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ABSTRACT

The characteristics of the anodic film for aluminum alloy (1060) have been investigated by
using different types of electrolytes solutions oxalic acid (C,H,04.2H,0), phosphoric acid
(H3PO,), boric acid (H3BO3) and tartaric acid (C4HgOs).

The effects of three variables were examined to check response of anodic film thickness;
The range of these variables as follows: acid concentration ranging between 10 — 20 wt %,
voltage ranging between 11-15 V and time of anodizing 20-60 min.. The electrochemical cell
was kept at 27 °C.

The experimental results show that the anodizing film thickness was affected by
concentration of different electrolytic acidic solutions, anodizing voltage and time of
anodizing according to the effects of each electrolyte.

It might be concluded that the film thickness of the anodic film increased with increasing
time and voltage of anodizing and decreased with increasing acid concentration. In general, it
was found that the anodic film thickness increases to maximum limit at 60 min. in oxalic acid
(C2H,04.2H,0) 10 wt %, phosphoric acid (H3PO4) 10 wt % and tartaric acid (C4HgOs) 10
wt %, respectively. As for boric acid (H3BO3) 10 wt % with 0.3 % borax the film thickness
increasing up to maximum limit at 50 min. and after this time the decreasing in film thickness
gradually was happened.

Computerized metallurgical optical microscope technique (CMOMT) was employed at the
maximum film thickness conditions for each sample to observe surface microstructure for the
formed anodic film.

It was shown that the type of electrolyte affects on the characteristics and surface
microstructure of the anodic oxide layer for aluminum alloy (1060).

The study shows that the porosity of anodic film thickness was decreased according to film

thickness where the higher film thickness gives low porosity vice versa with respect to oxalic



acid (C,H,04.2H,0) and phosphoric acid (H3PO4). As for boric acid (H;BO3) and tartaric
acid (C4HgOg) just the barrier layer was built.

Keywords: Aluminum Alloy (1060), Anodizing, Different Types of Electrolytes, Oxalic
Acid, Phosphoric Acid, Boric Acid, Tartaric Acid, Borax, Anodic Oxide.

Nomenclature

A Ampere
AAFs  Anodic alumina films
CMOMT Computerized metallurgical
optical microscope technique
M mega
Pa pascal
PAA  porous anodic alumina
pH Acidic function

\Y/ Volt
A angstrom
M micron

Introduction

Aluminum alloy (1060), 99.60 % aluminum or more, used in chemical and electrical fields.
Excellent corrosion resistance, workability, thermal and electrical conductivity and low
mechanical properties .

Aluminum alloy (1060) has a room-temperature minimum tensile strength of 75 MPa and
yield strength of 25 MPa. Iron and silicon are the major impurities. Commercial purity metal
(99.00 to 99.80%) is available in three purities and a range of work-hardened grades, for a
wide variety of general applications plus a special composition for electrical purposes. High-
purity aluminum is used for many electrical and process equipment applications .

Anodizing can be performed in borate or tartrate baths in which aluminum oxide is
insoluble. In these processes, the coating growth stops when the part is fully covered, and the

thickness is linearly related to the voltage applied. These coatings are free of pores, relative to
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the oxalic and phosphoric acid processes. The anodizing of aluminum that leads to a porous
structure is usually performed in electrolytes containing sulfuric, oxalic or phosphoric
acid ®.This type of coating is widely used to make electrolytic capacitors, because the thin
aluminum films (typically less than 0.5 pm) would risk being pierced by acidic processes .

Bath electrolytes are selected in which the oxide is insoluble, or dissolves at a slower rate
than it deposits, and then an adherent oxide layer grows. The bath composition is the primary
determinant of whether the film will be barrier or porous. Barrier oxide grows in near neutral
solutions in which aluminum oxide are hardly soluble, most commonly ammonium borate,
phosphate, or tartrate compositions. Porous oxide grows in acid electrolytes in which oxide
can not only be deposited but also dissolves ©.

The anodic film produced in phosphoric acid have larger pore diameter than in conventional
sulfuric acid films. This greater diameter provides a better conducting path and it is for this
reason that phosphoric acid film has been used as one of the methods for pretreating
aluminum prior to electroplating due to presence of non-hydrolizable phosphates thus allows
the extremely strong adhesion of organic products. Compared with the sulfuric acid film, the
practicable total thickness (up to 6 um) is less. This is due to the greater solubility of
aluminum oxide in phosphoric acid anodizing solution compared with sulfuric acid © .

Recently, attention has been paid on the effects of the electrolytic solution composition on
the properties of the layers produced by anodic oxidation. It is known that some compounds
such as phosphate, fluoride, tartrate and borate can form stable products, such as Al PO, or Al
F3 or Al (C4Hs506)3 and Al BOg3, respectively, that act as barrier layers and protect aluminum
alloy substrate ©.

Forno and Bestetti © were investigated the influence of electrolytic solution composition on
the structure and corrosion properties of the anodic oxide. The optimal electrolyte solution
suitable to produce the best corrosion resistant oxides consists of KOH 3 M, Na3PO, 0.21-
0.25 M and Al (NO3); 0.15 M.

Thompson “9 indicates that the film thickness increases as the time increases in the range
between 25-60 minute, moreover increasing the time of anodizing to more than 60 minute has
no significant effect. In this case, the formation rate of anodic coating is equal to the
dissolution rate of the anodic coating.

Sponere @ found in his study that the maximum film thickness obtained with acid

concentration of 10 — 30 % is at 10 % where at 30 % it is the lowest value.
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Tope @ shows in his study that the film thickness reaches a maximum value at about 10 —
12 % concentration, this is due to low solvent action while an additional increase in acid
concentration causes a reduction in the thickness which reaches a minimum value at 35-65%.

The aim of this work is to achieve comparative study for the characteristics of the anodic
film thickness growth of aluminum alloy (1060) by using different types of electrolytic acidic
solutions such as oxalic acid (C,H,04.2H,0), phosphoric acid (H3PO,), boric acid (H3BO3)
and tartaric acid (C4H¢Os).

Experimental Work

High purity (99.60 %) aluminum alloy (1060) sheets (30x20 mm?) with 1mm thickness
were used as the raw material and stainless steel sheet type 304 with dimensions
(30x20x1mm) was used as cathode. Anodic alumina films AAFs were prepared by anodic
oxidation was carried out in an oxalic acid, a phosphoric acid, a boric acid with 0.3% borax
and a tartaric acid with ammonium hydroxide in pH = 5 solutions. Prior to anodizing, the
aluminum sheets were chempolished by dipping in a 10 wt% NaOH solution for 5 minutes at
temperature of 45°C. Subsequently, the sheets were desmutted in 5 vol. % nitric acid solution
for about 5 minutes at 25°C to remove the black layer that formed on the surface and to
activate the surface for the anodizing stage. The pretreated Al sheets were anodized to form
AAFs under appropriate anodizing voltages (11-15V) in acid concentrations (10-20 wt %)
and time of anodizing (20-60 min.) at constant temperature of 27°C. Subsequently, the
surface film was chemically removed in the mixture solution of phosphoric acid (0.4 mol/L)
and chromic acid (0.2 mol/L). The electrochemical cell is open to air and the electrodes
distance of 4 cm.

The surface microstructures of AAFs for samples at the maximum film thickness conditions
for each electrolyte were characterized by using a computerized metallurgical optical
microscope technique (CMOMT), (Type MeF;), (Carlinsize Company - (Instruments
Analytical, W. Germany, for analysis of the coatings)) with digital camera. The coatings were
examined visually under (5X) magnification power. This test was achieved in Minerals and
Production Engineering Department in University of Technology.

Analysis of these samples was carried out using (spark technique) in Ministry of Sciences and
Technology. Table (1) shows the result of the analysis of shows the aluminum alloy (1060)

used in this work. Table (2) presents a summary of the maximum film thickness results in



terms of compositions and concentrations of anodizing electrolytes at different times and
constant voltage 13 V while Table (3) presents a summary of the maximum film thickness
results in terms of compositions and concentrations of anodizing electrolytes at different
voltages and constant time 30 min. Figure (1) shows schematic diagram for the
electrochemical system for anodizing work. pH meter calibration ( Type Transmitter 6320,
Electronic Instruments limited, Chertsey Surrey England) was carried out by using buffer
solutions (4,7,9) before working start. This work was achieved in laboratories of Chemical

Engineering Department / University of Technology.

Tests for Anodic Film

Electrical Test

A simple electrical circuit was designed to inspect the surface coating of aluminum alloy
(1060) and check if there is any damage or crack in the anodic surface. The equipment is as
illustrated in Figure (2). The resistor is adjusted so that brush contact and the probe are
directly connected current of 1 A passes. With the pointed probe making effective contact on
to the aluminum, if there are any crack or disconnect in the surface layer the circuit is closed

and the current is passed. This test was achieved in Ministry of Sciences and Technology.

Chemical Test

Chemical test was carried out to make sure that the entire surface was coated without any
damage; the solution used for this test consisted of (Copper sulfate 20 g, Hydrochloric acid 20
ml and Water 1 liter). The time for immersion was 5 min. at 15-20°C. The reagent does not
affect an anodic film; however black spots appear where no anodic film is present. This
method will also detect cracks in the coating caused by overheating or bending. This test was

carried out at Ministry of Sciences and Technology.

Coating Thickness Test

The coating thickness was calculated by using (Gravimetric determination of coating weight

and thickness) according to the standard test method (ASTM B 680-80) (G.S. Frankel.2004),

can be calculated from the weight loss measured in equation (1) ©*2.
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where:

Y = coating thickness in micron.

W, = weight of a sample with anodic coating in (g).

W3 = weight of a sample after stripping in (g).

A = surface area (dm?).

p = density in (g/cm®) is about 2.4 for unsealed coating ©.

Results and Discussion

The effect of anodizing time on film thickness

Figure (3) shows the effect of time on film thickness for two concentrations of oxalic and
phosphoric acid solutions 10 and 20 wt %, voltage of anodizing and temperature are constant,
it can be seen that initially there is a rapid and exponentially increase in the film thickness of
solution 10 wt %. During anodizing there is a continuous, thickness growth of the anodic film
and dissolution by chemical attack and the resulted film thickness is proportional to the
treatment time when anodizing at constant applied potential it depends upon Faraday's Law,
which states that the oxide formed is proportional to the electric charge passed (Amp/sec)
through the anode and due to the greater solubility of aluminum oxide and a dissolution by
chemical attack in oxalic acid solution at high acid concentration 20 wt% in addition, oxalic
acid is oxide-solvent electrolyte and formed porous oxide due to in which oxide can not only
be deposited but also dissolves and the increase in concentration limitates the maximum film
thickness due to the higher dissolving power of the concentrate solutions ®. The rate of
thickness growing depends of several factors such as: type of electrolyte, applied voltage,
treatment time, as well as the alloy composition and the increase in concentration limitates the
maximum film thickness due to the higher dissolving power of the concentrate solutions with
presence the relationship between the oxide formation and dissolution rates for the
aluminum-alumina-electrolyte system . Therefore, the anodic film produced in phosphoric
acid have larger pore diameter in comparison with oxalic acid film due to the effect of oxide-
solvent action electrolyte resulted to form greater pore diameter in a porous layer.

Figure (4) shows the effect of time on film thickness for two concentrations of boric and
tartaric acid solutions 10 and 20 wt %, voltage of anodizing and temperature are constant, it
can be seen that the anodic oxides produced by boric acid 10 wt % at 20, 30, 40 and 50 min.
have increased thicknesses, ranging between 0.126 and 0.494 pum. After 50 min., the oxide



thickness was gradually decreased, because the oxide dissolution is predominant compared to
growth for longer times at 60 min. becomes 0.438 um. Therefore, 50 min. of anodizing time is
considered the best compromise in terms of time and thickness in addition, it can be seen that
the film thickness increased as the time increased until it reaches about 50 min. which is
consistent with Faraday’s law then decreased as the time increased. At time 50 min. the
formation rate of anodic coating is equal to the dissolution rate of the anodic coating. Thus the
maximum time is equal to 50 min. ®. The film thickness formed in tartaric acid electrolyte
10 wt % differs from the film thickness formed in boric acid electrolyte 10 wt %, but the film
growth formed in tartaric acid electrolyte 20 wt % there is gradually a slight exponentially
increase by a small growing in the rate of thickness growth that as the same behavior in
comparison with the film growth in boric acid electrolyte 20 wt %, resulted to finally the
thickness remains exponentially increase for longer times at 60 min. in tartaric acid electrolyte
20 wt % in spite of continued application of applied voltage 13V.
From Figure (4), it can be seen that the film thickness for tartaric acid decreases with
increasing acid concentration due to a specific role of the species on the barrier layer, which
contributes to the enhancement of the performance in term of the anodic film and presence
these compounds of the tartaric acid also governs the properties of formed oxide layer ®,
Figures (3) and (4) show the effect of time on film thickness for different types of
electrolytes solutions for two acid concentrations 10 and 20 wt %, voltage of anodizing and
temperature are constant, it can be seen that the increase in film thickness is proportional to
increase in the time of anodizing. Normally, the film thickness is proportional to time due to
oxide growth is predominant compared to dissolution for longer times. Henely © proved that

the relationship between the film thickness and time of anodizing is listed as follows:

. o) o .
Thickness (zm) = Current density (A/dm )x Time (mln ) ...... )

3
From indicated figures also that the film thickness is a function of time, so the maximum

value can be obtained at longer time of anodizing. This behavior can be attributed to: When
the time increased, the formation rate of film thickness increased, because the anodic layer
formation process on aluminum surface include three essential stages where these need to
time, during these stages can show time influence on film thickness, essential stages for
anodic layer include **:

1. Attacked stage of electrolytic solution to anode surface.



2. Formation stage of barrier layer.
3. Formation stage of hydrate layer (porous layer).

The effect of anodizing potential on film thickness

Figure (5) shows the effect of voltage on film thickness for two concentrations of oxalic and
phosphoric acid solutions 10 and 20 wt %, time of anodizing and temperature are constant, it
presents that the film thickness decreases with increasing acid concentration and generally
increases with voltage increasing. Normally, the film thickness is proportional to voltage due
to the reaction of the oxygen ion with aluminum ion, i.e. to produce aluminum oxide “ as
indicated by Sulka and Stepniowski *” were investigated a steady-state formation of porous
anodic alumina at the potentiostatic regime occurs at a constant current density. According to
the Faraday’s law, the thickness of oxide layer formed during anodizing of aluminum in
oxalic acid is directly proportional to current density and anodizing time when Faradaic
current efficiency equals 100%. For a given duration of the process (30 min. or 60 min.), the
thickness of oxide layer increases with increasing current density and consequently with
increasing anodizing potential. Therefore, with increasing anodizing potential, increasing of
the oxide layer thickness is observed for all studied concentrations. It presents that the film
thickness is almost exponential with the voltage in the given electrolyte. At lower voltage, the
concentration of the phosphoric acid effects weakly on the film thickness, whereas it becomes
more and more obviously along with the increase of the voltage.

Figure (6) indicates the effects of formation voltage on film thickness for two
concentrations of boric and tartaric acid solutions 10 and 20 wt %, time of anodizing and
temperature are constant. The formed film thickness of boric acid solution 20 wt % at 11 V
was 0.123 um, while it was 0.231 um for the film formed at 15 V and of boric acid solution
10 wt % at 11V was 0.134 um, while it was 0.409 um for the film formed at 15 V. Generally,
it is believed that the film thickness is proportional to the formation voltage. However, the
film thickness increased with increasing formation voltage .Therefore, it is clear that the
electric field strength decreases with decreasing formation voltage. The formed film thickness

of boric acid decreases with increasing acid concentration and generally logarithmic increases



with voltage increasing until it reaches about 14 V only reaction of the oxygen ion with
aluminum ion, i.e. to produce aluminum oxide . This is in good agreement with that shown
by Ono, Wada and Asoh “® were investigated the effect of formation voltage on the film
thickness of anodic barrier film formed on aluminum by anodizing in 0.5 mol dm ~ boric
acid-0.05mol dm “® borate solutions. The transport number of Al** of the film formed at 80 V
was 0.44, while it was 0.34 for the film formed at 5 V and the transport number of
Al decreased with decreasing voltage although the films were formed at the same current
density. The thickness of the oxide films produced in a given time depends only on the
applied anodizing voltage and therefore can be controlled because the rate of thickness
growing depends of several factors such as: type of electrolyte, applied voltage, treatment
time, etc. for this type of oxide film is non-porous and is called an anodic barrier-layer. This is
in good agreement with that shown by Hass and Scott “® were investigated the effect of
voltage on the thickness of anodic barrier film formed on aluminum by anodizing in 3%
ammonium tartrate solutions as a function of voltage for 30 sec, 2 and 15 min. anodizing
time. The thickness increases linearly with the applied voltage. Layers produced in 30 sec
have a thickness of 12.2 A / V and in 2 min. have a thickness of 13 A / V. The thickness
increase in the next 15 min. is only 5 %.

From Figures (7) and (8), we show anodic film thickness formed for each sample in
different types of electrolytes at the maximum conditions in the order: Oxalic acid
(C2H204.2H,0) > Phosphoric acid (H3PO,) > Tartaric acid (C4HgOg) > Boric acid (H3BO3).
The anodization in oxalic acid (Process 1) list in Table (2) produces a coating with thickness
of 14 um. It is obvious that only some electrolytes, such as oxalic and phosphoric acid,
contribute to the layers with significant thickness. Other electrolytes, such as boric and

tartaric, cannot thicken the anodic coatings significantly.

The surface microstructure characteristics of anodic film
Characteristics of the porous anodic film

The pores can be seen clearly in both anodic oxides images of oxalic acid (C,;H,04.2H,0)
and phosphoric acid (H3PO,) in addition to the cellular structure can be nearly identified as
shown in Figures (9) and (10), respectively. The porous oxide layers surface microstructures

appear differently and the pores are well defined and the distribution is regular. The surface



images show pores of varying diameters, some pores seem to have coalesced, therefore it is
difficult, from the images, to calculate the exact width of the pores. On top of the samples
there is a layer of porous anodic alumina (PAA) was existed where the void percentage, or
porosity, increases linearly with pore diameter in the order:

Anodic film fabricated in (HsPO,) electrolyte > Anodic film fabricated in (C;H,04.2H,0)
electrolyte.

Based on the comparison of the computerized metallurgical optical microscope technique
(CMOMT) for porous anodic alumina (PAA) top view images of aluminum alloy (1060)
samples anodized at the maximum conditions of film thickness at constant anodizing voltage
13 V in (C;H,04.2H,0) and (H3PO,) electrolytes as shown in Figures (9) and (10). The
porous oxide layers microstructure appears differently, the higher film thickness (14.571 um)
formed in (C,H,04.2H,0) electrolyte gives low porosity in comparison with the higher film
thickness (8.381 pum) formed in (H3PO,4) electrolyte gives high porosity because these
differences could be attributed to an electrolyte chemical action along the cell walls that
causes chemical dissolution of the oxide layer, considerably enhances with a prolonged
anodizing time. It is generally accepted that for porous anodic alumina (PAA) formed in
(C2H204.2H,0) electrolyte at potentiostatic regime, the pore diameter (Dp) is linearly
proportional to the applied anodizing potential (U) as follows ®©:

Dp= XU ... (3)

With a proportionality constant (Ap) of about 0.4 nmV* for anodizing 9.

The voltage, electrolyte concentration and reaction temperature are three main deciding
elements for the structure of porous anodic alumina (PAA). The increase of the three
parameters can enlarge the pores and raise the ratio of the pore diameter and the interpore
distance without exception ®®. According to computerized metallurgical optical microscope
technique (CMOMT) images of samples anodized in different types of (C,H,04.2H,0) and
(H3PO,) electrolytes at the maximum film thickness conditions, the ratio of the pore diameter
and the interpore distance of anodic film can be seen that in the order:

Phosphoric acid (H3PO,) > Oxalic acid (C,H,04.2H,0)



Characteristics of the barrier anodic film

Figures (11) and (12) demonstrate the surface microstructure computerized metallurgical
optical microscope technique (CMOMT) images of the anodic oxides at the maximum
conditions of film thickness for each sample in both different types of electrolytes boric acid
(H3BO3) with 0.3 % borax and tartaric acid (C4HgOg) with ammonium hydroxide in pH =5
on aluminum alloy (1060), respectively.

Boric acid (H3BO3) and tartaric acid (C4HsOg) electrolytes are both formed nonporous
surface layers appeared due to the effect of barrier-layer electrolytes which have no solvent
action on aluminum oxide resulted to form a free of pores barrier layers and some high bulges
and deep grooves can be observed on the film surface within the optical microscope test
domain (5X) magnification power. This phenomenon may be due to the unstable growth of
the film, which causes more defects on the film surface and nonuniform of the electric-field

intensity %22,

Conclusions

1. The structure and property of the films formed at the low voltage region are
different from those of the films formed at the high voltage region.

2. In the range of anodizing potentials from 11 to 15 V, the best hexagonal arrangement of
pores is observed at 13 V.

3. The porosity of anodic film thickness was decreased according to film thickness where
the higher film thickness gives low porosity vice versa with respect to oxalic acid and
phosphoric acid. As for boric acid and tartaric acid just the barrier layer was built.

4. Film thickness can be seen that in the order:

Oxalic acid (C,H,04.2H,0) > Phosphoric acid (H3PO,4) > Tartaric acid (C4HgOg) >
Boric acid (H3BO3)

5. Porosity of anodic film at the maximum conditions of film thickness can be seen that in
the order: Phosphoric acid (H3PO,) > Oxalic acid (C,H,04.2H,0)

6. Surface microstructure from computerized metallurgical optical microscope technique
(CMOMT) images showed that the (C,H,04.2H,0) coating surface has the best nearly
hexagonal arrangement of uniform small diameter microstructure of pores and a large

number of fine pores like a sponge, while (H3PO,) coating surface consists of a large



diameter of pores in comparison with oxalic acid (C,H,04.2H,0) coating surface.
Boric acid (H3BO3) and tartaric acid (C4HgOg) coatings surfaces consists of a thin

coating nonporous microstructure was noticed, barrier layer was built.
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Table 1. The analysis of aluminum alloy (1060) (wt. %).

Al | si |cu|™Mn| Mg | zn | Ti |Ee]| v |8N
others

9r?]'i?]0 025 | 005 | 0.03 | 0.03 | 005 | 0.03 | 035|005 | 293




Table 2. Compositions and concentrations of anodizing electrolytes
at different times and constant voltage 13 V.

Process " maximum film
No. Composition of electrolytes thickness, (um)
oxalic acid (C,H204.2H,0)
1 10 wt % 14.571
oxalic acid (C,H204.2H,0)
2 20 wt % 5.597
phosphoric acid (H3PO4)
3 10 wt % 8.381
phosphoric acid (H3PO4)
4 20 Wt % 5.879
boric acid (H3BO3) 10 wt %
> with 0.3 % borax 0.493
boric acid (H3BO3) 20 wt %
6 with 0.3 % borax 0.242
tartaric acid (C4HsOg) 10 wt %
7 with ammonium hydroxide in 0.672
pH=5
tartaric acid (C4HsOg) 20 wt %
8 with ammonium hydroxide in 0.317

pH=>5

Table 3. Compositions and concentrations of anodizing electrolytes
at different voltages and constant time 30 min.

Prlggelzss Composition of electrolytes {Eﬁ;ﬂm&g? (BImn;
1 oxalic acid (C\J;tl-!)/zoozt.ZHzO) 10 8.631
) oxalic ac%é(\)/\itl-!yzoozt.ZHzO) 4.991
] phosphozg s\zlg/o (H3PO.) 7.917
A phosphorzl((): S\ZI&)(HQ,POO 5.402
s | T Nimoswbo
RS
tartaric acid (C4HgsOs) 10 Wt %
7 with ammonium hydroxide in 0.594

pH =5




tartaric acid (C4HgOs) 20 wt %
8 with ammonium hydroxide in 0.165
pH =5

Fig.1 Schematic diagram for the electrochemical system for anodizing work

No. Item. No. Item.
1 Anodizing Cell 4 Anode
2 Thermometer 5 D.C. power supply
3 Cathode 6 Voltmeter

Current indicator
Ammeter, (lamp or buzzer)

0

| 10 volt

D.C. supply

Variable resistor A;\AAXAA /_()
Brush contact
Pointer probe l __ 4/

TR T
P -4 e g ol 1l 4

[}

Fig. 2 Equipment used in electrical test for anodic coating
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Fig.3 Effect of anodizing time on film thickness in 10 and 20 wt % for
oxalic acid and phosphoric acid electrolytes at constant voltage 13V.
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Fig.4 Effect of anodizing time on film thickness in 10 and 20 wt % for



boric acid and tartaric acid electrolytes at constant voltage 13V.
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e C,H,0,.2H,0 10 wt%
A C,H,0,.2H,0 20 wt%

Film thickness ( micron)
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Fig.5 Effect of anodizing voltage on film thickness in 10 and 20 wt % for
oxalic acid and phosphoric acid electrolytes at constant time 30 min.
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Fig.6 Effect of anodizing voltage on film thickness in 10 and 20 wt % for
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Film thickness (micron)

boric acid and tartaric acid electrolytes at constant time 30 min.
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Fig.7 Film thickness formed by different anodizing processes
at different times and constant voltage 13 V.
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Fig.8 Film thickness formed by different anodizing processes



at different voltages and constant time 30 min.

Fig.9 Surface microstructure of porous anodic alumina at the maximum conditions
(10 wt % oxalic acid, time 60 min. and voltage 13 V).

Fig.10 Surface microstructure of porous anodic alumina at the maximum conditions
(10 wt % phosphoric acid, time 60 min. and voltage 13 V).



Fig.11 Surface microstructure of barrier anodic alumina at the maximum conditions
(10 wt % boric acid, time 50 min. and voltage 13 V).

Fig.12 Surface microstructure of barrier anodic alumina at the maximum conditions



(10 wt % tartaric acid, time 60 min. and voltage 13 V).
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