A (180 s), no sparking

Mg NaOH + phosphate l=4A(60s)then 5A(24O s), no sparking

Mg NaOH + fluoride | = 4, 3, 2, then 1 A forS-10 s each, sparking

Mg NaOH + fluoride l=2A(75 s),2.5 A(150 s) then 3A (75 s)

Mg polished, uncoated

AZ9'l ammonia + phosphate 200 V, 180 s

AZ91 ammonia + phosphate 220 V, 180 s

FZ91 ammonia + phosphate 250 V, 180 s

AZ91 NaOH + phosphate 5 V, 600 s

lZ91 NaOH + phosphate 10 V,600 s

FZ91 NaOH + phosphate 20 V,600 s

AZ91 NaOH + phosphate 30 V, 600 s

AZ91 NaOH + phosphate 40 V, 600 s

lZ91 NaOH + phosphate | = 150 mA, 80 s, sparking

AZ91 NaOH + fluoride | = 150 mA, 150 s, sparking

AZ91 polished, uncoated

Instrumentation

Anodization of pure magnesium and AZgl alloy in the 5% ammonia and 0.050 mol dm-3

NaNHoHPOo solution was carried out by Dr Barton at lRL. Ellen Carter anodized the

samples in the other two solutions.

Some samples were anodized under constant voltage conditions ratherthan constant
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current. A regulated, variable power supply of 50 VDC maximum at 1.2 A was designed

and made by the Instruments Section within The University of Auckland's Department of

Chemistry. Fig. 2.10 shows the circuit diagram. This power supply used a low-impedance

ferrite core toroidal transformer capable of temporarily supplying excess current well beyond

its design specifications. lt was purpose-built for electrodeposition, i.€., for high initial

current into 10 to 50 W, reducing in ten seconds (or less) to not more than 50 V at 1.0 A.

A control knob on the front allowed the required voltage to be dialled up.

150W 80V
l"=5A

50 VAC

toroid with
ferrite core:

30 VA (2x25 V /n-;-
at 1.2 A)

230 VAC

Figure 2.10: Circuit diagram for variable power supply
Designed and made by Vern Rule of the Instruments Section, Department of Chemistry, The University of
Auckland.

lon beam analysis instrumentation

A KN3000 Van de Graff accelerator at the Geological and Nuclear Sciences IBA Laboratory

generated the required alpha particle, proton or deuterium beam. lsolating the sample

chamber from earth allowed accurate current integration. A video camera mounted outside

the chamber recorded the position of the beam on the sample to ensure the correct area

was being studied. All measurements used a conventional nuclear pulse processing setup

and an Ortec 919 multichannel analyzer. Beam energy was calculated from the analyzing

magnet field, determined by an NMR magnetometer (Vickridge, Trompetter & Coote 1996).

2A

)
P
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Experimental method

Three ion beam analysis techniques were used to examine the anodized magnesium and

AZgl samples. Rutherford backscattering gave information on the species present in the

film and a rough estimate of their concentration. Nuclear reaction analysis gave a measure

of the thickness of the oxide films. Fluorine depth profiling showed the distribution of

fluorine atoms through the anodized films. These techniques are discussed in greater

detail in Chapter 6.

2.8 Oxygen production during anodization

Oxygen production cell

Oxygen gas was generated at the anode during magnesium anodization by the process

4OH- + 2HzO + Oz + 4e- Eqn 2.1

Knowing the amount of gas produced within a certain time at a constant applied current

gave a measure of the current involved in this competing oxidation process ratherthan in

anodization. Fig. 2.1 1 shows the design for the oxygen production cell. Roughly 60 mL of

electrolyte was contained in the part of the apparatus above the working electrode.

Electrodes for these experiments were the same as those used in the kinetic study: Mg,

24123, AM60 and AZ91.

Electrolyte was sucked up the burette with a bulb pipette filler. A constant current of

150 mA applied for sixty seconds caused spark anodization and oxygen gas generation at

the magnesium-based anode. After the current was switched off, the working electrode

was tapped to remove any gas bubbles and the whole apparatus shaken gently to dislodge

bubbles which congregated at the joint between the U-tube cell and the burette.

Before each run the solution levelwas recorded over one minute to allow for any drop

in electrolyte level caused by a slow leak. lf such a change was noted, this drop was

incorporated into the final volume change for the experiment. At a known time interval

after the current was applied, the volume of the solution in the burette was recorded.

Atmospheric pressure readings came from the New Zealand Herald.
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platinum @unter electrode

Figure 2.11: Cellfor measurcmentof amount of oxygen prcduced during spark anodization

10 mL burette

working electrode
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2.9 X-ray photoelectron spectroscopy

Electrode design

Electrode size was a constraining factor in the X-ray photoelectron spectroscopy

experiments; twelve millimetre square foils with a thickness of one millimetre were required.

99.8% pure magnesium foil (Advent Research Material Ltd) was cut to order and a

small hole (0.5 mm approximate diameter) drilled in one corner. Electrodes hung from a

platinum hook and dangled half in and half out of solution.

Pieces of AZ91 alloy were hacksawed from a die cast

object; they had the dimensions shown in Fig. 2.12 and a

thickness of 1 mm. These AZ91 electrodes fitted into the

electrode holder used in the initialgalvanostatic experiments

(Fig.2.2). After anodization the connecting lugs were cut off with pliers.

Anodization

Pure magnesium was anodized in 3.00 mol dm-3 NaOH for approximately ten seconds at

3.5 A with no sparking but a lot of gas was produced at the anode.

AZ91was anodized in 3.00 mol dm-s NaOH for approximately ten seconds at each of

twelve currents: 20, 30,40, 50, 70, 80, 90, 100, 120,130, 150 and 160 mA. No sparking

was seen at currents below 130 mA.

Instrumentation

XPS spectra were run on a Kratos XSAM800 X-ray photoelectron spectrometer, with

Mg Ko radiation (1253.6 eV) set at 18 mA and 12 kV, while the vacuum employed was

always below 10-8 torr. Experiments were controlled using Kratos VISION (1994) on-line

software at a Sun Workstation. A wide scan quantified the elements present and was

usually over the range 600 to 0 eV in 0.5 eV steps with a pass energy of 65 eV. From the

wide scan energy ranges were determined for use in narrow, slower scans looking at

particular kinetic energies from electrons due to particular elements. Three to five scans

over these small ranges at 2000 ms per 0.1 eV step with a pass energy of 20 eV gave

indepth elementalinformation. By alternating argon sputtering with data collection a depth

profile of chemical species was produced.

hl,"
12 mm

Figure 2.12: AZ91
electrodes for XPS sfudles
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Data analysis of the wide scans for the elemental composition was completed with a

linear background on a three point average, using the Kratos VISION software.

Deconvolution of the narrow scans for each element used XPSPEAK software (Kwok

1995). All peaks were defined as Gaussian shape with 20% Lorentzian component on a

Shirley background with a nine point average.

2.10 Scanning electron microscopy

Sample preparation

Scanning electron micrographs (SEM) were taken of samples prepared initially for the ion

beam analysis studies (Section 2.7).

. AZ9l anodized in 3 mol dm-3 NaOH + 0.1 mol dm-3 NaNH4HPO4 for 600 s at 20 V

. Mg anodized in 3 mol dm-3 NaOH + 0.1 mol dm-3 NaNHoHPOo for g0 s at 20 V

. AZ9l anodized in 3 mol dm-3 NaOH + 0.05 mol dm-3 NaF for 150 s at 150 mA

. Mg anodized in 3 moldm-3 NaOH + 0.0b moldm-3 NaF at Z A(75 s), 2.5 A (150 s)

then 3 A (75 s); both fully anodized region and splash zone examined

Instrumentation

Scanning electron microscope images were collected with a Philips SEM 505 fitted with a

Princeton Gamma-Tech windowless detector. This instrumentwas used in the secondary

electron mode rather than backscattered electron mode. lmage capture occurred at an

accelerating voltage of 20.0 keV and a chamber pressure of 1.4 x 10€ torr. To improve

resolution at high magnification the samples were mounted onto the upper stage of the

microscope.

Magnesium oxide is a non-conducting material so the samples had to be gold coated

to prevent charging. A Polaron Equipment Ltd SEM Coating Unit E5000 and Emscope

SC500 were used to sputter a 15 nm thick gold layer onto the sample surfaces.
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2.11 X-ray diffraction

Sample preparation

Pieces of AZ9l were anodized by Dr Barton at IRL in several different solutions:

. 3 mol dm-3 NaOH

r J mol dm-3 NaOH + 0.15 mol dm-3 NaF

. 3 mol dm-3 NaOH + 0.15 mol dm-3 AlO33-

. 3 mol dm-3 NaOH + 0.1S mol dm-3 SiO32-

r !, mol dm-3 NaOH + 0.1S mol dm-3 BoOrr-

Instrumentation

X-ray diffraction scans of anodized AZ91 samples were collected using a Philips

PW 1010/30 X-ray generator with a Sietronics software interface unit. Scans went from

150 to 600 at a step size of 0.040 and scan speed of 30 / min.

Anodized metal samples were cut to fit into the etched hole in a glass slide.

Computerized pattern matching used the Micro Powder Diffraction Search/Match (pPDSM)

data base with the powder diffraction files (sets 1 to 45) from the International Centre for

Diffraction Data.

2.12 Raman spectroscopy

Sample preparation

Anodization of the four metals in each of the three solutions for Raman spectroscopic

analysis used the same electrodes, solutions and apparatus as in the kinetic experiments

(Section 2.6). Each metal was anodized at 150 mA for sixty seconds then rinsed with

Milli-Q water and dried with a hairdryer.

\Mile anodizing AM60 the potentialdifference required to maintain a constant current

of 150 mA exceeded the 100 V capability of the galvanostat.
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Instrumentation

A Spectra-Physics Model 2016 Ar* laserwas used at the green 514.4685 nm line and the

power output controlled by a Spectra-Physics 2670 remote control. Water was pumped

through the laser housing to maintain the instrument temperature below 40 oC. Light from

the laser passed through a Spectrolab Electro-optics Laserspec lll monochromator with

slits set to 500 pm (band pass 4.5 cm-l).

Anodized electrodes were held in a clamp stand with the end resting on the macro

stage of the spectrophotometer. A Jobin-Yvon U1000 scanning Raman spectrometer with

a cooled photomultiplier (RCA C31034A) detector recorded the spectrum. Data was digitized

by an EG&G PARC model 1182 interface to a PC Direct 286 computer and collected by

PRISM software (version 3.0). Scans were taken from 25 to 4000 cm-1 with a scan increment

of 2 cm-1 and a dwell time at each point of 0.4 s.

2.13
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CHnpren THREE

GENERAL PHENOMENA

3.1 Introduction

Electricfield strength, E, of an anodicfilm formed on an electrode surface gives an indication

of whether the layer will resist ionic movement and hence corrosion. lf the electric field

strength is low then electrolyte species move easily through the barrier layer to react with

the underlying metal. A higher electric field strength decreases the likelihood of this ionic

migration and so improves the corrosion resistance of the specimen.

Anodizing magnesium in sodium hydroxide solution produces magnesium oxide.

Mgt'',',) + 2OH-1aq) + Mgo1s1 + HrOt,l Eqn 3.1

Magnesium hydroxide, Mg(OH)r, is the thermodynamically favoured species (Section 1.2).

Under the influence of a high electric field strength, it is assumed that the protons are

swept out of the barrier layer leaving magnesium oxide.

Several featu res occurred reg u larly d u rin g ga lvanostatic a nod ization experiments :

linear increase in voltage with respect to time Section 3.3

linear voltage increase followed by instantaneous drop and another linear

rise giving a savutooth-like shape Section 3.4

constant high voltage with very noisy signal Section 3.5

current density steps causing changes in voltage response ..... Section 3.6

43
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Calculation of electric field strength

Applying a constant current density across an insulating barrier film on an electrode sets

up a potential gradient within the passive film, giving rise to a constant electric field

E = -dO/dt Eqn 3.2

where S is the potentialdifference across the film and L is the film thickness (see Fig. 3.1).

Figure 3.1: Potential profile of an ideal passive film
A potential gradient within the anodic film shows the potential at any point relative to the solution potential, Qr.
Metal/film interface is fixed at x = 0 and the film/solution interface is at x,. Solution potential cannot bb
measured directly so the reference potential, 0,"r, is used instead.

Fig. 3.2 shows the effect of thickening the film by an amount AL on the potential profile

of the passive film under constant current conditions. Electric field strength remains constant

so the potential of the metal must increase from {,'','., to Qmz.

Figs 3.1 and 3.2 neglect the potential differences present at the metal/film and film/

solution interfaces. Under constant current conditions these interfacial potential differences

are constant because there is a constant flux of ions through the interfaces.

electrode solution

L
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Figure 3.2: Effect of film growth at constant cunent on the potential profile of an ideal passive film
Solution and reference potentials are fixed and there is a constant electric field strength. Metal/film barrier is
fixed at x = 0 and the film/solution barrier moves from x,to xr. Potential difference measured between the
anode and reference electrode increases to E + aE

From Fig. 3.2 the differential of the potential with respect to film thickness simplifies to

E = -d0/dl = LEILL s dEldL Eqn 3.3

During the galvanostatic anodization experiments the change in potential with time

measured and recorded. This is related to the electric field strength by Eqn 3.4.

L---

(dEldf)oo, = dEldL dLldt - E dLldt

Current density,l, is given in terms of L by Faraday's Law.

j= (2F/Vi.dL/dt

Eqn 3.4

Eqn 3.5

where F is the Faraday constant, 96487 C mol-1 (Aylward & Findlay 1974), and V, is the

molar volume of the film. Rearranging Eqn 3.4 and substituting in Eqn 3.5 gives an

expression for calculating the electric field strength given the applied current density and

the change in potentialwith time

Eqn 3.6

Eqn 3.6 was used to calculate electric field strengths for every galvanostatic transient

recorded during this study.

F = /oe\ 2F
\ df /oo" jv.
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Galvanostatic transients have been used to study the anodic oxide films on tantalum

and niobium (Randall, Bernard & \Mlkinson 1965) and on zirconium (Adams, Maraghini &

Van Rysselberghe 1 955).

Applied current density

Current density is defined as the current, /, per unit area, A.

j = llA Eqn 3.7

True electrode area is difficult to quantiff because any metal surface contains defects

which increase the actual area available for reaction. This surface roughness can be

measured for some noble metals such as platinum.

Magnesium is very reactive so the surface changes constantly as it reacts with the

environment. For the purposes of this study the magnesium-based electrodes were

assumed to be planar and defect free so the actual area is the same as the apparent area:

0.490 cm2.

Molar volume of the film

Each of the magnesium-based metals forms a different type of oxide on its surface during

anodization. Table 3.1 showsthe molarvolume of each metal and its oxide, used to calculate

the electric field strength for each transient. Several assumptions had to be made when

compiling the table:

o a crystalline, stoichiometric oxide forms

. the same amount of each alloying element is present

both in the metal and in the oxide

. electrolyte composition has no bearing on the oxide

Each assumption is unlikely to be completely correct.

Molar volumes of the alloys (and their oxides) were

calculated using Eqn 3.8.

Table 3.1: Molar volume
of metals and their oxides

species molar volume
/ 10{ m3 mol-l

Mg 13.97

Z/.123 13.618

AM60 13.813

AZ91 13.625

MgO 11.257

7A123 oxide 11.469

AM60 oxide 11.333

AZ91 oxide 11.401

xi
vi

Ym = Xrg V"n + Xn,Vnr + XznVzn + XunVun

atomic percentage of element i in the alloy
molar volume of element i (or the oxide of element i)

Eqn 3.8
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Linear increase in voltage with respecf to time

Magnesium and magnesium alloys form white, porous films of magnesium hydroxide,

Mg(OH)r, on their surfaces when exposed to atmospheric conditions. Further spontaneous

reactions occur when an electrode is immersed in electrolyte and the non-coherent film

thickens. Applying a constant current density between a magnesium-based anode and

the platinum cathode causes magnesium ions to migrate towards the film/solution interface.

As the film thickens, cations have to migrate further from the metal/film interface through

the film to reach the film/solution interface. This increases the electrical resistance of the

film and causes the system to work harder to maintain a constant current density. Thus

the working electrode potential becomes more positive with respect to the counter electrode.

A two electrode system (Section 2.6) was used for all these kinetic anodization

experiments and the voltage across the whole cell was recorded as a function of time.

In a two electrode system the counter electrode doubles as a reference electrode.

Since the area of the counter electrode was about 100 times greater than that of the

magnesium-based working electrode, the current density at the counter electrode was

much lower than at the working electrode. Eqn 3.9 gives the measured cell voltage.

V = E + /R=. E"o rlce Eqn 3.9

R=,_ = ohmic potential difference in the celldue to the electrolyte resistance
Eeq = equilibrium potential of the hydrogen evolution process occurring at the counter electrode
IcE = overpotential at the counter electrode

Usually E"o and 116g ?r€ both negative so the measured voltage (V) increases. Also q"= is

a function of the current, but it will not vary more than about 0.1 V for a ten-fold change in

current (Atkins 1990). Cell resistance is no more than 5 Q so the ohmic term varies by only

about 0.2 V for the currents used in these experiments. Combining the etfects of

overpotential at the counter electrode and ohmic resistance of the electrolyte contributes

about 0.3 Vto the observed voltage changes. This is negligible compared with the relatively

high voltages observed during anodization (10 - 100 V).

Fig. 3.3 shows a typical result from galvanostatic anodization of AZgl at a current

density of 204 A m-2 in 3 mol dm-3 NaOH. During anodization the passive film thickened

and the potential difference between the AZgl anode and platinum cathode increased

linearly with respect to time. This linear increase indicates that the film grov'rth process on

the electrode surface is regular and uniform.
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time / s

Figure 3.3: Linear voltage rise for AZgl in sodium hydroxide solution
AZ91 anodized in 3 mol dm-3 NaOH at a constant current density of 204 A m'2. Voltage response rises
linearly with respect to time, slope = 8.323 t 0.007 V s-1 (12 = 0.9959). This translates to an electric field
strength of (6.906 r 0.006) x 108V mi.

Electric field strength is calculated using Eqn 3.6:

F = Ioe\ 2F
\ df /oo. j v^

= (8.32310.007) x 2 x 96487
204 x (11 .401 x 10€)

(6.906 r 0.006) x 108 V m-1

This value is in good agreement with electric field strengths for other passive anodic oxide

films such as TarO. formed on tantalum (5 x 108 V m-l, Schmickler & Schultze (19SG)).

Fig. 3.3 shows a transient which is not perfectly linear (linear regression correlation:

r2= 0.9959). This slight curvature indicates that film growth is not perfectly regular. Local

heating and defect sites on the metal surface cause this irregularity. Small steps were

seen in the signal; these arise from the * 1 V resolution of the oscilloscope.

slope = 8.323 t 0.007 V s'l
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3.4 Sawfooth events

A sawtooth feature involved a very sharp drop in the voltage response of the system

followed by a linear increase. Sawteeth differed from the random fluctuations seen during

sparking because the subsequent voltage increases took place over several seconds and

had measurable slopes. Sawteeth occurred either during the initial voltage increase while

regularfilm growth was happening or once sparking had begun. Fig. 3.4 shows six sawteeth

occurring on AZ91 anodized at 408 A m-2 in sodium hydroxide solution.

time / s

Figure 3.4: Sauvfeefh on AZ91 in sodium hydroxide solution
AZ91 anodized in 3 mol dm-3 NaOH at i = 466 A m-2. A linear voltage increase was followed by an
instantaneous drop to low voltage and another linear rise. Voltage increased to around 60 V and fell to
approximately 6 V in each case. Sparking occurred after 8.5 s. Slopes for successive sawteeth:
22.57t0.05Vs{,30.7r0.1 Vs'1,35.7r0.1 Vs-1,44.0r0.1Vs{,59.4r0.2Vs-l and85.9r0.4Vs'1.
These translate to electric field strengths of: (9.36 r 0.02) x 108 V m-1, (12.74 r 0.04) x 108 V m-1,
('14.81r0.04)x108Vm-t,1ta.zs*0.04)x108Vm'1,(24.6410.08)x108Vm-land(35.6t0.2)x108Vm'1.
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Explanation for sawtooth events

Successive sawteeth occurring during a single anodization experiment shared several

characteristic features:

. signal dropped to about the same minimum voltage

. each linear voltage increase had a similar slope

. maximum voltage reached before the next sawtooth occurred was comparable

Dielectric breakdown of a small region of the film could not account for these events

because the voltage gradient for film repair was too shallow. Also the minimum voltage

reached after each sudden drop should increase with successive events because some

film would remain on the anode and perturb the current flow. These facts led to a novel

explanation for the sawtooth phenomenon involving a bilayer passive film.

Primary layer

A primary layer is a coherent, uniform film which acts as a barrierto corrosion. lt conducts

electricity by electromigration of ionic vacancies and interstitial cations in the solid state

under a high strength electric field. These films are highly stressed due to molar volume

changes during their formation (see Section 1.2 (Pilling & Bedworth 1923)).

Secondary layer

Secondary films are non-coherent, microcrystalline and porous. They conduct electricity

by anion and cation migration through electrolyte solution trapped in pores and channels.

electrolyte

Figure 3.5: Primary and secondary layers in a passlve
film on an electrode

secondary



electrolyte

Figure 3.6c: Growth of new primary
film underneath secondary layer

electrolyte

Figure 3.6d: Breakdown of new
primary film to form thicker secondary
film

Modelfor changes to passive film during sawteeth

When the current density was first switched, on the

voltage increased linearly with respect to time,

corresponding to the groMh of a primary barrier film.

At a certain point the internal tensile stresses in

this primary layer caused it to undergo a catastrophic

breakdown. A secondary film formed, occupying a

larger volume (Fig. 3.6b). On the voltage output this

breakdown appeared as a sharp drop in voltage to a

minimum value about the same as for a bare electrode.

Primary film growth occurred underneath the

secondary layer at the metal/film interface (Fig. 3.6c)

General phenomena 51

electrolyte

Figure 3.6b: Breakdown of prtmary
layer to form secondary film

because the porous secondary layer provided little

resistance to the passage of ions. Linear voltage

increase during this primary film growth had a similar

slope to that for the initial growth process because the

entire electrode surface was involved so the applied

current density remained the same.

After a while the new primary layer underwent the

same breakdown to form an even thicker secondary

film (Fis. 3.6d).

During galvanostatic anodization experiments a fine

milky suspension formed in the initially clear and

colourless electrolyte. This was probably small pieces

of the non-coherent secondary oxide layer dislodged

during subsequent primary film breakdown events.

Fig. 3.4 shows six sawteeth whose slopes increase

from 22.57 to 85.9 V s-1. Successive sawteeth caused

the secondary layer to thicken. This occluded part of

the electrode surface, reducing the surface area and

increasing the current density and film growth rate.

electrolyte

Figure 3.6a: Primary film growth

secondary

secondary

secondary
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3.5 Voltage response during sparking

Two types of sparks appeared on the magnesium-based anode surface during some of

the galvanostatic experiments. These sparks were either white and mobile or stationary

and orange. Both produced a very noisy, high voltage output. Fig. 3.7 shows the result of

the white sparks; Fig. 3.8 that of an orange spark.

White mobile sparks

Some anodization experiments produced waves of mobile, white sparks moving at random

over the whole electrode surface. Small flurries of fine oxygen gas bubbles formed at the

anode and were'spat'about 1 cm into the electrolyte. Hydrogen gas evolution occurred

simultaneously at the platinum cathode.

Fig. 3.7 shows a typical voltage response from an anodization experiment which

produced these mobile sparks. After the initial linear increase the signal became very

noisy and remained at an average of 85 V, fluctuating between 60 and 100 V.

40 50

time / s

Figurc 3.7: Sparking on AZgl in sodium hydroxide solution
AZ91 anodized in 3 mol dm-3 NaOH at j=294 A m-2. Current density applied after 3.S s. lnitial linearvoltage
increasewithaslopeofl2.S*,0.4Vsr,(E=(10.6t0.3)x108Vm{).SparkingbeganaboutSsafter
cunent was applied. Galvanostat cannot deliver more than 100 V; the flat top to the signal at high voltages
was an artifact of this limitation.

100

oo,
(5

=o

sfope = 12.8 t 0.4 V s-l
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Stationary orange sparks

Stationary orange sparks appeared on the surface of the magnesium-based anode during

some experiments. Afterthis kind of sparking occuned, the electrode showed pifting centred

underthe position of the sparks. Stationary sparks occurred less frequently than the white,

mobile sparks. Mobile sparks always appeared first followed occasionally by the orange

sparks.

Fig. 3.8 shows the voltage outputfrom AZgl anodized in sodium hydroxide at a cunent

density of 816 A m-2. After the initial linear voltage increase white mobile sparks appeared

for about 40 s followed by the formation of a large stationary orange spark. During mobile

sparking the voltage signal was noisy but regular; once the stationary spark formed the

response became much more random.

time / s

Figure 3.8: Stationary sparking on AZgl in sodium hydroxide solution
AZ91 anodized in 3 mol dm'3 NaOH at 816 A m-2. Initial linear voltage increase had a slope of 29.5 t 0.6 V s'1,
(E= (6.1 t 0.1) x 108V m'1). Sparking began about 2 s aftercurrent densig applied; white, mobile sparks
visible for 40 s then a stationary orange spark formed on the electrode surface. Voltage response changed
from regular sparking trace seen in Fig. 3.4 to the much more random signal indicative of pit formation by a
stationary spark. Signaltopped out at 100 V due to galvanostat limitations.

c)qt
(U

E

t
large stationary orange spark forms

slope=29.5t0.6Vs-1
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Explanation for sparking

A novel explanation for sparking is outlined below. Passing high currents through the

electrode/electrolyte system caused local heating of the electrolyte trapped in pores in the

secondary layer. This electrolyte vaporized and an electric discharge occurred through

the vapour producing a plasma: ionized vapour with accelerating electrons. This is

analogous to fluorescent light bulbs. One possible reaction scheme is:

Mobile white sparks

Electrons liberated by the processes in Eqns 3.10 and 3.11 accelerated towards the

electrode under the influence of the electric field. They impacted with other species in the

vapour causing excitation with associated luminescence.

After electric discharge a pore may collapse due to fusing of the film material by the

intense localtemperatures. Another pore now provided the site for plasma formation; the

white sparks moved randomly over the electrode surface from one pore to the next.

Stati o n a ry o ra n g e sparks

Under the harsh conditions imposed by anodization at high currents, the barrier film on

the electrode surface could crack, exposing the underlying electrode. Magnesium metal

reacted with oxygen gas in the vaporized electrolyte and combusted.

Mgtrl + %Orrnl + MgOlry Eqn 3.13

OH-tnl -> OH'(n) + e-(nl

OH'(n) + OH-tnl -+ OOI + HrOtnl + e-(g)

2ornl -> ottn)

Eqn 3.10

Eqn 3.11

Eqn 3.12

Figure 3.9: Electric discharge causing a stationary
orange spark
Local heating caused electrolyte to vaporize. Smallcrack
in barrier film exposed underlying metal to vaporized
solution. Magnesium metal burned releasing energy
which excited sodium ions causing an orange glow.

This process released energy which

excited sodium ions in the electrolyte.

Relaxation of these ions caused emission

of orange light (), = 589 nm (Atkins 1990)).

Localized pitting on the electrode surface

was caused by magnesium being

consumed during combustion.

secondary
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3.6 C u rrent sfep experi menfs

One problem encountered during any electrochemical study of magnesium-based metals

is the fact that they are highly reactive so the surface changes constantly. Separate

experiments give information about very different surfaces (on a microscopic scale).

Current step experiments involved stepping the applied current density and recording

the voltage response of the system to the change. Each electrode/electrolyte pair was

anodized under eithertwo orthree different current densities within the same run. Fig. 3.10

shows AZ91 anodized in sodium hydroxide at three different current densities: 204 Am-2

for 1 s, then 612 A m-2 for 0.5 s and back to 204 Am-2.

0.0 .5 1.0 1.5 2.O 2,5 3.0 3.5 4.0

time / s

Figure 3.10: Current sfeps on AZgl in sodium hydroxide solution
AZ91 anodized in 3 mol dm-3 NaOH. Current density applied at 0.55 s. Current density stepped to 204 A m-2
for 1 s then to 612 A m-2 for 0.5 s and back to 204 A m-2 . Slope of voltage response changed from
16.40t0.04Vs-1 to83.2t0.2Vs{thento20.51 r0.03Vs-1.Ewas(13.61 r0.03)x108Vm-l then
(23.01 r 0.06) x 108 V m-l then (17.02 * 0.02) x 108 V m-1. Sparking started after 3.S s.

Stepping from 204 to 612 A m-2 the voltage jumped by 3 t 1 V before increasing

f inearfy; stepping from 612 to 204 A m-2 the voltage dropped by 5 t 1 V before increasing.

These voltage jumps cannot be explained by changes at the counter electrode or

ohmic resistance because both effects are relatively small: estimated as no more than

100

oo,
(u

=o

step from 612
to 204 A m-2

step from 204
to 612 A m-2
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0.3 V (Section 3.3). These jumps must be due to fast rearrangement processes at the

metal/film orfilm/solution interface, analogous with double layercharging. Using a dummy

resistor in place of the electrode/electrolyte system and repeating the cunent steps produced

no such jumps.
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KI N ETICS OF ANODIZATION

This study of the high current anodization of magnesium and magnesium alloys is broken

into two sections: anodization experiments (Chapters 4 & 5) and surface analysis of the

resultant anodic films (Chapters 6 & 7).

4.1 Introduction

Initial steady-state experiments

Initialanodization experiments on pure magnesium and AZ91 in 3 moldm-3 NaOH used a

Fluke 77 Multimeter to measure the cell voltage between the working and reference

electrodes in a three electrode system. Section 2.5 outlines the electrode design and

experimental method; Section 4.2 contains the results and data analysis.

Kinetic studies

Galvanostatic transients on magnesium, 4123, AM60 and AZ91 form the bulk of this

study. Section 2.6 shows the electrode design, electrolyte composition, instrumentation

and experimental method for these kinetic studies which used a two electrode system.

Data from the kinetic studies were broken into six categories:

Electric field strengths for all galvanostatic transients Sections 4.4 & 4.10

Electric field strengths from initial transients Sections 4.5 & 4.11

Efectric field strengths from current step experiments Sections 4.6 & 4J2

Electric field strengths from sawtooth events Sections 4.7 & 4.13

Cell voltage at onset of sparking ............. .. Section 4.8

Fifm growth during anodization.............. .... Sections 4.9 & 4.14

Sections 4.4-g contain the data analysis and summaries for each section; raw kinetic

data are presented in Sections 4.10-14.
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4.2 Results of initial steady-state experiments

Initial galvanostatic anodization experiments were carried out on pure magnesium and

AZ91 in 3 mol dm-3 NaOH. Electrode potential between the magnesium-based working

electrode and SCE reference electrode was measured. About ten seconds after applying

a constant current densigthe potential reached a steady state and this value was recorded.

At low applied current densities the linear voltage rise explained in Section 3.3 occurred

so slowly that the voltage increased only slightly over the ten second measuring period. At

current densities above 1000 A m-2 on Mg and above 500 A m-2 on PZ91, sparking occurred

and the cell voltage increased to above 50 V within the sampling time.

Experiments involving cathodic applied cunent density used a freshly polished electrode

surface; no anodically formed film was present.

1 10 100 1 000 10000 100000

I applied current density l/ A m-2

Figure 4.1: Steady-state electrode potential response of pure magnesium to applied current density
Pure magnesium anodized in 3 moldm-3 sodium hydroxide solution. Voltage measured between magnesium
working electrode (3.14 mm2) and SCE reference electrode using a Fluke 77 multimeter. Anodic (r) and
cathodic (o) currents applied from r 0.32 to + 64000 A m-2. Between +640 and +3200 A m-2 the voltage
reponse fluctuated continuously over a fifty volt range, measurements were not recorded in this region.
Sparks appear at the alloy surface at anodic currents above 3200 A m-2 and the voltage fluctuates over
about four volts so the last six measurements are approximate.
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0.001 0.01 0.1 1 10 100 1000
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Figure 4.2: Steady-state electrode potential response of AZ91 to applied current density
AZ91 anodized in 3 mol dm-3 sodium hydroxide solution. Potentialwas measured between AZ91 working
electrode (2 cm2l and SCE reference electrode using a FlukeTT multimeter. Anodic (I) and cathodic (r)
currents applied from t 5 mA m'2 up to + 2000 A m-2. Sparks appear at the alloy surface at anodic currents
above 500 A m-2 and the voltage fluctuates by * S V so the last four measurements are approximate.

Due to the electrode design (Section 2.5), the area of the magnesium or M9lelectrode

exposed to the electrolyte could not be accurately controlled. This resulted in an uncertainty

oI x.2oo/o in the applied current density.

Summary of initial steady-state experiments

Magnesium: For anodic currents below 1000 A m-2 the electrode potential remained

below 10 V. Above 3000 A m-2 the potential increased to around 65 V. Changing the

cathodic current had little effect on the electrode potential.

AZ91: For anodic currents up to 200 A m'2, the electrode potential remained

below 10 V. Above 500 A m'2 the potential increased to around 70 V. Electrode potentials

due to cathodic currents remained below -4 V at alltimes.

Overall: Pure magnesium required a higher anodic current density than AZ91 to

H spgdic current

O{ cathodic cunent

produce electrode potentials higherthan 50 V with associated sparking and gas evolution.
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4.3 Galvanostatic transients during anodization

Each galvanostatic experiment contained one or more time windows during which the cell

voltage increased linearly with time. These voltage changes fell into three broad categories:

. single rise to sparking voltage

' linear rise followed by instantaneous drop to low voltage and another rise (sawtooth)

' slow linear increase over entire recording period without reaching sparking voltage

Section 2.6 outlines the electrode design, electrolytes, instrumentation and experimental

method used in every galvanostatic experiment reported in this study.

Calculation of electric field strength

Eqn 3.6 was used to calculate electric field strengths from each linear voltage increase.

Eqn 3.6

Categories for data presentation

Data from these kinetic anodization studies were broken into six categories. There is a

certain amount of overlap between sections: a single galvanostatic transient may appear

in main data set (Section 4.4) as well as with the initialtransients (Section 4.5) and current

step experiment results (Section 4.6).

Data presentation

All data are arranged by electrode type according to the amount of aluminium present in

the alloy: Mg

For a given electrode metal data are arranged according to the electrolyte used in

anodization: NaOH ; NaOH + F- ; NaOH + POr&

\Mthin these electrode and solution groups data are arranged by descending order of

applied current density and then by decreasing linear slope.

F = /cE\ 2F
\ dr /oo, jv^
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Frequency distribution of electric field strength data

Examining the frequency of the electric field strength data gives an indication of the

distribution. Fig. 4.3 shows a histogram of the electricfield strength data ftom the anodization

of magnesium in 3 mol dm-3 NaOH. A skewed unimodal distribution is apparent, with a

long tail at high electric field strengths, reminiscent of a Poisson distribution.

1520253
dedric fidd strength / 1S V ml

Figure 4.3: Frequency histogram for electric field strength data from magnesium anodized in sodium
hydroxide solution
Electric field strength data for pure magnesium anodized in 3 mol dm€ NaOH. Full data set is shown in
Table 4.8. Histogram generated using the HISTOGRAM transform within Jandel Scientific SigmaPlot for
Windows with 41 equal intervals. Minimum electric field strength = 0.84 x 108 V m-1: maximum electric field
strength = 42.'13 x 108 V m-l.
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Fig. 4.4 shows a histogram of the common log of the electric field strength data from

the anodization of magnesium in 3 mol dm-3 NaOH. This by inspection this distribution

approaches the classical bell curve of a normal distribution; a phenomenon often found

when taking logs of experimental data.

log (electric field strengfh)

Figurc 4.4: Frequency histogram for logs of the electric field strength data from magnesium anodized
in sodium hydroxide solution
Electric fteld strength data for pure magnesium anodized in 3 mol dm-3 NaOH. Full data set is shown in
Table 4.8. Histogram generated using the HISTOGRAM transform within Jandel Scientific SigmaPlot br
\Mndows with 41 equal intervals. Minimum electric field strength = 0.84 x 108 V m'l: maximum electric field
strength = 42.13 x 108 V m{.
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Outlying data points

At first glance the raw data (Sections 4.10-14) seems to contain some outlying points

which could be discarded. Test statistics such as Dixon statistics (Barnett & Lewis 1978)

can be used to evaluate outliers and are of the form shown in Eqn 4.1.

X = NID Eqn 4.1

N = measure of separation of outlier
D = measure of the spread of the sample

lf x is larger than some predetermined value then the datum is deemed too far removed

from the remainder of the data and is disregarded.

Several definitions of N and of D are used depending on the circumstances:

N: . separation from nearest neighbour

. separation from mean of the remaining data

D: . range of the remaining data

. spacing between the two values nearest to the outlier

. standard deviation of the remaining data

Outliers in this study

Outliers should only be rejected from experimental data if an error occurred during the

experiment. However none of the ertreme values seen in Sections 4.10-14 were caused

by experimental error. Problems did occur during some runs but any data generated under

doubtful conditions were disregarded and not reported in this thesis.

Fig. 4.3 shows that the frequency distribution of electric field strength data from the

anodization of magnesium in 3 mol dm-3 sodium hydroxide solution follows a Poisson

distribution with a long tail at high electricfield strengths. This type of distribution is commonly

found with highly random natural phenomena such as earthquakes and hurricanes,

suggesting that the extreme data points are valuable information rather than outliers.

This interpretation is reinforced by Fig. 4.4 containing the frequency of the log of the

electric field strength. By inspection this graph shows a normaldistribution; the datum at

42.1 x 1 08 V m-1 appears to fit with the remainder of the data set, indicating that it is not an

outlier.
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Possib/e explanation for extreme data points

There are three possible explanations for the relatively high standard deviation of the

electric field strength results:

' surface conditions of the working electrode changed during and between each

experiment because of the highly reactive nature of magnesium coupled with the

destructive character of the anodization process. These features make perfectly

reproducible results highly unlikely. In an attemptto overcomethis problem, current

step experiments were attempted (Sections 4.6 and 4.12). Assuming that very

little film growth or surface alteration would occur in the 0.5 to 1 s duration of each

current step, any correlation between applied current density and resultant electric

field strength should become obvious. This correlation was not found.

variations in the local temperature at the barrier film due to resistive heating.

some ohmic resistance, increasing with time due to sodium hydroxide loss at the

base of the pores. As the hydroxide ions enter the film the sodium ions undergo

electromigration towards the counter electrode. This leaves a sodium hydroxide

depleted region in the electrolyte near the primary film/solution interface.

Because of these three effects, any extreme data points found in the data from kinetic

anodization of magnesium or magnesium-based alloys were deemed true values and no

evaluation or rejection of outliers was executed.

Statistical analysis

One aspect of this study was to investigate the effect on anodization caused by altering

the composition of the magnesium-based working electrode and using differentelectrolytes.

Once the kinetic anodization data was collected and the electric field strengths

calculated using Eqn 3.6, statistical analysis was performed to investigate whether or not

the means of the twelve metal/solution data sets were significantly different. This analysis

used Student's unpaired t-test, contained in Jandel Scientific SigmaPlot for\Mndows (1993).
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4.4 Electric field strengths for all galvanostatic transients

Electric field strengths were calculated for every linear voltage increase event seen in the

gafvanostatic anodization experiments. These results are shown in Tables 4.114.22 and

in Figs 410421in Section 4.10.

Table 4.1 and Fig. 4.5 show the mean and standard deviation of the electric field

strength for each electrode/solution combination. These figures were calculated using the

STDV-REG.XFM transform contained within Jandel Scientific SigmaPlot for \Mndows.

Standard deviation is a measure of the spread of the data about the mean. There is a

68 % probability that the true electric field strength lies within the region one standard

deviation either side of the mean.

Table 4.1: Mean, standard deviation, minimum and maximum electric field strengths for alllansients
Mg, 24123, AM60 and AZ91 electrodes anodized in each of the three electrolytes: 3 mol dm'3 NaOH,
3 moldm'3 NaOH + 0.05 mol dm-3 NaF and 3 mol dm-3 NaOH + O.O5 moldm'3 NaNHoHPOo.

65

electrode solution mean E std.dev E
/108Vm-1 /108Vmr

E (min)
/ 108 V m-l

E (max)
/108Vm{

Mg NaOH

Mg +F-
Mg a Po+L

74123 NaOH

Z'A123 + F-
2A123 .s POrF

AM60 NaOH

AM60 + F-
AM60 1PO+F

AZ91 NaOH

AZ91 + F-
AZ91 + PO"L

0.84 r 0.02

0.794 r 0.004
'1.284 r 0.001

0,949 + 0.002

6.85 r 0.02

1.265 * 0.004

1.769 r 0.002

1.391 r 0.003

0.877 r 0.002

0.906 r 0.002

4.84 * 0.01

1.151 * 0.002

42.1 t 0.6

23.7 t0.2
21.0 t.0.2

63.7 r 0.2

32.05 t 0.08

91.1 r 0.2

124.4 +.0.5

31.8 r 0.1

76.8 r 0.8

106.7 t 0.4

42.4 *,0.2
55.7 * 0.4

6.72

10.91

7.84

10.49

19.05

36.4

18.4

15.80

20.1

15.99

23.5

15.22

5.14

4.84

4.92

9.03

6.55

27.6

21.6

7.12

16.2

9.7

11.1

11.27
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Figure 4.5: Mean and standard deviation of electric fietd strength from alltranslents
Mean electric field strength calculated for all transients seen during anodization of magnesium, ZA|Z3,
AM60 and AZ91 in each electrolyte: NaOH (r), NaOH + F- (r), NaOH + PO43- ( a ). Error bars show the
calculated standard deviation for each combination. Data are arranged in groups corresponding to the four
electrodes; amount of aluminium in the alloy increases in the order: Mg < 2A123 < AM60 < lZg1.
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Using Student's unpaired t-test to determine if the mean values of two data sets are

significantly different led to the results in Table 4.2. For each pair of metal/solution

combinations, the probability that the means of the data sets are not significantly different

is shown.

Table 4.2: Resu/ts of Sfudenf's unpaired t-test for electric field strength data for all transients from
eve ry metal/sol u ti o n co m b i n ati o n
Using the kinetic anodization data generated for every transient recorded with every metal/solution
combination. Table shows the probability that the means of two electric field strength data sets are not
significantly different. A low probability (< 0.05) means that the means of the two data sets are significantly
different. Values in shaded squares indicate that the means of the two data sets are not significantly different.

Mg Mg
NaOH F-

0.000

0.002 0.293

0.000 0.339

0.000 0.001

0.000 0.000

0.000 0.150

0.000 0.044

0.000 0.000

0.000 0.006

0.339 0.001 0.000

0.702 0.000 0.000

0.000 0.000

0.000 0.003

0.000 0.003

0.000 0.265 0.000

0.001 0.049 0.000

0.000 0.758 0.006

0.000 0.089 0.000

0.000 0.052 0.028

0.014 0.081 0.000

AM60 pZ91 lZ91
POot- NaOH F-

0.000 0.006

0.000 0.000

0.000 0.000

0.7s8 0.089

0.006 0.000

0.198 0.989

0.109 0.924

- 0.019

0.019

0.000 0.191

0.000 0.025

0.000 0.014

0.052 0.081

0.028 0.000

0.010 4.748

0.000 0.706

0.265 0.087

0.000 0.578

Mg 2A123 ZA123 2A123 AM60 AM60
POo- NaOH F- PO"t NaOH F-

0.293 0.150 0.044

0.021 0.004

0.000 0.001

0.265 0.049

0.000 0.000

0.959

0.959

0.198 0.109

0.989 0.924

pzg1
POoo-

0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

o.702

0.000

0.000

0.021

0.004

0.000

0.000

0.000

0.000

0.000 0.000

0.191 0.025

0.010 0.000 0.265 0.000

0.748 0.706 0.087 0.578 0.001

Mg
NaOH

Mg
F-

Mg
Poot-

ZA'123
NaOH

zA1
F-

zA1
POoo-

AM6O
NaOH

AM6O
F-

AM6O
Poo-

AZ91
NaOH

AZgl
F-

AZ91
Poo*

0.001
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By inspection of Fig. 4.5 there seems little difference between the means of the twelve

metal/solution combinations. However the results of the Student unpaired t-test seem to

indicate that there is no correlation for 68 % of the means at the <0.05 confidence level.

Also the pattern of correlation is itself fairly random.

This low levelof correlation may be an artifact of the Student's unpaired t-test because

the test was designed to examine data obeying normal distribution statistics. As seen in

Fig. 4.3 the frequency of electric field strength data shows a Poisson distribution so the

t-test may not be appropriate.

Summary of results for electric field strengths for all galvanostatic transients

ln order to draw conclusions based on the electric field strengths for all galvanostatic

transients, Fig. 4.5 and Table 4.2 must be examined concurrently.

pure magnesium anodized in sodium hydroxide solution has the lowest mean

electric field strength. Table 4.2 supports this assertion as it shows the mean of

this data does not overlap with the mean of any other data set.

Z.4123 anodized in phosphate-containing solution has the highest mean electric

field strength. Table 4.2 supports this assertion because this mean does not overlap

with the mean of any other data set.

24123 anodized in sodium hydroxide solution has the lowest mean electric field

strength for any alloy anodized in any solution.

No other conclusions can be drawn from the electric field strength data for all

galvanostatic transients.

74123 in phosphate-containing solution shows some degree of linearity between the

applied current density and the resultant electric field (Fig. 4.1 5: slope = 3.97 x 106 V A-1 m,

intercept = -8.4 x 108 V m-1 , P = 0.904). None of the other metal/solution combinations

show any correlation between applied current density and resultant electric field strength.

24123 contains a much higher percentage of zinc than the other alloys. One possible

explanation for this linearity is the formation of a compound with zinc and phosphate

resulting in a change to the film formation mechanism.
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4.5 Electric field strengths from initial transients

Electric field strengths were calculated for the initial voltage increase occurring during

each galvanostatic anodization experiment. These results are shown in Tables 4.234.34

and in Figs 4.224.33 in Section 4.11. Table 4.3 and Fig. 4.6 show the mean and standard

deviation of the electricfield strength for each metal/solution combination, calculated from

initial transients.

Table 4.3: Mean, standard deviation, minimum and maximum electic field strengths calculated from
initial transients
lnitial transients from Mg, 7A123, AM60 and AZ91 electrodes anodized in each of the three solutions:
3 moldm-3 NaOH, 3 moldm-3 NaOH + O.O5 mol dm-3 NaF and 3 mol dm-3 NaOH + 0.05 moldm-3 NaNHoHPOo.

electrode solution mean E
/ 108 v m-1

std.dev.E E(min) E(max)
/108vm-1 /108Vm{ /108vm-l

M9 NaOH

Mg +F-
Mg 1Pol3'

2A123 NaOH

z'4123 + F-

2A123 1 PO+3-

AM60 NaOH

AM60 + F-

AM60 1POc3-

FZ91 NaOH

AZ91 + F-

PZg1 * POor-

7.58

12.22

7.67

8.67

19.70

38.9

19.7

15.59

23.8

13.91

22.3

18.85

4.0

5.18

4.85

4.34

7.86

26.35

16.5

7.22

19.2

4.55

11.4

13.9

2.184 ! 0.002
4.573 r 0.005

1.284 * 0.001

2.811 r 0.003

6.85 r 0.02

11.3 t 0.2

1.769 r 0.002

1.391 r 0.003

1.165 r 0.002

6.1 r 0.1

4.84 t 0.01

2.457 i 0.003

24t1
23.7 !0.2
18.72 r 0.03

20.53 * 0.06

32.05 r 0.08

91.1 r 0.2

78!2
31.6 r 0.2

76.8 r 0.8

34.3 r 0.1

42.4 x0.2
55.7 r 0.4

There is very little difference between the mean electric field strengths calculated for the

initial transients (Table 4.3) and the means calculated using all galvanostatic transients

(Table 4.1).

Student's unpaired t-test was performed on every combination of electrode and

electrolyte. Table 4.4 shows the results of these calculations.

Again the correlation pattern is highly random suggesting that the Student's unpaired

t-test is inappropriate for the type of frequency distribution generated by anodization of

mag nesium-based alloys.
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Figure 4.6: Mean and standard deviation of electric field strength calculated from initiat transients
Mean electric field strength calculated from initial transients recorded during anodization of magnesium,
24123, AM60 and AZ91 in each solutions: NaOH (o), NaOH + F- (l), NaOH + POos- (a ). Enor bars show
the calculated standard deviation for each of the combinations. Data are arranged ih groups corresponding
to the four electrodes; amount of aluminium in the alloy increases in the order: Mg < 2A123 < AM6O < A291.
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Table 4.4: Resu/fs of Sfudenf s unpaired t-test for etectric fietd strength data for initial transients from
every metal/solution combination
Using the kinetic anodization data generated for initial transients recorded with every metal/solution
combination. Table shows the probability that the means of two electric field strength data sets are not
significantly different. A low probability (< 0.05) means that the means of the two data sets are significantly
different. Values in shaded squares indicate that the means of the two data sets are not significantly different.

Mg Mg Mg Z'A123 Z,A123 Z.A123 AM60 AM60 AM60 FZg't FZ91 AZgl
NaOH F- POot- NaOH F- POo.- NaOH F- POo* NaOH F- POot

0.000 0.920 0.211 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

0.000

0.920

o.211

0.000

0.000

0.000

0.000

0.000

0.000

0.000

0.002 0.009 0.001 0.000 0.046 0.070 0.009 0.122 0.000 0.042

0.002 - 0.391 0.000 0,000 0.000 0.000 0.000 0.000 0.000 0.000

0.009 0.391 - 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000

0.001 0.000 0.000 0.001 1 .000 0.073 0.400 0.000 0.405 0.819

0.000 0.000 0.000 0.001 - 0.004 0.000 0.031 0.000 0.009 0.004

0.046 0.000 0.001 1.000 0.004 - 0.223 0.398 0.001 0.51 1 0.846

0.070 0.000 0.000 0.073 0.000 0.223 0.037 0.123 0.012 0.281

0.009 0.000 0.000 0.400 0.031 0.398 0.037 0.000 0.751 0.320

0.122 0.000 0.000 0.000 0.000 0.001 0j23 0.000 0.000 0.003

0.000 0.000 0.000 0.405 0.009 0.511 0.012 0.751 0.000 0.356

0.042 0.000 0.000 0.819 0.004 0.846 0.281 0.320 0.003 0.3560.000

Summary of results for electric field strengths of initial transients

Analyzing the mean electric field strengths shown in Fig. 4.5 and the results of the t-test

reported in Table 4.4 shows very little difference between the means of the electric field

strengths for each metal/solution combination. One conclusion can be drawn:

' 74123 anodized in phosphate-containing solution has a higher mean electric field

strength than any other electrode/electrolyte combination.

74123 in phosphate-containing solution still shows some degree of linear correlation

between the applied current density and the resultant electric field (Fig 4.27:

slope=3.82x106VA-1 m,intercept=-5.8x108Vm-1,r2=0.907).Nootherelectrode/

electrolyte combination shows any linear correlation.

Mg
NaOH

Mg
F-

Mg
Poot-

NaOH

Z,4123
F-

Z,4123
Pon*

AM6O
NaOH

AM6O
F-

AM60
Poot-

AZ91
NaOH

AZSl
F-

AZ91
POor-
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4.6 Electric field strengths from current step experimenfs

One focus of this study was to discover whether the electric field strength of an anodic film

formed on magnesium or magnesium alloy depended on the applied current density.

Stepping the current during galvanostatic anodization provided the best method for

comparing electric field strengths on identical surfaces; very little film growth or dissolution

occurs during the 0.5 to 1 s that a new current is applied.

Current step experiments were not tried on 2A123 in phosphate-containing solution:

voltage increases were too fast to allow manual switching from one current to another.

lf electric field strength is dependent on current density, increasing (or decreasing) the

current should cause an increase (or decrease) in the electric field. Tables 4.35-4.45 in

Section 4.12 show the calculated electric field strength for each current step transient.

These tables include a statement on whether changing the current density correlates with

an analogous change in the electric field.

Table 4.5 shows that electrode/electrolyte

combinations show either good correlation or no

correlation. Good correlation means that for a

particular combination, 85%o of the current step

experiments show a correlation. A lower

proportion results in no correlation. No obvious

trends emerge from this comparison; each metal

and solution appear in both the good correlation

and no correlation categories.

Table 4.5: Correlation between
applied current density and resultant
electric field strength

good correlation no correlation

Mg / POo3-

2A123 / NaOH

AM60 / NaOH

AM6O / F-

AZ91 INaOH

Mg / NaOH

Mg/F-
2A123 | F-

AM6o tPO43-
pZ91 lF'

pZ91 tPO.3'

This analysis does not take into account the magnitude of any increase or decrease in

resultant electric field, merely if the change is in the correct direction.

Result of current step experiments

lf electric field strength was dependent on applied current density, current step experiments

provide the best means of examining anodization behaviour under similar electrode surface

conditions. Lack of correlation is not inconsistent with the conclusion that:

electric field strength is independent of applied current density.
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4.7 Electric field strengths from sawtooth events

Tables 4.464.53 in Section 4.13 show every galvanostatic anodization experiment which

produced sawteeth and brief details on the nature of this behaviour. Changing the electrode

or electrolyte makes a marked difference to the frequency of sawtooth occurrence during

anodization. Table 4.6 provides a summary of this frequency information.

Table 4.6: Frequency of sawtooth eyents
Total number of anodization experiments performed with each electrode/electrolyte combination and the
number of these runs which produced sawteeth.

electrode anodizing total number
solution of experiments

number with % with
sawteeth sawteeth

Mg NaOH
NaOH + F-

NaOH a pOr3-

2A123 NaOH
NaOH + F-
NaOH a POe3-

AM6O NaOH
NaOH +

NaOH + PO.3-
F-

PO

AZ91 NaOH
NaOH + F-

NaOH + pOo3-

4

70
22
31

32
18
18

29
29
27

114
24
22

60
9.1
16.1

37.5
0
5.6

0
0
3.7

27.2
0
9.1

4?
2
E

12
0
1

0
0
1

31

0
2

Several trends appear from Table 4.6:

' pure magnesium produced the highest number of sawteeth in all three solutions

. AM60 produced one sawtooth in POo.-, and none in either NaOH or F-

sawteeth are far more prevalent in sodium hydroxide solution than in the fluoride-

or phosphate-containing solutions (with the exception of AM60)

fluoride-containing solution seems to suppress sawtooth behaviour; none occurred

with 2A123, AM60 or AZ9l and only two on magnesium

Summary of sawtooth behaviour

Likelihood that a particular metalwill generate sawtooth behaviour is in the order:

Mg

Likelihood that anodization in a particular solution will produce sawteeth is in the order:

NaOH



Kinetics of anodization 74

4.8 Cell voltage af onset of sparking

Cell voltage at the onset of sparking was estimated from the voltage against time output

recorded by the Gagescope CSLite oscilloscope card during every galvanostatic

experiment. Table 4.7 andFig.4.7 show the mean and standard deviation of the voltage

at sparking onset for each electrode/electrolyte combination.

Table 4.7: Mean and standard deviation for ceil voltage at onset of sparking
Sparking voltages from Mg, 2A123, AM60 and AZ91 electrodes anodized in each of the three solutions:
3 mol dm-3 NaOH, 3 moldm-3 NaOH + 0.05 moldm-3 NaF and 3 moldm-3 NaOH + 0.05 moldm-3 NaNHoHPOo.

electrode solution mean sparking std. dev.
voltage/V voltage/V

Mg

Mg

Mg

24123
24123
2A123

AM6O

AM6O

AM6O

AZ91
p.Zg1

pzg1

NaOH

+F-
1 pOa3-

NaOH

+F-
.' pOa3-

NaOH

+F-
1 pO+3-

NaOH
+F-
a pOa3-

67.1

74.9

76.1

70.5

77.8

61.8

79.4

79.0

79.8

71.1

68.3

64.8

3.9

5.1

8.9

9.4

7.0

10.8

6.9

8.6

8.8

7.7

8.3

6.0

Summary

Overall there is little real correlation between either the electrode or electrolyte and the

resultant cell voltage at onset of sparking.

AM60 has the highest mean sparking voltage in all solutions. Mg, 7A123 and AZ91

show much more varied results.
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4.9 Film growth during anodization

A common feature of galvanostatic anodization experiments on magnesium and

magnesium-based alloys is a period of time over which the voltage response increases

linearly. During this time all of the applied charge density is involved with film building;

competing processes such as sparking and gas evolution do not occur. Applied charge

density was known for any recorded period of linear voltage increase so

o = j(tfti = 2FyL,LlV^
o
j
t1

fo

F=
Y=
LL=
V^=

applied charge densig I C m'2
applied current density I Am'2
time at end of linear voltage growth / s
time at start of linear voltage growth / s

Eqn 4.2

Faraday's constant
surface roughness factor
change in film thickness / m
molar volume of film / m3 moli

Eqn 4.3

Sufface roughness factor

y, the surface roughness factor, is very difficult to quantifo; magnesium is so reactive that

the surface changes constantlywhen it is exposed to airorelectrolyte. Ratherthan estimate

this quantity it was defined as one, ie the actual surface area becomes the same as the

apparent surface area.

Equation for change in film thickness

Rearranging Eqn 4.2 and substituting T = 1 as the surface roughness factor gives Eqn 4.3.

This determines the change in film thickness during a period of linear voltage increase in

a galvanostatic anodization experiment.

AL = (j Vml 2F) . (fl - fo)

F,V^and.,1are all constants or fixed quantities for a particular electrode so the change in

film thickness depends only on the length of time over which the voltage increase occurs.

Criteria for choosing transients for film growth analysis

Two criteria were applied to choose voltage increases for use in calculations of the amount

of film thickening during anodization:

' transients had to be almost linear; some departure from linearity was caused by

three effects mentioned above: changing surface conditions, varying local

temperatures and changing ohmic resistance (Section 4.3). A best fit line was

applied to the data by linear regression; this best fit line was used during analysis
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' transients had to begin and end within the period captured by the Gagescope

CSLite card

Termination of a linear voltage increase occurred in one of two ways: a sawtooth

event or by reaching the sparking voltage. No differentiation was made between these

two types during calculation of the degree of film thickening.

Results of amount of film growth during anodization

Tables 4.54-4.65 in Section 4.14 show the applied cunent density, the time period for the

linear voltage increase and the resultant change in film thickness, AL. Table 4.8 and Fig. 4.8

summarize the mean and standard deviation of the amount of film growth for each electrode/

electrolyte combination.

Table 4.8: Mean and standard deviation for change in fitm thickness during anodization
Change in film thickness from Mg, 2A123, AM60 and AZ91 electrodes anodized in each of the three
solutions: 3 moldm-3 NaOH, 3 moldm-3 NaOH + o.o5 moldm-3 NaF and 3 moldm'3 NaOH + 0.05 moldm'3
NaNH.HPOo.

electrode anodizing mean AL std.dev AL
solution /nm /nm

Mg

74123

AM6O

AZ91

NaOH
NaOH + F'
NaOH 1 POa3-

NaOH
NaOH + F-
NaOH 1 POr3-

NaOH
NaOH + F-

NaOH + POn3-

NaOH
NaOH + F-

NaOH a POr3-

48
30
52

36
16
I
3
20
20

2A
I
29

95
50
74

68
25
14

46
41
28

33
2'l
34

Using Student's unpaired t-testgave an indication of the correlation between the means

of the amount of film thickening for each metal/solution combination (Table 4.9).
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Figure 4.8: Mean and standard deviation of change in fitm thickness during anodization
Change in film thickness for magnesium, 2A123, AM60 and AZgl anodized in each of the three sotutions:
NaOH (r), NaOH + F (r;, NaOH + POos- ( A). Enor bars show the calculated standard deviation for each
of the combinations. Data are arranged in groups corresponding to the four electrodes; amount of aluminium
in the alloy increases in the order: Mg < ZAIZ3 < AM60 < AZg1.
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Table 4.9: Resu/fs of Student's unpaired t-test for change in film thickness during anodization for every
metal/sol ution co m binati on
Uses change in film thickness data generated forevery metaUsolution combination. Table shows the probability
that the means of two change in film thickness data sets are not significantly diffigrent. A low probability
(< 0.05) means that the means of the two data sets are significantly different. Values in shaded squares
indicate that the means of the two data sets are not significanfly different.

Mg
F- POo* NaOH F- POn. NaOH F-

zAl23 Zj.123 ZA't23 AM60 AM60 AZ91 pZ91 F'Z91
NaOH F- PO.*

0.001 0.077 0.000 0.000 0.000 0.044 0.000 0.000 0.000 0.000

0.023 0.016 o.fia

0.001 0.010 0.01s

0.000 0.001 0.005

0.329 0.539 0.461

0.002 0.069 0.027

a.210 0.000 0.412

0.'188 0.013 0.430

0.413 0.375 05:!1

0.111 0.910

0.111 0.2A

0.910 0.234

0.001 0.137 0.110 0.055 0.000 0.818 0.393

.000

.000

AM6O
Poo*

Mg

0.000

0.000

0.044

0.137 0.654 0.025 0.001 0.314 0.037

0.110 0,654 0.004 0.000 0.2u 0.014

0.055 0.025 0.004 0.050 0.027 0.074

0.000 0.001 0.000 0.050 0.000 0.000

0.818 0,314 0.244 0.027 0.000 0.649

0.393 0.037 0.014 0.074 0.000 0.649

0.031 0.004 0.000 0.749 0.032 0.095 0.086

0.023 0.001 0.000 0,329 0.002 0,210 0.188

0.016 0.010 0.001 0.539 0.069 0.000 0.013

0.170 0.019 0.005 0.461 0.027 0.412 0.430

0.000

0.031

0.004

0.000

0.749

0.032

0.095

0.086

0.413

0.375

0.531

000

Again there was a lack of obvious correlation arising from the results of Student's

unpaired t-test and the distribution of correlations appears highly random. No significant

difference between the means is found in 45 o/o of cases.

Summary

By inspection of Fig. 4.8 it would appear that more film thickening occurs during anodization

of pure magnesium than with the three alloys. However combining these observations

with the results in Table 4.9 shows that this conclusion cannot be stated absolutely. Only

pure magnesium anodized in sodium hydroxide gave a mean which was significantly

different from other data sets (excluding Mg in phosphate-containing solution, P = O.O77l.

Mg
NaOH

Mg
F-

Mg
POo*

z.4123
NaOH

z,F.123
F-

24123
Po.*

AM60
NaOH

AM6O
F-

AM6O
Poo-

AZ91
NaOH

AZ91
F-

Aag1
Poo*
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Film growth during successive sawtooth events

Some galvanostatic experiments produced a series of sawteeth. Analysis of the amount

of film grov'rth on the electrode during each of these gives an estimate of the maximum

thickness of the barrier layer before internal tensile stresses become too high and the

layer collapses.

Although the sawteeth shown in Fig. 4.9 are not truly linear, this does not affect the

analysis of the amount of film growth during each event. Only the time period of the sawtooth

and the applied current density are used to calculate the change in film thickness for each

sawtooth.

Fig 4.9 shows an example of savvtooth behaviour on pure magnesium anodized at

2040 A m-2 in 3 moldm-3 NaOH. Analyzing the fifteen sawteeth showed a mean increase

in primary film thickness during individual sawteeth of 84.0 r 20.8 nm (Table 4.10).

Table 4.10: Change infilm
fhickness for each sawtooth in
Fig.4.9

sawtooth f.,-to / s ALl nm

1.00 119
1.11 132
0.864 103
0.650 77.4
0.588 70.0
0.610 72.6
0.592 70.5
0.670 79.8
0.724 86.2
0.536 63.8
0.664 79.1
0.496 59.1
0.618 73.6
0.608 72.4
0.854 't01.7

Internal tensile stress accumulates in an anodic film when the molar volume of the

metaf (13.97 cm3 mol-1) is largerthan that of the oxide (11.257 cm3 mol-1) (Pilling & Bedworth

1923). Once a barrier layer forms which is thicker than 84 nm, the internal tensile strain

becomes too large causing catastrophic breakdown. MgO from the primary layer now

forms a porous secondary layer and the electrode surface is left bare for further primary

layer growth.
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Figure 4.9: Successive sawteeth occuning during galvanostatic anodization of Mg in NaOH solution
Pure magnesium anodized in 3 mol dm{ NaOH at2040 A m-2. Sawteeth occurred spontaneously. Mean
thickness of the banier layerwas calculated as 84.0 t 20.8 nm. Table 4.9 shows the amount of ftlm growth
during each of these sawteeth.
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4.10 Electric field strengths for all galvanostatic transients:
raw data

Table 4.11: Magnesium anodized in sodium hydroxide solution
Magnesium anodized in 3 moldm-3 NaOH.

82

current density
/ 103 A m'2

electric field strength
/ 108 v m-l

current density
/ 103 A m-2

electric field strength
/ 108 V m'1

slope
/Vs-r

slope
/Vsi

20.4
20.4
20.4
20.4
8.16
7.35
6.12
6.12
6.12
6.12
6.12
6.12
6:tz
6.12
6.12
6.12
6.12
6.12
6.',t2
6.12
6.12
5.10
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
3.06
3.06
3.06
3.06
3.06
3.06
3.06
3.06
3.06
3.06
3.06
2.O4
2.04
2.O4
2.O4

1260 * 30
412 r8
333 *5
100 +2
404 *4
324 *.4
870 * 40
353 r3
329 *.2
318 *2
312 rg
277 t2
271 *2
264 *3
251 13
239 *1
189 t5
186 rl
138 r1
91 *2
61.8 r 0.6
157 *3
490 t7
400 *3
338 *6
330 r6
328 il
299 *2
262 *4
229 15
212 *,2
197 *1
190.2 r O.7
184 11
159.6 r 0.9
105.5 r 0.4
97.'1 r 0.6
85.2 r 0.4
70.2 r 0.5
69.5 * 0.4
64.2 t 0.2
53.1 * 0.3
48.8 *.0.2
182 13
148.2 i 0.7
69.5 r 0.6
65.2 *.0.2
47.9 x O.2
46.9 r 0.3
44.8 x 0.2
44.5 r 0.1
44.3 * 0.2
42.8 *. O.2
39.4 x 0.2
501 *.7
345 t2
296 *1
263 11

10.6 i 0.3
3.46 r 0.07
2.8O * 0.04
0.84 r 0.02
8.48 r 0.08
7.56 * 0.09
24 t1
9.88 * 0.08
9.21 r 0.06
8.90 * 0.06
8.7 * 0.3
7.76 r 0.06
7.59 r 0.06
7.39 r 0.08
7.O3 i 0.08
6.69 r 0.03
5.3 r 0.1
5.21 r 0.03
3.86 r 0.03
2.55 r 0.06
1.73 r 0.02
5.3 i 0.1
20.6 * 0.3
16.8 i 0.1
14.2 t 0.3
13.9 r 0.3
13.78 r 0.04
12.56 i 0.08
11.0 f 0.2
9.6 r 0.2
8.90 r 0.08
8.27 r 0.04
7.99 r 0.03
7.73 r 0.04
6.70 r 0.04
4.43 r 0.02
4.08 r 0.03
3.58 * 0.02
2.95 r 0.02
2.92 i 0.02
2.696 * 0.008
2.23 r 0.01
2.050 i 0.008
'1o.2 * 0.2
8.30 * 0.04
3.89 r 0.03
3.65 * 0.01
2.68 r 0.01
2.63 r 0.02
2.51 * 0.01
2.492 r 0.006
2.48 f 0.01
2.40 r 0.01
2.21 * 0.01
42.13 r 0.6
29.0 *.0.2
24.86 r 0.08
22.09 r 0.08

249.1 r 0.8
224.9 * 0.5
202.7 r 0.5
175.1 r 0.4
164.9 t O.7
164 11
155 !.2
151 *'l
141.8 r 0.4
119.2 * 0.5
119 r 1

116 r 1

115.9 r 0.9
113.2 r 0.3
109.8 * 0.3
107 11
106.7 * 0.4
105 *1
142.7 t 0.3
102.0 * 0.3
101.9 * 0.4
101.7 * 0.5
'to1.2 r 0.3
100.9 i 0.3
99.8 t 0.5
97.7 r 0.3
92.0 i 0.3
91.6 t O.7
91.2 *.0.7
90.3 r 0.6
90 i1
89.2 *.0.2
87.9 r 0.4
87 *.2
85.1 r 0.8
84.5 * 0.6
83.9 r 0.7
82.6 * 0.3
80.1 * 0.6
78.0 * 0.3
77.5 * 0.5
76.6 * 0.4
76.5 r 0.6
76.2 i 0.7
75.9 n 0.3
75.6 * 0.9
75.2 i 0.6
74.8 t O.2
73 *1
72.0 * 0.2
71.9 r 0.3
70.5 r 0.7
68.7 t 0.2
68.1 r 0.3
68 i1
67.7 * 0.3
67.6 * 0.3
67.3 x 0.2

20.92 r 0.07
18.89 r 0.04
17.03 * 0.04
14.7'l * 0.03
13.85 * 0.06
13.78 * 0.08
13.0 i 0.2
12.68 n 0.08
11.91 * 0.03
10.01 * 0.04
10.00 * 0^08
9.74 r 0.08
9.74 * 0.08
9.51 r 0.03
9.22 * 0.03
8.99 r 0.08
8.96 r 0.03
8.82 i 0.08
8.63 r 0.03
8.57 * 0.03
8.56 * 0.03
8.54 * 0.04
8.50 i 0.03
8.48 * 0.03
8.38 * 0.04
8.2'l * 0.03
7.73 i 0.03
7.69 * 0.06
7.66 r 0.06
7.59 * 0.05
7.56 r 0.08
7.49 i 0.02
7.38 * 0.03
7.3 *.0.2
7.15 r 0.07
7.10 i 0.05
7.05 r 0.06
6.94 r 0.03
6.73 * 0.05
6.55 r 0.03
6.51 r 0.04
6.43 t 0.03
6.43 r 0.05
6.40 r 0.06
6.38 r 0.03
6.35 r 0.08
6.32 r 0.05
6.28 * 0.02
6.13 * 0.08
6.05 r 0.02
6.04 r 0.03
5.92 r 0.06
5.77 t 0.02
5.72 * 0.03
5.71 r 0.08
5.69 i 0.03
5.68 * 0.03
5.65 i 0.02

2.04
2.O4
2.04
2.04
2.O4
2.04
2.04
2.O4
2.04
2.04
2.04
2.04
2.04
2.04
2.04
2.O4
2.04
2.04
2.04
2.04
2.O4
2.O4
2.04
2.04
2.O4
2.04
2.04
2.O4
2.O4
2.O4
2.04
2.04
2.04
2.04
2.O4
2.O4
2.O4
2.04
2.04
2.04
2.O4
2.O4
2.O4
2.O4
2.O4
2.04
2.04
2.O4
2.04
2.O4
2.O4
2.04
2.O4
2.04
2.O4
2.04
2.O4
2.O4

Table 4.11 continued over page
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Table 4.1(cont.): Magnesium anodized in sodium hydroxide solution

current density
/ 103 A m-2

eleclric field strength
/ 108 V m-l

current density
/ 103 A m-2

electric field strength
/108Vm{

slope
/Vs'l

slope
/Vs'l

2.04
2.04
2.04
2.04
2.O4
2.04
2.04
2.O4
2.04
2.O4
2.04
2.04
2.44
2.04
2.04
2.04
2.04
2.04
2.O4
2.O4
2.04
2.O4
2.04
2.O4
2.O4
2.O4
2.04
2.04
2.O4
2.O4
2.04
2.O4
2.O4
2.04
2.04
2.04
2.04
2.O4
2.O4
2.O4
2.04
2.04
2.44
2.04
2.O4
2.04
2.O4
2.04
2.O4
2.04
2.O4
2.O4
2.O4
2.O4
2.04
2.04

67.2 * 0.3
66.2 t 0.3
64.7 r 0.3
63.6 r 0.3
63.5 r 0.3
63 *1
62.9 r 0.2
62.5 * 0.2
62.1 r 0.3
61.8 * 0.3
61.6 r 0.3
61.3 r 0.5
61.1 r 0.4
59 t,1
58.6 * 0.3
58.2 * 0.6
57.9 * 0.3
57.7 f 0.4
56.6 r 0.4
56.4 r 0.3
55.3 r 0.4
55.3 t 0.2
55.2 r 0.2
54.8 r 0.4
54.6 *.0.2
54.5 r 0,4
54.5 r 0.3
53.9 *.0.2
53.6 r 0.5
53.6 r 0.4
53.6 x 0.2
52.9 * 0.6
52.6 *. O.2
52.4 t 0.3
51.4 * 0.3
50.1 *,0.2
49.8 r 0.2
49.5 * 0.3
49.3 r 0.1
49.3 r 0.2
49.2 i 0.6
48.6 t 0.2
48.2 * 0.5
46.8 *,0.2
46.4 * 0.1
45.2 * 0.3
44.9 t O.2
43.4 x O.2
42.8 r 0.4
42.30 r 0.08
42.3 x O.2
41.6 i 0.1
41.5 * 0.2
39.5 * 0.2
39.1 r 0.4
38.2 t.0.2

5.64 r 0.03
5.56 r 0.03
5.43 * 0.03
5.34 r 0.03
5.33 r 0.03
5.29 i 0.08
5.28 r 0.02
5.25 r 0.02
5.22 r 0.03
5.19 * 0.03
5.17 * 0.03
5.15 r 0.04
5.13 r 0.03
4.96 r 0.08
4.92 r 0.03
4.89 r 0.05
4.86 r 0.03
4.85 i 0.03
4.75 * 0.03
4.74 * 0.03
4.65 * 0.03
4.65 r 0.02
4.64 r 0.02
4.60 * 0.03
4.57 r 0.02
4.58 i 0.03
4.58 r 0.03
4.53 i 0.02
4.50 r 0.04
4.50 i 0.03
4.50 r 0.02
4.44 n 0.05
4.42 r 0.02
4.40 n 0.03
4.32 r 0.03
4.21 r 0.02
4.18 r 0.02
4.16 r 0.03
4.141 r 0.008
4.14 r 0.02
4.13 * 0,05
4.08 * 0.02
4.05 r 0.04
3.93 n 0.02
3.898 r 0.008
3.80 * 0.03
3.77 i 0.02
3.65 r 0.02
3.60 r 0.03
3.553 r 0.007
3.55 r 0.02
3.494 t 0.008
3.49 * 0.02
3.32 * 0.02
3.28 r 0.03
3.21 t 0.02

37.29 r 0.09
37.0 * 0.1
36.5 r 0.1
34.5 r 0.1
33.3 r 0.1
30.0 r 0.1
28.55 * 0.09
28.2 * 0.5
27.5 t 0.1
26.07 r 0.06
25.43 r 0.09
25.0 r 0.1
24.36 r 0.06
20.89 i 0.04
102.1 * 0.6
66.3 t 0.3
50.0 * 0.3
36.6 * 0.1
34.6 r 0.1
32.39 i 0.07
26.9 * 0.1
73.6 t 0.5
69.5 r 0.4
56.3 *,0.2
48.0 x 0.2
47.6 r 0.1
47.1 * 0.1
47.0 r 0.5
42.3 r, O.2
42j r 0.1
37.4 r 0.1
37.1 *. 0.2
36.66 n 0.08
30.6 r 0.1
28.36 i 0.06
27.86 r 0.07
26.68 * 0.04
63.5 r 0.3
59.4 *. O.2
40.4 f 0.1
39.6 *, O.2
33.3 * 0.3
32.8 * 0.1
31.8 * 0.1
31.4 r 0.1
27.99 r 0.06
26.71 r 0.04
26.48 i 0.05
26.43 f 0"07
22.43 * 0.05
35.4 *.0.2
13.00 r 0.01
11.65 r 0.01
7.85 * 0.03
7.78 t 0.02
6.41 * 0.02

3.132 r 0.008
3.108 r 0.008
3.066 r 0.008
2.898 r 0.008
2.797 * 0.008
2.520 * 0.008
2.398 * 0.008
2.37 i 0.04
2.310 * 0.008
2.190 r 0.005
2.136 r 0.008
2.100 r 0.008
2.046 * 0.005
't.755 r 0.003
'10.72 r 0.06
6.96 r 0.03
5.25 i 0.03
3.84 r 0.01
3.63 r 0.01
3.401 r 0.007
2.82 r 0.01
8.83 r 0.06
8.34 i 0.05
6.76 * 0.02
5.76 r 0.02
5.71 r 0.01
5.65 * 0.01
5.64 * 0.06
5.08 n 0.02
5.05 * 0.01
4.49 * 0.01
4.45 * 0.02
4.40 * 0.01
3.67 r 0.01
3.403 r 0.007
3.343 n 0.008
3.202 n 0.005
8.89 i 0.04
8.32 r 0.03
5.66 r 0.01
5.54 r 0.03
4.66 * 0.04
4,59 r 0.01
4.45 r 0.01
4.40 r 0.01
3.919 * 0.008
3.739 r 0.006
3.707 * 0.007
3.70 i 0.01
3.140 * 0.007
5.95 r 0.03
2.184 r 0.002
1.957 * 0.002
6.59 r 0.03
6.54 r 0.02
5.38 r 0.02

2.04
2.04
2.O4
2.O4
2.04
2.04
2.04
2.04
2.O4
2.04
2.O4
2.04
2.O4
2.04
1.63
1.63
1.63
1.63
1.63
1.63
1.63
1.43
1.43
1.43
1.43
1.43
't.43
1.43
1.43
1.43
"t.43
1.43
1.43
't.43
1.43
1.43
1.43
1.22
't.22
'1.22
't.22
1.22
1.22
1.22
1.22
1.22
1.22
1.22
't.22
1.22
1.02
1.O2

'1 .02
0.204
o.204
o.2M
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Figure 4.10: Electric freld strength against applied currcnt densrty for magnesium anodized in sodium
hydroxide solutio;n
Magnesium anodized in 3 mol dm-3 NaOH. Applied current density ranges from 204 A m'2 to 20400 A m-2.
Resuftant electric field ranges between (0.84 * 0.02) x 10s V m-1 and (42.1r 0.6) x108 V mi. No linear or
exponential conelation seen between applied cunent densig and resultant elecbic field strength.
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Table 4.12: Magnesium anodized in fluoide-containing solution
Magnesium anodized in 3 moldm-3 NaOH + 0.05 moldm-3 NaF.

current density
/ 103 A m-2

electric field strength
/108Vm{

cunent density
/ 103 A m-2

eleclric field strength
/108Vmr

slope
/Vs{

slope
/Vs{

1.O2
1.O2
1.02
1.02
0.816
0.816
0.816
0.816
0.612
0.408
0.408
0.408
0.408
0.408
0,306
0.306
0.306
0.306
0.306
0.306
0.306
0.306

0.306
0.306
0.204
0.204
o.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.163
0.163
0.143
0.143
0.143
0.143
0j22
0.102

384 r5
102.0 r 0.3
92.2 * 0.3
80.9 * 0.2
72.7 * 0.2
43.2 * 0.2
24.6 t 0.1
3.78 * 0.02
52.2 t 0.1
36.0 t 0.2
26.2 * 0.1
25.76 i 0.05
13.27 * 0.04
12.10 i 0.03
42.3 r 0.3
32.2 t 0.2
27.7 * 0.2
25.41 r 0.09
23.8 *. O.2
21.5 * 0.1
21.38 r 0.04
19.7 r 0.1

64.5 i 0.8
17.14 i 0.05
15.49 r 0.05
13.59 * 0.03
15.27 r, O.O4

9.07 r 0.04
5.17 * 0.02
0.794 r 0.004
14.62 r 0.03
15.12 * 0.08
11.00 * 0.04
'to.82 * 0.02
5.57 n 0.02
5.08 r 0.01
23.7 * 0.2
18.0 i 0.1
15.5 r 0.1
14.23 r 0.05
13.3 r 0.1
12.04 * 0.06
11.97 r 0.02
11.03 * 0.06

15.5 r 0.1
12.53 * 0.03
19.6 r 0.1
19.4 r 0.1
19.38 * 0.09
12.7 *, O.2
11.75 r 0.04
1',1.41 * 0.03
11.22 * 0.03
10.90 r 0.02
10.87 * 0.07
8.26 r 0.02
8.17 * 0.02
7.24 r 0.01
5.989 r 0.007
15.7 *,0.2
8.80 r 0,06
4.59 r 0.01
4.106 r 0.005
3.472 r 0.004
2.722 * 0.003

8.68 r 0.06
7.O2 i 0.02
16.46 r 0.08
16.30 r 0.08
16.28 r 0.08
10.7 t O.2
9.87 * 0.03
9.58 r 0.03
9.42 * 0.03
9.16 i 0,02
9.13 r 0.06
6.94 * 0.02
6.86 r 0.02
7.60 * 0.01
6.288 * 0.007
18.8 r,0.2
10.56 * 0.07
5.51 r 0.01
4.927 r 0.006
4.861 r 0.006
4.573 * 0.005

-r- 50
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Figure 4.11: Electric field strcngth against applied current density for magnesium anodized in fluoride-
containing solution
Magnesium anodized in 3 mol dm-3 NaOH plus 0.05 mol dm-3 NaF. Applied current density ranges ftom
102 A m-2 to 1020 A m-2. Resultant electric field ranges between (0.794 r 0.004) x 10s V m'l and
(64.5 t 0.8) x108 V m-l. No linear or exponential correlation seen between applied current density and
resultant electric field strength.
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Table 4.13: Magnesium anodized in phosphate-containing sotution
Magnesium anodized in 3 moldm-3 NaOH + 0.05 moldm€ NaNHoHpOr.

current density
/ 103 A m'2

electric field strength
/ 108 V m-l

current density
/ 103 A m-2

electric field strength
/108Vm{

slope
/Vsi

slope
/Vsj

2.04
2.O4
2.O4
2.04
2.04
2.04
2.04
2.O4
0.816
0.816
0.612
0.510
0.510
0.469
0.469
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.388
0.367
0.347
o.327

0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.286
0.204
o.204
0.204
o.204
0.204
0.204
o.204
0.204
o.204
0.204
0.204
0.204
0.204
0.204
o.204

515 *9
171 *1
134.6 r 0.7
109.4 r 0.6
86.7 r 0.5
70 rl
67.4 r 0.4
62.1 * 0.3
400 *.4
57.7 * 0.1
51.7 * 0.2
55.70 * 0.09
52.6 i 0.1
14.71 * 0.03
8.91 r 0.02
37.9 r 0.2
31.9 * 0.1
28.04 r 0.07
23.0 r 0.1
22.48 r 0.09
22.44 * 0.03
18.84 r 0.M
15.76 I 0.02
6.70 r 0.02
6.22 r 0.01
9.58 n 0.02
7.927 * 0.009
5.535 * 0.005
4.252 * 0.004

43.3 r 0.8
14.36 r 0.08
11.31 r 0.06
9.19 * 0.05
7.28 * 0.04
5.88 * 0.08
5.66 r 0.04
5.22 r 0.03
84.0 * 0.8
12.12 *. O.O2

14.48 r 0.06
18.71 * 0.03
17.67 t O.O4

5.37 t 0.01
3.254 r 0.007
15.92 r 0.08
13.40 r 0.04
11.78 r 0.03
9.66 n 0.04
9.44 * 0.04
9.42 r 0.01
7.91 * 0.02
6.619 t 0.008
2,814 n 0.008
2.612 r 0.004
4.235 * 0.009
3.699 r 0.004
2.735 t 0.003
2.232 r 0.002

37.5 * 0.3
35.2 * 0.3
25.16 * 0.04
21.0 r.0.2
19.65 * 0.08
16.03 n 0.08
'12.87 n 0.02
9.63 r 0.02
7.665 i 0.008
7.663 r 0.006
7.468 * 0.007
4,646 * 0.009
2.140 * 0.002
10.87 r 0.04
10.63 * 0.05
9.65 r 0.04
8.79 r 0.06
8.60 * 0.03
8.34 r 0.03
7.98 r 0.01
7.94 i 0.02
5.09 r 0.01
4.026 * 0.009
3.67'l r 0.007
3.509 r 0.007
3.075 * 0.004
3.051 * 0.004
2.630 r 0.004

21.O x 0.2
19.7 * 0.2
14.09 * 0.02
11.8 * 0.1
11.00 r 0.04
8.98 r 0.04
7.21 r 0.01
5.39 * 0.01
4.292 r 0.005
4.291 * 0.003
4.182 r 0.004
2.602 * 0.005
1.284 * 0.001
9.13 r 0.04
8.93 * 0.04
8.11 i 0.04
7.38 r 0.05
7.22 r 0.03
7.01 r 0.03
6.703 r 0.008
6.67 * 0.02
4.276 r 0.008
3.382 * 0.008
3.084 r 0.006
2.548 r 0.006
2.583 r 0.003
2.563 r 0.003
2.209 r 0.003
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Figure 4.12: Etecticrietd strensth 
"nr,riilioil;:r:tr:::;;*rormagnesium 

anodized in phosphate-
containing solution
Magnesium anodized in 3 mol_dm-3 NaOH plus 0.05 mol dm'3 NaNHoHPOo. Applied current density ranges
from2O4 A m-2 to 2O4O A m-2, Resultant electric field ranges between (1.284 * 0.001) x 108 V m'1 and
(21.0 t 0.2) x10E V m-1. No linear or exponential correlation seen between applied current density and
resultant electric field strength.
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Table 4.14: 2A123 anodized in sodium hydroxide solution
2A123 anodized in 3 moldm-3 NaOH.

current density
/ 103 A m-2

electric field strength
/108Vm{

current density
/ 103 A m-2

elec{ric field strength
/ 108 V m-1

slope
/Vs-t

slope
/Vst

1.02
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.612
0.612
0.612
0.612
0.612
0.612
o.612
0.612
0.612
0.612
0.612
0.612
o.612
o.612
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408

0.408
0.408
0.408
o.204
o.204
0.204
0.204
o.204
0.204
0.204
0.204
o.204
0.204
o.2M
0.204
0.204
o.204
0.204
0.204
0.204
4.204
0.204
o.204
0.204
0.204
0.204
0.204
0.2M
0.163
0.163
0.163
0.163
0.143
0.143
0.143
0.143
0.143
0.'t22
0.102
0.102

83.8 r 0.3
309 r1
237.7 * 0.9
153.1 i 0.9
107.8 r 0.3
99.6 r 0.3
97.0 *. O.2
86.1 r 0.3
85.2 * 0.3
80.8 r 0.2
66.51 t 0.08
57.6 * 0.1
56.92 r 0.07
41.8 r 0.2
40.99 * 0.05
26.95 * 0.08
25-2 r 0.2
63.3 r 0.3
53.7 r 0.1
47.1 r 0.'l
42.28 * 0.07
37.6 r 0.2
36.4 * 0.1
34.32 r 0.04
33.49 r 0.05
32.9 r 0.1
30.74 r 0.04
29.7 r 0.1
25.53 * 0.03
19.68 r 0.02
11.70 r 0.06
34.3 r 0.1
31.68 * 0.04
23.98 r 0.07
23.39 r 0.04
23.20 r 0.05
20.63 r 0.02
20.09 f 0.04
17.74 f 0.04
17.49 i 0.06

13.82 * 0.05
63.7 t 0.2
49.0 *.0.2
31.6 *, O.2
22.22 f 0.06
20.53 * 0.06
19.99 r 0.04
'17.75 r 0.06
17.56 r 0.06
16.65 r 0.04
13.71 r 0.02
'11.87 r 0.02
11.73 * 0.01
8.62 r 0.04
8.45 n 0.01
5.55 r 0.02
5.19 r 0.04
17.40 r 0.08
14.76 r 0.03
12.94 i 0.03
11.62 i 0.02
10.33 r 0.06
10.00 * 0.03
9.43 r 0.01
9.20 r 0.01
9.04 r 0.03
8.45 r 0.01
8.16 r 0.03
7.016 r 0.008
5.409 r 0.006
3.22 * 0.02
14.14 r 0.04
13.06 * 0.02
9.89 r 0.03
9.64 r 0.02
9.56 r 0.02
8.504 r 0.008
8.28 r 0.02
7.31 r 0.02
7.21 r 0.02

12.42 * 0.06
8.11 i 0.03
2.303 r 0.005
13.88 * 0.05
13.2 r 0.1
12.97 * 0.03
10.85 n 0.05
10.44 r 0.03
9.92 r 0.04
9.59 r 0.03
9.57 r 0.04
9.23 * 0.04
9.19 r 0.04
9.11 r 0.05
9.06 x 0.02
9.05 r 0.04
8.77 r 0.03
8.47 * 0.03
7.985 r 0.005
7.80 r 0.01
7.64 r 0,03
7.16 n 0.01
6.816 r 0.007
6.513 * 0.007
6.357 r 0.004
6.068 * 0.005
5.469 r 0.006
2.096 * 0.006
15.67 r 0.05
6.808 * 0.003
5.99 r 0.02
5.056 r 0.003
14.O * 0.1
7.62 * 0.03
5.517 * 0.007
5.09 * 0.05
4.292 r 0.003
2.800 * 0.002
2.166 n 0.003
'1.705 * 0.002

5.12 r 0.02
3.34 r 0.01
0.949 r 0.002
'11.44 * 0.04
10.88 r 0.08
10.69 r 0.02
8.95 * 0.04
8.61 * 0.02
8.18 * 0.03
7.91 * 0.02
7.89 r 0.03
7.61 * 0.03
7.58 r 0.03
7.51 r 0.04
7.47 n 0.02
7.46 n 0.03
7.23 * 0.02
6.98 * 0.02
6.583 r 0.004
6.431 r 0.008
6.30 r 0.02
5.903 r 0.008
5.620 * 0.006
5.370 * 0.006
5.241 * 0.003
5.003 r 0.004
4.509 i 0.005
1.728 * 0.005
16.15 r 0.05
7.016 r 0.003
6.17 r 0.02
5.211 r 0.003
16.5 r 0.1
8.97 * 0.04
6.498 r 0.008
6.00 r 0.06
5.055 r 0.004
3.848 r 0.003
3.572 r 0.005
2.811 * 0.003
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Figure 4.13 Electricfteld strength agatnstapplied cunentdensityforAl2S anodEed in sdium hydroxide
solution
Z.A123 anodized in 3 mol dm'3 NaOH. Applied cunent density ranges from 1 02 A m-z to 1020 A m-2. Resultiant
electricfield ranges between (0.949 t 0.002) x 108V m{ and (63.7 t0.2) x108V m{. No linearorexponential
conelation seen between applied curent density and resultant electric field strength.
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Table 4.15: 4123 anodized in fluoride-containing solution
2A123 anodized in 3 moldm-3 NaOH + 0.05 motdm-3 NaF.

current density
/ 103 A m-2

eleclric field strength
/ 108 V m'l

current density
/ 103A m-2

electric field strength
/108Vmr

slope
/Vs-l

slope
/Vs{

0.816
0.204
0.184
0.163
0.163
0.163
0.163
0.163
0.163
0.163
0.163
0.163
0.163
0.143
0.122

33.24 r 0.08
38.44 r 0.05
31.70 r 0.04
27.26 * 0.03
2s.63 r 0.08
23.03 n 0.07
21.67 * 0.09
20.21 r 0.06
18.96 t 0.02
18.34 * 0.07
18.23 r 0.06
16.50 r 0.02
14.30 * 0.02
21.21 r 0.02
15.63 * 0.01

6.85 r 0.02
31.69 r 0.04
29.04 i 0.04
28.09 * 0.03
26.41 n 0.08
23.73 r 0.07
22.33 r 0.09
20.83 I 0.06
19.54 r 0.02
'18.90 r 0.07
18.79 r 0.06
17.OO i 0.02
14.74 *, O,O2

24.98 *. O.O2

21.49 * 0.01

12.90 r 0.01
15.55 r 0.04
10.65 r 0.08
9.39 r 0.03
8.79 * 0.02
8.66 r 0.02
8.36 * 0.04
7.69 * 0.01
6,843 * 0.005
6.73 r 0.02
4.79 r 0.01
5.458 * 0.008
4.822 * 0.007
3.031 r 0.008
2.253 r 0.002

21.27 *, O.O2

32.05 * 0.08
21.95 * 0.29
19.35 r 0.06
18.12 * 0.04
17.85 r 0.04
17.23 * 0.08
15.85 * 0.02
14.10 * 0.01
13.87 r 0.04
9.88 I 0.02
15.00 * 0.02
13.25 * 0.02
10.00 r 0.03
7.430 r 0.007

o.102
0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0612
0.0612
0.0510
0.0510
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Figure 4.14:
solution

Electic field strength against applied cunent density for 4123 anodized in fluoride-containing

2A123 anodized in 3 mol dm-3 NaOH plus 0.05 mol dm-3 NaF. Applied current density ranges ftom 51 A m-2
to 816 A m-2. Resultant electricfield ranges between (6.S5 r 0.02) x 108V m-l and (32.05 r O.O8) x108V m{.
No linear or exponential conelation seen between applied curent density and resultant electric field strength.
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Table 4.16: 2A123 anodized in phosphate-containing solution
7A123 anodized in 3 moldm-3 NaOH + 0.0S moldm-3 NaNHoHpOo.

current density
/ 103 A m-2

electric field strength
/10EVm{

current density
/ 103 A m-2

elec{ric field strength
/108Vm{

slope
/Vs-l

slope
/Vs-1

2.45
2.24
2.04
'1.84
1.63
1.43
1.22
1.22
1.02
1.02

1189 *,4
1215 r 3
951 *.4
732 *3
559 *,2
478 rl
326.9 * 0.9
242 +1
146.4 r 0.6
133 x2

81.7 * 0.3
91.1 x O.2
78.4 i 0.3
67.1 r 0.3
57.6 r 0.2
56.3 r 0.1
44.9 * 0.1
33.3 r 0.1
24j * 0.1
21.9 r 0.3

116.0 r 0.8
121.5 * 0.7
92 t2
57.0 *.0.7
48.5 r 0.6
'13.27 r 0.05
52.4 r 0.8
43.9 r 0.6
3.07 r 0.01
13.7 r 0.2

19.1 r 0.1
25.0 i 0.1
19.0 r 0.4
15.7 * O.2
13.3 * 0.2
3.65 r 0.01
21.6 * 0.3
18.1 *,0.2
1.266 r 0.004
11.3 *, 0.2

1.O2
0.816
0.816
0.612
0.612
0.612
0.408
0.408
0.408
0.204
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Figure 4.15: Electric field strength against applied current density for 2A123 anodized in phosphate-
containing solution
2A123 anodized in 3 mol dm 3 NaOH plus 0.05 mol dm-3 NaNHoHPOo. Applied current density ranges
trom 204 A m-2 to 2450 A m'2. Resultant electric field ranges befween (1.266 n 0.004) x 108 V m'l and
(91.1 t 0.2) x108V mr.

slope = 3.97 x 10P V A'i m

intercept=€.4x10aVm'
rt = 0.904
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Table 4.17: AM60 anodized in sodium hydroxide solution
AM60 anodized in 3 moldm'3 NaOH.

current density
/ 103 A m-2

electric field strength
/108Vmi

current density
/ 103 A m'2

electric field strength
/ 108 V m-t

slope
/Vs{

slope
/Vsr

3.27
2.04
2.O4
1.84
1.63
1.43
1.23
1.O2
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.612
0.612
o.612
0.612
0.612
0.612
0.612
0.612

0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
o.204
o.204
0.204
0.204
0.204
0.204
o.204
o.204
0.184
0.163
0.143
0.'t22
0.102
0.0816

1500 *,40
220 *1
'119.7 r 0.7
157.7 r 0.6
206.3 r 0.8
284 !,2
282 x2
251 *1
211 i1
83.6 * 0.3
82j r 0.5
78.4 * 0.3
77.4 r 0.2
74.2 n 0.3
51.0 r 0.1
153.8 r 0.8
50.8 * 0.1
47.7 *, O.2
37.6 *,0.2
34.6 * 0.1
31.01 r 0.04
27.45 * 0.06
24.89 r 0.05

78 *,2
18.36 * 0.08
9.99 r 0.06
14.62 * 0.06
21.52 r 0.08
33.9 *.0.2
39.2 r 0.3
41.9 t 0.2
44.O * 0.2
17.44 *.0.06
17.1 r 0.1
16.35 r 0.06
16.14 r 0.04
15.48 r 0.06
10.64 r 0.02
42.8 *,0.2
't4.13 r 0.03
13.27 r 0.06
10,46 r 0.06
9.62 r 0.03
8.62 r 0.01
7.63 i 0.02
6.92 * 0.01

74.5 * 0.2
32.2 r 0.1
30.07 * 0.07
23.20 * 0.06
19.49 *. O.O2
18.43 * 0.03
17.22 r 0.03
13.43 r 0.03
17.85 r 0.02
14.91 n 0.06
9.94 r 0.03
8.70 r 0.03
8.53 r 0.04
5.237 i 0.007
4.920 r 0.008
4.72 r 0.01
14.431 r 0.008
12.065 r 0.005
8.624 r 0.004
6.066 * 0.005
2.517 r 0.004
0.848 i 0.001

31.08 * 0.08
13.43 r 0.04
12.54 r 0.03
9.68 * 0.03
8.131 r 0.008
7.69 n 0.01
7.18 r 0.01
5.60 r 0.01
14.89 * 0.02
12.44 x O.O5
8.29 r 0.03
7.26 r 0.03
7.12 r 0.03
4.370 r 0.006
4.105 r 0.007
3.938 r 0.008
13.378 r 0.007
12.583 * 0.005
10.275 + 0.005
8.435 r 0.007
4.200 * 0.007
1.769 r 0.002

70

Eeo
@o:so
.c
E)
E
{)
:,40g
o
.9 so
og
o

) 500 1000 1500 2000 2500 3000 3500

applied cunent density / 103 A m-2

Electricfield strength against applied currentdensityforAM60 anodized in sodium hydroxideFigure 4.16:
solution
AM60 anodized in 3 mol dm-3 NaOH. Applied current density ranges from 81.6 A m-2 to 3060 A m-2. Resultant
electric field ranges between (1.769 t 0,002) x 108 V m-l and (78 t 2l x108 V mi. No linear or exponential
correlation seen between applied cunent density and resultant electric field strength.
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Table 4.18: AM60 anodized in fluoride-containing solution
AM60 anodized in 3 moldm'3 NaOH + 0.05 moldm-3 NaF.

current density
/ 103 A m-2

eledric field strength
/108Vmi

current density
/ 103 A m-2

electric field strength
/ 108 V m-t

slope
/Vs{

slope
/V s{

2.O4
1.22
't.02
0.816
0.612
0.408
0.408
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.306
0.286
0.265
0.245
0.225
o.204
0.204
0.204
o.204

0.204
0.204
o.2M
0.184
0.163
0.163
0.163
0.163
0.163
0.163
0.163
0.143
0.143
0.143
0.143
0.143
0.143
o.122
0.102
0.0816
0.0612
0.0408

53.2 r 0.2
105.2 r 0.7
138.7 r 0.9
102.3 r 0.6
71.5 f 0.3
42.5 t O.2
39.1 * 0.1
57.1 r 0.2
56.8 * 0.3
54.9 r 0,2
54.5 r 0.2
37.9 r 0.1
27.93 r 0.04
27.83 r 0.03
20.87 r 0.07
34.98 * 0.04
31.37 t 0.03
27.50 r 0.04
22.00 r 0.02
27.95 * 0.06
27.1 r 0.1
23.68 * 0.07
21.09 r 0.08

4.44 * 0.02
14.6 n 0.1
23.1 *.0.2
2',1.3 * 0.1
19.89 * 0.08
17.90 r 0.08
16.31 t 0.04
31.8 r 0.1
31.6 t 0.2
30.5 r 0.1
30.3 n 0.1
21.08 * 0.06
15.54 i 0.02
15.48 t 0.02
11.61 r 0.04
20.85 * 0.02
20.13 * 0.02
19.12 r 0.03
16.69 * 0.02
23.32 r 0.05
22.61 r 0.08
19.76 * 0.06
17.60 r 0.07

17.39 r 0.05
16.57 r 0.03
11.86 i 0.01
14.48 i 0.01
17.25 r 0.08
13.26 * 0.07
12.07 t 0.05
11.10 * 0.04
10.674 i 0.008
10.65 r 0.05
10.50 r 0.06
16.77 r 0.06
10.89 r 0.04
10.469 r 0.008
8.71 * 0.01
8.52 r 0.02
7.60 * 0.04
7.199 i 0.004
5.537 * 0.005
2.551 * 0.002
1.297 i 0.001
0.3335 r 0.0006

14.51 r 0.04
13.83 r 0.03
9.895 n 0.008
13.424 * 0.009
17.99 r 0.08
13.83 r 0.07
12.59 * 0.05
11.58 i 0.04
11j32 * 0.008
11.11 r 0.05
10.95 r 0.06
19.99 r 0.07
12.98 r 0.05
12.48 t 0.01
10.38 * 0.01
10.16 r 0.02
9.06 * 0.05
10.011 i 0.006
9.240 * 0.008
5.321 i 0.004
3.607 * 0.003
1.391 * 0.003
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Figure 4.17:
solution

Hectic field strenglh against applied cunent density for AM60 anodized in fluoid*containing

AM60 anodized in 3 mol dm-3 NaOH plus 0.05 mol dm'3 NaF. Applied current density ranges from 40.8 A m-2
to 2040 A m-2. Resultant electric field ranges between (1 .391 t 0.003) x 108 V m{ and (31 .8 i 0.1) x108 V m{.
No linear or exponential conelation seen between applied cunent densig and resultant electric field strength.
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Table 4.19: AM60 anodized in phosphate-containing sotution
AM60 anodized in 3 moldm-3 NaOH + 0.0S moldm-3 NaNHoHpOr.

current density
/ 103 A m-2

electric field strength
/108vmr

cunent density
/ 103 A m'2

electric field strength
/ 108 V m-1

slope
/Vs{

slope
/Vs{

2.041
2.041
0.816
0.816
0.612
0.408
0.306
0.286
0.265
0.265
0.265
0.265
0.265
0.265
0.265
0.245
0.245
o.245
o.245
o.245
o.245
0.245
0.225
4.204

0.184
0.163
0.143
0.143
0.143
0.143
0.143
0.143
0.143
0.122
0.122
o.122
o.122
0.122
0.122
0.122
o.'t22
0.122
0.122
0.102
0.0816
0.0816
0.0816

920 * 10
466 t4
282 *3
215 rl
205 *,2
90.5 * 0.4
38.92 * 0.07
35.72 f 0.05
63.0 *. O.2
49.5 r 0.3
44.7 r 0.3
36.62 r 0.09
30.3 * 0.1
29.23 * 0.04
18.45 r 0.03
43.6 x 0.2
42.4 r 0.1
42.O * 0.1
32.1 r 0.1
25.38 * 0.03
22.13 * 0.05
21.87 i 0.04
15.55 t 0.01
13.12 r 0.01

76.8 r 0.8
38.9 r 0.3
58.8 * 0.6
M.8 t0.2
57.0 r 0.6
37.8 i 0.2
21.65 * 0.04
21.29 r 0.03
40.4 r 0.1
31.8 t 0.2
28.7 t O.2
23.s0 r 0.06
19.45 * 0.06
18.76 i 0.03
11.84 t 0.02
30.3 r 0.1
29.48 i 0.07
29.20 r 0.07
22.32 t 0.07
17.65 r 0.02
15.39 r 0.03
'15.2'l n 0.03
11.795 r 0.008
10.947 r 0.008

9.449 i 0.006
7.151 * 0.004
'18.2 r 0.1
17.38 r 0,05
15.86 * 0.03
12.99 r 0.06
9.81 * 0.01
7.508 r 0.006
5.358 r 0.008
14.45 r 0.05
14.25 i 0.08
13.65 r 0.03
10.32 * 0.05
7.702 n 0.009
4.737 * 0.007
2.910 * 0.005
1.769 r 0.002
1.539 r 0.005
1.0611 i 0.0009
0.698 * 0.001
2.09 r 0.01
0.905 n 0.006
0.4203 r 0.0009

8.760 r 0.006
7.458 r 0.004
21.7 r 0.1
20.72 r 0.06
18.90 * 0.04
15.48 * 0.07
11.69 * 0.01
8.949 r 0.007
6.39 * 0.01
20.09 r 0.07
19.8 r 0.1
18.98 r 0.04
14.35 r 0.07
10.71 i 0.01
6.59 * 0.01
4.047 r 0.007
2.460 r 0.003
2.',t40 r 0.007
1.476 * 0.001
1.165 r 0.002
4.36 r 0.02
1.89 i 0.01
0.877 r 0.002
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Figure4.18: Electric field strength against applied cunent density for AM60 anadized in phosphate-
containing solution
AM60 anodized in 3 mol d1-t ttaOH plus 0.05 mol dm-3 NaNHoHPOo. Applied current density ranges from
81.6 A m-2 to 2040 A m-2. Resultant electric field ranges U'etwedn @.877 r 0.002) x 108 V m{ and
(76.8 t 0.8) x108 V m-l. No linear or exponential correlation seen between applied current density and
resultant electric field strength.
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Table 4.20: AZgl anodized in sodium hydroxide solution
AZ91 anodized in 3 moldm-3 NaOH.

current density
/ 103 A m-2

electric field strength
/ 108 v m-r

current density
/ 103 A m-2

elec{ric field strength
/108Vmr

slope
/Vs-l

slope
/Vs{

2.O4
2.04
2.04
2.04
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0,816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.8'16
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.612
4.ilz
o.6't2
0.612
o.612
o.612

249 *.2
217 11
106.8 r 0.5
95.7 r 0.8
279 *3
192 t2
165.3 r 0.5
137.5 r 0,6
125.4 r 0.7
117.7 r 0.7
'112.9 r 0.5
103.3 r 0.4
103.0 * 0.1
102.3 * 0.4
100.6 * 0,2
97.9 r 0.1
96.5 *,0.2
96.0 r 0.2
95.6 i 0.3
94.4 r 0.1
92.7 r 0.1
92.6 r 0.1
89.6 r 0.3
89.0 * 0.5
86.2 t 0.2
84.9 t 0.2
73.6 * 0.3
73.1 r 0.2
72.2 t 0.2
71.7 * 0.2
71.3 * 0.3
71.0 * 0.2
68.8 r 0.2
68.7 *.0.2
61.8 t 0.2
61.0 r 0.8
59.0 i 0.4
59.0 r O.2
57.66 r 0.08
57.5 i 0.1
57.4 * 0.3
56.5 r 0.1
56.00 r 0.01
56.0 r 0.'t
55.0 f 0.1
52.8 r 0.2
52.3 r 0.1
52.1 r 0.2
51,9 * 0.1
51.5 r 0.1
51.2 x 0.2
50.2 * 0.1
49.9 x 0.2
49.4 *, O.2
40.3 * 0.1
29.5 * 0.6
157.9 * 0.8
126 14
120 i1
117.O i 0.8
111 r1
'107.4 r 0.5

20.7 r 0.2
18.00 * 0.08
8.86 i 0.04
7.94 r 0.07
57.8 * 0.6
39.8 r 0.4
34.3 * 0.1
28.5 r 0.1
26.0 r 0.1
24.4 i 0.1
23.4 r 0.1
2'1.42 +,0.08
21.36 n 0.02
21.21 r 0.08
20.86 r 0.04
20.30 r 0.02
24.01 r 0.04
19.91 r 0.04
19.82 t 0.06
19.57 r 0.02
't9.22 r 0.02
19.20 r 0.02
18.58 i 0.06
18.5 r 0.1
'17.87 r 0.04
17.60 r 0.04
15.26 * 0.06
15.16 r 0.04
14.97 r 0.04
14.87 r 0.04
't4.78 * 0.06
14.72 r 0.04
14.27 r 0.04
'14.24 * 0.04
12.81 * 0.04
12.6 r 0.2
12.23 r 0.08
12.23 *. O.04
1 1.95 r 0.02
1'1.92 * 0,02
11.90 t 0.06
1't.7't r 0.02
11.611 * 0.002
11.61 t 0.02
11.40 * 0.02
10.95 r 0.04
10.84 * 0.02
10.80 i 0.04
10.76 i 0.02
10.68 i 0.02
10.62 r 0.04
10.41 n 0.02
10.35 i 0.04
10.24 r 0.04
8.36 *. O.O2

6.1 * 0.1
43.7 x 0.2
35 11
33.2 r 0.3
32.3 r 0.2
30.7 * 0.3
29.7 i 0.1

102.8 * 0.3
94.1 f 0.6
85.0 * 0.2
83.2 r 0.2
81.5 * O.2
80.4 *.0.2
79.6 * 0.3
78.9 *. O.2
76.8 r 0.1
73.4 i 0.2
72.9 r 0.1
72.3 * 0.2
71.2 * 0.2
64.8 *. O.2
64.7 * 0.2
64.3 r 0.1
63.8 * 0.1
61.8 r 0.3
61.6 r 0.1
60.46 * 0.06
55.5 r 0.1
55.25 r 0.05
54.6 r 0.6
52.0 *. O.2
50.7 r 0.1
49.0 r 0.1
48.2 r 0.1
47.7 *, 0.2
47.39 r 0.08
46.4 r 0.1
46.37 r 0.09
45.80 i 0.09
45.5 * 0.2
45.3 t 0.2
45.16 r 0.07
44.19 i 0.05
41.2 r 0.1
41.0 r 0.1
40.86 r 0.07
40.16 * 0.08
36.57 * 0.09
35.8 i 0.1
31.87 * 0.08
't2.17 r 0.06
85.9 * 0.4
65.5 r 0.2
59.4 * 0.2
58.2 r 0.1
57.4 * 0.1
56.3 r 0.3
54.5 * 0.1
50.6 r 0.2
50.6 r 0.1
47.5 * 0.1
44.2 r 0.1
44.O n 0.1
42.83 r 0.07
42.60 r 0.08
41.0 *.0.2
40 11
35.7 * 0.1
32.3 r 0.2

28.42 * 0.08
26.0 * O.2
23.50 r 0.06
23.00 r 0.06
22.53 i 0.06
22.23 t 0.06
22.0'l r 0.08
21.81 r 0.06
21.23 r 0.03
20.29 r 0.06
20.15 * 0.03
19.99 r 0.06
19.68 r 0.06
17.91 r 0.06
17.89 * 0.06
17.78 r 0.03
17.64 r 0.03
17.09 * 0.08
17.03 r 0.03
16.71 r 0.02
15.34 r 0,03
15.27 r 0.01
15.1 ,0.2
14.38 * 0.06
14.02 r 0.03
13.55 r 0.03
13.33 * 0.03
13.19 r 0.06
13.10 i 0.02
12.83 r 0.03
12.82 r 0.02
12.66 n 0.02
12.58 r 0.06
12.52 r 0.06
't2.48 r 0.02
12.22 t 0.01
11.39 r 0.03
1 1.33 * 0.03
11.30 i 0.02
11.10 * 0.02
10.11 i 0.02
9.90 * 0.03
8.81 t 0.02
3.36 r 0.02
35.6 r 0.2
27.16 * 0.08
24.63 r 0.08
24.'13 r 0.04
23.80 * 0.04
23.3 * 0.1
22.60 * 0.04
20.98 * 0.08
20.98 * 0.04
1S.70 r 0.04
18.33 r 0.04
18.?5 * 0.M
17.76 r 0.03
'17.67 i 0.03
17.00 r 0.08
'16.59 r 0.4
14,80 * 0.04
13.39 * 0.08

0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
o.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
o.6't2
0.612
0.612
0.612
0.612
0.612
0.612
o.612
0.6't2
0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.612
o.612
0.612
0.612
0.612
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408

Table 4.20 continued over pags
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Table 4.20 (cont.): AZgl anodized in sodium hydroxide sotution

current density
/ 103 A m-2

electric field strength
/108Vm{

current density
/ 103 A m-2

electric field strength
/ 108 V m-r

slope
/Vsj

slope
/Vs-r

0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.204
0.204
0.204
o.204
4.204
0.204
o.204
o.204
o.204
o.204
o.204
0.204
0.244
0.204
0.204
0.204
0.204
o.204
0.204
o.204
o.204
0.204
o.204
o.204
0.204
0.204
0.204
o.204
0.204
0.204
0.204
o.204

o.204
o.204
0.204
0.204
0.204
0.204
0.204
o.204
0.204
0.204
0.204
0.204
o.204
o.204
o.204
0.204
0.204
0.204
0.204
0.204
o.204
0.204
0.204
0.204
0.204
o.204
0.204
o.204
0.204
0.204
0.204
o.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
0.204
o.204
0.204
0.204
0.204
0.244
0.204
o.204
o.204
0.204
0.204
0.204
o.204
0.204
o.204
0.204
0.204
0.204
0.204
o.204
0.204
0.204
0.204

30.7 i 0.1
30.51 r 0.09
30.40 r 0.09
29.42 r 0.08
29.40 t 0.05
28.25 r 0.07
28.19 i 0.04
25.82 r 0.07
25.'lO * 0.03
25.08 r 0.03
25.06 r 0.04
24.80 r 0.06
23.82 r 0.06
23.32 * 0.03
23.19 * 0.06
22.57 r 0.05
22.3 r 0.3
22.24 r 0.05
21.95 r 0.04
2',1.1 r 0.1
20.96 * 0.05
20.38 r 0.05
19.94 r 0.04
19.89 r 0.05
19.16 r 0.06
18.4 * 0.2
16.70 r 0.02
15.81 * 0.05
13.34 i 0.05
13.10 * 0.06
12.06 * 0.03
2.184 r 0.004
128.6 r 0.5
63.1 r 0.2
44.78 * 0.07
41.3 i 0.1
37.25 r 0.06
33.7 r 0.1
32.8 t O.2
31.08 * 0.04
29.8 r 0.1
26.47 r 0.04
25.08 r 0.04
24.78 + 0.08
23.64 t 0.06
23.51 r 0.04
23.05 * 0.09
22.8 * 0.1
22.62 f 0.09
22.3 * 0.1
21.97 r 0.08
21.9 r 0.1
21.880 r 0.006
21.88 * 0.03
21.73 * 0.07
21.33 i 0.08
21.13 f 0.08
20.83 r 0.02
20.70 t 0.03
20.5',t r 0.03
19.8 r 0.1
19.73 t 0.02
19.44 r 0.08
19.34 r 0.07

12.73 * 0.04
12.65 r 0.04
12.61 * 0.04
12.20 * 0.03
12.19 * 0.02
11.71 r 0.03
11.69 r 0.02
10.71 r 0.03
10.41 r 0.01
10.40 r 0.01
10.39 n 0.02
10.28 n 0.02
9.88 r 0.02
9.67 n 0.01
9.62 r 0.02
9.36 * 0.02
9.2 r 0.1
9.22 t 0.02
9.10 r 0.02
8.75 r 0.04
8.69 n 0.02
8.45 r 0.02
8.27 r 0.02
8.25 r 0.02
7.95 r 0.02
7.63 r 0.08
6.925 i 0.008
6.56 t 0.02
5.53 r 0.02
5.43 r 0.02
5.00 * 0.01
0.906 r 0.002
106.7 i 0.4
52.3 t 0.2
37.14 n 0.06
34.25 t 0.08
30.89 r 0.05
27.95 r 0.08
27.2 *,0.2
25.78 r 0.03
24.72 r 0.08
21.95 r 0.03
20.80 i 0.03
20.55 r 0.07
19.61 r 0.05
19.50 r 0.03
19.',12 r 0.07
18.91 I 0.08
18.76 r 0.07
18.50 * 0.08
18.22 *.0.07
18.16 r 0.08
18.'147 r 0.005
18.15 r 0.02
18.02 r 0.06
17.69 r 0.07
17.52 r 0.07
17.28 r 0.02
17.17 i 0.02
17.01 * 0.02
16.42 r 0.08
16.36 r 0.02
16j2 n 0.07
16.04 r 0.06

19.22 r 0.04
19.2'l r 0.08
19.21 r 0.05
18.68 r 0.04
18.33 r 0.06
18.3 r 0.1
18.04 * 0.06
17.72 r 0.05
17.5 r 0.1
17.36 r 0.08
17.22 * 0.06
17.20 r 0.04
17.12 * 0.09
17.O r 0.1
16.8 *. O.2
16.79 r 0.05
16.70 r 0.05
16.56 * 0.06
16.50 f 0.04
16.45 * 0.09
16.40 r 0.04
16.23 r 0.07
16.01 * 0.05
15.98 n 0.06
15.8 r 0.1
15.75 * 0.01
15.54 * 0.07
15.3 x O.2
14.85 * 0.05
14.83 * 0.07
14.83 * 0.08
14.8 r 0.2
14.71 r 0.05
14.42 r 0.01
14.42 r 0.02
'14.27 r 0.05
14.'14 r 0.04
13.49 n 0.08
13.46 * 0.09
13.37 r 0.03
13.10 * 0.09
12.8 r 0.4
12.79 r 0.04
12.45 r 0.01
12.428 n 0.008
12.284 f 0.008
10.24 f 0.06
9.180 * 0.009
8.64 * 0.06
8.43 r 0.02
8.284 n 0.007
7.06 n 0.01
6.64 r 0.02
6.42 * 0.01
6.27 * 0.03
6.08 r 0.01
5.76 * 0.01
5.33 r 0.02
4.455 r 0.008
4.1't r 0.01
3.95 r 0.07
3.05 r 0.04
2.221 r 0.006

15.94 r 0.03
15.93 * 0.07
15.93 * 0.04
15.49 i 0.03
15.20 r 0.05
15.18 * 0.08
14.96 r 0.05
14.70 * 0.04
14.51 r 0.08
14.40 r 0.07
14.28 * 0.05
14.27 r 0.03
14.20 r 0.07
14.10 r 0.08
13.9 *. O.2
13.93 * 0.04
13.85 t 0.04
13.73 r 0.05
13.68 * 0.03
13.64 * 0.07
13.60 i 0.03
13.46 * 0.06
13.28 r 0.04
13.25 r 0.05
13.10 r 0.08
13.063 * 0.008
12.89 i 0.06
12.7 x O.2
12.32 * 0.04
12.30 r 0.06
12.30 r 0.07
12.27 *,0.2
12.20 * 0.04
11.960 i 0.008
11.96 r 0.02
11.84 i 0.04
11.73 r 0.03
11.19 r 0.07
11.16 * 0.07
11.09 r 0.02
10.86 r 0.07
10.6 i 0.3
10.61 * 0.03
10.326 r 0.008
10.308 * 0.007
10.188 r 0.007
8.49 * 0.05
7.614 * 0.008
7.',17 * 0.05
6.99 r 0.02
6.871 r 0.006
5.855 t 0.008
5.51 * 0.02
5.325 i 0.008
5.20 * 0.02
5.043 r 0.008
4.777 r 0.008
4.42 r 0.02
3.695 * 0.007
3.409 r 0.008
3.28 r 0.08
2.53 r 0.03
1.842 * 0.005
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Figure 4.19: Electicfield strength againstapplied cunentdensityforAZgl anodized in sdium hydroxide
solution
AZ91 anodized in 3 moldm'3 NaOH. Applied currentdensity rangesfiom2}4Am-2 to 2O4O Am-2. Resuttant
electricfield ranges between (0.90610.002)x 108Vm{ and (106.7t 0.4) x108Vm-1. No linearorexponential
conelation seen between applied current density and resultant electric field strength.
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Table 4.21: AZ91 anodized in fluoride-containing solution
AZ91 anodized in 3 moldm'3 NaOH + 0.05 moldm-3 NaF.

current density
/ 103 A m-2

electric field strength
/108Vmr

current density
/ 103 A m-2

electric field strength
/ 108 V m-l

slope
/Vs{

slope
/Vsi

0.816
0.714
o.612
0.510
0.510
0.306
0.306
0.204
0.184
0.184
0.184
0.184
0.184
0.184
0.102
0.102
0.102
0.0816

0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0816
0.0612
0.0408
0.0408
0.0408
0.0306
0.0204
0.0204
0.0204
0.0102
0.0102
0.0102

93.9 * 0.4
153 rl
22.61 n 0.07
117.7 r 0.6
16.99 * 0.05
76.6 * 0.3
48.9 r 0.3
21.8 * 0.1
45.1 n 0.3
44.1 x O.2
38.8 r 0.2
38.7 r 0.4
31.2 r 0.1
29.78 r 0.06
14.85 * 0.03
14.11 * 0.08
11.93 r 0.05
16.29 r 0.06

19.47 i 0.08
36.3 *.0.2
6.25 * 0.02
39.0 r 0.2
5.64 r 0.02
42.4 r 0.2
27.04 t 0.O2
18.08 i 0.08
41.6 r 0.3
40.6 *. O.2
35.8 x 0.2
35.7 r 0.4
28.75 * 0.09
27.44 t 0.06
24.63 r 0.05
23.4 * 0.1
19.79 i 0.08
33,8 r 0.1

16.2 * 0.2
13.6 * 0.1
11.80 r 0.09
10.67 r 0.01
10.6 i 0.1
9.99 * 0.07
7.8 r 0.1
9.34 r 0.01
6.785 * 0.005
5.44 r 0.08
2.218 * 0.006
5.532 i 0.006
1.908 r 0.002
1.693 r 0.004
1.648 r 0.006
0.3810 r 0.0004
0.3025 r 0.0008
0.2919 * 0.0009

33.6 * 0.4
28.2 x 0.2
24.5 t O.2
22j2 r 0.02
22.0 *. O.2
20.7 * 0.1
16.2 * 4.2
25.82 r 0.03
28.14 * 0.02
22.6 r 0.3
9.20 r 0.02
30.59 r 0.03
15.82 r 0.02
14.04 * 0.03
13.67 * 0.05
6.320 r 0.007
5.02 * 0.01
4.84 r 0.01
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Figure 4.20:
solution

Electric field sfiength against applied cunent density for AZ91 anodized in fluoride-containing

AZ91 anodized in 3 mol dm-3 NaOH plus 0.05 mol dm-3 NaF. Applied current density ranges from 10.2 A m-2
to 816 A m-2. Resultant electric field ranges between (4.84 t 0.01) x 108 V m-1 and (42.4 r 0.2) x108 V m'l.
No linear or exponential corelation seen between applied current density and resultant electric field strength.
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Table 4.22: AZ91 anodized in phosphate-containing solution
AZ9lanodized in 3 moldm'3 NaOH + 0.05 moldm-3 NaNHoHpOo.

current density
/ 103 A m-2

electric field strength
/10svm{

current density
/ 103 A m-2

electric field strength
/ 108 V m-l

slope
/Vsr

slope
/Vs-l

0.816
0.816
0.816
0.612
0.612
0.612
0.408
0.408
0.408
0.245
o.245
0.245
o.245
0.245
0.245
0.204
0.184
0.184
0.184
0.184
0.184
0.184
0.184

0.184
0,184
0.184
0.163
0.143
0.122
0.102
0.102
0.102
0.102
0.102
o.102
0.102
0.102
0.102
0.102
0.102
o.102
0.102
0.0816
0.0612
0.0612
0.0408

94.1 * 0.2
51.1 r 0.1
50.0 * 0.1
136.5 r 0.8
28.1 * 0.5
15.05 r 0.07
134.3 r 0.9
19.4 n 0.1
2.775 i 0.006
37.6 r 0.3
21.2 r 0.1
21.16 * 0.05
18.'ll * 0.08
16.78 r 0.03
14.10 * 0.02
53.7 r 0.3
37.9 r 0.2
30.8 r 0.1
30.1 * 0.4
22.31 * 0.06
20.3 r 0.1
15.19 * 0.08
10.91 r 0.03

19.51 r 0,04
10.60 r 0.02
10.37 x O.O2

37.7 t 0.2
7.77 r 0.01
4.16 r 0.02
55.7 t 0.4
8.05 r 0.04
1.151 r 0.003
26.0 r 0.2
14.65 r 0.07
14.62 r 0.03
12.52 r 0.06
11.60 * 0.02
9.75 r 0.01
44.5 r 0.2
34.9 n 0.2
28.38 r 0.09
27.7 n 0.4
20.56 r 0.06
18.71 * 0.09
14.00 * 0.07
10,05 r 0.03

9.155 * 0.009
8.44 * 0.02
8.00 r 0.01
28.0 r 0.1
19.19 r 0,06
11.82 * 0.01
7.82 * 0.03
7.659 * 0.005
7.41 * 0.04
7.38 t 0.04
7.25 i 0.04
7.O1 * 0.02
6.80 r 0.02
6.48 * 0.03
5.71 r 0.02
5.46 * 0.01
4.69 r 0.02
4.444 * 0.006
4.38 * 0.01
3.776 n 0.003
2.478 r 0.003
1.447 * 0.002
0.5925 i 0.0007

8.437 r 0.008
7.78 r 0.02
7.372 * 0.009
29.0 r 0.1
22.74 r 0.07
16.34 r 0.01
'12.97 * 0.05
12.704 * 0.008
'12.29 i 0.07
12.24 r 0.07
12.03 r 0.07
11.63 r 0.03
11.28 * 0.03
10.75 r 0.05
9.47 i 0.03
9.06 r 0.02
7.78 * 0.03
7.372 r 0.001
7.27 r 0.02
7.829 r 0.006
6.851 r 0.008
4.000 * 0.006
2.457 * 0.003
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Figure 4.21: Electric field strength against apptied cuffent density for AZ91 anodized in phosphate-
containing solution
AZ91 anodized in 3 mol dm-3 NaOH plus 0.05 moldm-3 NaNHoHPOo. Applied cunent density ranges from
40.8 A m-2 to 816 A m-2. Resultant electric field ranges Obtweeh (1.151 r 0.003) x 10s V m'r and
(55.7 t 0.4) x108 V m-l. No linear or exponential correlation seen between applied current densig and
resultant electric field strength.
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4,11 Electrie field strengths from initial transients: raw data

Table 4.23: lnitial transients from magnesium anodized in sodium hydroxide solution
lnitialtransients during magnesium anodization in 3 moldm-3 NaOH.

current density
/ 103 A m-2

electric field strength
/108Vmr

current density
/ 103 A m-2

eleciric field strength
/108Vmi

slope
/Vs-l

slope
/Vs-l

20.4
8.16
7.35
6.'t2
6.12
6.12
6.12
6.12
6.12
6.12
5.10
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
4.08
3.06
2.O4
2.O4
2.O4
2.O4
2.O4
2.O4
2.04
2.04

1260 i 30
404 t4
324 *.4
870 r 40
353 r3
329 x2
318 *.2
271 t.2
264 i3
189 r5
157 *3
490 *,7
400 *3
330 r6
328 rl
262 *.4
229 *5
212 t2
'197 i 1

190.2 r 0.7
184 *1
159.6 * 0.9
105.5 r 0.4
s7.'l * 0.6
85.2 r 0.4
u.2 *.0.2
148.2 r 0.7
144.9 * 0.7
155 *.2
151 r1
119 f 1

116 i 1

115.9 * 0.9
'113.2 r 0.3
10'1.2 r 0.3

10.6 r 0.3
8.48 r 0.08
7.56 * 0.09
24 11
9.88 r 0.08
9.21 r 0.06
8.90 i 0.06
7.59 t 0.06
7.39 f 0.08
5.3 r 0.1
5.3 r 0.1
20.6 i 0.3
16.8 r 0.1
13.9 i 0.3
13.78 r 0.04
11.0 t, 0,2
9.6 t O.2

8.90 r 0.08
8.27 r 0.04
7.99 * 0.03
7.73 i 0.04
6.70 r 0.04
4.43 r 0.02
4.08 r 0.03
3.58 f 0.02
2.696 r 0.008
8.30 r 0.04
13.85 * 0.06
13.0 r. O.2
12.68 r 0.08
10.00 r 0.08
9.74 * 0.08
9.74 r 0.08
9.51 r 0.03
8.50 r 0.03

90 rl
89.2 x O.2
87 i,2
77.5 t 0.5
76.2 r 0.7
67.7 * 0.3
67.3 x O.2
66.2 * 0.3
63.5 r 0.3
62.'l r 0.3
61.1 r 0.4
55.2 t 0.2
53.6 t 0.2
46.4 r 0.1
45.2 * 0.3
43.4 t O.2
42.30 r 0.08
39.5 r 0.2
38.2 t 0.2
37.0 r 0.1
66.3 * 0.3
56.3 i, O.2
47.6 r 0.1
42.3 * O.2
42.1 i 0.1
63.5 * 0.3
59.4 *,0.2
4O.4 * 0.1
39.6 *.0.2
33.3 r 0.3
35.4 *,0.2
13.00 * 0.01
7.85 r 0.03
7.78 r 0.02
6.41 r 0.02

7.56 r 0.08
7.49 * 0.02
7.3 *. O.2
6.51 * 0.04
6.40 r 0.06
5.69 * 0.03
5.65 * 0.02
5.56 r 0.03
5.33 r 0.03
5.22 r 0.03
5.13 r 0.03
4.U r 0.02
4.50 r 0.02
3.898 r 0.008
3.80 r 0.03
3.65 * 0.02
3.553 r 0.007
3,32 n 0.02
3.21 r 0.02
3.108 r 0.008
6.96 n 0.03
6.76 * 0.02
5.71 * 0.01
5.08 * 0.02
5.05 r 0.01
8.89 * 0.04
8.32 r 0.03
5.66 r 0.01
5.54 r 0.02
4.66 t 0.04
5.95 r 0.03
2.184 i 0.002
6.59 * 0.03
6.54 r 0.02
5.38 r 0.02

2.04
2.O4
2.O4
2.04
2.O4
2.04
2.O4
2.04
2.04
2.04
2.04
2.04
2.04
2.O4
2.M
2.04
2.04
2.M
2.04
2.04
1.63
1.43
1.43
1.43
1.43
1.22
1.22
1.22
1.22
1.22
1.O2
1.O2

0.204
0.204
0.204
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appfied current density I Am4

Figure 4.22: Electric field strength against applied cunent denstg for initialfnansienfs for magnesium
anodized in sodlum hydroxide solution
lnitialtransients for magnesium anodized in 3 mol dnrs NaOH. Applied cunent density ranges from 204 A m-2
to 20400 A m-2. Resultant electric field Enges between (2.1U r O.OO2) x 10s V m'1 and (24 t',') xl 0s V m'r.
No linear or exponential conelaUon seen between applied cunent densrty and resultant electric field strength.



Kinetics of anodization 101

Table 4.24: lnitial transients from magnesium anodized in fluoride-containing solution
Initialtransients during magnesium anodization in 3 moldm-3 NaOH + 0.05 moldm'3 NaF.

current density
/ 10s A m-2

electric field strength
/108Vm{

current density
/ 103 A m-2

electric field strength
/108Vm{

slope
/Vs{

slope
/Vsi

1.02
1.O2
1.02
0.816
0.816
0.6't2
0.408
0.408
0.408
0.306
0.306

102.0 * 0.3
92.2 r 0.3
80.9 * 0.2
72.7 *.0.2
24.6 i 0.1
52.2 r 0.1
36.0 x O.2
26.2 r 0.1
25.76 r 0.05
42.3 r 0.3
32.2 *.0.2

17.14 r 0.05
15.49 * 0.05
13.59 r 0.03
'15.27 *, O.O4
5.17 * 0,02
14.62 r 0.03
15.12 r 0.08
11.00 i 0.04
10.82 r 0.02
23.7 i 0.2
18.0 * 0.1

21.38 * 0.04
19.6 r 0.1
19.4 * 0.1
19.38 r 0.09
10.90 r 0.02
7.24 * 0.01
5.989 * 0.007
8.80 * 0.06
4.106 * 0.005
3.472 * 0.004
2.722 r 0.003

11.97 n 0.02
16.46 r 0.08
16.30 * 0.08
16.28 i 0.08
9.16 r 0.02
7.60 * 0.01
6.288 * 0.007
10.56 r 0.07
4.927 r 0.006
4.861 r 0.006
4.573 * 0.005

0.306
o.204
0.204
o.204
0.204
0.163
0.163
0.143
0.143
0.122
0.102
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Figure 4.23: Electric field strength against applied cunent density for initial transients for magnesium
anodized in fl uoride-containing solution
Initial transients for magnesium anodized in 3 mol dm'3 NaOH plus 0.05 mol dm'3 NaF. Applied current
density ranges from 10.2 A m-2 to 1020 A m'2. Resultant electric field ranges between
(4.573 t 0.005) x 108 V m{ and (23.7 t 0.2) x108 V m{. No linear or exponential correlation seen between
applied current density and resultant electric field strength.
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Table 4.25: lnitial transients from magnesium anodized in phosphate-containing solution
Initialtransients during magnesium anodization in 3 mol dm-3 NaOH + 0.05 moldm€ NaNHoHPOo.

current density
/ 103 A m-2

electric field strength
/ 108 V m-r

current density
/ 103 A m-2

electric field strength
/ 108 V m-l

slope
/Vsi

slope
/V s-l

2.04
2.O4
0.816
0.612
0.510
0.510
0.469
0.408
0.408
0.408
0.408
0.408
0.388
0.367
0.347
0.327

70 11
62.1 r 0.3
57.1 r 0.1
51.7 *, O.2
55.70 r 0.09
52.6 i 0.1
8.91 r 0.02
37.9 r 0.2
28.04 * 0.07
22.44 r 0.03
18.84 i 0.04
15.76 * 0.02
9.58 * 0.02
7.927 r 0.009
5.535 * 0.005
4.252 * 0.004

5.88 r 0.08
5.22 * 0.03
11.99 * 0.02
14.48 * 0.06
18.71 * 0.03
17.67 r 0.03
3.254 f 0.007
15.92 r 0.08
11.78 r 0.03
9.42 r 0.01
7.91 n 0.02
6.619 r 0.008
4.235 i 0.009
3.699 r 0.004
2.735 r 0.003
2.232 i 0.002

25.16 * 0.04
19.65 * 0.08
16.03 r 0.08
12.87 * 0.02
7.663 i 0.006
4.646 r 0.009
?.140 r 0.002
10.87 * 0.04
10,63 r 0.05
8.79 i 0.06
8.34 * 0.03
7.98 * 0.01
3.075 i 0.004
3.051 r 0.0M
2.630 r 0.004

14.09 * 0.02
11.00 r 0.04
8.98 r 0.04
7.21 r 0.01
4.29'l r 0.003
2.602 * 0.005
1.284 r 0.001
9.13 i 0.03
8.93 r 0.04
7.38 * 0.05
7.01 i 0.03
6.703 i 0.008
2.583 r 0.003
2.563 i 0.003
2.209 r 0.003

0.306
0.306
0.306
0.306
0.306
0.306
0.286
0.204
0.204
0.204
0.204
0.244
0.204
0.204
0.204
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Figure 4.24: Electric field strength against applied current density for initialiransienfs for magnesium
anodized in phosphate-containing solution
Initial transients for magnesium anodized in 3 mol dm'3 NaOH plus 0.05 mol dm'3 NaNHoHPOo. Applied
current density ranges from 204 A m-2 to 2040 A m-2. Resultant electric field ranges between
(1.284 t 0.001) x 108 V m-1 and (18J2 t 0.03) x108 V mr. No linear or exponential correlation seen between
applied current density and resultant electric field strength.
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Table 4.26: lnitial transients from 2A123 anodized in sodium hydroxide solution
f nitialtransients during 2A123 anodization in 3 moldm-3 NaOH.

cunent density
/ 103 A m-2

electric field strength
/ 108 V m-l

current density
/ 103 A m-2

elec{ric field strengfih
/ 108 V m-l

slope
lVs'l

slope
/Vs-l

1.02
0.816
0.816
0.816
0.816
0.816
0.816
o.612
0.612
0.612
0.612
0.408
0.408
0.408
0.408
0.408

o.2M
0.204
0.204
0.204
0.204
0.204
0.204
o.204
o.204
0.204
0.163
0.163
0.143
0.143
aJ22
0.102

83.8 * 0.3
99.6 r 0.3
97.0 * 0.2
85.2 * 0.3
66.51 r 0.08
41.8 + 0.2
26.95 r 0.08
37.6 r 0.2
36.4 r 0.1
29.7 * 0.1
1'1.70 r 0.06
23.98 * 0.07
23.39 i 0.04
17.74 r 0.04
17.49 t 0.06
12.42 * 0.06

13.82 i 0.05
20.53 i 0.06
19.99 * 0.04
17.56 * 0.06
13.71 * 0.02
8.62 r 0.04
5.55 * 0.02
10.33 i 0.06
10.00 r 0.03
8.16 r 0.03
3.22 i 0.02
9.89 r 0.03
9.64 * 0.02
7.31 * 0.02
7.21 r 0.02
5.12 i 0.02

'13.2 * 0.1
10.85 r 0.05
9.92 * 0.04
9,23 r 0.04
9.19 r 0.04
9.11 r 0.05
8.47 i 0.03
7.985 r 0.005
7.80 * 0.01
6.816 r 0.007
6.808 i 0.003
5.056 * 0.003
5.517 r 0.007
4.292 r 0.003
2.800 r 0.002
1.705 * 0.002

10.89 * 0.08
8.95 * 0.04
8.18 i 0.03
7.61 f 0.03
7.58 * 0.03
7.51 r 0.04
6.98 * 0.02
6.583 r 0.004
6.431 * 0.008
5.620 r 0.006
7.016 * 0.003
5.211 * 0.003
6.498 * 0.008
5.055 r 0.004
3.848 * 0.003
2.811 r 0.003
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Figure 4.25: Electic field strength against applied current density for initial transients for 2A123 anodized
in sodium hydroxide solution
f nitialtransients for 2A123 anodized in 3 mol dm-3 NaOH. Applied current density ranges ftom 102 A m-2 to
1020 A m'2. Resultant electric field ranges between (2.811r 0.003) x 108 V m{ and (20.53 r 0.06) x108 V m{.
No linear or exponential conelation seen between applied cunent density and resultant electric field strength.
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Table 4.27: lnitialtnnsients from 4123 anodized in fluoide-containing solution
fnitiaf transients during 7a123 anodization in 3 moldm€ NaoH + 0.0s moldm'3 NaF,

current density
/ 103 A m-2

electric field strength
/108Vm{

current density
/ 103 A m'2

electric field strength
/108Vm{

slope
/Vs-l

slope
/Vs{

0.816
0.204
0.184
0.163
0.163
0.163
0.163
0.143
o.122

33.24 * 0.08
38.44 * 0.05
3't.70 r 0.04
27.26 * 0.03
23.03 i 0.07
20.21 r 0.06
18.34 r 0.07
21.21 * 0.02
15.63 * 0.0't

6.85 *. O.02
31.69 n 0.04
29.04 r 0.04
28.09 * 0.03
23.73 *, O.A7
20.83 r 0.06
18.90 r 0.07
24.98 r 0.02
21.48 r 0.01

12.90 * 0.01
15.55 * 0.04
10.65 r 0.08
6.843 n 0.005
6.73 * 0.02
5.458 r 0.008
4.822 * 0.007
3.031 r 0.008
2.253 r 0.002

21.27 r 0.02
32.05 * 0.08
22.O *, O.2
14.10 r 0.01
13.87 i 0.04
15.00 * 0.02
13.25 *, O.O2

10.00 * 0.03
7.430 r 0.007

0.102
0.0816
0.0816
0.0816
0.0816
0.0612
0.0612
0.0510
0.0510
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Figure 4.26: Electric field strength against applied cunent density for initial tnnsients for 4123 anodized
i n fl u oride-conta in i ng sol ution
f nitialtransients for 2A123 anodized in 3 moldm-3 NaOH plus 0.05 moldm'3 NaF. Applied current density
ranges from 51.0 A m-2 to 8'16 A m-2. Resultant electric field ranges between (6.85 r 0.02) x 108 V m{ and
(32.05 t 0.08) x108 V m-1. No linear or exponential correlation seen between applied current density and
resultant electric field strength.
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Table 4.28: lnitial transients from 2A123 anodized in phosphate-containing solution
lnitialtransients during 7A123 anodization in 3 moldm-3 NaOH + 0.05 moldm-3 NaNHoHPOo.

current density
/ 103 A m-2

electric field strength
/ 108 V m-r

cunent density
/ 103 A m-2

electric field strength
/108Vmi

slope
/Vsj

slope
/Vs{

2.45
2.24
2.04
1.84
1.63
1.43
1.22
1.22
1.02

1189 t 4
1215 r 3
951 t4
732 *3
559 x2
478 *1
326.9 i 0.9
242 11
146.4 r 0.6

81.7 r 0.3
91.1 *,0.2
78.4 r 0.3
67.1 i 0.3
57.6 t 0.2
56.3 f 0.1
44.9 r 0.1
33.3 r 0.1
24.1 i 0.1

133 *2
116.0 * 0.8
121.5 *.0.7
92 x2
57.O *. O.7
48.5 * 0.6
52.4 * 0.8
43.9 r 0.6
'13.7 t 0.2

21.e * 0.3
19.1 r 0.1
25.0 r 0.1
19.0 * 0.4
'15.7 *. O.2
13.3 x O.2

21.6 r 0.3
18.1 r 0.2
11.3 r 0.2

1.O2
1.02
0.816
0.816
0.612
0.612
0.408
0.408
0.204
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Figure 4.27: Electric field strength against applied cunent density for initial transients for 2A123 anodized
i n ph osph ate-conta i n ing sol utio n
lnitiaf transients for 2A123 anodized in 3 moldm-3 NaOH plus 0.05 moldm-3 NaNHoHPOo. Applied current
density ranges from 204 A m-2 to 2450 Am-2. Resultant electric field ranges between (1 1.3 r 0.2) x 106 V m{
and (91 .1 ! 0.2) xl08 V m{. Linear conelation seen between applied current density and resultant electric
field strength: slope = 3.82x 108 VA-1 m, intercept = -5.80 x 108 V 6-1, p2 = 0.907.

slope = 3.82 x 1d VA-t m

intercept = -5.80 x 1ff V mr

r2 = 0.907
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Table 4.29: Initial transients from AM60 anodized in sodium hydroxide solution
Initialtransients during AM60 anodization in 3 moldm{ NaOH.

current density
/ 103 A m-2

electric field strength
/ 108 V m'l

current density
/ 103 A m-2

electric field strength
/108Vm{

slope
/Vs{

slope
/Vs'l

3.27
2.04
2.O4
1.84
1.63
1.43
1.22
1.O2

0.816
0.816
0.816
0.816
0,612
0.612
o.612

0.612
0.408
0.408
0.408
0.204
o.204
0.204
0.204
0.184
0.163
0.143
0.122
0.102
0.0816

1500 r 40
22o 11
119.7 * 0.7
157.7 r 0.6
206.3 * 0.8
284 *.2
282 x2
251 11
211 11
83.6 * 0.3
78.4 i 0.3
74.2 r 0.3
153.8 r 0.8
50.8 r 0.1
37.6 * 0.2

78 *,2
18.36 r 0.08
9.99 r 0.06
14.62 r 0.06
21.52 i 0.08
33.9 *,0.2
39.2 r 0.3
41.9 *.0.2
44.0 * 0.2
17.44 * 0.06
16.35 r 0.06
15.48 r 0.06
42.8 t 0.2
14.13 n 0.03
10.46 r 0.06

34.6 * 0.1
74.5 * 0.2
30.07 * 0.07
23.20 * 0.06
17.85 r 0.02
14.91 r 0.06
9.94 r 0.03
4.72 * 0.01
't4.431 r 0.008
12.065 i 0.005
8.624 r 0.004
6.066 r 0.005
2.517 i 0.004
0.848 * 0.001

9.62 * 0.03
31.08 * 0.08
12.54 r 0.03
9.68 r 0.03
14.89 r 0.02
12.44 t. O.O5
8.29 * 0.03
3.938 * 0.008
13.378 r 0.007
12.583 r 0.005
10.279 r 0.005
8.435 r 0.007
4.200 r 0.007
1.769 r 0.002
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Figure 4.28: Electic field strength against applied current density for initialtransients for AM60 anodized
in sodium hydroxide solution
Initialtransients forAM60 anodized in 3 mol dm-3 NaOH. Applied current density ranges from 81.6 A m'2 to
3270 A m-2. Resultant electric field ranges between (1.769 r 0.002) x 108 V m-1 and (78 *.21x108 V mr. No
linear or exponential corelation seen between applied current density and resultant electric field strength.
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Table 4.30: lnitialtransientsfrom AM60 anodized in fluoide containing solution
lnitialtransients during AM60 anodization in 3 mol dm-3 NaOH + 0.05 moldm'3 NaF.

current density
/ 103 A m-2

elec[ric field strength
/108Vm{

current density
l1O3 Am'2

elec{ric field strength
/108Vm{

slope
/Vsr

slope
/Vs-l

2.040
1.220
1.020
0.816
0.612
0.408
0.408
0.306
0.306
0.306
0.286
0.265
0.245
o.224
0.244

0.204
0.204
0.184
0.163
0.163
0.163
0.143
0.143
0.143
o.122
0.102
0.0816
0.0612
0.0408

53.2 *, O.2
105.2 r 0.7
138.7 t 0.9
102.3 * 0.6
71.5 r 0.3
42.9 *,0.2
39.1 * 0,1
56.8 * 0.3
54.5 r 0.2
27.83 i 0.03
34.98 r 0.04
31.37 * 0.03
27.54 * 0.04
22.00 * 0.02
27.1 * 0.1

4.44 *, O.O2

14.6 r 0.1
23.'l r 0.2
21.3 * 0.1
19.89 r 0.08
17.90 r 0.08
16.31 r 0.04
31.6 *, O.2
30.3 r 0.1
15.48 r 0.02
20.85 r 0.02
20.13 r 0.02
19.12 * 0.03
16.69 r 0.02
22.61 r 0.08

21.09 r 0.08
11.86 * 0.01
14.48 r 0.01
17.25 * 0.08
12.07 * 0.05
10.674 * 0.008
16.77 * 0.06
10.89 * 0.04
10.469 r 0.008
7.199 * 0.004
5.537 * 0.005
2.55't i 0.002
1.297 * 0.001
0.3335 r 0.0006

17.60 r 0.07
9.895 * 0.008
13.424 * 0.009
17.99 * 0.08
12.59 * 0.05
11.132 r 0.008
19.99 * 0.07
12.98 r 0.05
12.48 * 0.01
10.011 r 0.006
9.240 r 0.008
5.321 * 0.004
3.607 n 0.003
1.391 r 0.003
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Figure 4.29: Electric field strength against applied current density for initialtransients for AM60 anodized
i n fl u oide-co ntain i ng sol ution
Initialtransients for AM60 anodized in 3 mol dm-3 NaOH plus 0.05 mol dm-3 NaF. Applied current density
ranges ftom 40.8 A m-2 to 2040 A m-2. Resultant electric field ranges between (1.391 r 0.003) x 108 V mi
and (31 .6 t 0.2) x10E V m{. No linear or exponential conelation seen between applied current density and
resultant electric field strength.
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Table 4.31: lnitial transients from AM60 anodized in phosphate-containing solution
lnitial transients during AM60 anodization in 3 mol dm-3 NaOH + 0.0S mol dm-3 NaNH.HpOo.

current density
/ 103 A m-2

electric field strength
/108Vm{

current density
/ 103A m'2

electric field strength
/108Vmi

slope
/Vs-l

slope
/Vs{

2.04
2.04
0.816
0.816
0.612
0.408
0.306
0.286
0.265
0.265
0.265
o.245
0.245
o.245

920 * 10
466 *4
282 13
215 11
2OS 12
90.5 r 0.4
38.92 * 0.07
35.72 r 0.05
63.0 x O.2
44.7 r 0.3
29.23 r 0.04
43.6 *.0.2
32.1 * 0.1
25.38 r 0.03

76.8 r 0.8
38.9 r 0.3
58.8 * 0.6
44.8 x 0.2
57.0 r 0.6
37.8 r 0.2
21.65 * 0.04
21.29 i 0.03
4O.4 r 0.1
28.7 *.0.2
18.76 r 0.03
30.3 r 0.1
22.32 i 0.07
17.65 r 0.02

15.55 n 0.01
13.12 * 0.01
9.449 * 0.006
7.151 r 0.004
18.2 * 0.1
12.99 * 0.06
5.358 * 0.008
14.25 f 0.08
10.32 t 0.05
2.910 * 0.005
1.769 r 0.002
0.698 n 0.001
0.905 i 0.006

11.795 r 0.008
10.947 * 0.008
8.760 * 0.006
7.458 r 0.004
21.7 * 0.1
15.48 r 0.07
6.39 r 0.01
19.8 * 0.1
14.35 * 0.07
4.047 r 0.007
2.460 * 0.003
1.165 * 0.002
1.89 * 0.01

o.224
0.204
0.184
0.163
0.143
0.'t43
0.143
0.122
o.'t22
0j22
0122
0.102
0.082

E

Bso
E
o,5an
o
g
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Figure 4.30: Electic field strength against applied current density for initialtransients for AM60 anodized
i n phosph ate-conta i n i ng sol u ti on
lnitial transients for AM60 anodized in 3 mol dm{ NaOH plus 0,05 mol dm'3 NaNHoHPOo. Applied current
density ranges from 81.6 A m'2 to 2040 A m-2. Resultant electric field ranges between
(1.165 t 0.002) x '108 V m-1 and (76.8 t 0.8) x108 V m-1. No linear or exponential correlation seen between
applied current density and resultant electric field strength.
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Table 4.32: lnitialtransients from AZ91 anodized in sodium hydroxide solution
Initialtransients during AZgl anodization in 3 mol dm-3 NaOH.

current density
/ 103 A m-2

electric field slrength
/ 108 V m-l

current density
/ 103 A m-2

electric field strength
/ 108 V m-l

slope
/Vs-t

slope
/Vs-1

2.04
2.M
2.04
2.04
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0,816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.612
0.612
0.612
0.612
0.612
0.612
o.612
o.612
o.612
0.612
o.612
0.612
0.612
0.612
0.612
0.612
0.612

0.612
0.612
0.612
0.612
0.612
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
o.204
0.204
o.204
0.204
o.204
o.204
0.204
0.204
o.204
4.204
0.204
0.204
0.204
o.204
o.204
o.204
0.204
0.204
o.204
0.204
0.204
0.204
0.204
0.204
0.204
o.204
0.204
0.204
o.204
0.204
0.204
o.204
0.204
0.204

249 x2
217 11
106.8 * 0.5
95.7 * 0.8
165.3 * 0.5
137.5 * 0.6
103.3 f 0.4
103.0 r 0.1
102.3 f 0.4
100.6 *.0.2
97.9 r 0.1
92.7 r 0.1
89.6 r 0.3
86.2 *,0.2
73.6 t 0.3
73.1 * 0.2
72.2 r.0.2
71.7 *. 0.2
71.3 * 0.3
71.0 r 0.2
68.8 t 0.2
68.7 x O.2
61.8 i 0.2
61.0 10.8
59.0 r 0.2
59.0 * 0.4
57.66 r 0.08
57.5 * 0.1
57.4 * 0.3
56.5 * 0.1
56.0 * 0.1
55.0 r 0.1
52.3 r 0.1
52.1 r 0.2
51.9 r 0.1
51.5 r 0.1
51.2 *. O.2
50.2 r 0.1
40.3 r 0.1
29.5 r 0.6
102.8 r 0.3
81.5 *, 0.2
76.8 n 0.1
73.4 r 0.2
64.3 i 0.1
54.6 * 0.6
52.0 r 0.2
5O.7 r 0.1
49.0 r 0.1
47.7 r 0.2
46.4 * 0.1
46.37 i 0.09
45.3 *.0.2
45.16 r 0.07
44.19 t 0.05
41.2 * 0.1
41.0 I 0.1

20.7 *.0.2
18.00 r 0.08
8.86 * 0.M
7.94 * 0.07
34.3 * 0.1
28.5 * 0.1
21.42 i 0.08
21.36 * 0.02
21.21 i 0.08
20.86 r 0.04
20.30 r 0.02
19.22 x O.O2

18.58 r 0.06
17.87 r 0.04
15.26 r 0.06
15.16 r 0.04
14.97 r 0.04
14.87 r 0.04
14.78 i 0.06
14.72 r 0,04
14.27 r 0.04
14.24 *. O.O4

12.8'l r 0.04
12.6 r 0.2
'12.23 r 0.04
12.23 r 0.08
11.96 r 0.02
11.92 r 0.02
11.90 r 0.06
11.71 r 0.02
11.61 x 0.O2
1 1.40 i 0.02
10.84 i 0.02
10.80 r 0.04
10.76 r 0.02
10.68 f 0.02
10.62 r 0.04
10.41 t 0.02
8.36 r 0.02
6.1 r 0.1
28.42 r 0.08
22.53 r 0.06
21.23 r 0.03
20.29 i 0.06
17.78 r 0.03
15.1 i 0.2
14.38 r 0.06
14.02 * 0.03
13.55 i 0.03
13.19 r 0.06
12.83 + 0.03
12.82 r 0.02
12.52 * 0.06
12.48 r 0.02
12.22 r 0.01
1 1.39 r 0.03
11.33 i 0.03

40.86 * 0.07
40.16 r 0.08
36.57 * 0.09
35.8 t 0.1
31.87 * 0.08
56.3 * 0.3
40 tI
32.3 x O.2
30.51 r 0.09
30.40 * 0.09
29.42 * 0.08
29.40 r 0.05
28.25 r 0.07
28.19 i 0.04
25.82 * 0.07
25.10 r 0.03
25.08 r 0.03
24.80 r 0.06
22.3 * 0.3
22.24 r 0.05
21.1 10.1
19.16 r 0.06
18.4 *. O.2
22.3 * 0.1
21.97 * 0.08
2'1.9 r 0.1
21.33 i 0.08
21.13 r 0.08
19.44 t 0.08
19.34 r 0.07
19,21 r 0.05
18.3 * 0.1
18.04 f 0.06
17.5 r 0.1
17.36 r 0.08
'17.22 i 0.06
17.12 r 0.09
17.O * 0.1
16.45 n 0.09
16.40 r 0.04
16.23 r 0.07
16.01 r 0.05
15.8 r 0.1
15.75 r 0.01
15.54 i 0.07
14.83 f 0.07
14.83 i 0.08
14.8 r 0.2
14.42 r 0.02
14.42 r 0.01
14.14 r 0.04
12.8 r 0.4
12.75 r 0.04
12.428 r 0.008
12.284 r 0.008
8.64 r 0.06
8.284 r 0.007

11.30 * 0.02
11.10 r 0.02
10.11 r 0.02
9.90 r 0.02
8.81 r 0.02
23.3 f 0.1
16.6 r 0.4
13.39 r 0.08
12.65 * 0.04
12.61 r 0.04
'12.20 * 0.03
12.19 r 0.02
1'1.71 r 0.03
11.69 t 0.02
10.71 * 0.03
10.41 r 0.01
10.40 * 0.01
10.28 r 0.02
9.2 r 0.1
9.22 r 0.02
8.75 r 0.04
7.95 r 0.02
7.63 r 0.08
18.50 r 0.08
'18.22 r 0.07
18.16 r 0.08
17.69 i 0.07
17.52 * 0.07
'16.12 r 0.07
16.04 r 0.06
15.93 r 0.04
15.18 * 0.08
14.96 r 0.05
'14.51 * 0.08
14.40 * 0.07
14.28 r 0.05
14.20 * 0.07
14.10 * 0.08
13.64 r 0.07
13.60 * 0.03
13.46 n 0.06
13.28 * 0.04
13.10 * 0.08
13.063 i 0.008
12.89 r 0.06
12.30 r 0.06
12.30 * 0.07
'12.3 r 0.2
11.96 * 0.02
11.960 r 0.008
11.73 t 0.03
10.6 r 0.3
10.61 * 0,03
10.308 r 0.007
10.188 * 0.007
7.17 i 0.05
6.871 r 0.006
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Figure 4.31 : Electric field strength against applied cunent density for initial transients for AZ91 anodized
in sodium hydroxide solution
Initial transients forAZ91 anodized in 3 mol dm-3 NaOH. Applied cunent density ranges ftom 204 A m-2 to
2O4O A m-2. Resultant electric field ranges between (6.1 r 0.1) x 108 V m{ and (34.3 r 0,1) x108 V m{. No
linear or exponential conelation seen between applied cunent density and resultant electric field strength.
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Table 4.33: lnitial tnnsients from AZgl anodized in fluoide-containing solution
lnitialtransients during AZ91 anodization in 3 moldm{ NaOH + 0.0S moldm-3 NaF.

current density
/ 103 A m-2

electric field strength
/108Vmr

current density
/ 103 A m-2

eleclric field strength
/108Vmi

slope
/Vs{

slope
/Vs-l

0.816
o.714
0.612
0.510
0.510
0.306
0.306
0.184
0.184
0.102
0.102
0.0816

0.0816
0.0816
0.0612
0.0408
0.0408
0.0306
0.0204
o.0204
0.0204
0.0102
0.0102
0.0102

93.9 * 0.4
153 r1
22.61 t 0.07
1'17.7 r 0.6
16.99 * 0.05
76.6 * 0.3
48.90 r 0.03
38.8 *. Q.2
31.2 r 0.1
14.85 r 0.03
14.11 t 0.08
16.2 r 0.2

19.47 r 0.08
36.36 r 0.2
6.25 * 0.02
39.0 x 0.2
5.64 r 0.02
42.4 t 0.2
27.04 t0.02
35.84 r 0.2
28.75 r 0.09
24.63 r 0.05
23.4 r 0.1
33.6 r 0.4

11.80 r 0.09
10.67 r 0.01
9.34 * 0.01
6.785 r 0.005
5.44 r 0.08
5.532 * 0.006
1.908 r 0.002
1.693 * 0.004
1.648 * 0.006
0.3810 r 0.0004
0.3025 r 0.0008
0.2919 i 0.0009

24.5 *.0.2
22.12 * 0.02
25.82 t 0.03
28.14 r 0.02
22.6 * 0.3
30.59 * 0.03
15.82 r 0.02
14.04 r 0.03
'13.67 r 0.05
0.320 r 0.007
5.02 r 0.01
4.84 r 0.01
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Figure 4.32: Electric field strcngth against applied cunent density for initial transients for AZ91 anodized
i n fl u ori de-ca nta i n i ng sol uti on
lnitial transients for AZ91 anodized in 3 mol dm-3 NaOH plus 0.05 mol dm-3 NaF. Applied cunent density
ranges from 10.2 A m-2 to 816 A m'2. Resultant electric field ranges between (4.84 t 0.01) x 108 V m'l
and (42.4 t 0.2) x108 V m-l. No linear or exponential conelation seen between applied current density and
resultant electric field strength.
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Table 4.34: lnitialtransients from AZgl anodized in phosphate-containing solution
lnitial transients during AZ91 anodization in 3 moldm-3 NaOH + 0.05 mol dm-3 NaNH.HPO.,

current density
/ 103 A m-2

electric field strength
/108Vmi

current density
/ 103 A m-2

electric field strength
/108Vm{

slope
/Vs1

slope
/Vs-l

0.816
0.612
0.612
0.408
0.408
0.24s
0.245
o.204
0.184
0.184
0.184

51.1 r 0.1
136.5 * 0.8
15.05 r 0.07
134.3 * 0.9
19.4 * 0.1
37.6 * 0.3
21.2 * 0.1
53.7 * 0.3
37.9 r 0.2
22.31 r 0.06
1s.19 i 0.08

10.60 r 0.02
37.7 t 0.2
4.16 r 0.02
55.7 r 0.4
8.05 r 0.04
26.0 i 0.2
14.65 r 0.07
44.5 * 0.2
34.9 t 0.2
20.56 * 0.06
14.00 * 0.07

28.0 * 0.1
19.'19 n 0.06
11.82 r 0.01
7.659 n 0.005
7.41 * 0.04
7.01 r 0.02
6.80 * 0.02
6.48 * 0.03
3.776 r 0.003
2.478 r 0.003
0.5925 * 0.0007

29.0 i 0.1
22.74 r 0.07
16.34 * 0.01
12.7M r 0.008
12.29 t O.O7
11.63 r 0.03
'11.28 t 0.03
10.75 i 0.05
7.829 * 0.006
6.851 * 0.008
2.457 *. O.OO3

0.163
0.143
0.122
0.102
0.102
0.102
0.102
oj02
0.0816
0.0612
0.0408
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Figure 4.33: Electric field strcngth against applied current density for initial transients for AZ91 andized
i n p hosph ate-contain i ng sol ution
Initial transients for AZ91 anodized in 3 mol dm-3 NaOH plus 0.05 mol dm'3 NaNHoHPOo. Applied current
densi$ ranges from 40.8 A mc to 816 A m-2. Resultiant electric field ranges between (2.457 t 0.003) x 108 V m{
and (55.7 t 0.4) x10E V mr. No linear or exponential correlation seen between applied current density and
resultant electric field strength.
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4.12 Electric field strengths from current sfep experiments.'
raw data

Table 4.35: Current step experiments on magnesium anodized in sodium hydroxide solution
Magnesium anodized in 3 mol dm-3 NaOH. Each experiment involved one cunent step; the data fom each
run is grouped together.

il1O3ftln-z slope E/108Vm{ correlation jt1O3fr71yz slope E/108Vm-l conelation
/Vs-r /Vs-t

2.O4 67.7 * 0.3 5.69 * 0.03 yes 2.04 27.5 t O.1 2.3101 0.008 no
1.22 26.431 0.07 3.70 t 0.01 612 61.8 r 0.6 1.73 r 0.02

2.04 62.1 * 0.3 5.22 * 0.03 no 2.O4 25.431 0.09 2.1361 0.008 yes
3.06 69.5 r 0,6 3.90 * 0.03 6j2 91 t, 2 2.55 * 0.06

2.04 45.2 t 0.3 3.80 r 0.03 yes 1.22 63.5 r 0.3 8.89 r 0.04 no
6.12 138 *, 1 3.86 * 0.03 2.04 73 n 1 8.13 i 0.08

2.U 39.5 * 0.2 3.32 * 0.02 no 1.22 59.4 r 0.2 8.32 * 0.03 yes
4.08 69.5 r 0.4 2.92 t. 0.02 2.04 105 r 1 8.82 r 0.08

2.04 38.2 *, 0.2 3.21 r 0.02 no 1.22 39.6 r 0.2 5.54 * 0.03 no
4.08 70.2 t 0.5 2.95 r 0.02 2.O4 58.6 * 0.3 4.92 * 0.03

2.O4 30.0 t 0.1 2.520t 0.008 yes 1.22 33.3 r 0.3 4.66 * 0.04 no
612 251 * 3 7.03 r 0.08 1.63 34.6 r 0.1 3.63 r 0.01

Table 4.36: Cunent step experiments on magnesium anodized in fluorid*containing solution
Magnesium anodized in 3 mol dm-3 NaOH + 0.05 mol dm{ NaF. Each experiment involved two current
steps; the data from each run is grouped together.

l/103Am-z slope E/108Vmr correlation jl1O3fin-z slope E/108Vmr correlation
/Vs{ /V s{

0.306 42.3 * O.3 23.7 *, 0.2 yes 0.204 19.6 r 0.1 16.46 r 0.08 no
0.244 10.87* 0.07 9.13 r 0.06 0.306 19.7 i 0.1 11.031 0.06
0.306 27.7 t O.2 15.5 r 0.1 0.204 ,t1.22t o.o3 9.42 * 0.03

0.306 32.2 x 0.2 18.0 r 0.1 yes 0.204 19.4 * 0.1 16.301 0.08 no
0.204 12.7 *. 0.2 10.7 x 0.2 0.306 21.5 r 0.1 12.041 0.06
0.306 25.41 * 0.09 14.231 0.05 0.204 11.411 0.03 9.58 r 0.03

0.204 25.8 r 0.2 21.7 t O.2 no 0.204 19.381 0.09 16.28* 0.08 no
0.408 36.0 r 0.2 15.121 0.08 0.306 15.5 i 0.1 8.68 * 0.06
0.204 12.101 0.03 10.161 0.03 0.204 8.17 r 0.02 6.86 r 0.02

0.204 20.5 i, 0.2 17.2 *, 0.2 no 0.143 8.80 r 0.06 10.561 0.07 no
0.408 26.2 *, 0.1 11.00i 0.04 0.306 23.8 x 0.2 13.3 r 0.1
0.204 13,27*, O.O4 11.151 0.03 0.143 15.7 *,0.2 18.8 r 0.2
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Table 4.37: Current step experiments on magnesium anodized in phosphate-containing solution
Magnesium anodized in 3 mol dm-3 NaOH + 0.05 mol dm'3 NaNHTHPO.. Each experiment involved two
current steps; the data from each run is grouped together.

i / 103 A m-z slope
/Vs-1

E / 108 V mi correlation j I 10s A m'z slope
/Vs-r

E/ 108 V mr conelation

0.408 37.9 * 0.2
0.204 7.94 r 0.02
0.408 23.0 i 0.1

0.306 19.65 * 0.08
0.204 9.65 i 0.04
0.306 37.5 f 0.3

0.306 16.03 * 0.08
0.204 8.6 r 0.03
0.306 35.2 r 0.3

15.92 i 0.08
6.67 r 0.02
9.66 n 0.04

11.00 * 0.04
8.11 r 0.03
21.0 *. 0.2

8.98 i 0.04
7.22 t. O.O3

19.7 * 0.2

0.204 10.63 r
0.306 21.0 t
0.204 4.026 x

0.204 8.79 r
0.306 9.63 i
0.204 5.09 r
4.204 8.34 r
0.408 22.48 x
0.2A4 3.509 *

0.05 8.93 * 0.04
0.2 11.8 r 0.1
0.009 3.382 * 0.008

0.06 7.38 r 0.05
0.02 5.39 * 0.01
0.01 4.276 i 0.008

0.03 7.01 r 0.03
0.09 9.44 * 0.04
0.007 2.948 r 0.006

yes

yes

yes

yes

yes

0,204 10.871 0.04 9.13 * 0.03
0.408 31.9 r 0.1 13.401 0.04
0.204 3.671 * 0.007 3.084 i 0.006

yes

Table 4.38: Cunent step experimenfs on 4123 anodized in sodium hydroxide solution
7A123 anodized in 3 moldm'3 NaOH. Each experiment involved two current steps; the data from each run
is grouped together.

j | 103 f,7n'z sbpe
/Vs-t

E/ 108 V m{ correlation j I 1Os A m-z slope
/Vsr

E/ 108 V m{ correlation

0.816 99.6 * 0.3
0.204 9.59 * 0.03
0.816 309 r 1

0.816 97.0 * 0.2
0.204 10.44 * 0.03
0.816 237.7 *. O.9

0.816 41.8
0.408 8.11
0.816 25.2

0.612 37.6
0.204 8.77
0.612 32.9

o.2 8.62 *
0.03 3.34 r
0.2 5.19 *

O.2 10.33 i
0.03 7.23 *,
0.1 9.04 r

0.204 13.2 *.
0.816 56.92 r
0.204 6.068 *
0.204 10.85 i
0.408 31.68 *
0.204 12.97 *,

0,204 9.92 *
0.816 86.'l r
0.204 6.357 r
0.204 9.23 r
0.408 20.63 r
0.204 7.16 *

0.204 9.19 r
0.612 30.74 t
0.204 5.469 r
0.204 9.11 *
0.612 34.32x
0.204 6.5'13 *

0.1 10.88 r 0.08
0.07 11.73 * 0.01
0.005 5.003 * 0.004

0.05 8.95 r 0.04
0.04 13.06 * 0.02
0.03 10.69 i 0.02

0.04 8.18 * 0.03
0.3 17.75 * 0.06
0.004 5.241 * 0.003

0.04 7.61 t 0.03
0.02 8.504 i 0.008
0.01 5.903 r 0.008

0.04 7.58 * 0.03
0.04 8.45 r 0.01
0.006 4.509 * 0.005

20.53 r
7.91 *
63.7 r
19.99 *
8.61 r
48.99 r

0.06
0.02
o.2

0.04
0.02
0.25

0.04
0.01
0.04

0.06
0.02
0.03

0.03
0.03
0.02

0.02
0.02
0.02

yes

yes

yes

yes

yes

yes

yes

yes

yes

yes

*
t
t

n
t
t

0.408 23.98 n
0.204 9.57 r
0.408 20.09 r
0.408 23.39 r
0.204 9.06 *
0.408 23.20 *

f
t
*

*
t
t

0.07
0.04
0.04

0.04
0.02
0.05

9.89
7.89
8.28

9.64
7.47
9.56

0.05 7.51 r 0.04 yes
0.04 9.43 r 0.01
0.007 5.370 r 0.006
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Table 4.39: Cunent step experiments on 2A123 anodized in fluoide-containing solution
7A123 anodized in 3 mol dm'3 NaOH + 0.05 mol dm-3 NaF. Each experiment involved two current steps; the
data from each run is grouped together.

j / 103 { 6-z slope
/Vs{

E/ 108 V m-l correlation j / 103 A m-z slope
/Vs{

E/ 108 V m{ conelation

0.163 23.03 r 0.07
0.0816 8.66 * 0.02
0.163 18.96 r 0.02

0.163 20.21 r 0.06
0.0816 8.36 * 0.04
0.163 16.50 r 0.02

0.163 18.34 r 0.07
0.0816 9.39 i 0.03
0.163 14.30 r 0.02

23.73 *. O.O7
17.85 * 0.04
19.54 r 0.02

20.83 * 0.06
17.23 r 0.08
17.00 r 0.02

18.90 i 0.07
19.35 r 0.06
'14.74 *. O.O2

0.0816 15.55 * 0.04
0.163 21.67+ 0.09
0.0816 8.79 r 0.02

0.0816 10.65 r 0.08
0.163 18.23 r 0.06
0.0816 7.69 * 0.01

0.0816 6.73 i 0.02
0.163 25.63 r 0.08
0.0816 4.79 * 0.01

32.05 r 0.08
22.33 r 0.09
18.12 r 0.04

22.0 *, O.2

18.79 * 0.06
15.85 r 0.02

13.87 r 0.04
26.41 r 0.08
9.87 r 0.021

yes

Table 4.40: Cunent step experiments on AM60 anodized in sodium hydroxide solution
AM60 anodized in 3 mol dm'3 NaOH. Each experiment involved either one or two cunent steps; the data
from each run is grouped together.

1/ 103 tr 6-z slope
/Vs-l

E / 108 V m-l corelation j I 103 A m-z slope
/Vs-l

E/ 108 V mi correlation

0.816 83.6 * 0.3
0.408 18.43 * 0.03

0.816 78.4 r 0.3
0.408 13.43 r 0.03

0.816 74.2 * 0.3
0.408 17.22t O.O3
0.816 82.1 r 0.5

0.612 37.6 r 0.2
0.204 8.70 * 0.03
0.6't2 31.01 r 0.04

0.612 34.6 t
0.204 8.53 i
0.612 24.89 *.

17.44t 0.06
7.69 r 0.01

16.35 r 0.06
5.60 r 0.01

15.48 r 0.06
7.18 r 0.01
'17.1 r 0.1

10.46 r 0.06
7.26 r 0.03
8.62 * 0.01

0.408 30.07 * 0.07
0.816 77.4 *, 0.2
0.408 32.2 t 0.1

0.408 23.20 r 0.06
0.816 51.0 n 0.1
0.408 19.49 f 0.02

0.204 14.91*
0.612 27.45*,
0.204 4.920 *.

0.204 9.94 r
0.612 47.7 *
0.204 5.237 *.

12.54 r 0.03
16.14 r 0.04
13.43 r 0.04

9.68 r 0.03
10.64 r 0.02
8.131 r 0.008

yes

yes

yes

yes

yes

yes

0.06 12.44 x
0.06 7.63 *
0.008 4.105 r
0.03 8.29 r
0.2 13.27 t
0.007 4.370 *

0.05 no
0.02
0.007

0.03 yes
0.06
0.0060.1 9.62

0.04 7.12
0.05 6.92

* 0.03
* 0.03
* 0.01
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Table 4.41: Cunent step expeiments on AM60 anodized in fluoride-containing solution
AM60 anodized in 3 mol dm'3 NaOH + 0.05 mol dm'3 NaF, Each experiment involved either one or two
current steps; the data from each run is grouped together.

E / 10E V m-t correlationj I 1Os A m'z slope
/Vsi

E / 108 V m{ correlation j I 103 f,6z slope
/Vs-l

0.408 42.9 *. O.2
0.306 20.87 !. O.07

0.306 56.8 i 0.3
0.163 11.10* 0.04
0.306 54.9 * 0.2

0.306 54.5 * 0.2
0.163 10.65 * 0.05
0.306 57.1 *, O.2

0.204 27.1 * 0.1
0.143 8.52 t 0.02
0.204 23.68 * 0.07

17.90 r 0.08
11.61 f 0.04

31.59 * 0.2
11.58 r 0.04
30.5 * 0.1

30.3 * 0.1
11.11 r 0.05
31.8 i 0.1

22.61 i 0.08
10.16 r 0.02
19.76 i 0.06

0.163 17.25 r 0.08
0,306 37.9 r 0.1
0.163 13.26 r 0.07

0.163 12.07 r 0.05
0.306 27.93 r 0.04
0,163 10.50 r 0.06

0.143 16.77 r 0.06
0.204 27.95 r 0.06

0.143 10.89 * 0.04
0.204 17.39 r 0.05
0.143 8.71 r 0.01

17.99 * 0.08
21.08 r 0.06
13.83 * 0.07

12.59 r 0.05
'15.54 r 0.02
10.95 i 0.06

19.99 r 0.07
23.32 r 0.05

12.98 * 0.05
14.51 i 0.04
10.38 * 0.01

yes

yes

yes

yes

yes

yes

yes

yes

0.204 21.09 * 0.08 17.60 r 0.07
0.143 7.60 n 0.04 9.06 r 0,05
0.204 16.57* 0.03 13.83* 0.03

Table 4.42: Current step experiments on AM60 anodized in phosphate-containing solution
AM60 anodized in 3 moldm-3 NaOH + 0.05 moldm-3 NaNHoHPOo. Each experiment involved two cunent
steps; the data ftom each run is grouped together.

j | 103 fr 7n'z slope
/Vsr

E / 108 V m-l correlation j I 103 A ma slope
/Vsj

E/ 108 V m{ correlation

0.265 63.0 r 0.2
0.122 14.45 r 0.05
0.265 36.62 * 0.09

0.265 44.7 x O.3
0j22 13.65 r 0.03
0.265 18.45 r 0.03

0.245 43.6 r 0.2
0.143 17.38 r 0.05
0.245 42.0 r 0.1

0.245 32.1 r 0.1
0.143 15.86 * 0.03
0.245 21.87 !, O.O4

40.4 * 0.1
20.09 r 0.07
23,50 i 0.06

28.7 *, 0.2
18.98 r 0.04
11.84 r 0.02

30.3 r 0.1
20.72x 0.06
29.20 r 0.07

22.32* O.O7

18.90 r 0.04
15.21 r 0.03

0.143 18.2 r.
0.245 22.'13t
0.143 9.81 *

0.143 12.99 *
0.245 42.4 *.
0.145 7.508 t
0.122 14.25x,
0.265 30.3 r
0j22 7.702 !,

0j22 10.32 *
0.265 49.s r
0.122 4.737 *,

0.1 21.7 x O.2
0.05 15.39 r 0.03
0.01 11.70 r 0.01

0.06 15.48 n 0.07
0.1 29.48 + 0.07
0.006 8.949 r 0.007

0.08 19.8 i 0.1
0.1 19.45 r 0.06
0.009 10.71 * 0.01

0.05 14.35 r 0.07
0.3 31.8 r 0.2
0.007 6.59 r 0.01

yes

yes

yes

yes
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Table 4.43: Current step expeiments on AZ91 anodized in sodium hydroxide solution
AZ91 anodized in 3 mol dm{ NaOH. Each experiment involved either one or two current steps; the data
from each run is grouped together.

l/103Am-a slope E/108Vm-1 correlation jt1OsA,6-z slope E/108Vm{ correlation
/Vs'r /Vs{

0.816 165.3t 0.5 34.3 t 0.1 yes 0.816 51.5 * 0.1 10.68t 0.02 yes
0.204 23.05 r 0.09 19.12 r 0.07 0.204 5.33 i 0.02 4.42 *. O.02
0.816 279 r3 57.8r0.6

0.612 102.8* 0.3 28.42i 0.08 yes
0.816 137.5* 0.6 28.5 r 0.1 yes 0.204 17.75* 0.05 14,70*. O.O4

0.204 19.21 r 0.08 15.931 0.07 0.612 157.9* 0.8 43.7 *. O.2

0.816 192 *. 2 39.8 * 0.4
0.612 81.5 * 0.2 22.53* 0.06 yes

0.816 103.3 t 0.4 21.42 * O,OB yes O.2O4 14.27 t O.OS 11.84 i 0.04
0.204 13.49* 0.08 11.191 0.07 0.612 111 r 1 30.7 i 0.3
0.816 112.9* 0.5 23.4 x 0.1

0.612 76.8 * 0.1 21.23*, O.O3 yes
0.816 102.3* 0.4 21.21 r 0.08 yes 0.204 17.20*. O.O4 14.27 *, O.O3

0.204 22.62t O.O9 18.761 0.07 0.6',t2 117.01 0.8 32.3 r 0.2

0.816 100.61 0.2 20.86i 0,04 no 0.612 73.4 *. 0.2 20.29* 0.06 yes
0.408 50.6 * 0.2 20.98* 0.08 0.204 14.851 0.05 12.32*. 0.04

0.612 120 *1 33.2*0.3
0.816 92.7 i 0.1 19.22*. O.O2 yes
O.2O4 16.561 0.06 13.731 0.05 0.612 il.3 t 0.1 17.78t 0.03 yes

0.204 15.98* 0.06 13.25t 0.05
0.816 89.6 t 0.3 18.58 t 0.06 yes 0.612 ,t26 ,, 4 35 r 1

0.204 15.3 r 0.2 12.7 *. O.2
0.816 '117.7*. 0.7 24.4 *, 0.1 0.612 54.6 * 0.6 15.1 *. 0.2 yes

0.204 4.11 r 0.01 3.409 r 0.008
0.816 73.6 t 0.3 15.26t 0.06 yes
0.408 19.891 0.05 8.25 r 0.02 0.612 52,0 *. 0.2 14.38* 0.06 yes

0.204 9.180* 0.009 7.614 r 0.008
0.816 73.1 *. 0.2 15.16 * 0.04 yes
0.408 25.061 0.04 10.391 0.02 0.612 50.7 * 0.1 14.02* 0.03 yes

0.204 6.27 i 0.03 5.20 t 0.02
0.816 72.2 *. O.2 14.97 t 0.04 yes
0.408 21.95* 0.04 9.10 r 0.02 0.612 49.0 * 0.1 13.55* 0.03 yes

0.204 12.45r, 0.01 10.33i 0,08
0.816 71.3 r 0.3 14.781 0.06 yes
0.408 20.38* 0.05 8.45 r 0.02 0.612 46.4 r 0.1 12.83* 0.03 yes

0.204 2.221*. 0.006 1.842 * 0.005
0.816 7'l.O *. 0,2 14.72*, O.O4 yes
0.408 23.32* 0.03 9.67 r 0.01 0.612 46.37t 0.09 12.82t O.O2 yes

0.204 5.76 r 0.01 4.777 i 0.008
0.816 68.8 * 0.2 14.27 x O.O4 yes
0.408 15.91 * 0.OS 6.56 r 0.02 0.612 45.3 * 0.2 12.52 t 0.06 yes

0.204 4.455x 0.008 3.695 r 0.007
0.816 68.7 r 0.2 ',14.24t 0.04 yes
0.408 23.821 0.06 9.88 r O.O2 0.612 41.2 t 0.1 17.09i 0.04 yes

0.408 12.06 * 0.03 5.00 r 0.01
0.816 61.0 t 0.8 12.6 *, 0.2 yes
O.ZO4 8.43 r 0.02 6.99 r O.O2 0.612 41.0 t 0.1 11.33t 0.03 yes

0.408 13.10r 0.06 5.43 * 0.02
0.816 59.0 r 0.2 12.23*, 0.04 yes
0.612 12.17r 0.06 3.36 r 0.02 0.408 30.51 i 0.09 12.65* 0.04 no

0.816 56.00 r 0.01 11.6111 0.002
0.816 59.0 t 0.4 12.23 t 0.08 yes
O.ZO4 7.06 i 0.01 S.BSS r 0.008 0.408 30.40 t 0.09 12.61 t 0.04 no

0.816 49.4 *, 0.2 10.24* 0.04
0.816 57.5 * 0.1 11.92 i 0.02 yes
0.204 6.64 r 0.02 S.S1 r O.O2 0.408 29.42*, O.OB 12.20* 0.03 no

0.816 52.8 *, O.2 10.951 0.04
0.816 56.5 t 0.1 11.71t 0.02 yes
0.408 13.34r O.OS S.S3 r 0.02 0.408 28.191 0.04 11.691 0.02 no

0.816 49.9 * 0.2 10.35* 0.04
0.816 51.9 t 0.1 10.761 0.02 yes
0.204 3.05 * 0.04 2.53 * 0.03 Table 4.43 continued over page
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Table 4.43 (cont.): Cunent step experiments on AZ91 anodized in sodium hydroxide solution

jl1O3 f,m-z slope E/108Vm'l corelation jtl}sAm-z slope E/108Vmi correlation
/Vs{ /Vs-l

0.204 22.3 t. 0.1 18.50* 0.08 yes 0.204 17.12* 0.09 14.2Ox O.O7 yes
0.816 95.6 * 0.3 19.821 0.06 0.816 96.0 i 0.2 19.91 r 0.04

0.204 21.971 0.08 18.22x 0.07 yes 0.204 17.0 t 0.1 14.101 0,08 yes
0.612 72.3 x O.2 19.991 0.06 0.612 71.2 *, O.2 '19.681 0.06
0.204 21.881 0.06 18.15i 0.05 0.204 22.8 *, 0.1 18.91 r 0.08

0.204 21.9 t 0.1 18.16t 0.08 no 0.204 16.45t 0.09 13.O4t 0.07 yes
0.408 41.0 r 0.2 17.001 0.08 0.612 61.6 r 0.1 17.031 0,03

0.204 16.8 r 0.2 13.9 r 0.2
0.204 21.33 r 0.08 17.69 t 0.07 yes
0.612 94.1 * 0.6 26,0 r 0.2 0.204 16.401 0.04 13.601 0.03 yes
0.204 26.47* A.O4 21.951 0.03 0.612 83.2 t 0.2 23.00t 0.06

0.204 20.51 * 0.03 17.01 * 0.02
O.2O4 21 .13 r 0.08 '17 .52 x O.O7 yes
0.612 85.0 r 0.2 23.501 0.06 O.2O4 16.23'. O.O7 13.461 0.06 yes
0.204 21.73*, 0.07 18.02i 0.06 0.612 60.461 0.06 16.71 r 0.02

0.204 19.44t 0.08 16.'12*, O.O7 yes 0.204 16.01 t 0.05 13.28* 0.04 yes
0.816 89.0 * 0.5 18.5 r 0.1 0.816 92.6 r 0.1 19.20i 0.02
0.204 16.79i 0.05 13.93t 0.04

0.204 15.8 r 0.1 13.10t 0.08 yes
0.204 19.34* 0.07 16.04* 0.06 yes 0.612 55.25* 0.05 15.27 *. O.01

0.612 78.9 r 0.2 21.81 r 0.06
0.204 19.22* O.O4 15.94r O.O3 0.204 15.54t 0'07 12.89t 0.06 yes

0.612 64.8 r 0.2 17.91 r 0.06
0.204 19.21 r 0.05 15.93* 0.04 yes 0.204 13.37t 0.03 11.09* 0.02
0.612 79.6 r 0.3 22.01 f 0.08
A.204 20.70 r 0.03 17.12 t O.O2 O.2U 14.83 t 0.08 12'30 t 0.07 yes

0.816 125.4*. 0.7 26.0 x 0.2
0.204 18.3 t 0.1 15.18t 0.OB yes 0.204 21.88* 0.03 18.15t 0.02
0.612 61.8 r 0.3 17.09n 0.08
0.204 19.8 r 0.1 16.421 0.08 0.204 14.83t 0.07 12.30t 0.06 yes

0.612 47.39i 0.08 13.10r 0.02
0.204 18.04* 0.06 14.96t 0.05 yes
0.612 80.4 a 0.2 22.29t 0.06 0.204 14.8 r 0.2 12.3 x O.2 yes

0.204 24.78* 0.08 20.551 0.07 0.816 84.9 * 0.2 17.60i 0.04
0.2a4 14.71 * 0.05 12.20x O.O4

0.204 17.5 t 0.1 14.51 t 0.08 yes
0.816 94.4 r 0.1 19.Szr 0.02 0.204 14.14t 0.04 11.73* 0.03 yes

0.612 45.80* 0.09 12.66* 0.02
0.204 17.36t 0.08 14.40*, O.A7 yes
0.612 64.7 t O.Z 17.89n 0.06 O.2O4 8.64 n 0.06 7.17 r 0.05 yes

0.204 16.50r O.O4 13.68* 0.03 0.612 48.2 x O.1 13.33* 0.03
0.204 6.42 t O.O'I 5.325 i 0.008

0.204 't7.22 x 0.06 14.28 n 0,05 yes
0.816 96.5 r 0.2 20.01 r O.O4 0.204 3.95 r 0.07 3.28 t 0.06 yes

0.612 45.5 * 0.2 12.581 0.06
0.204 6.08 i 0.01 5.043 i 0.008
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Table 4.44: Cunent step expeiments on AZ91 anodized in fluoride-containing solution
AZ91 anodized in 3 moldm-3 NaOH + 0.05 moldm"3 NaF. Each experiment involved two current steps;the
data from each run is grouped together.

i / 103 A m'z slope
/Vs-l

E / 108 V m-l conelation j I 103 fi 6'z slope
/Vs{

E/ 10F V m{ conelation

0.184 38.8 * 0.2
0.0816 10.6 * 0.1
0.184 45.1 r 0.3

0.184 31.2 r 0.1
0.0816 9.99 r 0.07
0.184 38.7 r 0.4

0.102 14.11 * 0.08
0.204 21.8 r 0.1
0.102 11.93* 0.05

28.75 * 0.09
20.7 *. 0.1
35.7 * 0.4

23.4 i 0.1
18.08 r 0.08
19.79 r 0.08

0.0816 16.2 *,

0.184 44.1 r
0.0816 16.29 i
0.0816 11.80 t
0.184 29.78 *,

0.0816 13.6 t
0.0408 5.44 t
0.0816 7.8 *
0.0408 2.218 *,

33.6 t
40.6 t
33.8 *

24.5 x
27.44 *,
28.2 *.

0.08 22.6 r. 0.3
0.1 16.2 + 0.2
0.006 9.20 t 0.02

35.8 *
22.0 x
41.6 r

O-Z yes
0.2
0.3

0.4
o.2
0.1

o.2
0.06
o.2

o.2
o.2
0,06

0.09
0.06
0.1

yes

Table 4.45: Current step experiments on AZ91 anodized in phosphate-containing solution
AZ91 anodized in 3 moldm'3 NaOH + 0.05 moldm-3 NaNHoHPOo. Each experiment involved two current
steps; the data from each run is grouped together.

j l1O3 Am'z slope
/V s{

E / 108 V mr correlation j I 1A3 A m-z slope
/Vsn

E / 108 V m{ correlation

0.245 37.6 r 0.3 26.0 * 0.2
0.102 7.25 i 0.04 12.031 0.07
0.245 21.16 r 0.05 14.62 * 0.03

0.245 21.2 *,
0.102 5.71 r
0.245 14.10 *

0.184 22.31t
0.102 7.38 r
0.184 30.8 *

yes

0.07 yes
0.03
0.01

0.06 yes
0.07
0.09

0.07 yes
0.05
0.4

0.102 7.41 *
0.184 10.91 n
0j02 5.46 r
0.102 7.O1 *
0.245 18.11*
0.102 4.38 r
0.102 6.80 i
0.184 20.3 t
0.102 4.69 r
0.102 6.48 *
0.245 16.78 r
0.102 4.444 *,

0.04 12.29 *. O.O7

0.03 10.05 t 0.03
0.01 9.06 * 0.02

o.o2 11.63 * 0.03
0.08 12.52 r 0.06
0.01 7.27 * O.O2

o.o2 11.28t. O.O3

0.1 18.71 r 0.09
o.o2 7.78 r 0.03

0.03 10.75 r 0.05
0.03 11.60 * 0.02
0.006 7.372 * 0.001

0.1
0.02
o.o2

0.06
0.04
0.1

14.65 *
9.47 t
9.75 *

20.56 r
12.24 *
28.38 r
14.00 *
12.97 t
27.7 *

yes

yes0.184 15.19 * 0.08
0.102 7.82 r 0.03
0.184 30.1 r 0.4
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4.13 Electric field strengths from sawtooth eyenfs., raw data

Table 4.46: savvtogth events occuning during magnesium anodization in NaoHMagnesium anodized in 3 moldm-s NaOH-.

current
density
I Am-2

slope/Vs{ E/108Vm-i comments slope/Vs-t E/'l08Vm-l comments

current
density
/Am'2

20l,00 1260 r 30 10.6
100 *,2 0.84
412 * 8 3.46
333 r 5 2.80

* 0.3 3ssparkinganer

* o.o2 jlll,"J;L?i?r"""

t 0.07 had no spa*ing in

t o.o4 b€lue€n

'116 t 1

72.0 t O.2
75.9 r 0.3
82.6 r 0.3
92.0 * 0.3
97.7 f 0.3
102.7 * 0.3
106.7 * 0.4
109.8 * 0.3

11s.9 * 0.9
42.3 *. O.2
46.8 * 0.2
76.5 * 0.6

113.2 r 0.3
36.5 * 0.1
34.5 r 0.1
33.3 r 0.1

105 rl
90.3 * 0.6

9.74 r 0.08
6.05 r 0.02
6.38 i 0.03
6.94 i 0.03
7.73 r 0.03
8.2'l r 0.03
8.63 r 0.03
8.96 r 0.03
9.22 r 0.03

9.74 * 0.08
3.55 * 0.02
3.93 r 0.02
6.43 r 0.05

9.51 r 0.03
3.066 r 0.008
2.898 r 0.008
2.797 * 0.008

8.82 * 0.08
7.59 r 0.05

2 8 sparking gn€r
initial ri6ei brief
8p€rking sn6r

secoftt and third
ri8€s: r€ached A5 V
b€lw€€n all other

sawtogth

sparking afl€r initial
ris but nol allor

subsoquont
sarirtaelh

sparkhg after fiEt
and third rilo but

not lscond or
fourth

half socond
sparking beforo

sa!fltooth

20d,O

6120

6120

6120

4080

4080

4080

4080

3060

3060

3060

2040

2040

870 r 40
277 *2

24 11
7.76 r 0.06

9.21 * 0.06
5.21 r 0.03
6.69 * 0.03

8.90 r 0.06
8.7 * 0.3

13.78 * 0.04
12.56 r 0.08

9.6 x 0.2
14.2 x 0.3

3.58 r 0.02
2.050 * 0.008

sparking b€br6 and
eflor sacond

sau,loolh

$arking b€tweon
fir8t ond second and

b€twosn 89@nd
end third risss

gperking b€twe€n
tirst and sacond

ris6s

spadang b€two€n
first and socond

rises

briof sparking
bglwe€n sawlealh

sparfting b€fors and
snar Second

saxtoolh

brlaf lparking
bEtwEen Bavdesth

bri6t sparking
b€twogfl sawtaeth

329
186
239

318
312

x2
*9
rl
t2

229 *5
338 r6
85.2 r 0.4
48.8 t 0.2

*2
*1
*1

zod,O
328
299

2040

2040

2040

2040

2040

90 11
39.1 r 0.4
42.8 r 0.4
48.2 r 0.5
54.8 r 0.4
57.7 r 0.4
57.9 r 0.3
53.6 * 0.5
54.5 x O.4
56.6 r 0.4
53.6 * 0.4
49.2 r 0,6

89.2 i 0.2
30.0 I 0.1

87 x2
68 *1
59 r1
63 *1
75.6 i 0.9

77.5 r 0.5
44.9 t O.2
48.6 t 0.2
55.3 * O.2
54.6 *, O.2

69.5 r 0.4 2.92 x O.o2
53.1 t 0.3 2.23 r 0.01

148.2 *,0.7 8.30 * 0.04
182 13 10.2 *,0.2

101 .2 * 0.3 8.50 t 0.03 shorrspsrkins

67.2 r 0.3 s.64 r o.os .H:ffifitr;
28.55 t 0.09 2.398 t Q.QQ8 anerse-mi.no-
55.3 * 0.4 4.65 * o.o3 'fiif;,::#sff"

69.5 * 0.6
44.5 * 0.1
42.8 *. O.2
65.2 t 0.2
39.4 * 0.2

47.9 t 0.2
44.3 * 0.2
46.9 r 0.3
44.8 *,0.2

164.9 r 0.7
37.29 r 0.09
28.2 r 0.5

155 *,0.2
41.5 * 0.2
61.3 r 0.s

119 r 1

49.3 r 0.1
53.9 *,0.2
52.6 x 0.2
49.8 t 0.2
54.5 * 0.3

3.89 * 0.03 urier sparr<ins aner
2.492 t 0.006 rirst, s€cond and

2.40 r o.o1 
"r1",*'f;1ifr"";li"3.65 r 0.01

2.21 r 0.01

2.68 t 0.01 spsrkino berwsn
2.48 t 0.01 a*hsumrn
2.63 r 0.02
2.5'l r 0.01

13.85 r 0.06 o"#:ilil,ffi:l.'
3.132 * 0.008 period of spsrkins

237 X A.O4 betweons€cond

13.0 f 0.2 4sspsrkingstar

3.4e r o.o2 ,llilfl;11"1;;,
5.15 t 0.04 botws€nsecond

and third

10.00 r 0.08
4.141 t 0.008 2ssparkinsan€r

4.53 r o.o2 .,jfiilHfr"
4.42 t 0.02 subs€quenr dsg
4.18 t 0.02
4.58 r 0.03

7.56 * 0.08
3.28 * 0.03
3.60 * 0.03 2 ssporking afi€r

4.os r o.o4 "J#l'il[:fl"4.60 * 0.03 orh€rswre€th

4.85 * 0.03
4.86 r 0.03
4.50 * 0.04
4.58 r 0.03
4.75 * 0.03
4.50 r 0.03
4.13 * 0.05

7.49 t0.02 lssparftins

2.szo*, o.oo8 
**n**n

7.3 * 0.2
5.71 t 0.08 nosparkins

4.go t o.o8 Dslwem Eawtsth

5.29 r 0.08
6.35 r 0.08

20/,0

6.51 i 0.04
3.77 *, O.O2
4.08 * 0.02
4.65 * 0.02
4.57 * O.A2

8ptrking anor initial
ris€ bul mt b€twesn

Subs6qu6nt riss

20/,0

2040

Table 4.46 continued over page
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Table 4'46 (cont.): Savvtooth evenfs occurring during magnesium anodization in NaaH

current
density
lAm'2

slope / V s{ E/ 108 V m-r comments slope / V s{ E/ 108 V m-1 comments

current
density
lAm-z

20/,0 76.2 x 0.7
51.4 r 0.3
49.5 r 0.3
52.4 * 0.3
56.4 * 0.3
61.8 * 0.3
68.1 * 0.3
74.8 * 0.2
71.9 * 0.3
84.5 r 0.6
101.7 r 0.5
107 *1
73 r1
119.2 r 0.5

67.3 x 0.2
62.9 * 0.2
61.6 r 0.3
64.7 r 0.3
67.6 r 0.3
68.7 i 0.2
76.6 r 0.4

63.5 r 0.3
49.3 *.0.2
78.0 i 0.3
164 r1
61.1 r 0.4
50.1 r 0.2
63.6 * 0.3
87.9 r 0.4
102.0 * 0.3
101.9 * 0.4
99.8 r 0.5
91.2 * 0.7
83.9 * O.T
91.6 * 0.7
80.1 i 0.6
85.1 r 0.8
75.2 r 0.6
70.5 r 0.7
58.2 r 0.6

58.6 * 0.3
41,6 r 0.1
62.5 *,0.2
100.9 * 0.9
'141.8 *, 0.4
175.',t *,0.4
202.7 x O.s
224.9 * 0.5
249.1 * 0.8
263 r1
296 *'l
345 x2
501 x7

6.40 * 0.06
4.32 r 0.03
4.16 i 0.03
4.40 r 0.03
4.74 r 0.03
5.19 * 0.03
5.72 * 0.03
6.28 r 0.02
6.04 r 0.03
7.10 r 0.05
8.54 r 0.04
8.99 r 0.08

6.13 r 0.08
10.01 r 0.04

5.65 * 0.02
5.28 r 0.02
5.17 r 0.03
5.43 * 0.03
5.68 n 0.03
5.77 r, O.O2
6.43 * 0.03

5.33 r 0.03
4.14 t 0.02
6.55 t 0.03
13.78 * 0.08

20.89 * 0.04 1.755t 0.003 poriodorsprrtdns

24.36 * 0.06 2.046t o.oos "no*"o,',r'i*

z04,O 43.4 x 0.2 3.65 * 0.02 .1 
s spa'khs

2s.43 t 0.og 2.136 * o.oog 
o"**'*'*

42.30 r 0.09 3.553 * 0.007 nosoertdno
26.07 * 0.06 2.190 * 0.005 u"r,,.J-""i!"t
25.O n 0.1 2.100 r 0.008
52.9 * 0.6 4.44 r o.Os

2O4O 37.O f 0.1 3.108 * 0.008 brbrsparkins
2T.S f 0.1 2.310 * O.OO8 bdw€.nsau,reerh

1630 66.3 * 0.3 6.96 t 0.03 risorospa,kins
36,6 f 0.1 3.94 t 0.01 .vorras€ 

(zov) thon

'1 02.1 * 0.6 1o.lz t rmmed'r' lawtooth

34.6 r 0.1
32.39 r 0.07
50.0 * 0.3

56.3 * 0.2
37.4 r 0.1
73.6 * 0.5

47.6 r 0.1
37.1 * 0.2
47,0 r 0.5

42.3 * 0.2
28.36 r 0.06
36.66 * 0.08
47.1 r 0.1
48.0 * 0.2
69.5 r 0.4

42.1 r 0.1
26.68 i 0.04
27.86 r 0.07
30.6 f 0.1

40.4 r 0.1
26.48 r 0.05
26.71 *. O.O4
31.4 n 0.1

26.43 a 0.07
22.43 * O.O5

31.8 * 0.1
27.99 r 0.06
32.8 r 0.1

13.00 r 0.01
11.65 t 0.01

5.71 * 0.01 rise to lp€rkhs

4.45 i O.O2 '3:",ffi(#"','
5.64 t 0.06 aawroorh

5.08 t 0.02 rsactrod 70 v anor
3.403 t 0.002 rksr 2 s€wberh: no

4.40 * o.o1 .,i3#,.j1.,n
5.65 i 0.01
5.76 * 0.02
8.34 r 0.0S

5.05 * 0.01 ric€ ro sparrhs
3.202 f 0.005 yolt,gsc(zov)

3.343 * o.oo8 TS#'
3.67 * 0.01

5.66 f 0.01 rise to sparkhs

3.707 t 0.002 .volrss6 
(20 v)

s.zig * 0.006 'nTjT#3fl*
4.40 n 0.01

119^ n 9.91_ nosparknc
3.140 * 0.007
4.45 r 0.01
3.919 r 0.008
4.59 r 0.01

2.184 r 0.002
1.957 t 0.002 no sPailine

no sparkin€ so€n
behre€n ovents

brief sperking
batore saMooth

sp€rking occunad
bafora th6s

sal^rloolh hit nol
inb€tween th6m

riso to sparking
voltEge (70 V) thsn
imm6diats 6swtooth

votagB incroasg to
b€twsgn 60 V and
70 V aff€r tirst 9

saw{seth (ie
rsaching sparking

zone); final 5
sawieeth o6ur efl6a
€bout 50 or e0 V (i€

below sparking
vottage

briaf spsrking atter
lir8l and second

rir€ai riso to
sparking voltage

(70 V) after
subSeauffit

lransients than
immedials sawtooth

204,0

20/.0

2040

2040

2040

z0/,O

1630

1430

1430

1430

1220

't220

3.63 * 0.01
3.401 * 0.007
5.25 * 0.03

6.76 r 0.02
4.49 n 0.01
8.83 r 0.06

rbe to sparkhg
volrago (70 v)

then immsdist€
s€wtooth

ris€ to spsrking
vo[age (70 V)

b€fure nart
Ba\f,tooth

5.13 * 0.03
4.21 * 0.02
5.34 r 0.03
7.38 i 0.03
8.57 * 0.03
8.56 r 0.03
8.38 r 0.04
7.66 * 0.06
7.05 10.06
7.69 * 0.06
6.73 * 0.05
7.15 r 0.02
6.32 r 0.05
5.92 * 0.06
4.89 * 0.09

4.92 r 0.03
3.494 * 0.008
5.25 * 0.02
8.48 * 0.03
11.91 r 0.03
14.71 * 0.03
17.03 r 0.04
18.89 * 0.04
20.92 r 0.07
22.09 r 0.08
24.86 * 0.08
29.0 *, O.2
42.13 * 0.6

1430

1020
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Table 4'47: sawtogth^evenls oyuring duing magnesium anodization in fluoride-containing sotutionMagnesium anodized in 3 morom-3lrtaoFl+ 0.05 mor-dm-3 NaF.

current
density slope/Vs-t
I Am-2

E/ 108 v m-l comments

1020 102.0 * 0.3
384 r5

816 24.6 i 0.1

43.2 * 0.2

17.14 i 0.05
64.5 r 0.8

5.17 * 0.02
9.07 * 0.04

bri€f BFarking bstore
3{|wlooth

raacisd 60 V th€n sawtooih

Table 4'48: savvtooth events occurring duing magnesium anodization in phosphate-containing solutionMagnesium anodized in 3 mordm* NaoH ptus o.os irordm-3 NaNHoHpoo.

current
density
lAm'2

slope / V s-t E/ 108 V mi comments slope / V s-t E/ 108 V m{ comments

current
density
lAm-2

2A40 70 r1
67.4 t 0.4
86.7 r 0.5
109.4 * 0.6
1U.6 r 0.7
171 r1
62j * 0.3
515 rg

5.88 r 0.08
5.66 i 0.04
7.28 *. O.04
9.19 r 0.05
11.31 r 0.06
14.36 r 0.08

5.22 r 0.03
43.3 r 0.8

roeched sparking
vollagE (60 V) b€for.

6ach saMooth

2 s sparking bofore
saxtoolh

57.1 r 0,1
400 *.4
8.91 r 0.02
14.71 * 0.03

15.76 r 0.02
6.22 * 0.01

2040 12.12 X O.O2 briof tparkrns

94.0 t 0.9 betora sawroorh

3.254 * 0.007 nosparkins

5.37 r 0.01

6.619 * 0.008 reaarcd spsdou
2.612 *, O.OO4 voness (70v)

469

408
2040

Table 4.49: sav'ttooth events occuning during zA12g anodization in NaoH74123 anodized in 3 moldm-3 NaOH.

current
density
I Am-z

slope / V s-t E/ 108 V m-l comments slope / V s't E/ 108 V m-r commenls

current
density
lAm'2

816 26.95 t 0.08 5.55 * 0.02 nosparkins
40.99 * 0.05 8.45 r 0.01
57.6 r 0.1 11.87 *. O.O2
80.8 x 0.2 16.65 r O.O4
107.8 * 0.3 ZZ.2Z*. O.OB
153.1 r 0.9 31.6 r 0.2

36.4 * 0.1 10.00 * 0.03 nosparkins63.3 * 0.3 17.40 * 0.08

11.70 * 0.06 3.22 *.0.02
19.68 t 0.02 5.409 t 0.006sparftineafrorinftiet
25.53 r 0.03 7.016r 0.008.1'ff"1il*?:?Hl"
33.49 * 0.05 9.20 r 0.01
42.28 t O.OT 11.62*. O.Oz
47.1 r 0.1 12.94r O.O3
53.7 r 0.1 14.76 r 0.03

23.20 * 0.05 9.56 * 0.02
34.3

7.985 t 0.005 6.583* 0.004 noaparkins
13.88 r 0.05 11.44* O.O4

204 7.80 r 0.01
7.64 * 0.03

6.816 * 0.007
9.05 * 0.04

6.808 r 0.003
15.67 r 0.05

5.056 * 0.003
5.99 * 0.02

5.517 r 0.007
7.62 r 0.03
14.0 r 0.1

4.292 * 0.003
5.09 r 0.05

1.705 r 0.002
2.166 r 0.003

6.431 t 0.008 nospsr*ins

6.30 * 0.02

5.620 * 0.006 no sparkins

7.46 r 0.03

7.016 t 0.003 nosporkins

16.15 n 0.05

5.211f 0.003 noeparkns

6.17 r 0.02

6.498 * 0.008 nolperktns

8.97 r 0.04
16.5 * 0.1

5.055 t 0.004 no sparking

6.00 r 0.06

2.811 * 0.003 msparkins

3.572 * 0.005

204

163

163

't43

143

408

612

612

204

102
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Table 4'50: savvtooth 
?ve$9 Ycurring duing 2A123 anodization in phosphate-containing solution7A123 anodized in 3 mot dm{ NaoH ptuJo.os riot omJ N"r,fr.Heo.. '

current
density slope/Vs{
I Am-2

E/ 108 V m{ comments

612 48.5 * 0.6
13.27 * 0.05

13.3 *, O.2 s i spa.tdng barbra

3.65 * 0.01 Easlootrl

Table 4'51: sawtooth,eve(! gccumng duing AM60 anodization in phosphate-containing solutionAM60 anodized in 3 mordm'a NaoH ptus-o.os 
'nh 

orj N"Ni.ieo.

cunent
density slope/Vs{
I Am-2

E/ 108 V m{ comments

81.6 0.905 t 0.OOO 1.89 * 0.01 nospsrr(ns,mtyr€acft€d
2.09 t 0.01 4.36 t O.O2 ezvratooairnoanr

Table 4'52: sawtooth. events _occuning duing AZgl anodization in phosphate-containing solutionAZ91 anodized in 3 moldm'3 NaoH ptus d.os rnitorni H"Nn.i'eo..

current
density slope/Vs{
I Am-2

E/ 108 V m-l comments

816

612

10.60
10.37
19.51

4.16
7.77

r 0.02
* 0.02
* 0.04

* 0.02
* 0.1

51.1 r .01
50.0 r 0.1
94.1 t 0.2

15,05 r 0.07
28j * 0.5

brbf spsrking botss€n
eventrs

2 s tpsking b€for.
sawtoottr
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Table 4.53: savvtooth events occurring during AZgl anodization in NaoH
AZ91 anodized in 3 moldm€ NaOH.

current
density
I Am'2

slope / V s{ E/ 108 V m-l comments slope / V s{ E/ 108 V m-1 comments

current
density
lAm'2

612 47.7 r 0.2
63.8 * 0.1

45.16 r 0.07
72.9 * 0.1

35.8 * 0.1
55.5 r 0.1
107.4 r 0.5

25.06 r 0.04
54.5 * 0.1

23.82 i 0.06
65.5 t 0.2

23.32 r 0.03
58.2 * 0.1

22.3 * 0.3
22.57 t O.O5

30.7 * 0.1
35.7 * 0.1
44.O * 0.1
59.4 * 0.2
85.9 r 0.4

21.95 r 0.04
57.4 r 0.1

20.38 t 0.0S
47.5 r 0.1

19.89 r 0.05
50.6 r 0.1

19.16 * 0.06
20.96 * 0.05

18.4 r 0.2
16.70 r 0.02
19.94 r 0.04
23.19 * 0.06

15.81 r 0.05
44.2 r 0.1

13.34 r 0.05
42.60 * 0.08

26.47 i, O.O4
63.1 * 0.2

13.19 r 0.06
17.64 * 0.03

12.48 * O.O2
20.15 * 0.03

9.90 * 0.03
15.34 r 0.03
29.7 t 0.1

10.39 * 0.02
22.60 r 0.04

9.88 i 0.02
27.16 r 0.08

9.67 * 0.01
24.13* O.O4

9.2 * 0.1
9.36 r 0.02
12.73 t 0.04
14.80 n 0.04
18.25 * 0.04
24.63 r 0.08
35.6 r 0.2

9.10 r 0.02
23.80 r 0.04

8.45 r 0.02
19.70 * 0.04

8.25 * 0.02
20.98 r 0.04

7.95 r 0.02
8.69 * 0.02

7.63 r 0,08
6.925 * 0.008
8.27 x O.02
9.62 * 0.02

6.56 r 0.02
18.33 r 0.04

5.53 r 0.02
17.67 * 0.03

21.95 r 0.03
52.3 i 0.2

signal rises lo 65 V
boforg saMooth

no spErking

no Bparking

no Spar*ing

no rparking

no Ep€dcng

signal reach€s 60 V
bdwsm eactl

sawlooih bul no
sparking

no sparking

no gparking

no sperking

no sparking

no sparting

no sparking

no sparking

no sparkino

21.88 r 0,03
41.3 i 0.1

21.88 r 0.06
128.6 * 0.5

19.22 t O.M
44.78 *.0.07

16.8 r 0.2
13.10 r 0.09

16.50 r 0.04
31,08 r 0.04

15.75 n 0.01
25.08 r 0.04

14.71 r 0.05
23.64 r 0.06

14.42 t 0.02
18.33 r 0.06

14.42 t O.O1

23.51 * 0.04
37.25 r 0.06

13.37 * 0.03
32.8 t O.2

'12.79 *, O.O4
18.68 r 0.04

12.45 *. O.O1

16.70 r 0.05

12.428i 0.008
20.83 r 0.02
33.7 * 0.1

12.284*, O.008
19.73 * 0.02
29.8 r 0.1

8.284 r 0.007
10.24 * 0.06

4.455 * 0.008
13.46 * 0.09

18.15 i 0.02
34.25 r 0.08

18.15 r 0.05
106.7 r 0.4

15.94 r 0.03
37.14 r 0.06

13.9 * 0.2
10.86 * 0.07

13.68 i 0.03
25.78 i 0.03

13.063 r 0.008
20.80 * 0.03

12.20 * 0.04
19.61 * 0.05

11.96 r 0.02
'15.20 r 0.05

11.960 rO.008
19.50 * 0.03
30.89 r 0.05

no sparldng

no sparting

no sparking

no sprrking

no spefting

no sparking

no sparking

no sprrking

no sperking

6't2

612

408

408

408

408

11.09 * 0.02
zz.2 *, o.2 no spartins

19 91 * I9l nosparr,ne
15.49 r 0.03

10.326 * 0.008
13.g5 t O.O4 no Eparkino

10.308 * 0.007
17.2g * 0.02 no sParkins

27.95 r 0.08

10.188 r 0.007
,16.36 i o.ot nospsrkins

24,72 * 0.08

6.871 t 0.006 nosperkins

8.49 * 0.05

?'.69t * 9'997 nosP{n(rry
11.16 * 0.07
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4.14 Film growth during anodization: raw data

Table 4'54: lncrease in fitm fhrbkness on magnesium in sodium hydroxide solution
Pure magnesium anodized in 3 mol dm'3 NaoH.-lncrease in film thicliness calculated from Eqn 4.2.

i t 103 \62 tl-to I s af I nm i I 1O3 A7n-z f.,-fols Allnm i I 103 Am-z t1-tols atlnm
2.04 0.132
2.04 0.125
2.44 0.117
2.04 0.048
0.816 0.138
0.735 0.141
0.612 0.281
0.612 0.214
0.612 0.195
0.612 0.178
0.612 0.177
0.612 0.171
0.612 0.160
o.6't2 0127
0.612 0.071
0.510 0.342
0.408 0.860
0.408 0.743
0.408 0.577
0.408 0.543
0.408 0.495
0.408 0.370
0.408 0.284
0.408 0.282
0.408 0.281
0.408 0.275
0.408 0.22'l
0.408 0.188
0.408 0.184
0.408 0.170
0.408 0.160
0.408 0.149
0.408 0.147
0.408 0.110
0.306 1.14
0.306 1.O2
0.306 0.743
0.306 0.344
0.204 2.20
0.204 2.'t8
0.204 1.68
0.204 1.63
0.204 1.57
0.204 1.53
0.204 1.39
0.2a4 1.30
0.204 1.28
0.204 1.28
0.204 1.24
0.204 1.18
0.204 1.14
0.204 1.'t1
0.204 1.10

4.204 1.07
0.204 1.O7
0.204 1.00
0.204 1.00
0.204 0.986
0.204 0.983
0.204 0.950
0.204 0.929
0.204 0.900
0.204 0.898
0.204 0.876
0.204 0.865
0.204 0.864
0.204 0.860
0.204 0.860
0.204 0.855
0.204 0.854
0.204 0.850
0.204 0.835
0.204 0.832
0.204 0.828
0.204 0.827
0.204 0.824
0.2a4 0.796
0.204 0.778
0.204 0.775
0.204 0.772
0.204 0.763
0.204 0.760
0.204 0.747
0.204 0.735
0,204 0.735
0.204 0.734
0.204 0.724
0.204 0.723
0.204 0.715
0.204 0.707
0.204 0.707
0.204 0.695
0.204 0.686
0.204 0.681
0.204 0.670
0.204 0.664
0.204 0.659
0.204 0.650
0.204 0.640
0.204 0.618
0.204 0.610
0.204 0.608
0.204 0.608
0.204 0.600
0.204 0.593
0.204 0.592

0.204 0.588 70.o
0.204 0.579 68.9
0.204 0.573 68.2
0.204 0.572 68.1
0.204 0.572 68.1
0.204 0.540 64.3
0.204 0.536 63.8
0.204 0.503 59.9
0.204 0.496 59.0
0.204 0.479 57.O
0.204 0.470 56.0
0.204 0.470 56.0
0.204 0.470 56.0
0.204 0.468 55.7
0.204 0.420 50.0
0.204 0.364 43.3
0.204 0.360 42.9
0.204 0.350 41.7
0.204 0.347 41.3
o.zM 0.344 41.O
0.204 0.337 40.1
0.204 0.316 37.6
o.zu 0.302 36.0
0.204 0.254 30.2
0.204 0.250 29.8
o.zu 0.242 28.8
0.204 0.225 26.8
0.204 0.179 21.3
0.204 0j25 14.9
0.163 1.54 146
0.163 1.51 144
0.163 1.30 't23
0.163 1.02 97.O
0.163 0.750 71.4
0.163 0.487 46.4
0.143 2.35 196
0.143 2.11 176
0.143 1.97 164
0.143 1.53 128
0.143 1.46 122
0.143 1.37 114
0.143 1.36 113
0.143 1.17 97.2
0.143 1.O7 89.3
0.143 1.07 88.9
0.143 0.820 68.3
0.143 0.678 56.5
o.'t22 2.18 .t56

0.122 1.46 105
0,122 2.24 160
0.122 0.655 46.8
0.102 3.87 230

157
149
140
57.1
65.7
60.4
100
76.4
69.6
63.6
63.2
61.1
57.1
45.4
25.4
102
205
177
138
129
118
88.1
67.6
67.1
66.9
65.5
52.6
44.8
43.8
40.5
38.1
35.5
35.0
26.2
204
182
133
61.4
262
260
200
194
187
182
166
154
153
152
148
140
136
132
't31

128
128
119
119
117
117
113
111
107
107
104
103
103
102
102
102
102
101

99.4
99.0
98.6
98.5
98.1
94.8
92.6
92.3
91.9
90.8
90.5
88.9
87.5
87.5
87.4
86.2
86.1
85.1
84.2
84.2
82.7
81.7
81.1
79.8
79.0
78.5
77.4
76.2
73.6
72.6
72.4
72.4
71.4
70.6
70.5
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Table 4'55: lncrease in film fhlckness on magnesium in fluoride-containing solution
Pure magnesium anodized in 3 moldm-3 NaoH i o.os moldm-3 NaF. lncrease in film thickness calculatedfrom Eqn 4.2.

il1O3frrrrz tr-fols ALlnm i l'103 Am' fr-to/s LLI nm i | 1o3 p,6z tl-fo / s aL / nm
1.02
't.02
1.02
1.02
0.816

0.592
0.546
0.462
0.110
0.831

35.2
32.5
27.5
6.s5
39.6

0.816
0.612
0.408
0.306
0.204

0.163
o.'142
0122
0.102

6.00
11.0
14.0
18.0

57.'l
91.7
100
107

0.698 33.2
0.935 33.4
1.70 40.5
2.00 35.7
4.60 54.8

Table 4'56: lncrease in film thickness on magnesium in phosphate-containing solutionPure magnesium anodized in 3 mol dm-s NaOH + 0.05 mol dm-i N"NHoHpOr. iircrease in film thicknesscalculated from Eqn 4.2.

i/103Am'a fr-fo/s allnm j/103fi6-z {-tols ALlnm i 1103 Am'z f1-fol - a,Lt nm
2.O4
2.04
2.04
2.04
2.04
0.816

0.704
0.640
0.532
o.420
0322
0.950

83.8
76.2
63.3
50.0
38.3
45.2

0.612
0.510
0.510
0.469
0.408
0.408

1.18
1.20
1.00
2.00
3.50
3.20

42.1
35.7
29.8
54.8
83.3
76.2

0.408
0.408
0.388
0.367
0.306
0.306

2.10 50.0
1.40 33.3
5.50 124.4
6.80 145.7
13.50 241j
2.80 50.0

Table 4.57: lncrease in fitm thickness on 4123 in sodium hydroxide solution2A123 anodized in 3 mol dm-3 NaoH. Increase in film thickness catculated from Eqn 4.2.

jl'103 fi.rr2 ti-fo/s Atlnm i I 103 f, 111-z tr-fo / s At / nm i | 1O3 \6-z f'-{o / s L,Ll nm
1.02
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.816
0.612

0.566
1.83
1.30
0.925
0,735
0.693
0.557
0.5't 1

0.373
2.57

34.3
89.0
63.0
44.9
35.7
33,6
27.0
24.8
18.1
93.4

0.612
0.612
0.612
0.612
0.612
0.612
0.612
0.408
0.408
0.408

1.98
1.65
1.53
1.51
1.28
1.18
1.01
3,27
2.91
1.22

72.0
60.2
55.7
54.9
46.5
42.9
36.9
79.2
70.6
29.6

o.204
0.204
0.204
0.163
0.163
0.143
0.143
0.143
0.102

9.43
8.25
7.87
12.4
9.21
13.9
10.5
6.33
28.4

114
100
95.4
120
89.3
118
89.4
53.7
172

Table 4'58: lncrease in film fhlckness on 2A123 in fluoide-containing sotution
2A123 anodized in 3 mol dm-3 NaoH + o.o5 mol dm-3 NaF. Increase in film thickness calculated fromEqn 4.2.

j I 1Os P,6'z fl-fo / s aL / nm

1.23
1.30
1.60
1.90

f/103fi 6-e tr-fo/s ALlnm

0.143
0.122
0.102

0.E16
o.204
0.184
0.163

59.8
15.8
17.5
18.4

2.40
3.10
3.36

20.4
22.6
20.4
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Table 4'59: lncrease in fitm fhickness on 2A123 in phosphate-containing sotution24123 anodized in 3 mol dm'3 NaoH + 0.05 mol dm'3 Narrrl.iFor. Increaie in nrm thickness calcutatedfrom Eqn 4.2.

i t 1O3 fi,6-z tr-to I s AL / nrn il1O3A.62 t1-tols ALlnm i I 1O3 \7n'z fr-to / s aL / nm
2.24
2.O4
1.84
1.63

0.0411
0.0515
0.0800
0.104

5.49
6.25
8.73
10.1

1.43
1.22
1.22
1.O2

0120
0.236
0.'t67
0.419

10.2
17.2
't2.1
25.4

1.02
1.O2
0.816
0.408

0.378 22.9
0.375 22.7
0.,149 21.8
0.0451 1.09

Table 4.60: lncrease in fitm thickness on AM60 in sodium hydroxide solution
AM60 anodized in 3 moldm-3 NaoH. Increase in film thickness calculated from Eqn 4.2.

ill}sAm-z fr{o/s ALlnm

2.04
2.04
o.612
0.408

0.388 46.5
0.348 41.7
1.34 48.2
2.00 47.9

Table 4.61: lncrease in fitm fhickness on AM60 in fluoride-containing solution
AM60 anodized in 3 mol dm-3 NaoH + 0.05 mol dm-3 NaF. Increase in film thickness catculated ffomEqn 4.2.

j/103trrn'z f.,E ALlnm i/103fi 6-z fr-fo/s L,Ltnm i I 103 f,7yyz fi-to / s At / nm
2.O4
0.816
0.612
0.408
0.306

0.770
o.423
0.780
1.40
1.80

92.3
20.3
28.O
33.6
32.4

0.286
0.245
o.245
0.224
0.204

1.50
2.00
1.60
2.20
4.40

25.2
28.8
23.0
29.0
52.7

0.184
0.163
0.143
0.102

3.80
5.60
7.OO

10.0

41.0
53.7
58.7
59.9

Table 4.62: lncrease in film thickness on AM60 in phosphate-containing sotution
AM60 anodized in 3 mol dm'3 NaoH + 0.05 mol dm-3 ruailnoxeoo. lncreise in firm thickness calculatedfrom Eqn 4.2.

j/1O3Am{ tdo/s Atlnm i | 103 Am'z fl-tols aLlnm i l'lO3 fi7y;z fr-fo/s L,Lt nm

2.04
2.44
0.816
0.816
0.612

0.113
0.0560
0.277
0.206
0.283

13.5
6.71
13.3
9.88
10.2

0.408
0.306
0.286
0.265
0.245

o.224
0.204
0.184
0.143

3.00
3.60
5.40
9.00

39.6
43.1
58.2
75.5

0.709 17.O
1.22 21.9
1.40 23.5
1.80 28.0
2.00 28.8
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Table 4.63: Increase in fitm fhickness on AZgl in sodium hydroxide sorution
AZ91 anodized in 3 mol dm-3 NaoH. Increase in film thicknessialculated from Eqn 4.2.

i | 103 fi1rrz tl-to/- Allnm i | 103 Am-z f1-lols aLlnm il'l0s firr2 fr-fols ALlnm
2.O4
0.816
0.816
0.816
0.612
0.612
0.612
0.612
0.612
0.612
0.408
0.408
0.408
0.408

o.204
2.13
1.46
0.560
1.74
1.10
0.923
0.800
0.659
0.422
2.90
2.69
2.65
2.20

24.6
103
70.4
27.0
62.8
39.8
33.4
28.9
23.8
15.3
69.9
64.9
63.9
53.1

0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408
0.408

1.75
1.54
1.53
1.51
1.23
1.07
0.950
0.950
0.935
0.900
0.900
0.765
0.750
0.709

42-',\
37.'l
36.8
36.4
29.5
25.9
22.9
22.9
22.5
21.7
2't.7
18.4
18.1
'17.1

16.2
15.2
54.3
53.9
34.3
31.6
19.8
19.8
19.3
19.3
15.6
14.5
13.3
3.81

0.408 0.670
0.408 0.632
0.204 4.50
0.204 4.47
0.204 2.84
0.204 2.62
o.2M 1.64
0.204 1.64
0.204 1.60
0.204 1.60
0.204 1.30
0.204 1.20
0.2u 1.10
0.204 0.316

Table 4'64: lncrease in film fhickness on AZgl in fluoride-containing sotution
AZ91 anodized in 3 moldm-3 NaoH + 0.05 moldm'3 ruar. tncreaie in filmthickness calcutated from Eqn 4.2.

il 103 Am'z f1-fols ALlnm itlO3Ar-z ryols ALlnm
0.816
o.7't4
0.510
0.306

0.490
0.313
o.434
o.704

23.6
't3.2
13.'t
12.7

0.102 3.31
0.0816 4.93
0.0612 6.29
0.0204 32.0

20.o
23.8
22.8
38.6

Table 4'65: lncrease in film fhickness on AZgl in phosphate-containing solution
AZ91 anodized in 3 mol dm-3 NaoH + o-05 mol dm-i trtarunnieoo. rncrelse in film thickness calculatedftom Eqn 4.2.

jt1o3Am. ry6 allnm i | 1O3 fi6-z t1-to/s atlnm i1103fi62 fi-6ls ALlnm
0.816
0.816
0.816
0.612
0.408

0.2u
0.184
0.163
0.143

0.845
1.30
1.75
2.70

10.2
14.2
16.9
22.8

0.887 42.8
0.846 40.8
0.443 21.4
0.348 't2.6
0.347 8.37

0.122 4.40
0.102 6.60
0.0816 14.0
0.0612 30.5

31.8
39.8
67.5
110
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CHARGE EFFICIEN.CY

5.1 Introduction

During the galvanostatic experiments detailed in Chapter 4, it was assumed that alt the
applied cuffent density contributed to film building on the anode surface. However gas

evolution at the anode utilized some of this current density. Oxygen evolved at the anode
according to Eqn 5.1.

4OH-1aq) -+ 2Hro("q + or(n) + 4e-

Each mole of oxygen gas required the transfer of four electrons. Knowing the amount
of charge involved in this competing reaction led to a calculation of the charge efficiency

for the anodizing process.

By tailoring the anodization conditions to minimise competing

possible to maximise the amount of protective anodic film formed

based metal and hence increase corrosion protection.

Eqn 5.1

processes it may be

on the magnesium-

5.2 Experimental design and resulfs

Magnesium, 2A123, AM60 and AZg1 were anodized for 60 s at 1S0 mA in each of the
three electrolytes: 3 mol dm-3 NaoH, 3 mol dm-3 NaoH + o.o5 mol dm-3 NaF and

3 mol dm-a NaoH + 0.05 mol dm-3 NaNHoHPoo. cell design, operating conditions and

experimental method are detailed in Section2.g.

Table 5.1 shows the operating temperature, atmospheric pressure and total volume

change for each combination of electrode and electrolyte. Before each run the solution

level was recorded over one minute to allow for any drop in electrolyte level due to a slow
leak in the apparatus. This adjustment was incorporated into the final volume change
recorded in Table S.1.

130
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Table 5.1: Resu/fs from oxygen evolution experiments
Each electrode (Mg, 2A123, AM6o and AZ91) was anodized at 1s0 mA for60 s in each electrolyte:
3 mol dm-3 NaoH, 3 moldm-3 NaoH + 0.05 moldm-3 NaF and g rotor* NaoH + o.os roior:iN"r.ftLtlt,q.
Using the apparatus shown in Fig. 2.11 the oxygen gas evolved at the anode was collected and the volumemeasured' Atmospheric pressure readings came from the New Zeatand Heratd. Room temperature wasrecorded during the anodizations in sodium hydroxide and in fluoride-containing solution; water bathtemperature was recorded for the experiments in phosphate-containing solution.

For Mg, 2A123 and AZg1, five or six experiments were canied out in each solution; the volume changefrom each run is recorded in this table. On the burette the smallest gradation was 0.02 mL. Volumes wererecorded to the nearest 0.005 mL: one quarter of the gradation.
During anodization experiments on AM60 the voltige required to maintain 150 mA exceeded the 100 Vlimit of the galvanostat. Sparking and gas evolution occJrred during the initial run in each electrolyte but notfor the full 60 s: NaoH = 55 s, NaoH + F-:-11s, NaoH * Pooi = 42 s. No sparking occurred during thesubsequent two or three experiments on AM60 in each solutioi.
Volume changes marked with * did not spark for the full 60 s; volume changes marked with # did notspark at all.

etecrrode soturion ,, * "xH.tJ,lT"
/ kPa

volume
change / mL

atmospheric
electrode solution TIK pressure volume

/ kPa change / mL

Mg NaOH 291 101.94 0.510
0.480
0.500
0.465
o.475
0.460

0.370
0.360
0.355
0.345
0.355
0.355

0.380
0.395
0.460
0.460
0.420
0.485

0.455
0.470
0.uo
0.395
0.320
0.405

0.415
0.335
0.325
0.365
0.375
0.365

0.410
0.420
0.440
0.415
0.390
0.355

F.

Poo"

NaOH

293

Po.e- 3'17
316
315
314
313
313

0.365'
0.015 #
0.025 #
0.010 #

0.160 *

0.015 #
0.015 #

0.655 *

0.005 #
0.00s #

0.435
0.450
0.475
0.480
0.495

0.550
0,580
0.510
0.490
0.500
0./+45

0.s00
0.480
o.445
0.380
o.375
0.360

AM60 NaOH 293 100.8

AM6O

Mg

Mg

F. 292 101.1

POo.- 320 101.1
319
319
318
317
316

2A123 NaOH 292 101.1

24123 F- 292 100.8

AZ91 F. 292 101.1

AZ91 101.1

AM6O

AZg1

320
320
320

291

100.8

100.8

101.76

319
318
317
316
316
315

zA'123 PO." 100.8
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During the first anodization experiment on AM60 in each solution, the voltage required

to maintain the 150 mA constant current exceeded the 100 V limit of the galvanostat.

sparking did not occur for the full 60 s: NaoH = s5 s, NaoH * F- = 37 s, NaoH + po+F

= 42 s (marked with * in Table 5.1). Subsequent runs using the same AM60 electrode
without repolishing produced no sparking and very little oxygen evolution (marked w1h #).

5.3 Amount of oxygen gas evolved

Calculating the amount of oxygen evolved from the volume collected used the gas law:

n = pVIRT Eqn 5.2

number of moles of gas V = volume / m3Pressure/Pa T = temperature/K
gas constant = 8.31434 J K-1 mot-r (Aytward & Findtai ,tgtq)

Several assumptions and corrections had to be made before this equation was used.

Saturation of solution with oxygen gas

At 293 K and a partial pressure of 101 kPa, the solubility of oxygen gas in pure water was
0'0434 g per kg of water(Aylward & Findlay 1974).In electrolyte solutions the solubility of
oxygen was much lower. Long and McDevit (1952) studied the activity coefficients of non-
electrolyte solutes in aqueous salt solutions. Using their approach, the solubility of orygen
gas in 3 mol dm-3 NaoH at 25 oC was estimated to be 30% of its solubility in pure water.

10 mL of solution in the burette and 50 mL in the U-tube above the anode must be
saturated' Saturation of 60 g of pure water required 2.604 mg of Or. However the solution

was saturated already with air containing 20o/o oxygen. Thus the amount of extra orygen
required to saturate 60 mL of pure water is 2.083 mg or G5 pmol. Therefore 20 pmol of O,
was required to saturate 60 mL of 3 mol dm-3 NaOH.

Oxygen saturation should occur during the initial anodization process with each

electrode/electrolyte combination. Subsequent runs used the same solution after only a
few minutes delay; the solution should remain saturated during this time. Volume changes

recorded forthe initial run therefore should be significantly lowerthan for later runs because

some oxygen was consumed initially to saturate the solution. Table 5.1 shows that volume
changes were not significantly lowerfor initial runs than for subsequent experiments so no

correction was made for oxygen gas solubility. lt is not understood why this correction for
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oxygen saturation was not required. One possible reason is that the solubility of oxygen in

3 mol dm-3 NaOH was only an approximate value.

Partial pressure of orygen

Because the cathode side of the U-tube was open to the atmosphere, the gas in the
burette was at atmospheric pressure. To calculate the partial pressure of the oxygen gas,

the vapour pressure of water at the operating temperature must be subtracted from the
atmospheric pressure (Eqn 5.3).

p(Oz) = p(atmospheric) p(vapour pressure) Eqn 5.3

At 293 K the vapour pressure of pure water was 2.338 kPa (Aylward & Findlay 1gZ4).

Atmospheric pressures were taken from the New Zealand Heratd(1996). These were
average daily pressures and did not allow for pressure changes throughout the day or
variation over different areas of the ci$. Howeverthey were useful as a first approximation.

Operating temperature

Anodization of the four electrodes in sodium hydroxide solution and in the fluoride+ontaining

solution occurred at room temperature.

For experiments using the phosphate-containing solution, the bottom of the U-tube

was in a water bath filled with hot tap waterto prevent crystalliza1on. Temperatures recorded

in Table 5.1 were those of the water bath, not the solution in the burette or even in the
U-tube above the anode. \Mten the U-tube was filled the phosphate-containing solution

was at the same temperature as the water bath. over time the solution cooled; by the end
of a series of experiments the solution in the burette was at room temperature.

A temperature gradient developed within the apparatus with warm phosphate-containing

electrolyte at the bottom of the U-tube and room temperature solution at the top of the
burette. oxygen gas generated at the anode had to pass through solution at several

different temperatures. lf the solution in the burette was at room temperatu re (2gZK) and

the recorded water bath temperature at about 320 K this difference was g%; forthe purpose

of charge efficiency calculations a temperature of 2gZ K was taken for pOoF solutions.

Increasing the solution temperature increased the vapour pressure of water but
decreased the solubility of orygen gas. Thesetwo facts had opposite effects on the partial

pressure of oxygeni they were deemed to cancel each out and were ignored.
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Calculation of amount of oxygen formed

Using Eqn 5'2 the amount of oxygen gas formed during anodization was calculated for
each run with each combination of electrode and electrolyte. Table S.2 reports the operating

temperature, partial pressure of oxygen, volume of gas evolved (in cubic metres) and the
resultant number of moles of oxygen gas formed.

Table 5.2: Amount of oxygen evolved during anodization.
Each of the four electrodes (Mg, zA123,AM6o ano nzst; was anodized at 150 mA for 60 s in each solution:
3 moldm-3 NaoH, 3 moldm-3 NaoH + 0.05 moldm-3 lrar inog ;otdm-3 NaoH * o.os rtro,n-. GNi;Hpo;.
This table reports the operating temperature, partial pressure of orygen, and volume and amount of oxygengas evolved for each run with each electrode/electrolyte combination.

During anodization experiments on AM60 the volt-age required to maintain 150 mA exceeded the 100 Vlimit of the galvanostat. sparking and gas evolution occurred during the initial run in each electrolyte but notfor the full 60 s: NaOH = 55 s, NaOH * F- = 37 s, NaOH * pOoi = 42 s. These runs are marked with *.No sparking occurred during the subsequent two or thrie experiments on AM60 in each solution.These experiments are marked with #.

eleclrode solution f/K V n/pmol
/ 10-7 m3

p (oz)
I kPa

et"ctt
I kPa | 10-7 m3

Mg NaOH 251 99.60
291 99.60
291 99.60
291 99.60
251 99.60
291 99.60

F- 292 98.76
292 98.76
292 98.76
292 98.76
292 98.76
292 98.76

AM6O NaOH

AM6O F.

POoa-

NaOH

pzg1

AZS1 Poot-

3.65 14.8 "
0.15 0.6 #
o.25 't.o#
0.10 0.4#

1.60 6.5 .
0.15 0.6 #
0.15 0.6 #

5.55 22.5'
0.05 0.2#
0.05 0.2#

5.10
4.80
5.00
4.65
4.75
4.60

3.70
3.60
3.55
3.45
3.55
3.55

3.80
3.95
4.60
4.60
4.20
4.85

4.55
4.70
4.40
3.95
3.20
4.05

4.15
3.35
3.25
3.65
3.75
3.65

4,10
4.20
4.40
4.15
3.90
3.55

21.0
19.8
20.6
19.1
19.6
18.9

15.1
14.6
14.4
14.0
14.4
14.4

15.5
16.1
18.7
18.7
17.1
19.7

18.5
19.1
17.9
16.1
13.0
16.5

16.8
13.6
13.2
14.8
15.2
14.8

16.6
17.0
17.8
16.8
15.8
14.4

98.46
98.46
98.46
98.46

98.46
98.46
98.46

98.46
98.46
98.46

99.42
99.42
99.42
99.42
99.42

98.76
98.76
98.76
98.76
98.76
98.76

98.76
98.76
98.76
98.76
98.76

4.35
4.50
4.75
4.80
4.95

5.50
5.80
5.10
4.90
5.00
4.45

5.00
4.80
4.45
3.80
3.75

17.9
18.5
19.5
19.7
20.3

22.4
23.6
20.7
19.9
20.3
18.1

20.4
19.5
18.1
15.5
15.3

293
293
293
293

293
293
293

292
292
292

291
291
291
291
291

292
292
292
292
292
292

292
292
292
292
292

AZ91

Mg

PootMg

2l.123 NaOH

24123 F-

292 98.76
292 98.76
292 98.76
292 98.76
292 98.76
292 98.76

292 98.76
292 98.76
292 98.76
292 98.76
292 98.76
292 98.76

292 98.46
292 98.46
292 98.46
292 98.46
292 98.46
292 98.46

292 98.46
292 98.46
292 98.46
292 98.46
252 98.46
292 98.46

Z4123 POo.-
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5.4 Charge efficiency

Assuming that oxygen evolution was the only reaction competing with anodic film growth

for current density, then the charge efficiency of the anodization process could be calculated.

calculating the fraction of charge used in oxygen production, e, us€d Eqn s.4.

r = O"/O" Eqn 5.4

Qo = charge used in oxygen production
Q" = total Faradaic charge passed during anodization

Charge efficiency for anodic film growth, expressed as a percentage, was defined as

charge efficiency = (I -e). 1OO Eqn 5.5

Charge used in orygen gas production

Assuming a Faradaic process, the amount of oxygen gas evolved during anodization was
related to the charge by Eqn 5.6

O" = nzF Eqn 5.6

= amount of oxygen gas
= number of electrons invorved in reaction (z = 4 from Eqn s.1)= Faraday constant

Total charge passed during anodization

Total charge passed during anodization was defined as

a" = lt Eqn 5.7

= applied current = 0.15 A
= length of time this current was applied / s

On Mg, 2A123 and AZgl sparking occurred for the full sixty seconds so e" = 9.0 C.

With AM60 the galvanostat could not maintain the required 150 mA for the full 60 s:

NaOH = 55 s, NaoH * F- = 37 s and NaoH a Poa3- = 42 s.After these times the applied

current was less than 150 mA; the true total charge was not known so g.0 C was used.

Resultant charge efficiency

Table 5.3 reports the average number of moles of oxygen gas evolved for each electrode/

electrolyte combination as well as the charge required to produce this amount of gas

(from Eqn 5.6). Fraction of charge used in oxygen evolution (from Eqn 5.4) and the charge

n
z
F

I
t
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efficiency (from Eqn 5.5) are atso shown. Charge efficiency for AM60 was calculated from

volume changes recorded during initial experiments; later runs were ignored.

Table 5.3: charge efficiency of anodization duing oxygen evolution
Each of the four electrodes (Mg, zA12g,AM6o ana Rzgi 1 was anodized at 1 50 mA for 60 s in each solution:
3 mol dm-3 NaOH, 3 mol dm{ NaOH + 0.0S mot dm-s NaF and C ;nor Or-r ruaOn i O.Otr;ifi-b N;N;;#O..
This table reports the amount of oxygen gas generated, the faradaic charge required to produce this amount
of gas, the fraction of the total charge consuhed in o, production and ilie overall chaige efficiency for the
anodic film formation process. These calculations asslmed that oxygen evolution was the only process incompetition with film thickening.

For AM60 the charge efficiency was calculated from the volume of gas generated during the initial runin each electrolyte' Totalcharge passed was assumed to be 9.0 c despite the limitations of the galvanostat.
For AM60 anodized in.Nao.H + Por$, the amount of oxygen produced was calculated using r= 320 K.For initial experiments in phosphate-coitaining solution tne Liectiotyte temperature was close to the water-

bath temperature since it did not have time toioolto room temperature,

electrode solution n/umol q/c charge
efficiency lTo

Mg NaOH

F_

Poo*

2A123 NaOH

F-

Poo-

AM6O NaOH

F-
Poo-

lZ91 NaOH

19.8 7.64 0.85
14.5 5.60 0.62
17.6 6.79 0]5

16.9 6.52 0.72

14.7 5.67 0.63
16.4 6.33 0.70

't4.8 5.71

6.5 2.51

22.5 8.68

19.2 7.41

0.63

0.28

0.96

0.82

0.89

0.76

15

38

25

28

37

30

37

72

4

18

11

24

F- 20.8 8.03
PO"F 17.9 6.97

Using the results from subsequent experiments on AM60 gave an estimate of the

charge efficiency during experiments where no sparking occurred (Table 5.4).

Table 5.4: CharO..e efficiency during anodization with noassocrated sparking
Calculated from results of the volume oiorygen evolved during sparklessanodiiation of AM60 for60 s in
3 moldm-3 NaOH, 3 moldm'3 NaOH + 0.05 mo]dm-t NaF and g riotOm* NaOH + 0.0S ,oiO-a fl"Ni.HpO;.
Galvanostat was unable to maintain the required 150 mA current so no sparking occuned.Total chargepassed during each run was assumed to be 9.0 C.

electrode solution n/pmol Qo/C charge
efficiency lo/o

NaOH

F-
0.66

0.60

0.20

0.26

0.23

0.08

0.03

0.03

0.009

97

97

99

AM6O

PO.3-
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5.5 Analysis of charge efficiency resurfs

Severalinteresting trends emerged from the charge efficiency results in Tables S.3 and S.4:

' AZg1 had a lower charge efficiency for film buitding than the other three electrodes.

' charge efficiencies calculated for AM60 showed a wide distribution. Total charge

passed during these experiments was not known accurately because of a limitation

of the galvanostat. This accounted for the variation in the results.

' when no sparking occurred on AM60, very little O, was produced; the charge

efficiency for film growth was close to 100%.

5.6 Summary

Charge efficiency for anodic film thickening was calculated by measuring the amount of
oxygen evolved during sparking under high constant current conditions.

During spark anodization about 30% of the applied charge was used for film formation.

A competing oxygen evolution process wasted the remainder of the applied current.

Commercial applications of this anodization process would be enhanced by controlling

the conditions to minimise sparking and associated oxygen evolution.

During the initial experiment with each metal/solution combination 20 pmol of oxygen
gas should be required to fully saturate the solution (Section 5.3). This should result in a

smaller measured volume of oxygen gas for the first run. This was not found; subsequent

runs with the same metal/solution combination generated the same volume of orygen
gas' One possible explanation for this discrepancy is that the solubility of oxygen in highly
alkaline sodium hydroxide solution is much lower than was estimated.

5.7 References
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ION BEAM ANALYSIS

lntroduction

lon beam analysis (lBA) is a collection of techniques used to gather information about

surface layer composition and thickness. Experimentalwork was carried out on the 3 MeV
accelerator at the lnstitute of Geological and Nuclear Sciences, Gracefield, Lower Hutt in

association with Dr Vickridge. Rutherford backscattering (RBS), fluorine depth profiling

and nuclear reaction analysis (NRA) studies examined different aspects of the film thickness

and composition. Together they modelled the structure of a surface coating.

6.2 Experimental design

Electrode design, instrumentation and experimental method for anodization are detailed

in Section 2.7 above.

Electrolytes

Three anodizing solutions were used:

1: 5% ammonia + 0.05 mol dm-3 NaNH4HPO4

2: 3 mol dm-3 NaOH + 0.1 mol dm-3 NaNH4HPO4

3: 3 mol dm-3 NaOH + 0.05 mol dm-3 NaF

Sample preparation

Table 6.1 shows the substrate, anodizing solution and conditions for each sample. After
anodization all samples were rinsed with Milli-Q deionized water. Anodized specimens

were kept in a dry atmosphere forseveraldays untilmounted onto SEM stubs with double-

sided carbon tape and positioned in the IBA chamber.

6.1

138
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Table .6.1: Samp/es anodized for ion beam analysis
Description of substrate, anodizing solution and conditions for each sample analyzed by lBA. Anodizing
solutions were:

' ammonia + phosphate: 5% ammonia + 0.05 mol dm-3 NaNH,Hpo.
' NaoH + phosphate: 3 mor dm-o NaoH + 0.1 mor dm-3 Nai{H.HFoo. NaOH + fluoride: 3 mol dm-3 NaOH + 0.0S mol dm-3 NaF'

electrode anodizingsolution anodizing conditions

Mg

Mg

Mg

Mg

Mg

Mg

Mg

M9

Mg

Mg

AZ91

AZ91

pzg1

Az91

PAg1

pzg1

AZ91

AZ91

pzg1

pzg1

pzg1

ammonia + phosphate

ammonia + phosphate

ammonia + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + fluoride

NaOH + fluoride

ammonia + phosphate

ammonia + phosphate

ammonia + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + phosphate

NaOH + fluoride

200 V. 180 s

220 V, 190 s

250 V, 'lg0 s

5 V, 60 s, sparking

20 V, 90 s, sparking

| = 2 A(60 s), 3 A (60 s) then 4A (1gO s), no sparking

l = 4 A (60 s) then 5 A (240 s), no sparking

| = 4, 3, 2, then 1 A for 5-10 s each, sparking

I = 2 A (75 s), 2.5 A (150 s) then 3 A (7S s)

polished, uncoated

200V,180s

220 V, 180 s

250 V, 180 s

5V,600s
10 V, 600 s

20 V. 600 s

30 V, 600 s

40 V, 600 s

| = 150 mA, 80 s, sparking

I = 150 mA, 150 s, sparking

polished, uncoated
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Rutherford b ackscatteri n g experi ments

:

Figure 6.1: Scattering
geometry forRBS

Introduction and theory

Rutherford backscattering, or RBS (Chu, Mayer & Nicolet 1g7B), was used to investigate

the elemental composition of the fitms formed during anodization. Monoenergetic 2.0 MeV
aHe* particles in the incident beam collided with atoms in the surface layers of the sample,

scattering the alpha particles and causing them to lose energy. Nuclear reactions could

not occur because the incident energy was too low; instead collisions were purely coulombic.

scattering geometry used the IBM convention in which the

incident beam, the surface normal and the exit beam were

coplanar. In this case the incident beam was along the surface

normaland the silicon surface barrierdiode detectorwas placed

at a scattering angle of 150. sorid angle of detection was 1.g5 msr

and in each experiment a total charge of 5 mc was collected.

Calibrating against GpS4g (Fig. 6.3), gave the energy per

channel as 4.0 keV with zero energy in channel g5.

Results from backscattering spectrometry studies reflect the number of atoms I cmz

rather than the thickness of a layer; the two are related by the density of the material.
Table 6'2: Maximum Durinq a collision the amount of energy lost depended on theenergy of a He* after
scattering interaction with mass of the target atom; collisions with heavy atoms resulted in aparticular element
Projectile energy before smaller loss of projectile energy. Each element had a characteristiccollision was 2.0 MeV.

@kinematicfactorwhichquantifiedthisenergylossanda||owed
identification of particular atoms from a RBS spectrum.

Table 6.2 shows the energy that the scattered projectile had

after a collision with a surface target atom. colliding with a heavy

element like bismuth (Ar = 208.98) (Aylward & Findlay 1974)

produced a aHe* particle with 1 .8674 MeV, only 0.1326 MeV less

than the beam energy of 2.0 MeV. Howevera scattering interaction

with a light element like carbon (A' = 12.01) resulted in a loss of

1.4883 MeV and the detected particle retained only 0.5117 MeV.

Bi 1.8674

Ta

Zn

P

Si

AI

Mg

F

o

c

1.8300

1.5720

1.2000

1 .1 380

1.1110

1.0410

0.8624

0.7318

0.5117

detector

Values in Table 6.2 were calculated using a software package called KINEMATI.



Energy loss also occuned if the incident particle

had to penetrate the film to some extent before

being scattered by hitting a nucteus. Non-scattering,

partial interactions occurred when the projectile

passed close to an atom in the film but did not collide

with it. These stopping interactions occurred during

the passage of the 4He* into and out of the film and
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\

o
stopping interaction

scattering interaction
with target atom

resulted in the energy of the incident particle Figure 6.2: stoppng and scattering

decreasing by a small amount.
interactions
Passage of a aHe* through a film.

RBS spectra not only allowed identification of which elements were present in the

surface layers of a sampte, they also determined whether a particular target atom was

concentrated at the surface or distributed through the first few layers of the film. lf an

element was present only in a very thin layer on the surface of the sample, scattering

interactions occurred without the detected partictes losing energy due to stopping
interactions. Fig. 6.3 contains a sharp peak for surface bismuth atoms; every detected
aHe* which hit a bismuth atom had an energy of 1.87 MeV (within experimental error).

Elements distributed throughout a sample showed a step, or edge, at the characteristic

energy for that species, resulting from collisions with atoms on, or very near, the surface.

However the signal did not drop off sharply at lower energies, instead exit beam atoms

were detected with a continuum of energies corresponding to collisions with deep seated

atoms. Stopping interactions occurred on the way to and from these bulk atoms so the
energy of the detected particle was lower than the characteristic elemental energy.

ln Fig. 6.3 this was demonstrated by the silicon signal. An edge at the characteristic

1 .138 MeV energy corresponded to silicon atoms at the surface. At lower energies counts

were recorded corresponding to collisions with bulk silicon buried deeperwithin the sample.

At energies below the elemental edge the counts in each channel can increase, remain

constant (plateau) or decrease, mirroring the distribution of the element through the film.

A plateau indicated that the lattice contained a similar number density of the atom at any

given depth whereas an increase or decrease showed that a concentration profile existed

perpendicular to the sample surface.
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Figurc 6.3: Rutheiord bachscaftering spectrum of GpS4g
GPS49 was a standard sample used for ialibration of RBS data. lt consisted of three tayers:' 220 A layer of.hydrocarbon impurity,_approximate composition cH,. fayer of bismuth with densig 5.66 r Zo/o x 1e1s Bi cm-2. silicon wafer, at least five microns thick
Bismuth was identified. as a surface species_by the sharp peak at 1 .a674 MeV. Silicon had an edge at1'138 MeV corresponding to collisions with Si atoms near'the surface. A continuum of counts at lowerenergies showed that the silicon was present as a bulk phase. No carbon peak was seen ftom the surfacehydrocarbon layer, probabry it was obscured by the siricon signat.

lf a sample contained a mixture of elements with similar relative atomic masses, the

signals from each different target atom overlapped and small peaks may be obscured.

Due to this cumulative effect, integrated areas could not be used as an estimate of relative

abundance. Fig. 6.4 shows a set of RBS spectra with overlapping peaks.

Barradas, Soares, da Silva, Plaskett and Freitas (19gG) detected magnesium and

oxygen in films of si / NiFe / Mgo / co using Rutherford backscattering.
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Resu lF from Ruthe rford backscatteri n g experi ments

1000

1.0

energy / MeV

Figurc 6.4: RBS of AZ91 alloy anodized in ammonia + phosphate solution
AZ91 samples coated in 5 % NH. + 0.05 mol dm'3 NaNH4HPO4 for 180 s at three different anodizing
voltages: 200 V, 220V and 250 V. Three spectra were offtet for clarig: 220V (+100 counts), 200 V (+ZOO

counts) and uncoated AZ91 (+400 counts). Phosphorus surface concentration was the same for each
coated sample butthe profiles were different 200 V: decreasing,22O V: slightly decreasing, 250 V: plateau.
A magnesium edge was clearly visible as well as a small contribution from zinc. No aluminium signalwas
seen; probably it was obscured by the peak ftom deepseated phosphorus atoms. Small oxygen shoulders
were seen in the spectra from the coated samples. An oxygen step should have been seen in the uncoated
sample but it was hidden by the strong magnesium signal.

'1.2
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Figurc 6.5: RBS of magnesium anodized in ammonia + phosphate solution
Pure magnesium coated for 1g0 s in S % NH. + 0.05 mol dm-3 irlaNHoHpOo at three different anodizing
voftages: 200 v, 220 V and 2s0 v. Two spectra-were offset for ctarity: 22bv 1*i oo counts) and 2s0 v (+206
counts). All three anodized samples showed very similar signals; there was much less va6ation than with
th9 alloy samples. A clear phosphorus edge wis seen with a level profle. A smail Mg step appeared(slightly larger signal at 250 V). A clear Oedge was visible with more oxygen present in the iimples
anodized at lower voltages.



Ion beam analysis 145

1400

1200

1000

o
g
=8 8oo

'6
coE 600

1.0

energy / MeV

'1.2

Figure 6.6: RBS of AZ91 anodized in sodium hydroxide + phosphate solution
AZ91 coated for 600 s in 3 mol dm{ NaOH + O.1 mol dm€ NaNHoHpOo under different anodizing voltiages:
10 V, 20 V, 30 V and 40 V. Three spectra were ofbet for clarity: Zd V 1+iOO counts), 30 V (+25g c6unts)?nd
40 v (+400 counts)' No phosphate signalwas seen. A small Zn contribution apieared. Aluminium signal
increased with depth until masked by the magnesium step. A clear magnesium eoge was recorded with an
increasing profile indicating that [Mg] increased with depth. Allfoursamples showed a large surftace o peak.
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Figure 6.7: RBS of AZ91 anodized under sparking and non-sparking conditions in sodium hydroxide +
phosphate solution
Both specimens were anodized in 3 moldm{ NaOH + 0.1 mol dm-3 NaNHoHpOo solution. Sparked sample
was held at 150 mA fo[80 s, non-sparked sample held at 20 V for Gods. Sfrectrum from non-sparked
sample was offset by +200 counts for clarity. Magnesium edge was seen in both cases; counts from the
non-sparked sample increased with depth. Oxygen signals wlre markedly different; the sparked sample
showed an oxygen edge indicating deep incorpoiation of o atoms into the ntm. ay contrast the nonsparked
specimen had only a surface oxygen signal. This correlated with the fact that Mi concentration increased
with depth; a layer of adsorbed oxygen on the surface decreased the relative [M!J.
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Figure 6.8: RBS of magnesium anodized in sodium hydroxide + phosphate solution
Comparisonoffoursamplescoatedin3moldm-3NaOH+0.1 moldm-3ir{aNHoHpOounderdifierentanodizing
conditions:5Vapplied f9r60 s,20Vapplied for90 s, l=2 A(60 s),3A (6ds) th|n aA (180 s) and l=4A
(60 s) then 5 A (240 s). Bare uncoated magnesium was included as a reference. Sharp magnesium edge
occuned in all spectra, with energy close to the expected 1.0410 MeV. At energies above thL magnesir-in
edge there were low levelcolnts due to phosphate in the anodized samples ant signal pileup. ttdOistinct
phosphate edge was found. Three of the coated sample had distinct oxygen edges it about 0.75 MeV with
subsequent plateaus; specimen coated at I = 4 A then 5 A had tne samb eOge dut an increase in counts at
lower energies indicated that the orygen concentration increased with depth. Uncoated magnesium only
had a smallsurface oxygen feature.
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Figure 6.9: RBS of different regions on magnesium anodized in sodium hydroxide + phosphate solution
Magnesium coated in 3 mol dm-3 NaOH + 0.1 mol dm-3 NaNHoHpOo at 2 Afor 60 s, 3A for 60 s then 4 A for
180 s with no sparking. Specimen had three distinctzonesifterinooization: a iuily anodized region, a
splash zone and an unanodized section. Two spec{ra were ofbet for clarig: splash zone (+t OO counls) and
bare region (+zoo counts). Splash zone was formed when the electrolyie'boiled' and splashed onto the
metaljust above the meniscus, forming a layer which appeared optically Aifferent. RBS showed no difference
between the surface layer composition in the anodized and splash region. Bare region was trapped under
the holder during anodization. This area showed a markedly different result frorn-the fully anodized and
splash zones. Magnesium edges were seen in all three traces, no phosphorus signalwai seen. Oxygen
edges were seen in the fully anodized sample and in the splash zonei surface oxygJn was seen on the bare
unanodized metal.
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Figure 6.10: RBS ot AZ91 anodized in sodium hydroxide + fluoide solution
AZ91 anodized in 3 moldm-s NaOH + 0.05 moldm-3 NaF at 150 mAforS0 s. Spectrum from uncoated AZgl
was included for comparison and offset by +100 counts for clarity. Zn, AlanO iig were seen in both spectra.
Anodized sample had an edge at the oxygen energy indicating a fairly tniCr oxiae hyer whereas the
unanodized sample had a small surhce oxygen signal. There was no signof fluorine at o.tioz+ MeV; it may
be obscured by the strong magnesium proRie. Zn atoms gave rise to the low levelcounts below 1.5720 MeV;
aluminium was tentatively assigned as causing the small rise just above the magnesium edge.

o

| = 150 mA for 150 s

AZ91 INaOH + F'
tr
I

Mg

AZ91

AI
Zn
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Figure 6.11: RBS of magnesium anodized in sodium hydroxide + fluoide sotution
Two specimens of pure magnesium anodized in 3 mol dmi3 NaOH + O.ob mol dm-3 NaF: one at | = 4 A, 3 A,2Athen 1 Afor5-10 s ateach (ofhet +100 counts) and the otheranodized for300 s at2 A,2.SAthen 3A.
Uncoated magnesium was included as a reference and offset by +3OO counts. Magnesium edge was present
in all three spectra. Surface oxygen peak was seen in the uncoated specimei and also in the sample
anodized in 5-10 s bursts of cunent. An oxygen edge and subsequent piofile appeared in the RBS for the
sampfe anodized for 300 s. Fluorine did not appear at 0.8624 MeV; again it was probably obscured by the
prevalent magnesium. Signal pileup occuned at energies above the magnesium edge.

400

1.2
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Analys is of Rutherford bac kscatteri n g res u lts

Table 6.3: Rutheiord backscatteing resu/ts for anodized magnesium and AZgl samples
The signal shape at the predicted energy for each element was reCorded using several key terms:' edge a step appeared in the RBS spectrum, counts did not decrJase at lowel energies
' surtace spectrum showed an increase in the counts at the predicted energy but in lower channels

the counts decreased again; the element was present only in a thin surface layer
' small, yes element was present bufcould not distinguish between bulk or surface features from the

spectrum, signalwas usually too smallorwas obscured
element expected to be present but not found
element not expected to be present in sample

.no

electrode solution(1) conditions element

Al MgZn other

Mg

Mg

Mg

Mg

Mg

Mg

1

1

1

2

2

2

200 V, 180 s

220 V, 180 s

250 V, 180 s

5 V,60 s

20V,90s

variable l, 300 s,

anodized region

variable l, 300 s,

splash region

variable l, 300 s,

bare region

variable l, 300 s

| =4, 3, 2,1 A,

5-10 s each

variable l, 300 s,

bare region

variable l, 300 s,

anodized region

uncoated

200 V, 180 s

220 V, 180 s

250 V, 180 s

5 V,600 s

10 V, 600 s

20 V, 600 s

30 V, 600 s

40 V, 600 s

I = 150 mA, 80 s,

sparking

l= 150 mA,

150 s, sparking

uncoated

edge

edge

edge

small

small

no

small

no

small

small

edge

edge

edge

edge

edge

edge

edge

edge

edge no

edge no

edge no

small edge no

edge

edge

edge

edge

edge

edge

edge

surface unid. at 1.13 MeV

edge

edge

surface

edge

surface unid. at 1.47 MeV

edge

edge unid. at 1.35 MeV

yes unid. at 1.35 MeV

edge

edge

surface

surface

surface

edge

edge

Mg

Mg

Mg

Mg

Mg

Mg

Mg

AZg't 1

AZ91 1

pz91 1

AZ91 2

pZ91 2

AZ91 2

AZ91 2

AZ91 2

Az91 2

"t"ff "On"
small edge

small yes

yes no

yes no

small no

yes no

yes no

small no

edge

no edge

no small

no small

small edge

no edge

small edge

small edge

yes edge

no edge

pzg1

AZ9',l

Anodizing solutions:
1: 5% ammonia + 0.0S moldm-3 NaNH"HpOo2: 3 motdm-3 NaOH + 0.1 motom-o NailtHoHFOo3: 3 mol dm'3 NaOH + 0.05 moldm-3 NaF
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Summary of Rutherford backscattering resutts

Rutherford backscattering is a technique used for elemental analysis of surface layers.

Six elements were of interest in these studies

magnesium: easily identified and gave good concentration profiles

oxygen: both surface and bulk oxygen identified

phosphorus: seen in some samptes anodized in phosphate-containing solution

zinc'. seen in allAZgl specimens

aluminium: tentatively assigned in some Pd:gl samples

fluorine: not seen, probably obscured by the strong bulk magnesium signal

As well as information on the presence or absence of a particular element, RBS also gave

an indication of the concentration profile for that species normal to the surface. Several

facts emerged from analysis of these contours:

' unanodized samples and specimens anodized for only a short period of time had

surface oxygen features

' metals anodized for longertimes showed oxygen edges indicating thatthe oxygen

was incorporated into the anodic film

' comparison of spectra from the fully anodized region and the splash zone on the

same specimen showed no difference in the elemental composition
. AZgl anodized in 5 % NH. + 0.05 mol dm-3 NaNH4HPO4 showed different

phosphorus and magnesium profiles depending on the anodizing voltage
. Mg anodized in 5 % NH, + 0.05 mol dm-3 NaNH4HPO4 showed no difference in

phosphorus or magnesium contours but a change to the amount of bulk orygen

depending on the applied voltage

' AZ91 anodized under either sparking or non-sparking conditions in 3 mol dm-3

NaOH + 0.05 moldm-3 NaNHoHPOo showed very differenttraces: the non-sparked

piece had surface oxygen whereas sparking incorporated oxygen into the bulk of

the film
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6.4

Introduction

FI uori ne depth profil i ng

Fluorine depth profiling through the first few microns of a film was possible using the
teF(p,oy)tuO nuctear reaction with a strong resonance atB72 keV and a width of 5 keV

(Feldman & Picraux 1977).

A monoenergetic beam of protons was directed at the target and the resultant gamma

radiation observed at g0o with a bismuth germanate detector. Incident proton beam energy

was varied stepwise from below to above the resonance with the gamma spectrum recorded

at each energy. 20 mC of charge was collected during each experiment. Surface fluorin+1 g

atoms were detected at the resonance; 1eF atoms buried deeper in the film were targeted

as the energy increased past the resonance. Gamma radiation from the 1eF(p,ay)16O

reaction had an energy of 4-7.5 MeV (Walter, Menu & Mckridge 1gg0); the integrated

area in this region gave a measure of the fluorine concentration.

Fluorine depth profiling results

Table 6.4: Fluorine depth profiling resu/fs
Results from five different magnesium and AZ91 samples are shown: Mg sparked for 300 s in 3 mol dm-3
NaoH + 0.05 mol dm-3 NaF; AZ91 sparked for 150 s in 3 moldm-3 NaoF + o.Os moldm-3 NaF; bare Mg;
bare AZ91; and Mg sparked for 90 s at 20 V in 3 mol dm-3 NaoH + 0.1 mol dm-3 NaNHoHpo4. At each beaii
energy the integrated area under the 1eF peak from 4-7.5 MeV in the gamma spectrim was recorded.

beam energy Mg in M91 in bare Mg bare AZgl
/ keV fluoride fluoride

Mg in
phosphate

863.0

865.0

867.0

869.0

871.0

873.0

875.0

877.O

879.0

881.0

885.0

889.0

893.0

897.0

901.0

910.0

920,0

930.0

940.0

619

1026

1417

2486

2777

3165

3188

3214

3267

3177

3395

3289

3317

3294

3350

3345

3101

3413

36'10

835

972

1 139

1695

1845

1673

1699

1815

1844

2080

2135

2390

2461

2723

2974

3203

3731

4417

5458

435

540

696

819

732

636

5?1

494

482

447

538

683

947

752

687

548

514

495

323

410

507

716

663

552

402

389

378

519504 387
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Figurc 6.12: Fluorine depth profiting resu/ls
Fluorine depth profiling results from Table 6.4. Results from five different samples are shown: Mg sparked
for 300 s in 3 mol dm-3 NaoH + 0.05 mol dm'3 NaF; AZgl sparked fur 1s0 s in 3 mol dmiNion *
0.05 mol dm'3 NaF; bare Mg; bare AZg1; and Mg sparked for 90 s at 20 V in 3 mol dm-3 NaOH +
0.1 mof dm-3 NaNHo!{POu. Fluorine-19 had a resonince at 872keY;the monoenergetic proton beam was
increased stepwise ftom 863 keV to 940 keV. Integrating the area under the lsF pe-f at +Z.S MeV in the
resultant gamma spectrum gave the counts at each beam energy. Error bars were calculated as the square
root of the peak area.
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Analysis of fluorine depth profiling

Pure magnesium metalanodized in a fluoride-containing solution showed a sharp increase

in gamma emission at the resonance energy of 872 keV. For beam energies of g73 keV

and higher (ie above the fluorine-19 resonance energy) the peak area remained

approximately constant at about 3300 counts. Fluorine atoms in the anodized layer must

be distributed evenly giving a constant concentration profile.

ln contrast, AZ91 anodized in a fluoride-containing solution showed a markedlydffierent

depth profile. The initial count at 863 keV was higher than the corresponding pure

magnesium sample butthe intensity rose much more slowlywith increasing beam energy.

A local maximum occurred at 871 keV after which the counts increased approximately

linearly for all beam energies above 873 keV, with no sign of a plateau. These results

indicated that the fluorine atom concentration increased with depth through the anodized

layer.

Uncoated magnesium, uncoated AZ91 and Mg sparked in phosphate-containing

solution were included as experimental controls. All three samples showed maximum

intensity at a beam energy of 869 keV, close to the 1eF resonance. This low level

contamination was of unknown origin. At higher beam energies the integrated area fellto
a low background value.

There was another resonance for the 1eF(p,ay)16o reaction at g02 keV but it was very

small and should not affect the results. At g35 keV there was a strong 1eF resonance

which would add to the counts from the 872keV resonance; this accounted for the large

increase in the AZgl response above g30 keV.

These results provided qualitative analysis of fluorine depth profiles in the samples.

No information was gained on the film depth targeted at each beam energy, the absolute

fluorine atom concentration or the overail coating thickness.
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6.5 Nuclear reaction analysis

Nuclear reaction analysis, NRA, relied on nuclear rearrangements. An incident deuterium

particle had sufficient energy to collide with the nucleus of a target atom, undergo inelastic

scattering and emit a different particle.

In these experiments a 0.9 MeVdeuterium incident beam

angled normalto the sample surface collided with film atoms

and produced charged particles. These were recorded by a

silicon surface barrier diode detector praced at a scattering

angle of 30o. A thirteen micron mylar film stopped any low

energy alpha particles from reaching the detector. 10 mC of

charge was collected during each experiment.

Three isotopes are identified readily under these Figure 6.13: Scattering

conditions: oxygen-16, nitrogen-14and carbon-12. The geometryforNRA

nuclear reactions that these atoms underwent were: 16O(d,pr)17O, 16O(d,ps)17O,

1aN(d,pr*e)1sN, 14N(d,cr,)128, 1+N(d,as)128 and ttc(d,po),.c. subscripts on the proton and

alpha particles indicated whetherthe particle was in the ground state, first excited state or

a mixture of 1st and 2nd excited states.

Table 6.5: Energy of detected
particle after nuclear reaction
Calculated using Kinemati and pE;
values represent the energy of a
charged particle after it passes
through the mylar film.

Integrating the area under each of these peaks

in NRA spectra gave the relative amount of the

element in the first few layers of the sample. Any

carbon-12 counts were from hydrocarbon surface

contamination of the samples since the anodizing

solutions had no carbon-containing species. This

impurity concentration was unknown and varied

widely between samples depending on their history.

Nitrogen-14 atoms could be present in the films

due to the presence of dissolved nitrogen gas in

the coating solutions.

The most useful peaks for characterisation of

these films were the two oxygen-16 signals.

nuclear
reaction

energy
/ MeV

10o1d,p.,1170

1oo1d,poltzo

tzcld,po;1ec

taN1d,p.,*r)1sN

taN1d,o,,y12B

14N(d,cro)128

1.2273

2.1110

2.7340

3.3880

5.3150

8.8320

detector



lon beam analysis 157

Results from nuclear reaction analysis

Table 6.6 shows the integrated peak areas for five nuclear reactions on each anodized

sample. Three of the magnesium specimens showed distinct fully anodized, splash and

bare regions; each zone was analyzed separately.

Table 6.6: Nuclear reaction analysrb resu/fs
lntegrated peak areas for nuclear reactions which occurred in surface layers on anodized Mg and p;;g1,

elecirode solution(2) anodizing
conditions

integrated peak areas
r6o(d,p1)170 16O1d,po;170 12C(d,p)r3C 14N(d,pi,2)15N 1aN(d,crr)128

Mg

Mg

Mg

Mg

Mg

Mg

Mg

Mg

Mg

Mg

Mg

Mg

Mg

1

1

,|

2

2

2

200V, 180 s

220 V, 180 s

250 V, 180 s

5V,60s
20V,60s

variable l,300 s
anodized region

variable l,300 s
splash region

variable l, 300 s
bare region

variable l, 300 s
anodized region

variable l,300 s
splash region

variable l, 300 s
bare region

l=4,3,2,1A
5-10 s each

variable l, 300 s
anodized region

variable l, 300 s
splash region

variable l, 300 s
bare region

uncoated

200 V, 180 s

220 V, 180 s

250 V, 180 s

5V,600s

10 V, 600 s

20 V, 600 s

30 V, 600 s

40 V, 600 s

sparking, 150 s

sparking, 150 s

uncoated

67157

72648

97539

214213

182890

140259

271565

14082

881 56

220024

19741

90847

96407

105303

10353

8479

42332

56687

75139

187253

36777

21 338

20/'23

25705

88215

160141

6293

9631

9686

11168

23364

18808

15093

30753

5449

10600

25207

5749

11210

1 1816

12732

3779

5217

7726

8823

9668

20631

7426

6027

5902

6153

11702

17975

4224

16364

9114

12955

26561

29232

25270

20689

1 1380

19427

15227

8135

24895

26926

16772

14349

14154

15005

15641

1 1049

26994

14273

8s92

6285

11217

5236

5968

6435

1760

1506

1345

961

377

1212

737

2036

1357

835

1875

1588

1504

1529

1357

2161

1903

1792

1il7
977

1740

1894

1853

1789

1474

1?O4

1819

179

33

135

34

10

55

18

24

3

9

11

10

2',1

I

34

25

173

184

108

15

22

10

5

12

1

2

15

Mg

Mg

Mg

AZ9',l

PlZg'l

pzg'l

Az91

AZ9'l

pzg1

AZg,l

IZ91
pzg1

AZ91

AZ9'1

'l

1

1

2

2

2

2

2

2

3

2 Anodizing solutions:
1: 5% ammonia + 0.05 moldm-3 NaNHrHpOo
2: 3 moldm-3 NaOH + 0.1 motOm-o ttailtHoHFOo
3: 3 moldm'3 NaOH + 0.05 moldm-s NaF
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Analysis of nuclear reaction analysis resulb

Nuclear reaction studies were simulated using a software package called SENRAS. Models

of the approximate film composition and thickness were used to analyze two variables:

' difference between fully anodized regions and the splash zone

. effect of changing anodizing voltage

Three major peaks appeared in each NRA spectrum. They were attributed to the

following nuclear rearrangements (in order of increasing energy):

16o1d,p,;170 loo1d,po)1zo 12c1d,po1tsc

\Men the specimens were exposed to ambient conditions a hydrocarbon layerformed

on the surface; this was designated as layer 1 and included in the analysis of each of the

samples. This impurity film was not related to the anodizing process and had no effect on

the passivity of the metal. Information on layer 1 came from the ttc(d,po)t3c reaction.

Peak shape and integrated area of the peak due to 16O(d,p,,)17O gave the most useful

information on the thickness of the anodized coating. Matching 1oo(d,po)17o peaks in the

real and simulated spectra was not so critical.

Comparison of fully anodized region with sptash zone

Fig. 6'14 shows the NRA spectra for the fully anodized region and splash zone on

magnesium anodized in 3 mol dm-3 NaOH + 0.1 mol dm-3 NaNH4HPO4 at2 A(60 s), 3 A

(60 s) then 4A (180 s). Tables 6.7 and 6.8 showthe SENRAS simulation results and

resultant film thicknesses.

Table 6.7: SENRAS simutation of fuily anodized region
Integrated area under 16o(d,p,)170: 140259 (real) again!t 144004 (sim). Anodized film thickness was the
sum of the thicknesses of layers 2 and 3: gS0 nm.

composition thickness / nm

absorber

I
2

3

4

mylar

C1:H2
Mg3;P1;O3.2
Mg5;Pt;og
Mg 1 (bulk)

13000

15

650

300

5000
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Table 6.8: SENRAS simulation of splash zone
fntegrated area under 16O(d,pr)17O:271565 (real) against 269596 (sim). Anodized film thickness was the
sum of the thicknesses of layers 2 and 3: 2500 nm.

layer composition thickness / nm

U'
E
f8 Booo

'-n
coE 6000

absorber mylar
1 C 0.2:H2
2 Mg 3; P 1;O 3.3; C 0.1

3 Mg 5; P 1; O 4;C 0.05
4 Mg 1 (bulk)

13000

20

1500

1000

5000

14000

12000

10000

0.0 .5 1.0 1.5 2.0 2.5 3.0

energy / MeV

Figure 6.14: NRA spectra forfulty anodized region and splash zone on magnesium anodized in sodium
hydroxide + phosphate solution
Pure magnesium anodized in 3 moldm-3 NaoH + 0.1 mol dm'3 NaNH4Hpoo at 2 A (60 s), 3 A (60 s) then
4 A (180 s)' Three distinct zones were optically apparent: a fully anoiized-region, a splash zone and an
unanodized region.

Rutherford backscaftering of the fully anodized region and the splash zone on this

sample showed identical spectra indicating that the films had the same composition

(Fig. 6'9). However nuclear reaction analysis showed a marked difference in film thickness.

In the splash zone a 2500 nm thick film formed; the fitm formed in the fully anodized region

was 950 nm thick.

anodized region tzg(d,p)136

1oo1d,po;170
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Effect of changing anodizing voltage on resultant fitm thickness

Both magnesium and Mg1 were anodized in 5o/o ammonia + 0.05 mot dm-3 NaNHoHpOo

solution for 180 s at three different voltages: 200 V, 22OV and 2S0 V. SENRAS was used

to model the film composition and thickness formed on each metal. Table 6.9 shows the

composition chosen for the anodic film on pure magnesium; Table 6.10 shows the

composition for FZ91. Once these structures were chosen the only variable was the

thickness of each layer; these were adjusted to find the best match with the real NRA

spectrum.

Table 6.9: Film structurefor Mg anodized in
5%o ammonia + 0.05 moldm-s NaNHoHpOo

layer composition layer composition

mylar

c1;Hz
Mg 3; P 1; O 2.54

Mg 1 (bulk)

Table 6.11 shows the simulated thicknesses of layers 1 and 2 using the film composition

from Tables 6.9 and 6.10 above. Realand simutated integrated peak areas were included

to show how well the model fifted the actual results. 16O(d,pr)17O was the most critical

peak for determining the thickness of an oxide layer (layer 2) and 12C(d,po)13C gave the

thickness of the hydrocarbon impurity layer (layer 1).

Table 6.11: Effect of changing anodizing voltage on fitm thrbkness
Layer 1 was the hydrocarbon impurity, layer 2 was the anodically formed oxide film. Integrated areas under
the nuclear reaction peaks were included for both real and simutated data.

Table 6.10: Film structureforAZgl anodized
in 5/o ammonia + 0.05 moldma NaNHoHpOo

absorber

1

2

3

absorber

1

2

3

mylar

C1;H2
Mg 3;A10.3;Zn 0.03; P 1; O 1.5

Mg 1; Al 0.1: Zn 0.01 (bulk)

electrode anodizing
vottage / V

layer 1

/nm
layer2 16O1d,p')170 16O(d,po)170 12C(d,po)13C

/nm

487

Mg

Mg 220 7.3

Mg

p.zg1

pzg1

pzg1

250

200

63389
63405

68683
68686

s34/,2
93439

38850
38817

53064
53010

71266
71221

6473
8736

6751
9418

8153
11351

4605
5368

5720
6855

6957
7424

15400
15356

8185
8199

12058
12008

13983
14018

14701
14687

10162
10101

13.7 450

10.7 654.5

12.5 204.5

13.1 277220
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Several interesting features arose from these simulated film compositions at different

anodizing voltages.

' layer 2, the oxide film, was twice as thick on magnesium than on Azg1 anodized at

the same voltage for the same length of time

' increasing the applied voltage increased the thickness of the oxide film

' layer 1, the hydrocarbon impurity, showed no correlation between applied voltage

and resultant film thickness

' ratio of Mg:O was 3:2.54 on magnesium compared to 3:1.5 on AZgl in the fixed

film compositions
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Cnnpren Seven

SURFACE ANALYSIS

lon beam analysis (Chapter6) gave information on the elementalcomposition and thickness

of surface layers of an anodic film. Other complementary surface analysis techniques

were needed to provide details on the presence of any crystal structure in the film, its

surface topography, and the chemical environment of elements identified by lBA.

7.1 Introduction

Four surface analysis techniques were used to gain information about the nature of the

anodic film formed during high current anodization of magnesium and magnesium-based

alloys. These were:

. X-rav photoelectron spectroscopy ... Section 7.2

. scanning electron microscopy ......... Section 7.3

. X-ray diffraction studies ... Section 7.4

. Raman spectroscopy........ Section 7.S

Each technique focused on a different aspect of the film surface; togetherthey provide an

overall description of the anodically formed layer. This picture is detailed in Section 7.6.

7.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to examine the elementalcomposition

of approximately the first ten atomic layers of a sample. Soft, monochromatic magnesium

Kct X-rays bombarded the sample and ejected core electrons from surface atoms.

Measuring the kinetic energy of these ejected electrons allowed identification of the atom

and its chemical environment.

Pure magnesium and AZ91 were anodized in sodium hydroxide solution; Section 2.g

details the electrode design and anodization conditions.
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Eqn 7.1 was used to calculate the binding energy of an electron (Briggs & Seah 1983).

Eqn 7.1

binding energy
energy of incident X-rays = 1253.6 eV
kinetic energy of detected electron
work function

$, the work function, was dependent on both the sample and spectrometer; binding

energies were calibrated to accountforthis factor using the characteristic carbon signalat

286.4 eV. Even samples containing no carbon showed a peak at this energy due to

contamination from pump oilwithin the XPS sample chamber.

Scanning overa wide range of binding energies identified the energy of ejected electrons

from each sample. Figs 7.1 and7 .4 show the wide scans for magnesium and AZ91 anodized

in sodium hydroxide. Peaks found in these wide scans were identified using Kratos VISION

software. Tables 7.1 and 7.4 report the percentage atomic concentrations of each electron

type found in the wide scans.

Slow scans over a narrow energy range for each of the electron types identified in the

wide scans gave information on the chemical environment of the atoms. Figs 7.2 and 7.3

show the narrow scans on for two separate XPS analyses of anodized pure magnesium;

Fig. 7.5 shows the narrow scans within the regions of interest on anodized AZ91.

Narrow scan signals were deconvoluted using XPSPEAK software. All peaks were

defined as having a Gaussian shape with 20% Lorentzian component on a nine point

average Shirley background. Signals from p-type electrons contained two peaks due to I
and '21 spin contributions. These peaks were constrained to be 1 eV apart, to have the

same full width at half maximum (FWHM) and to have the integrated area of the higher

energy peak half that of the lower energy one.

Tables 7.2 and 7.3 show the binding energy, FWHM and percentage integrated area

for each deconvoluted peak on anodized magnesium. Table 7.5 contains this data for

4291.

EB= hv EK 0

EB=
hv=
EK=
0=



o
E
Joo

; 6000
oco
.=

4000

Surface analysis 164

XPS study of magnesium anodized in sodium hydroxide solution

12000

8000

1000 800 600 400 200

binding energy / eV

Figure 7.1: XPS wide scan for magnesium anodized in sodium hydroxide solution
Pure magnesium (2 cm2 area) anodized in 3 mol dm-3 NaOH. 3.5 A applied for 8 s. \Mde scan taken from
'1100 to 0 eV in 0.5 eV steps over twenty minutes. Pass energy was 65 eV and the detector was on high
magnification. Peaks for Na 1s, O 1s, C 1s, Mg 2s, Na 2s, Mg 2p and O 2s were identified. For reasons of
clarity the signal intensity in the 100 to 0 eV region was multiplied by five.

Table7.1: Atomic concentrations from XPS wide scan for
magnesium anodized in sodium hydroxide solution
Magnesium anodized at 3.5 A for 8 s in 3 mol dm{ NaOH. Percentage
atomic concentrations were found for the seven peaks identified in
Fig. 7.1. Comparing the atomic concentrations for O 1s and Mg 2s
showed a ratio of 1 Mg : 3.01 O. C 1s signal came from surface
carbon impurities.

Sodium 'ls and 2s peaks came from the sodium ions in the
electrolyte. lt is not clear whether this sodium was adsorbed on the
surface or incorporated into the anodized layer.

O 1s and O 2s peaks should have identicalpercentage atomic
concentrations. Lack of conelation arose from the small area under
O 2s resulting in a large error. O 1s gave the more accurate
percentage for comparison with other elements.

Atomic concentrations of the O 1s, C 1s, Mg 2s and Na 1s add
up to 100 o/o.

peak atomic
conc. I Yo

O 1s 52.5
O 2s 30.8

C 1s 26.2

Mg 2s 17.4
Mg 2p 18.8

Na 1s 3.9
Na 2s 3.8
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Figure7.2: Elemental peaks from XPS
analysis of Mg anodized in sodium hydroxide
solution: run t
Pure magnesium 12 cm2 area) anodized in
3 moldm-3 NaOH. 3.5 A applied for 8 s. Narrow
scans were taken in five energy regions: 1085 to
1065 eV (Na 1s), 545 to 525 eV (O 1s), 300 to
280 eV (C 1s), 105 to 82 eV (Mg 2s) and 62 to
46 eV (Mg 2p). Data were collected at 0.1 eV
intervals with a dwell time of 2000 ms at each
energy and a 38 eV pass energy. One scan in
the C ls region identified the raw peak energy
as 288.26 eV. Actual peak position of carbon was
284.6 eV so all peaks were scaled down by
3.66 eV to match this. Three scans in each of the
other four regions gave peaks which were
deconvoluted using XPSPEAK. Red lines in each
spectrum show the sum of all deconvoluted
peaks.

1076 1074 1072 1070 1068 1066
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Figure 7.3: Elemental peaks f rom XPS
analysis of Mg anodized in sodium hydroxide
solution: run 2
Magnesium (2 cm2 approx. area) anodized in
3 mol dm's NaOH. 3.5 A applied for I s. Narrow
scans were recorded in seven energy regions: 1085
io 1065 eV (Na 1s),545 to 525 eV (O'ts),
300 to 280 eV (C 1s), 105 to 82 eV (Mg 2s) and 62
to 46 eV (Mg 2p). Data were collected at 0.1 eV
intervals with a dwelltime of 2000 ms at each energy
and a 38 eV pass energy under high magnification.
One scan in lhe C 1s region identified the raw peak
energy as288.3 eV. Actual peak position of carbon
was 284.6 eV so all peaks were moved down by
3.7 eV to match this. Three scans in each of the
other four regions gave peaks which were
deconvoluted using XPSPEAK. Red lines on each
spectrum showthe sum of alldeconvoluted peaks.

1068

288 282

46
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Table 7.2: Elemental peaks from XPS analysls of Mg anodized in sodium hydroxide solution: run 1
Magnesium anodized in 3 mol dm-3 NaOH. 3.5 A applied for 8 s. Relative areas were found for each
deconvofuted peak found in each of the five regions shown in Fig. 7.2. Peakbinding energies were scaled
to match the characteristic carbon peak at 284.6 eV.

electron binding
energy / eV

FWHM relative
I eV area I To

Na 1s

O1s

Cls
Mg 2s

Mg 2p

1071.12

532.09
530.73

284.60

88.12
87.'t 6

50.1 1

49.02

49.72
48.63

2.25

1.83
1.79

1.96

1.98
1.95

1.59
1.55

1.65
1.61

100

15.51
84.49

100

77.93
22.07

57.73

42.27

Table 7.2 shows that Na 1s and C 1s had one chemical environment but O 1s, Mg 2s

and Mg 2p each had two chemical environments. Relative areas of the magnesium 2s

and 2p peaks should be identical; Mg 2s gave more accurate results since the integrated

area under the peaks was larger.

Table 7.3: Elemental peaks from XPS analysis of Mg anodized in sodium hydroxide solution: run 2
Magnesium anodized in 3 mol dm'3 NaOH. 3.5 A applied for 8 s. Relative areas were found for each
deconvoluted peak found in each of the five regions shown in Fig, 7.3. Peak binding energies were scated
to match the characteristic carbon peak at 284.6 eV.

electron binding
energy / eV

FWHM relative
/ eV area I o/o

Na 1s

O1s

C1s
Mg 2s

Mg 2p

1071.28

532.66
530.86

284.60

88.35
87.41

49.89
48.89

1.78

1.99
1.99

1.91

2.23
2.23

1.48
1.48

100

4.47
95.53

100

31.24
68.76

100

Table 7.3 shows that Na 1s, C 1s and Mg 2p were found in only one form whereas

O 1s and Mg 2s each had two chemicalenvironments. Again Mg 2s gave more accurate

results than Mg 2p.
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XPS study of AZ91 anodized in sodium hydroxide solution

24000

12000

400 300 200

binding energy / eV

Figure 7.4: XPS wide scan for AZ91 anodized in sodium hydroxide solution
FZ91 (2 cm2 approx. area) anodized in 3 mol dm-3 NaOH. Current applied for eight seconds at 20 mA,
30 mA,40 mA, 50 mA, 70 mA, 80 mA, 90 mA, 100 mA, 120 mA, 130 mA, 150 mAthen 160 mA. Wide scan
was taken ftom 600 to 0 eV in 0.5 eV steps over twenty minutes. Pass energy was 65 eV. Using the detector
on low magnification avoided problems associated with local anomalies on the surhce. Peaks for O 1s,
C 1s, Al 2s, Mg 2s and Mg 2p were identified.

Table 7.4: Atomic concentrations from XPS wide scan for AZ91 anodized in sodium hydroxide solution
AZ91 anodized in 3 mol dm-3 NaOH. Current applied for eight seconds at 20 mA, 30 mA, 40 mA, 50 mA, 70
mA, 80 mA, 90 mA, 1 00 mA, 120 mA, 1 30 mA, 1 50 mA then 1 60 mA. Atomic concentrations were found for
four of the five peaks identified in Fig. 7.4. Comparing the atomic concentrations for O 1s and Mg 2s showed
a ratio of 1 Mg : 1.86 O. C 1s signalcame from carbon impurities on the surbce. Atomic concentrations of
O 1s, C 1s and Mg 2s add up to 100 %.

peak atomic
conc. lo/o

O1s

C1s

31.5

51.6

16.9
17.2

Mg 2s
Mg 2p
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Argon sputtering

Argon sputtering alternated with data collection was used to investigate the depth profile

of the anodized film. Table 7.5 shows the atomic concentrations for five elemental signals

identified from the wide scan in Fig. 7.4: O 1s, C 1s, Al 2s, Mg 2s and Mg 2p.

Table 7.5: Effect of argon spuftering on atomic concentrations gathered frcm XPS wide scans
AZ91 anodized in 3 mol dm-3 NaOH. Current applied for eight seconds at 20 mA, 30 mA, 40 mA, 50 mA,
70 mA, 80 mA, 90 mA, 100 mA, 120 mA, 130 mA, 150 mA then 160 mA. Atomic concentrations were found
for O 1s, C 1s, Al 2s, Mg 2s and Mg 2p. Results of four XPS analyses are shown: after 0, 2,4 and 9 minutes
of sputtering with argon gas. Al 2s peak was not identified at t = 0 min. Atomic concentrations of O 1s, C 1s,

Al 2s and Mg 2s add up to 100 o/o.

peak
t=0min

atomic concentration / %
t=2min t=4min t=9min

O 1s 31.5

C 1s 51.6

Al2s

Mg 2s 16.9
Mg 2p 17.2

42.8 51.9 50.1

17.9 11.6 8.0

5.4 3.5 4.0

34.0 33.0 38.0
31.2 35.0 37.9

Several illuminating facts emerge from Table 7.5:

. atomic concentration of C 1s decreased with increased sputtering showing that

the carbon was a surface impurity

. (Mg 2s):(O 1s) ratio changed with sputtering: 1:1.86 (t = 0), 1:1.26 (t = 2), 1:1.57

(t = 4) and 1 :1.32 (t = 9).

At t = 0 the Mg:O ratio was - 1:2. At t = 9 min, the Mg:O ratio approached

1: 1.3. This Mg:O ratio gave information about the chemical species in the film.

Mg(OH), predominated at the surface whereas deeper in the film MgO became

prevalent. This result does not reflect necessarily the film composition immediately

following anodization. Samples were left in air overnight before XPS analysis.

Hydration of the outer layers of the film may have occuned during this time because

the hydroxide is favoured thermodynamically over the oxide.

(Al 2s):(Mg 2s) ratio appeared to change with sputtering: 1 :6.25 (t = 2), 1:9.43 (t =

4) and 1:9.60 (t = 9). Howeverfrom the narrow scan (Fig. 7.5) the Al 2s signalwas

very noisy; if this uncertainty is taken into account then there is no discernible

difference between the (Al 2s):(Mg 2s) ratios after different periods of sputtering.
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Figure 7.5: Elemental peaks f rom XPS
analysis of AZgl anodized in sodium hydroxide
solution
AZ91 alloy (2 cm2 area) anodized in 3 mol dm-s
NaOH. Currenl applied for eight seconds at
20 mA,30 mA,40 mA,50 mA, 70 mA,80 mA,
90 mA, 100 mA, 120 mA, 130 mA, 150 mA then
160 mA. Narrow scans were recorded in five
energy regions: 545 to 525 eV (O 1s), 300 to
280 eV (C 1s), 130 to 1 10 eV (Al 2s), 105 to 82 eV
(Mg 2s) and 62 to 46 eV (Mg 2p). Data were
collected at 0.1 eV intervals with a dwelltime of
20OO ms at each energy. One scan in the C 1s
region identified the raw peak energy as288.8 eV.
Actual peak position of carbon was 284.6 eV so
all peaks were scaled down by 4.2 eY to match
this. Three scans in each of the other four regions
gave peaks which were deconvoluted using
XPSPEAK. Red lines on each spectrum showthe
sum of alldeconvoluted peaks.
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Table 7.6: Elemental peaks from XPS analysis of AZgl anodized in sodium hydroxide solution
AZ91 anodized in 3 mol dm-3 NaOH. Cunent applied for eight seconds at 20 mA, 30 mA, 40 mA, SO mA,
70 mA, 80 mA, 90 mA, 1 00 mA, 120 mA, 1 30 mA, 1 50 mA then 160 mA. Relative areas were found for each
deconvoluted peak found in each of the five regions shown in Fig. 7.5. Peak binding energies were scaled
to match the characteristic carbon peak at 284.6 eV.

electron binding FWHM
energy/eV leV

relative
area I o/o

O1s

C1s
Al 2s

Mg 2s

Mg 2p

532.1 9
531 .1 1

530.1 1

284.60

'119.20
117.79

88.61
86.21

50.57
49.48

2.33
2.33
2.29

1.86

1.78
1.82

2.21
2.17

1.97
1.93

12.36
48.63
39.01

100

41.13
58.87

91.77
8.23

100

Summary of AZ91 XPS resulb

X-ray photoelectron spectroscopy results from a wide scan between 600 and 0 eV identified

five binding energy regions of interest: o 1s, c 1s, Ar 2s, Mg 2s and Mg 2p.

Argon sputtering of the sample alternated with further wide scans showed that the

ratio of magnesium to oxygen increased with depth signifoing a change from magnesium

hydroxide to magnesium oxide.

Narrow, slow scans oversmall binding energy ranges gave information on the chemical

environments of each of the five detected electron types. O 1s had three environments,

Al 2s and Mg 2s had two each and C 1s and Mg 2p were found in one chemical environment

each. Mg 2s and Mg 2p should have the same number of environments; Mg 2s gave more

reliable results because the integrated peak area was much larger.

Magnesium to oxygen ratio in pure magnesium compared to Azgl

For AZ91 anodized in sodium hydroxide, the Mg:O ratio (-1:1.5) was only half that found

on pure magnesium anodized in sodium hydroxide solution (1:3.0). This may indicate

fundamental differences between the types of oxide layer formed on each metal. However

the magnesium ratio camefrom a single XPS run with no argon sputtering;the high oxygen

concentration may be due to surface adsorbed oxygen rather than oxygen incorporated

into the bulk anodic film. Hydration of the outer layers of the film under atmospheric

conditions after anodization also may affect the composition.
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7.3 Scan ni ng electron m i croscopy

In scanning electron microscopy (SEM) a highly focused beam of electrons impinges on a

sample and the electrons undergo inelastic scattering. An image of the surfacetopography

at that point is formed by detecting these scattered electrons (Goldstein, Newbury, Echlin,

Joy, Fiori & Lifshin 1981).

Incident electrons undergo inelastic scattering with weakly bound conduction electrons

in the sample and eject secondary electrons with energy less than 50 eV. These secondary

electrons are confined to a small volume near the beam impact point because of their low

energy. \Mth a detector positioned very close to the sample surface little information is

lost between the surface and the detector, improving the image resolution.

A picture of the surface topography develops by scanning the incident beam across

the surface and detecting the secondary electrons emitted at each point. One major

advantage of SEM over other microscopic techniques is the three dimensional effect due

to the large depth of field and the shadow relief effect of secondary electron contrast.

Anodization of magnesium and AZg1 in sodium hydroxide solution produced non-

conducting oxide films. Under the incident electron beam these became charged,

decreasing resolution in the resultant images. Coating samples with a 15 nm layer of gold

solved this problem by providing a conducting sheath over the surface which mirrored the

structure of the underlying sample.

SEM images were taken of pure magnesium and /Zgl anodized in different solutions.

Section 2.10 details the sample preparation and instrumentation used in these experiments.

. AZ91 in phosphate-containing solution........... Fig. 7.6

. Mg in phosphate-containing solution .......... . Fig. T .7

' AZ91 in fluoride-containing solution Figs 7.g & 7.9

. Mg in fluoride-containing solution Figs 7.10-7.12

Magnesium anodized in fluoride-containing solution showed a splash zone and a fully

anodized region; sEM images of both regions were recorded.
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Figure 7.6: sEM image of AZgl anodized in phosphate-containing solution
l.Z.91 (2 cm2 area) anodized forfive minutes at 20 V in 3 moldm-3 NaOH + 0,1 moldm-3 NaNHoHpO4. lmage
magnified 500 times; scale bar represents 50 pm. There was little evidence of film formation oh tne iurface.
Scratches were visible in the underlying substrate, caused by polishing prior to coating. Two small cubic
crystals in the boftom left-hand corner are probably sodium chloride formed during exposure to the
atmosphere.

Figure 7.7: SEM image of pure magnesium anodized in phosphate-containing solution
Pure magnesium (2 cm2 area) anodized for 90 s at 20 V in 3 mol dm-3 NaOH + 0.i mol dm's NaNHoHpO4.
lmage magnified 2020 times; scale bar represents 10 pm. lmage showed an amorphous film with ieveril
cracks and shallow pits but no evidence of underlying polishingscratches.
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Figure 7.8: sEM image of AZgl anodized in fluoride-containing solution.
AZg1 (2 cmz area) anodized for 150 s at 150 mA in 3 mol dm'3 NaOH + 0.05 mol dmf NaF. lmage magnified
2020 times; scale bar represents 10 pm. lmage showed a thin filmwith polishing scratches on the substrate
stillvisible.

Figure 7.9: sEM image of AZ91 anodized in fluoride-containing solution.
AZ91 (2 cm2 area) anodized for 150 s at 150 mA in 3 mol dm{ NaOH + 0.0S mol dm-3 NaF. lmage magnifted
8050 times; scale bar represents 2 pm. Numerous small pits and ridges were seen but no obvious cracks.



Surface analysis 175

Figure 7.10: SEM image of pure magnesium anodized in fluoride-containing solution.
Fully anodized region on pure magnesium (2 cm2 area) anodized for five minutes at 2A (7S s), 2.5 A (150 s)
then 3 A (75 s) in 3 mol dm-3 NaOH + 0.05 mol dm{ NaF. lmage magnified 2020 times; scale bar represenb
10 pm. No polishing scratches were visible through the amorphous, cracked film.

Figure 7.11: SEM image of pure magnesium anodized in fluoride-containing solution.
Fully anodized region on pure magnesium (2 cmz area) anodized for five minutes at2A(75 s), 2.S A (150 s)
then 3 A (75 s) in 3 moldm-3 NaOH + 0.05 mol dm-3 NaF. lmage magnified 8050 times; scale bar represents
2 pm. Deep cracks were obvious in this image; the film appeared to be forming platelets and was probably
not very adherent.
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Figurc 7.12: SEM image of pure magnesium anodized in fluoride-containing solution.
Splash region on pure magnesium (2 cnf area) anodized for five minutes at2A(75 s), 2.S A (1bO s) then
3 A (75 s) in 3 mol dm-3 NaOH + 0.05 mol dm-3 NaF. lmage magnified 2020 times; scale bai represents
10 pm. Fewer cracks were seen on the surhce than in fully anodized rcgion; surface showed a high degree
of roughness.

Summary of SEM studies

Anodic films formed on AZ91in both phosphate- and fluoride-containing solutions were

very thin; polishing scratches from the substrate were stillvisible. At higher magnification

the films appeared highly amorphous with few deep cracks.

By contrast the films formed during anodization of pure magnesium in phosphate- or

fluoride-containing sofutions were much thicker and polishing scratches could not be seen.

Deep cracks and fissures appeared in the films; platelets formed which may flake off

readily under abrasion. lmages showed a difference in the surface topography of the film

formed in the fully anodized region from that formed in the sptash zone (Figs 7.10 & 7 .12).

Fewer cracks and platelets appeared in the splash zone and the surface was very rough.
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7.4 X-ray diffraction studies

X-ray diffraction studies (XRD) gave information about the crystal structure of materials

(Ladd & Palmer 1977). X-rays hit the sample surface at an angle of incidence, 0, with the

detector positioned at the same angle on the other side of the specimen. From Bragg's

Law (Eqn 7.2) constructive interference only occurred when

n)," = 2d sinO

= order of the Bragg reflection
= wavelength of the X-rays

Fig.7.13

Fig.7.14

Fig.7.15

Fig. 7.16

Fig.7.17

150 to 600 with a 0.040 step size and a

Reference spectrum

six strong peaks were found in the X-ray diffraction pattern of

bare, polished M91. Table 7.7 shows the angle of incidence and

relative intensity for each peak. This reference spectrum was

included in Figs 7 .1TT .17 to compare the peaks from the substrate

with those from any crystalline material formed during anodization.

Eqn 7.2

d = spacing between crystal planes
e - angle of incidence = angle of reflection

angle relative
20 | o intensity

32.42
34.64
36.00
36.88
48.1 I
57.78

During an XRD scan the sample moved through an angle 0 and detector moved by 20

to keep the angles of incidence and reflection identical. One advantage of X-ray powder

diffraction over single crystal studies was that sample orientation was not critical. Crystallites

within an amorphous surface film orient randomly. Enough crystallites would match the

orientation of the spectrometerto provide strong constructive interference at characteristic

angles for the material.

Experimental design

FZ91was anodized in five different solutions (Section 2.11). PZgl was chosen because it

has the widest commercial application so anodic films formed on its surface are of greater

practical interest.

' 3 mol dm-3 NaOH

o 3 mol dm-3 NaOH + 0.1S mol dm-3 NaF

. 3 mol dm-3 NaOH + 0.1S mol dm-3 AlO.s-

. 3 moldm-3 NaOH + 0.1S mol dm-3 SiO32-

. 3 mol dm-3 NaOH + 0.1S mol dm-3 BoOrr-

XRD scans were recorded for 20 angles from

scan speed of 30 / min.
Table7.7: Peaks
found in XRD spectrum
of bare, polished AZ91

25
39
I
100
23
'17
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Figurc 7.13: X-rcy difftaction study of AZgl anodized in NaOH compared with bare AZII
AZ91 alloy anodized in 3 moldma NaOH, spectrum offset by +1000 counts. Both samples were scanned
from 15o to 600 with 0.040 step size at a scan speed of 30 / min. Both spectra showed five major peaks at
around 32.50, 34.60, 36.90, 48.30 and 57.80 (to t 0.2o).
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35 40

angle / o

Figure 7.14:
AZ91

X'ray diffraction study of AZ91 andized in fluoid*containing sotution comparadwith barc

AZ91 alloy anodized in 3 mol dm-3 NaoH + 0.1s moldm'3 NaF, spectrum oftet by +1ooo counts. Both
samples were scanned fiom 15o to 600 with 0.040 step size at a scan speed of 30 / min. Both spectra
showed five major peaks at around 32.50, 34.60, 36.90, 49.30 and S7.go (to t 0.2o).
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Figure 7.15: X-ray diffraction study of AZgl anodized in aluminat*containing solution compared wiht
bare AZ91
AZ91 alloy anodized in 3 moldm€ NaoH + 0.1s moldm'3 Aloa$, spectrum offset by +1000 counts. Both
samples were scanned from 15o to 600 with 0.040 step size it a scan speed of 30 / min. Both spectra
showed five major peaks at around 32.50, 34.60, 36.90, 48.30 and 57.80 (to t O.2o).



Figure 7.16:
AZ91
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X-ny diffnction study of AZ91 anodized in silicate-containing solution compared with bare

AZ91 alloy anodized in 3 moldm'3 NaoH + 0.1s moldm'3 sio32-, spectrum offset by +1000 counts. Both
samples were scanned from 15o to 600 with 0.040 step size it a scan speed of 30 / min. Both spectra
showed five major peaks at around 32.So, 34.60, 96.90, 48.30 and 57.go (to t 0.1o).
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35 40

angle / o

FUure 7,17: )kay dltfiaction study of AZgl anodtred in Mnbomte-containing dutian ntnparcd viiill
bffi AZ9,l
AZ91 alloy anodized in 3 mol dm€ NaoH + 0.18 mol dms Baolz', specfir.rm oft6t by +tooo counts. Both
samples were scanned from 15o to 600 with O.Mo step sizi it a scan speed of 3o / min. Eoth spectre
showed five maJor pe-aks at arcund 32.50, &4.69, 36,90, 4g.go and 57,80 (!o * O.tg.
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Analysis of X-ray diffraction studies

Each of the five anodized AZgl samples produced diffraction patterns almost identical to

the pattern for bare A291. Peaks appeared atthe same position (to within * 0.2o) and with

the same relative intensity in the anodized samples as in the unanodized alloy. Tables 7.8*t
show the angle of incidence and relative intensity for each major seen in the six spectra.

Table 7.8*f: Peak position and intensity for bare AZ91 and the five anodized samp/es.
AZ91 anodized in five different solutions: 3 mol dm-3 NaOH, 3 mol dm-3 NaOH + 0.1 5 mol dm-3 NaF, 3 mol dm-3
NaOH + 0.15 mol dm-3 Alo3&, 3 mol dm-3 NaoH + 0.15 mol dm-3 Sio32-, 3 mol dm-3 NaoH + O.1s mol dm€
BoOr''. Data are arranged ih decreasing orderof intensity. BareAZgiand the samples anodized in NaOH,
NaOH + SiOs2- and NaOH * BcO/- showed the same six peaks with identical orders of relative intensity
(except the borate-containing solution which had the two lowest intensity peaks swopped around). AZgl
anodized in fluoride-containing solution had a small extra peak at 43.11c. PZ91 anodized in aluminate-
containing solution had two additional low intensity peaks at 38.400 and 43.50o. Extra peaks are marked *.

Table 7.8a: AZ91 Table 7.8b: NaOH Table 7.8c: NaOH + F-

20 | o intensity 20 | o intensity 20 | o intensity

100
39
25
23
17
I

Table 7.8d: NaOH + AIOsT Table 7.8e: NaOH + SlOs2- Table 7.8f: NaOH + BeOtz-

20 lo intensity 2A lo intensity 2g I o intensity

100
31
26

'21
14
12

'10
8

Figs 7.13-17 and Tables 7.8a-f indicate that any anodic film formed on the surface of the

Af:91 was not detected by these x-ray diffraction experiments. There are two possible

reasons for this:

' the films are amorphous. No crystallites exist in the anodic film to produce

constructive interference and peaks in the XRD pattern from these surface species.

' the films are too thin to be detected. Grazing angle x-ray diffraction is capable of

analysing thin films, however this technique was not available

A light grey film was visible on the surface suggesting that an amorphous film of

substantial thickness was present rather than a very thin crystalline layer.

36.88
34.64
32.42
48.1 I
57.78
36.00

36.93
34.64
32.52
48.35
57.82
36.06

100
35
27
11

10
6

36.92
34.63
32.44
57.84
48.29

* 43,11
36.03

100
34
24
17
13

"13
7

37.00
34.73
32.53

*43.50

48.27
57.98

* 38.40
36.08

36.92
34.61
32.51
48.27
s7.88
36.08

100
35
24
11

9
I

36.94
34.63
32.50
48.30
35.99
57.75

100
35
26
12
9
7



Surface analysis 184

7.5 Raman specfro scopy

Raman spectroscopy (Banwell 1983) is a molecular spectroscopy technique used to gain

information on the chemical species present in a sample.

Incident monochromatic radiation is scattered during interactions with molecules in

the specimen. Most of this scattering occurs by elastic collisions where the incident photon

is deflected but retains its original energy. A few inelastic collisions occur during which the

target molecule changes its energetic state. These inelastic collisions cause the incident

photon to lose or gain an amount of energy equal to the energy gap between the ground

and first excited vibrational states. Inelastically scattered photons give rise to Stokes'and

anti-Stokes' radiation. Placing a detector at 90o to the incident beam detects both elastically

and inelastically scattered radiation while avoiding the intense incident beam which would

mask the scattered radiation.

Section 2.12 details the sample preparation and instrumentation used for recording

Raman spectra. All spectra were recorded ex-situ; samples were anodized, rinsed then

dried before being analyzed.

Results from Raman spectroscopy

All twelve spectra showed virtually no bands and no difference was detected when the

electrode or electrolyte was changed. For example, Fig. 7.18 shows Raman spectra

recorded in the 25 to 4000 cm-1 region for each magnesium-based metal anodized in

3 mol dm-3 sodium hydroxide solution. O-H stretching vibrations from Mg(OH), surface

contamination should appear at around 3500 cm-1 lHezberg 1950, Nakamoto 1986); no

bands were seen at this frequency in Fig. Z.18.

Fig.7 .19 shows the 25 to 200 cm-1 region of these spectra where M-M bands should

occur (Herzberg 1950, Nakamoto 1986). No differences were detected between alloys.

Eight other spectra were collected representing the four electrodes anodized in fluoride-

and phosphate-containing solutions. These were identical to spectra in Figs 7.18 &7.19

and are not reproduced here.

Raman spectroscopy did not produce conclusive information aboutthe anodized films.

This methodology was not sensitive enough to be able to detect surface species on

anodized magnesium-based metals.
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Figure 7.18: Raman spectra of magnesium-based electrodes anodized in sodium hydroxide solution
Pure magnesium, 2A123, AM60 and AZ91 anodized at 150 mA for 60 s in 3 mol dm-3 NaOH. Spectra were
recorded between 25 and 4000 cm-1 with a scan increment of 2 cm-1and 0.4 s dwelltime. Three spectra
were offset for clarity: 2A123 (+550), AM60 (+100) and Azgl (-S00). No O-H bands were detected at
around 3500 cm'l.
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Figure 7.19:
detail

Raman spectra of magnesium-Dased electrodes anodized in sodium hydroxide solution:

Pure magnesium, 2A123, AM60 and AZ91 anodized at 1 50 mA for 60 s in 3 mol dm{ NaOH. Spectra were
recorded between 25 and 4000 cm-l with a scan increment of 2 cm-1 and 0.4 s dwell time. Only the
25 to 200 cm-l region was displayed in this figure. Three spectra were offsetforclarity: 7A123 (+550), AM60
(+150) and AZ91 (-500). Peaks appeared at identicalwavenumbers regardless of the electrode material.
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7.6 Summary of surtace analysis resurfs

X-ray photoelectron spectroscopy

Pure magnesium anodized in sodium hydroxide solution showed XPS peaks for Na 1s,

O 1s, C 1s, Mg 2s,Na 2s, Mg 2p and O 2s electrons. Scans over narrow energy windows

gave information on the number of chemical environments for each electron type.

X-ray photoelectron spectroscopy of anodized AZ91 identified O 1s, C 1s, Al2s, Mg 2s

and Mg 2p electrons. Narrow, slow scans gave information on the chemical environment

of each of these electrons.

Argon sputtering of this AZ91 sample alternated with wide scans showed that the

(Mg 2s):(O 1s) ratio changed with depth from approximately 1;2atthe surface to 1:1.3

deeper in the film. This change was attributed to formation of Mg(OH), on the surface due

to hydration of MgO under atmospheric conditions.

Scanning electron microscopy

Anodic films formed on AZgl were very thin; polishing scratches from the substrate were

stillvisible. At higher magnification the films appeared highly amorphous with numerous

lumps of film but very few deep cracks.

Films formed during the anodization of pure magnesium under similar conditions were

much thickerand polishing scratches could not be seen. Deep cracks and fissures appeared

in the films; platelets formed which may flake off under abrasion. Fewer cracks and platelets

appeared in the splash zone compared to the fully anodized region.

X-ray diffraction studies

Amorphous films were formed on AZg1 during anodization in five different electrolytes.

Light grey films were visible on the electrode surface, however no crystallites were present

to cause constructive interference and produce diagnostic peaks.
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Raman spectroscopy

No vibrational bands were detected using ex-situ laser Raman spectroscopy. Hence no

information was obtained on chemical species present in the anodized films. There was

no sign of an alloy effect on the metal-metal bands at low wavenumbers.

All peaks which were detected had very smallfullwidth at half maximum values. This

is indicative of noise rather than peaks caused by a change in the vibrational state of a

molecule.
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INTERPRETATION AND MODEL

8.1 Introduction

Kinetic anodization experiments (Chapters 4 & 5) and surface analysis techniques

(Chapters 6 & 7) gave information on many aspects of anodicfilm formation on magnesium

and magnesium alloys. Interpretation of these results willbe divided into severalsections,

each dealing with a particular phenomenon:

. experimentaldata on film growth kinetics .... Section 8.2

' model for film growth during magnesium anodi2ation.................. Section 8.3

. modelling the effect of alloying elements ..... Section 8.4

. modelling the effect of electrolyte species............. ...... Section 8.5

. modelfor sawteeth ............ Section 8.G

Taken together, Sections 8.34 constitute a modelfor film formation on magnesium and

magnesium alloys during anodization under galvanostatic conditions. This mechanism

accounts for changes to the anodic film caused by altering the alloying elements and

using different electrolytes, satisffing the mission statement on p. 1.

8.2 Experimental data on film growth kinetics

Pure magnesium, 7A123,AM60 and AZg1 were anodized undergalvanostatic conditions

in three different solutions: 3 mol dm-3 NaoH, 3 mol dm-3 NaoH + 0.0s mol dm-3 NaF

and 3 mol dm-3 NaOH + 0.05 mol dm-3 NaNH.HPOT.

Electric field strengths were calculated for every recorded galvanostatic transient.

Tables 4.114.22 and Figs 4.1O4.21showthis data foreach metal/solution combination;

the information is summarized in Table 4.1 and Fig. 4.5.

189
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As anodization experiments progressed the film on the electrode surface changed.

Primary and secondary layers thickened or shattered, decreasing the available surface

area and increasing the true applied current density. Analyzing only initialtransients from

each experiment should give information on a more consistent system. Tables 4.234.34

and Figs 4.224.33 contain data for the initial galvanostatic transients from every

experiments with each electrode/electrolyte combination;the information is encapsulated

in Table 4.3 and Fig. 4.6.

Correlation between applied current density and resultant electric field strength

No correlation was seen between the applied current density and resultant electric field

strength. These observations are not inconsistent with the conclusion that the

electric field strength of the film formed duing anodization of magnesium and

magnesium-based alloys is constant for a particular electrode/electrolyte

combination and is independent of applied cunent density.

7A123 in phosphate-containing solution was the only exception. This combination

showed a linear correlation: electric field strength was proportionalto the applied current

density (slope = 4 x 106 V A-1 m, r2 = 0.90).

Little difference was seen between the results gained by analyzing all galvanostatic

transients and those using only initial transients. However, galvanostatic transients

generated by the same applied current density in repeated experiments had a wide

distribution of calculated electric field strengths. Primary and secondary film thickening or

shattering may have contributed to this variation. Parts of the electrode surface may have

become blocked resulting in a change in the true surface area between experiments. All

data are reported with respect to the apparent (geometric) surface area, but in reality the

reactive magnesium surface changed both during and between experiments.

Several models for anodic film formation

were outlined in Section 1.6. Table 8.1 shows

the relationship between applied current and

resultant electricfield strength foreach of these

mechanisms. Only the point defect model

predicted a constant electric field strength.

Table 8.1: Correlation between
applied current and resultant electic field
strength for anodic film formation models

model relationship

high field limit
low field limit
Venrey
Cabrera-Mott

i a expE
iaE
i "c expE
i c expE

point defect model E constant
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Effect of electrode or electrolyte on electric field strength

Standard deviations of the electric field strength overlap for each metal/electroyte

combination shown in Tables 4.1 and 4.3 and in Figs 4.5 and 4.6. No definite conclusions

could be drawn from these summaries but some general observations were made:

' magnesium anodized in NaOH had the lowest mean electric field strength

' Ilo overall trend was seen for anodizing the same metal in different electrolytes

8.3 Model for film growth during magnesium anodization

A model is presented for film growth during magnesium anodization which fits the kinetic

anodization data presented above. This mechanism has cation injection as the rate

determining step followed by field assisted interstitial cation migration through a lattice of

immobile oxide and magnesium ions. Growth kinetics for the passive, coherent primary

layer and the porous secondary layer are discussed in this section.

This model explains the simplest case: anodic film growth on pure magnesium in

3 mol dm-3 sodium hydroxide solution. Later refinements will account for the effect of

alloying elements (Section 8.4) and of different electrolyte species (Section 8.5).

As a first approximation, the film is assumed to be perfectly crystalline magnesium

oxide with a face-centred cubic structure. Magnesium oxide has a 7.77 eV bandgap

(Strehlow & Cook 1973). Current is due solely to ionic conduction with no electronic

conduction component.

metal solution
Definition of electric field strength

Electric field strength is defined as

E = -L6jlL Eqn 8.1

A0r = potential difference across the oxide layer
l- = oxide thickness

Fig. 8.1 shows the physical picture for this film; Ag'

and AQ" are the interfacial potential differences at

the metal/film and film/solution interfaces.

Forcing a constant anodic current density through the oxide film causes ionic migration

and film thickening. As L increases, Agrmust increase proportionally to maintain a constant

electric field strength, ie dAQr/dL is zero.

film

Figure 8.1: Electric field strength
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Cation injection kinetics

Cation injection of a magnesium ion from the metal into the oxide is the rate determining

step in this model for magnesium anodization. A magnesium atom in the metal lattice

passes over an energy barrier at the metal/film interface. This energy barrier is modified

by the metal/film interfacial potential difference, induced by the applied constant current

density.

magnesium anodic oxide

a0,n=o

2',")
finite Ag,

Figure 8.2: Potential energy baniers to magnesium movementftom metal into and through anodic fitm
Thick line shows potential energy barriers in the absence of a metaUfilm interfacial potential drop, ie A{, = 0.
Thin line shows the change to the potential energy barrier under the influence of a finite metal/film potdntiat
difference. This potential difference is induced by a current density applied across the film. Wis the barrier
height at AOm = 0i 2a is the jump distance between interstitial sites in the anodic oxide lattice.

Cation injection into an interstitialsite in the oxide leaves an atom vacancy in the metal

phase according to Eqn 8.2.

Mgtrl -) Mgi + vm

Using Kr6ger-Mnk notation this meansthatthe magnesium cation (Mgi") is in an interstitial

site and has an effective +2 charge. Two electrons are left behind in the metallic lattice

and the metal now contains a magnesium atom vacancy (v,n). This vacancy will be filled

rapidly by a magnesium atom diffusing from the bulk metal.

Potential energy barrier height for cation injection is given by Eqn 8.3.

barrierheight = W - 2s"FA0,
W = barrier height at AOm = 0 / eV
cr = transfer coefficient
A0, = potential drop across metal/film interface

+ 2e_1m) Eqn 8.2

Eqn 8.3
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This leads to an expression for the ionic current due to cation injection (Eqn 8.4).

cr,, the transfer coefficient, is defined as the activation distance divided by the jump distance

and is a measure of the symmetry of the potentialenergy barrier. Activation distance is the

distance from the bottom of the potential energy well to the transition state at the top of the

potential barrier. Jump distance is the interval between the metal surface and the first

interstitial site in the oxide lattice.

For a perfectly symmetrical barrierthe transition state occurs in the centre of the barrier

and a = Tz.ln the case of cation injection into an oxide film, the transition state is likely to

be close to the metal so o may be less than /2.In a physical sense this means that the

difficult part of cation injection is extracting the metal ion from the sea of electrons in the

metallic lattice.

Interfacial potential differences and potential drop across oxide

i t = /6exP(2aFA0m/Rf)

where jo = k,exp(-WIRT) (at Ag, = 0)

Transfer coeffrcient

Fig. 8.3 shows thatthe measured potential

of the electrochemical system is the sum

of four components: the reference potential

d ifference (40,") the fi lm/solution interfacial

potential, (A$.) the potential drop across

the oxide, (AQr)and the metallfilm interfacial

potential, (A0,,.'). These components cannot

be measured separately but the effect of

each must be accounted for in the overall

kinetic anodization results.

Eqn 8.4

Figure 8.3: lnterfacial potentials and potential
difference through idealoxide film



lnterpretation & model 194

Refe re n ce pote nti a I diffe re n ce

A0r"r,the potentialdifference between the reference electrode and the solution, is fixed for

a particular reference electrode. A platinum gauze cylinder acted as the reference and

counter electrode in all kinetic anodization experiments reported in this thesis so A$rer is

constant.

F i I m/so I uti o n i nb rtac i a I pote nti a I diffe re n ce

A$., the potentialdifference at the film/solution interface, is dependent on the solution pH,

the solution resistance and on any reaction occurring at the interface. Each electrolyte

contained 3 mol dm-s NaoH so the pH and resistance remained constant.

Once interstitial magnesium cations migrate through the film to reach the film/solution

interface they react with hydroxide ions from the electrolyte to form Mgo.

Mgi + 2OH-1aq1 F- Mgnrg" + Oot + HrOt,l Eqn 8.5

Mguo' = magnesium cation in magnesium cation site in lattice
Oo'- = oxygen anion in oxygen anion site in lattice

This process thickens the oxide layer at the film/solution interface. Interstitial magnesium

cations are the limiting reagent. Changing the rate at which they arrive at the outer surface

of the film will not affect the equilibrium position of Eqn 8.5. Hence it is assumed that Ag.

remains constant.

Potential difference across oxide film

A{t, the potential drop across the oxide film, is dependent on the electric field strength and

thickness of the layer by Eqn 8.1. Kinetic anodization results (Chapter 4) showed no

correlation between applied current density and calculated electric field strength. Hence

the electric field strength is constant for a particular film composition.

Assuming that cation injection into the film is the rate determining step, migration of

interstitial magnesium cations through the film must take place at the same rate (Eqn 8.6).

iz = zFIMg,"l2akrexp(aFE IRT) Eqn 8.6

2a = jump distance between interstitial sites
kz = rate constant / s

In perfectly crystalline magnesium oxide the potential energy barriers are symmetrical

and the transition state occurs half way between two energy wells.
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Since a constant electric field strength was observed, [Mgi"] must adjust rapidly to

reach a steady state whereli is equaltoT,, the current density from cation injection (Eqn 8.a).

Altering the conditions by changing either the electrode material or electrolyte had

little effect on the electric field strength.

Metal/film intertacial potential difference

AQ* the potential drop across the metal/film interface, depends on the applied current

density. Stepping the current density to a new value causes a fast charge rearrangement

at the metal/film interface; AQ.'.' adjusts to a new steady-state value.

Origin of charge density at interfaces

Both the metal/film and film/solution interfaces have charged species on either side of

them. This charge density distribution causes the potential drop across each interface and

through the oxide. Changing the magnitude

of one or more of these charge densities

results in an alteration to potentialdifferences

within the film and hence the resultant current

density. Fig. 8.4 shows the charge distribution

at a constant current density. Algebraic sum

of these charge densities is zero.

Metal/film intefface

A positive charge density occurs in the metal due to current applied by the galvanostat.

Film/solution i nte rface

Anions in the electrolyte are drawn into the Helmholtz plane creating negative charge

density on the solution side of the interface (known as the double layer).

On the film side there may be a small positive charge density due to a build up of Mgt .

Depending on the equilibrium position of Eqn 8.5, the magnitude of this effect will change.

lf every interstitial magnesium cation aniving at the film/solution interface reacts immediately

with hydroxide ions, the positive charge density at the film/solution interface becomes

negligible.

."t

:I
:'1

Figure8.4: Chargedistibutionatmetaffiilm
a n d fi I m/sol utio n i n te rf aces
HelmholE plane, the plane of closest approach
of solvated anions, occurs at xr.

film
x2
: solution

:

:___

I
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Model for cation migration through oxide

After the rate determining cation injection step, magnesium cations migrate through the

oxide lattice under the influence of an electric field. Fig. 8.2 shows that transitions from

one interstitial cation site to the next are separated by potential energy barriers which are

smaller than the barrier at the metal/film interface.

An insulating film like magnesium oxide must have zero space charge at any given

point within the film. Interstitial magnesium cations have an effective charge of +2 which

must be balanced by some negatively charged species in the film.

f n discussions of the point defect model, Macdonald and co-workers (Chao et a|1981,

Lin ef al 1981, Macdonald & Urquidi-Macdonald 1990, Macdonald et al 1992, Sikora ef a/

1996) made no direct statement on the nature of these counteracting species. Most of

theirwork deals with passive films on transition metals in which metal cations have several

available valence states. During changes in valency, electrons are either liberated or

consumed; these electrons balance the interstitial cation charge.

Magnesium has no other available valence states for interstitial cations so this charge

balancing with electrons cannot occur. lnstead charge is balanced by cation vacancies,

V"n", in the oxide lattice, which have a -2 effective charge. These vacancies are surrounded

by six oxide ions with large ionic radii (ro = 140 pffi, rurg = 66 pm (Aylward & Findlay 1974))

so cation vacancies essentially are fixed in place (Fig. 8.5).

O magnesium cation

oxygen anron

magnesium cation
vacancy

Figure 8.5: Magnesium cation vacancies in a magnesium oxide laftice
lonic radii of the magnesium and oxygen ions are drawn to scale: ro = 140 pm, rturs = 66 pm. Dashed line
indicates unit cell.

Fig. 8.5 shows that there are no obvious interstitial pathways through the magnesium

oxide lattice. lt is possible that interstitial magnesium cations jump from one cation vacancy

to the next. Otherwise the lattice must distort to allow interstitial cations to migrate.
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At any instant in time and at any point in the film the number density of interstitial

magnesium cations will be exactly equal to the number density of cation vacancies.

Effect of current steps on the oxide and interfaces

Results of current step experiments (Section 4.6) showed that stepping the applied current

to a new value caused fast rearrangements within the film and at the metal/film interface.

Fig. 8.6 shows the galvanostatic transient from a typical current step experiment on AZ91

anodized in 3 mol dm-3 NaOH. Increasing the current density from 204 to 612 A m-2

caused a +(3 t 1) V instantaneous jump; decreasing the current density from 612 to

204 Am-2 caused a -(5 t 1) V jump. Changing the cation injection rate is the driving force

for these changes, leading to a fast change in Ag* according to Eqn 8.4.

2.O

time / s

Figure 8.6: Effect of cunent sfeps on the metallfilm interfacial potential
AZ91 anodized in 3 mol dm-3 NaOH. Increasing the current density from 204 to 612 A m-2 caused a +(3 r 1) V
jump. Decreasing the current density from 612 to 204 A m'2 caused a -(5 t 1) V jump.

o)oo
E

2.51.5

step from 612
to 204 A m-2

3V

step from 204
to 612 A m-2
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Sfep fo higher cuffent density

From Eqn 8.4, increasing A$,n increases the current density by lowering the potential

energy barrier to cation injection. As the number density of interstitial magnesium cations

increases, the number of cation vacancies must also increase to maintain a zero space

charge. Schottky pairs form where a magnesium ion is knocked out of the lattice to form

an interstitial cation and a cation vacancy (Schmalzried 1995).

MgMg'+Mgi +V"n" Eqn 8.7

Under the influence of the electric field this interstitial cation migrates away from the

vacancy. This leaves an area of oxide with a higher number density of cation vacancies to

balance the increased number of interstitial cations (Figs 8.7a-b).

interstitial
magnesium
cation

Figure 8.7a: lnterstitial cations and
cation vacancies in magnesium oxide at
low current density
One interstitialcation is charge balanced
by one cation vacancy. lonic radii of the
magnesium and oxygen ions are drawn
to scale: ro = 140 pm, rturs = 66 pm.

v"n" +

Figure 8.7b: Effect of increasing the cunent density
on interstitialcations and cation vacancies
One Schottky pair defect forms with an immobile cation
vacancy and an interstitial magnesium cation which has
migrated away under the influence of the electric field.
Two cation vacancies now balance the charge of the
two interstitial cations present in a particular area of the
film at any one time.

Eqn 8.8

Sfep fo lower cunent density

From Eqn 8.3, the potential energy barrier to cation injection is raised by lowering A$,n.

This in turn decreases the current densig (Eqn 8.a). As the number density of interstitial

magnesium cations decreases, the number of cation vacancies must also decrease to

maintain a zero space charge. Schottky pairs recombine to attain this charge balance,

Mgi + Mgrrg'

An interstitial cation migrating through the oxide film occupies a cation vacancy site,

decreasing the number density of vacancies.
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Formation of secondary layer

A porous secondary layer forms when the primary barrier layer experiences a

catastrophic breakdown (Section 3.4). Lumps of magnesium oxide from the original primary

layer are interspersed with electrolyte.

Magnesium hydroxide is more stable than magnesium oxide so the oxide becomes

hydrated. A layer of Mg(OH)2 forms spontaneously on the outer surface of these oxide

particles, surrounding a core of the original oxide. All the current through the secondary

layer is carried by electrolyte species; there is no high electric field strength to sweep out

the protons from the hydroxide as happened in the primary layer.

Analysis of the anodic film formed on magnesium may detect a small amount of

hydroxide from this hydrated layer. This is formed in a secondary, non-anodic process

after the magnesium oxide formation.

8.4 Modelling the effect of alloying elemenfs

From the experimental data two facts surfaced about anodic film formation on the three

alloys compared to pure magnesium:

. pure magnesium anodized in NaOH had the lowest mean electric field strength

. thinner films formed on aluminium-containing alloys than on pure magnesium

Using this information, the model presented in Section 8.3 was refined to account for the

effect of alloying elements.

Aluminium enrichment in the oxide films

XPS results on the aluminium to magnesium ratio after different amounts of argon sputtering

(Section 7.2)were inconclusive due to the large error in relative peak areas. Therefore, for

the purposes of this study, no evidence for aluminium enrichment in the oxide layer on

Mg-Al alloys was found.

However other researchers have found this enrichment. Nordlien, Nisancioglu, Ono &

Masuko (1996) found aluminium enrichment in the oxide layers formed on magnesium-

based alloys. Using transmission electron microscopy they studied the morphology and

structure of oxide films formed on magnesium-aluminium alloys by exposure to humid air
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and water. Alloys with more than 4% aluminium formed oxide layers with approximately

35% aluminium. AM60 (Mg-s.8%Al) and AZ91 (Mg-9%Al) may show this enrichment.

Literature values for the electric field strength of Al2O3 on aluminium lie in the range

(6-10) x 108 V m-1 (Schmickler & Schultze 1986), calculated from rates of oxide growth

with increasing formation potential. This method ignores the effect of interfacial potentials

and treats the potential ditference between the metal and the reference electrode

(40',, - 40,"r) as being identicalto the potentialdrop across the oxide, A$r. Using the actual

potential drop across the oxide would give lower true electric field strengths for the same

film thickness.

Effect of presence of aluminium on electric field strength

As shown in Chapter 4, there was little difference between the electric field strengths of

films formed on pure magnesium or on a magnesium alloy. One conclusion was drawn:

that pure magnesium anodized in 3 mol dm-3 NaOH had the lowest mean electric field

strength.

Aluminium cations in the film reacted with oxide anions to form Al2O3. Alumina is a

highly passive oxide with higher energy barriers to interstitial cation migration through the

film than magnesium oxide. lncorporating alumina into the oxide layerformed on4123,

AM60 and AZ91 increased the resultant electric field strength.

Effect of presence of aluminium on film thickness

Results from kinetic anodization experiments (Sections 4.9 & 4.14), nuclear reaction

analysis (Section 6.5) and scanning electron microscopy (Section 7.3) showed that changing

the electrode composition altered the resultant anodic film thickness. All three methods

showed that thinner films form on alloy electrodes than on pure magnesium; this trend

was reported also by Hanawalt, Nelson and Peloubet (1942).

This current study presents a model which ascribes the trend in film thickness to

preferentialdissolution of aluminium cations from the film (Wu & Hebert 1996). As soon as

aluminium cations reach the film/solution interface they react with hydroxide ions from the

electrolyte to form soluble A|(OH);.

Al3* + 4OH- -) Al(o H )+-("q) Eqn 8.9
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Al2O3 solubility in 3.46 mol dm-3 NaOH is 0.198 mol dm-3 or 1.82 g 1100 g of solution

(Linke 1958: 197).

In contrast, when a magnesium cation migrates to the film/solution interface it reacts

with hydroxide ions to form solid magnesium oxide, causing the film to thicken.

Mg2* + zOH- -> MgOt.l + HrO Eqn 8.10

MgO is virtually insoluble in alkaline media (Linke 1965:516).

Any aluminium ions reaching the film/solution interface dissolve in the electrolyte and

are transported away. Therefore they play no part in film building so anodic films formed

on Mg-Al alloys are thinner than films formed on pure magnesium.

Summary of effect of alloying elements

High cunent anodization of magnesium-aluminium alloys produces thinner

anodic films than the oxides formed on pure magnesium

This is due to preferential dissolution of aluminium cations at the film/solution interface.

No experiments were carried out to study the effect of the manganese and zinc alloy

components.

8.5 Modelling the effect of electrolyte species

Fig. 4.5 shows the mean and standard

deviation of electric field strengths for

each electrode anodized in each

electrolyte. Every combination showed

a different order of increasing E with

different solutions (Table 8.2).

Table 8.2: Order of increasing E for each electrode

electrode order of increasing E

NaOH < NaOH 1 POa3- < NaOH + F-

NaOH < NaOH + F- < NaOH + POo3-

NaOH + F- < NaOH < NaOH + POr3-

NaOH + PO,3- < NaOH < NaOH + F-

Mg

24123

AM6O

AZ91

From this kinetic anodization data, no conclusions could be drawn on the effect of

changing the electrolyte on the electric field strength of the resultant anodic film. This lack

of correlation found in magnesium anodization data could be due to the highly reactive

nature of the magnesium surface. Another possible source of error is the fast aluminium

dissolution at the film/solution interface which changes the passive layer composition.

Several studies have found that electrolyte species do affect anodic film composition
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(Albella, Montero & Martinez-Duart 1987, Vermilyea & Kirk 1969, Wood, Skeldon,

Thompson & Shimizu 1996). Small, highly mobile fluoride ions were distributed throughout

the film with a high concentration at the metal/film interface. Larger phosphate ions

congregated in the outer part of the film. Wood et al(1996) found phosphate ions migrated

through alumina at 0.50 t 0.05 relative to the mobility of the oxide ions.

Fluorine depth profiling results

Fluorine depth profiling (Section 6.4) provided the only direct experimental evidence for

incorporation of electrolyte species into the anodic film. Pure magnesium and AZ91

anodized in fluoride-containing solution showed different fluorine concentration profiles

(Fig. 6.12):

. magnesium fluorine concentration remained constant with depth

. AZ91 fluorine concentration increased with depth

Unanodized specimens and magnesium anodized in phosphate-containing solution showed

low background counts with a small maximum at the resonance energy.

Fluorine depth profiling gave no information on the absolute numberdensity of fluorine

atoms detected at each beam energy, only their relative amounts.

Actual sampling depths at each beam energy were unknown. Howeverthe same depth

would be investigated on each specimen at a given beam energy, assuming the samples

were of equaldensity. This assumption should hold forfluoride-anodized magnesium and

FZ91. Counts remain high at high beam energies, indicating that it is stillthe anodic film

being targeted rather than the underlying electrode.

Targeting of primary or secondary layer

Magnesium was spark anodized in 3 mol dm-3 NaOH + 0.05 mol dm-3 NaF solution at

currents of 2 A (75 s) then 2.5 A (150 s) then 3 A (75 s). AZ91 was spark anodized in

fluoride-containing solution at 150 mA for 150 s. These destructive sparking and current

step regimes probably caused the passive primary layer to shatter and form a porous

secondary layer. Secondary film density is lower than that of the primary layer it forms

from, because the same amount of material now occupies a larger volume (Fig. 8.8).
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electrolyte

Figure 8.8a: Primary film grov'tth Figure 8.8b: Breakdown of pimary
layer to form secondary film
Low density film occupies a larger
volume.

lf the target depth moved from the secondary layer into the primary layer during a

fluorine depth profiling experiment then the concentration profile should show an abrupt

increase at the bilayer interface. A profile with constant slope indicates that only the outer

secondary layer is targeted.

Magnesium profile

Electrolyte diffuses down the irregular pores in the secondary film to reach the primary

film/solution interface. Electrolyte concentration atthe film/solution interface will be identical

to the bulk solution: 3 moldm-3 NaOH + 0.05 moldm-3 NaF. Every interstitial magnesium

cation arriving at the outside of the oxide layer reacts with either an hydroxide ion to form

magnesium oxide (by Eqn 8.10) or a fluoride ion to form MgFz (Eqn 8.11).

Mgi + 2F-(aq) + MgFrtrl Eqn 8.11

Both MgO and MgF, are insoluble in strongly alkaline media so the film will not dissolve

(Linke 1965).

Either of the two film building processes from Eqns 8.10 and 8.11 may be favoured

thermodynamically, leading to a fluoride concentration in the anodic film which is different

from the 0.05 moldm-3 bulk concentration. Fluorine depth profiling gives no information on

the absolute number density of fluorine nuclei so this experiment cannot discern which of

the film building processes is favoured. Regardless, the [F-]to [O2-] ratio will remain epnstant

through the secondary film as found by fluorine depth profiling.

secondary
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AZ91 profile

Fluorine depth profiling on AZ91 found the fluorine nucleus concentration increased with

depth. Electrolyte diffusion through the porous secondary layer on AZ91 occurs in the

same way as on pure magnesium; electrolyte composition at the primary film/solution

interface is identicalto bulk solution.

Aluminium forms several complexes with fluoride: AlFr.nHrO (n = 3 or 9), AlFl,

Af F2(H2O)4*, AIF(H2O)'2* and AlFuts (Cotton & \Mlkinson 1 988: 217). However the stability

constants for these complexes are low so they are unlikely to form (Bond & Hefter 1980).

Gibbs free energy of formation forAlF, is -1425 kJ mol-1 (cfAGr{MgFz) = -1070 kJ mol-1;

LGre(/rAl2O.) = -791 kJ mol-1) (Aylward & Findlay 1974) so aluminium fluoride formation is

favoured thermodynamically over MgO, MgFz or alumina formation. AlF. is sparingly

soluble in alkaline media (Linke 1958); once formed, AlF. remains in the anodic film.

At the film/solution interface Al(OH)4-(ao, formation causes aluminium depletion in the

outer portion of the film. Fluoride ions are small and highly mobile. Underthe influence of

the electric field they are expected to migrate through the primary passive layer towards

the metal/film interface. \Mren migrating fluoride ions meet interstitial aluminium cations

within the film they form AlF3. Therefore the aluminium concentration profile through the

primary film mirrors the fluoride ion concentration. When the primary film shatters to form

a secondary layer this profile is maintained. As predicted, fluorine depth profiling

experiments show that fluorine nucleus concentration increases with depth.

Phosphate distribution through anodic films

No experimental data was collected to investigate the phosphate distribution through the

anodic films formed during high current anodization of magnesium and magnesium alloys

in 3 mol dm-s NaoH + 0.05 mol dm-3 NaNHoHpoo.

8.6 Model for sawteeth

Sections 4.7 and 4.13 detailed the electricfield strengths calculated fortransients during

savrrteeth events. Table 4.6 gave the frequency of sawtooth events for each electrode/

electrolyte combination. Likelihood that a particular metal or solution would generate

sawteeth showed distinct trends:



electrode:

electrolyte:

electrode Pilling-Bedworth
ratio

M9 0.8058
z,4123 0.8422
AM60 0.8205
AZ91 0.8368
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Mg

NaOH

Effect of metal on sawtooth frequency

In Section 3.4, savvtooth behaviour was linked to instantaneous shattering of the passive

primary film to form a porous secondary layer. A new primary layer grew under the

secondary layer causing the voltage response to increase. Shattering occurred when the

internal tensile stress in the passive film became too large. Tensile stresses arose from

differences between oxide and metalmolarvolumes, as quantified bythe Pilling-Bedworth

ratio (1923).

Table 3.1 gave the calculated molarvolumes of electrodes and their oxide films. These

were calculated assuming that the bulk alloy composition was retained in the oxide.

Tabte 8.3: pining-Bedworth Table 8'3 shows the Pilling-Bedworth ratio for each

ratiosfordifferentelectrodes electrode; a lower value indiCated a greater molar

volume change between the metaland resultant oxide

and hence greater internaltensile stress.

Pure magnesium experienced the greatest molar

volume change so internal stresses were highest for

this oxide. Molar volume changes tor 7A123, AM60

and AZ91 were smaller than that for magnesium. Consequently the primary film formed

during high current anodization of pure Mg was prone to shattering and resultant sawtooth

behaviour.

Analysis of sawtooth frequency showed that most events occurred on pure magnesium.

Sawteeth occurred less frequently on alloy electrodes due to lower internaltensile stress.

Differences in savvteeth frequency between the three alloy electrodes could not be

accounted for by these changes in molar volume. Fewer sawteeth occurred with AM60

even though its molar volume change was slightly greater than for 7A123 or A291. This

discrepancy could not be explained by using the experimental data from this study.
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Effect of electrolyte on sawtooth frequency

Sawtooth frequency decreased in the order: NaOH

It is expected that amorphous films would have lower internal tensile stress.

Discontinuities and defects in films minimize stress by relaxation processes such as

d ifferential d isplacement.

Pure magnesium anodized in sodium hydroxide solution formed a thin primary passive

layer of magnesium oxide. Anodizing the same electrode in phosphate- or fluoride-

containing solution produced an anodic film of magnesium oxide interspersed with

electrolyte anions. These anions increased the amorphous nature of the layer and reduced

its tensile stress. Any reduction in internal tensile stress reduced the likelihood of the

primary film shattering to form a porous secondary layer; causing a sawtooth.

Anodization in 3 moldm-3 NaOH + 0.05 moldm-3 NaNH.HPO. produced more sawteeth

than anodizing in fluoride-containing electrolyte. Large phosphate anions concentrated in

the outer portion of the film. By contrast, small, mobile fluoride ions migrated to the metal/

film interface and were distributed evenly throughout the primary layer. Dispersing these

impurity anions throughout the primary layer minimized internal stress at every point. Hence

saMeeth occurred less frequently during anodization in fluoride-containing solutions.

Effect of current steps on sawtooth frequency

During a current step the metal/film interface rearranged instantaneously to maintain the

new applied current density (Section 8.2). Reorganization caused changes to the film as

Schottky pairs form or recombined to maintain zero space charge. These processes

stressed the film and sawteeth occurred concomitant with current steps. Fig. 8.9 shows a

cunent step-induced savutooth during the anodization of AM60 in sodium hydroxide solution.

A sawtooth occurred as soon as the current was stepped from 816 to 408 A m-2.

Electric field strength after the sawtooth was similar to that during the initial period at

408 A m-2.

Stepping the applied current density to a lower value caused a decrease in A$,.,.,. This

in turn increased the potential energy barrier for cation injection. At every point in the film

the number density of interstitial cations decreased so the number of cation vacancies

must decrease by the Schottky pair equilibrium (Eqn 8.7). This instantaneous rearrangement



lnterpretation & model 207

Figure 8.9: Cunent step-induced sav,ttooth on AM60 anodized in sodium hydroxide solution
AM60 anodized in 3 mol dm-3 NaOH. Current stepped from 0 to 408 A m-2 then to 816 A m-2 and back to
408 A m-2. Electric field strength changesfrom (9.68 i 0.03) x 108V m-t to 110.64 t 0.02) x 108Vm{ then
backto(8.13410.008)x108Vm-1. SawtoothoccurredconcomitantwithcurrentstepfromSl6to40sAm'2.

increased internal tensile stress in the primary film; the primary film shattered causing a

sudden voltage drop. A new primary film formed under the porous secondary layer and

the voltage response increased linearly as the film grew.
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CONCLUSIONS

9.1 Introduction

There has been no previous study of the kinetics of anodic film growth on magnesium,

making it an exception among common metals such as aluminium, tantalum, bismuth and

nickel. This present study is a novel attemptto examine anodicfilm formation on magnesium

including the effect of alloying elements and of using different electrolytes.

Using a constant current anodization method allowed the electric field strength to be

calculated from the voltage response of the system. Equipment limitations also determined

the experimental technique: the EG&G PAR Model 173 potentiostaUgalvanostat was

capable of a * 100 V compliance voltage to maintain a constant current. Under potentiostatic

conditions the instrumentwas limited to a * 5 V input range. Since magnesium sparked at

about + 80 V the control current mode was employed.

9.2 Kinetics of anodization

This study investigated the anodization behaviourof fourmagnesium-based metals: 99.9olo

pure magnesium,7A123 (Mg-2.0%Al-13.3%Zn-0.4o/oMn), AM60 (Mg-s.8%Al-0.3%Mn)

and AZ91 (Mg-9%Al-1o/oZn). Each electrode was anodized galvanostatically in three

different electrolytes: 3 mol dm-3 NaOH, 0.05 mol dm-3 NaF + 3 mol dm-3 NaOH and

0.05 mol dm-3 NaNH4HPO4 + 3 mol dm-3 NaOH.

Electric field strengths of anodic films were calculated from every galvanostatic transient

recorded during these kinetic studies using Eqn 3.6.

E =/g\ +
\ df /ou" jv^

E = electric field strength
(dEldf)obs = observed linear change in

potentialwith time

Eqn 3.6

F
j
ym

209

= Faraday constant
= applied current density
= molar volume of anodic film
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9.3 Characteristic featu res of galvanostatic anodization

Three features occurred regularly during anodization:

. linear voltage increase

. noisy constant high voltage signals accompanied by sparking

. sawtooth-like events characterized by an instantaneous voltage drop followed by

a slower voltage increase

Each feature was linked to physical processes occurring in the metal/film/solution system.

Linear voltage increase

Applying a constant current density between a magnesium-based anode and platinum

cathode caused metal cations to inject from the metal phase into the anodic film. These

interstitial cations migrated through the anodic film under the influence of an electric field.

At the film/solution interface, cations reacted with adsorbed electrolyte anions and either

thickened the film or dissolved in solution.

As the film thickened the potential drop across the film increased to maintain a constant

electric field strength (Eqn 8.1). Thus the working electrode became more positive with

respect to the counter electrode, causing a linear voltage increase (Section 3.3).

Calculated electric field strengths for all linear galvanostatic transients were shown

in Sections 4.4 and 4.10 and summarized in Table 4.1 and Fig. 4.5. Sections 4.5 and 4.11

display electric field strengths for initial transients from each experiment; this information

was encapsulated in Table 4.3 and Fig. 4.6.

Voltage response during sparking

Two differenttypes of sparks appeared on magnesium-based electrodes during high current

anodization: white mobile sparks and stationary orange sparks (Section 3.5). During

sparking the voltage response remained high (- 80 t 20 V) and was very noisy. Section

4.8 shows the cell voltage at onset of sparking for each electrode/electrolyte combination.

Sparking occurred by a plasma discharge process through vaporized electrolyte trapped

in pores in the secondary layer. Accelerated electrons in the plasma caused excitation of

electrolyte species with associated luminescence. Relaxation of excited sodium ions caused

the orange glow seen with stationary sparks.
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During some sparking events the barrier layer cracked allowing aeress to the underlying

magnesium-based metal. This burnt in orygen, forming a pit in the electrode surface.

These pits occurred concomitant with orange stationary sparks.

Sawtooth events

A sawtooth event was characterized by an instantaneous voltage drop followed by a slower

voltage increase (Section 3.4). Sawteeth occurred either during a linear voltage increase

oraftersparking had begun. Sections 4.7 and4.13 contain calculated electricfield strengths

for every galvanostatic transient recorded in experiments which showed sawtooth

behaviour.

SaMeeth arose when a coherent primary film shattered due to high internal tensile

stress. This catastrophic breakdown led to an instantaneous voltage drop; there was no

barrier to ionic conduction between the metal and solution. A porous secondary layer

formed from this shattered material; pores allowed diffusion of electrolyte from bulk solution

to the electrode surface. Primary film building began again underneath this secondary

film; as the film thickened the voltage response increased (Fig. 9.1).

electrolyte

electrolyte

Figure 9.1: Physical cause of savrteeth
Primary film shattered under high internaltensile stress to form a porous secondary film. A new banierfilm
grew underneath the secondary film.

lnternal tensile stress arose from differences between the molar volumes of the metal

and oxide layers, quantified by the Pilling-Bedworth ratio (Pilling & Bedworth 1923). Pure

magnesium suffered the largest difference between molar volumes and exhibited a greater

frequency of sawtooth events relative to the three alloys studied.

secondary

secondary
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Electric field strengths calculated for successive sawteeth increased even though the

applied current was constant. As the primary film shattered to form a porous secondary

layer part of the electrode surface became occluded, decreasing the true electrode area

which increased the current density over the remainder of the electrode. This in turn led to

an increase in the electric field strength calculated by Eqn 3.6.

Charge efficiency of anodic film formation

Charge efficiency of anodic film formation was quantified by investigating the amount of

oxygen gas evotved during spark and non-spark anodization. During spark anodization

about 70% of the applied current density was wasted in oxygen evolution and only the

remaining 30% was available for film building. When anodization occurred under non-

sparking conditions the efficiency for film thickening increased dramatically to 97% with

only 3% of the applied current density wasted in oxygen evolution.

Film growth on AZ91 was the least charge efficient process. Little difference was

detected between the other three metals. Changing the electrolyte had no effect on the

efficiency.

9.4 Effeet of alloying elemenfs

During anodization in sodium hydroxide solution, every interstitial magnesium cation

reaching the film/solution interface reacted with adsorbed hydroxide ions to form solid

magnesium oxide (Eqn 8.10).

Mgi + 2OH1"o, + Mgo1.1 + Hrot,t Eqn 8.10

By contrast, aluminium interstital cations were favoured thermodynamically to form soluble

AI(OH); which did not contribute to film thickening (Eqn 8.9).

Al,"'+4OH-1ao) + A|(OH)i,"q, Eqn 8.9

Effect of alloying elemenb on voltage response

Some of the applied current density through an anodic oxide on a magnesium-aluminium

alloy went to film-building; the remainder was wasted in aluminium dissolution. Cation

injection was the rate determining step for magnesium anodization. Therefore the voltage
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response during film growth remained linear despite the competing dissolution reaction.

At any point in the film the number density of interstitial magnesium cations remained

constant for a particular electrode at a given applied current density.

Effect of alloying elements on film thickness

Magnesium alloys containing aluminium formed anodic films that are about half as thick

as those formed on pure magnesium. XPS analysis (Section 7.21 and SEM results

(Section 7.3) supported this observation. This assertion was explained using a model

involving preferential al uminium dissolution.

Effect of alloying elements on electric field strength

Magnesium anodized in 3 mol dm-3 NaOH had the lowest mean electric field strength.

Some aluminium cations reacted with oxide ions in the lattice to form Al2O3. Alumina is a

highly passive oxide; it has higher energy barriers to interstitial cation migration through

the film and hence increased the electric field strength of the anodic films formed on

Mg-Al alloys.

9.5 Effect of electrolyte species

Electric field strengths of anodic films formed on the same electrode in different electrolytes

showed no definite trend.

Fluoride ion distibution

Fluorine depth profiling showed that fluorine nuclei had different distributions through anodic

films formed during anodization of pure magnesium and AZ91 in fluoride-containing solution.

. magnesium'. concentration profile remained constant through film

. AZ91: fluorine nucleus concentration increased with depth

Interstitial magnesium cations carry all the charge through anodic films formed on

pure magnesium. Every cation arriving at the film/solution interface reacted with either

hydroxide ions to form MgO or fluoride ions to form MgFr. Both species were virtually

insoluble in sodium hydroxide and the concentration profile of fluorine nuclei remained

constant.
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By contrast, aluminium dissolution from the oxide film formed on AZ91 coupled with

fluoride ion migration into the film led to an increase in the fluorine nuclei concentration

with depth.

Phosphate ion distibution

Phosphate ion distribution though the anodic oxide films was not studied.

9.6 Summary

Several conclusions arose from this study of the anodization behaviour of magnesium

and magnesium alloys:

. the electric field strength in anodic films formed during anodization of magnesium

and magnesium alloys was constant for a particular metal or alloy and was

independent of applied current density

. pure magnesium anodized in sodium hydroxide formed an anodicfilm with a lower

electric field strength that of films formed on the three magnesium alloys

. changing the anodizing electrolyte caused no alteration to the resultant electric

field strength

. aluminium-containing alloys formed thinner anodic films than pure magnesium

. anodization in fluoride-containing electrolytes produced different fluorine depth

profiles depending on the substrate

Model for high current anodization of magnesium and magnesium alloys

These facts were explained using a novel model with cation injection as the rate determining

step followed by field assisted interstitialcation migration through an immobile oxide lattice.

At the film/solution interface these cations reacted with solution species to thicken the film

or to form soluble ions (Chapter 8).
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9.7 Future work

Future work on the anodization of magnesium and magnesium alloys could include:

' aluminium depth profiling by ion beam analysis to investigate the aluminium

enrichment phenomenon

' radioactive labelling of electrolyte species to investigate the effect different

electrolyte species had on the anodization process

' anodizing magnesium alloys which contained no aluminium to provide a control

for the magnesium-aluminium data presented in this study

' computer-aided modelling of anodic film formation to quantiff the effect of different

alloying elements and electrolyte species.
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