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SUMMARY — Anodizing is a versatile method used to prevent a metal from corrosion by formin
an oxide coating over its surface. Various power supplies such as D.C., A.C. and A.C. superimpose
on D.C. are used in industrial anodizing depending upon the different fields of application. Fa
specific applications, especially for hard anodizing of aluminium containing high copper and silicon
the importance of the pulse current technique has been recognised. This paper reviews the entir
history of pulse anodizing of metals such as aluminium, drawbacks of other existing power source
advancement of pulse power sources and applications of pulse current techniques in various typ
of anodizing such as general pulse anodizing, pulse hard anodizing and pulse colour anodiin,
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INTRODUCTION

Anodizing is one of the best methods of
producing a protective coating on aluminium
and its alloys. With the advancement in the
use of aluminium from kitchenware to space
applications, the demand for anodized
aluminium is ever increasing. Thus, several
anodizing techniques have been used to
produce oxide films on aluminium alloys for
use in different fields. The natural oxide film
formed on aluminium will protect the metal
under mild service conditions. However, by
subjecting the metal to anodic oxidation, many
desirable properties such as higher thickness,
hardness, good corrosion resistance, higher
abrasive and wear resistance can be imparted
to the metal depending upon its end use.
Generally for decorative and architectural
applications, anodizing is carried out
conventionally followed by colouring by
chemical or electrochemical methods. For
industrial and engineering applications, the
oxide layer must be both thick and compact
which can be done only by hard anodizing. The
anodic process provides a suitable surface or
base for subsequent electroplating, painting and
colouring and also the nanoporous aluminium
oxide films can be employed as templates for
preparing nanomaterials.

TYPES OF POWER SOURCES USED
IN ANODIZING

D. C. Anodizing

Bengough and Stuart'? introduced the process
of anodizing in chromic acid electrolyte in
1923 using a voltage cycle for different time
intervals using a D.C. power supply. Later on,
in 1927, Gower and O‘Beren’® developed
sulphuric acid anodizing process containing
1.7 - 3.7 M sulphuric acid operated at 18-
25°C using a current density of 1.2 - 1.8 A
dm? for 10-45 minutes using three-phase
rectifiers. The oxalic acid process was patented
by Kujirai e al.*, but it required the use of
high voltage. In order to develop an oxide
coating with specific properties for a given end
use, addition of organic acids to sulphuric acid
electrolyte has been reported. Some of these
additives produce harder films but at relatively

higher anodizing voltages than the convention
anodizing voltage. Moreover the side producs
due to the decomposition of organi
compounds may not be beneficial to anodizin
and sometimes lead to the corrosion of th
material subjected to anodizing.

A.C. Anodizing

In A.C. anodizing, the oxide film obtainedis
highly flexible and the hardness of the oxik
film is inferior to that obtained with D(
anodizing. Generally oxalic acid is used fir
A.C. anodizing to produce flexible oxide fils
on aluminium wires that are used fx
transformer windings. When sulphuric acidi
used in A.C. anodizing, sulphur compouns
will be deposited into the pores of the oxit
film and hydrogen sulphide will be evolv
Further, it gives a non-uniform colou
therefore addition agents are used to preven
the deposition of sulphides in the oxide filn
that are responsible for the inferiority in i
quality of the oxide film.

A.C. Superimposed D.C. Anodizing

In the case of aluminium alloys containin
higher percentages of copper and silicon:
better quality of coloured oxide coating coul
not be achieved by D.C. anodizing even wit
the addition of organic acids to the anodizig
electrolyte. In the D.C. anodizing process,a
initial passivity of the anode takes place d
to polarisation which leads to heating of ti
anode surface during the formation of the thid
hard anodic film. This problem is of mor
significance when attempting to anodize highl
alloyed aluminium materials as ultimately t
process ends with  “burning”. B
superimposing an alternating current in i
form of a ripple on the direct anodizin
current, the adverse effect of anod
polarisation can be overcome to some exteil
However the provision of the superimpost
alternating current on the direct curre
requires relatively complicated, expensive a
inflexible circuitry. In addition, the pattems
heating at the anode surface when the cur
density is increased cannot be resolved.

Pulse Anodizing

Anodizing using a pulse current technique w
overcome all the above mentiond
disadvantages that occurr with other anodizin
processes. Pulsing of the entire anodiziy
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lse current not only decrcases the anode
ularisation but it also provides a cooling
wriod between cach interval of current {Tow
i the anode surtace,
Cument densities to be used  without
seessively inercasing the reaction of the
crolyte on the anodic film. Pulsating

aodizing current results in the production of

elatively thick and hard anodized 1ilm which
searried out ina quicker work evele than
wuired by prior processes,

An example of the improvement in coating
fat can be obtained by using pulse plating is
down in Freure T where Nideposits produced
o this process show superior properties (o
fose obtained by D.CL

DEVELOPMENT OF PULSE
IQUIPMENTS

thout Tour decades agao. in 1960, Miller® used
midirectional current pulses for anodizing

Juminiunt and its alloys with a frequeney of

W Hz. Inttially the pulse current anodizing
is done manually with the time interval in
uinates and comphicated. large phase shifting
ud pulsing circuits were used. In 19700 The
Sdonies Corporation® used both positive and
wative current pulses adjustable to achieve

Hlferent values that are sensed and used to
mintain automatically the values for anodizing
faluminium alloys. The authors used the ratio
[negative to positive current ol about [:3 for
hraining thick and hard oxide coatings.
Yoreover additional means were used to
gprove throwing power climinating negative

arent and using capacitors or inductors to
wlong decay of positive pulse. Permaloy
aporation”  carricd  out anodizing  of
iminium alloys with average direet positive
whage interspersed with applicd peak pulses
[higher Tevel positive current voltage and
a2 waved patern. The power supply
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and pulse plated nickel deposus (After
sernational Symposium on Pulse Plating. 1986.

This permits higher

JoP Celis et al, 1ESE 3

system has acapacity ot [ = 1000 Aand | =
3000 AL This process is not an On-Off wpe
but pulses are superimposed on a D.Cewrrent.
It can be applied to anodizing of aluminium
alloyvs to form thick oxide coating. Poll* used
a special three-circuit pulse rectifier from
which the output power was distributed to
the three anode bars over the anodizing tank
for hard anodizing ol aluminium and its
allovs. It was possible to increase the hardness
as there s a voltage drop between the three
work holding bars and. because of the diflerence
In current wave form. there s an interaction
of current from one bar to the other.

I 1974 Seisako” ™ putenied an clectrolstic
treatment apparatus for the colouring of
anodized aluminium allovs which contains a
pulse generator placed between the electrodes
and connected to ammeter for detecting the
final current to the by-pass cireuit. The by-
pass circuil is a key element between the
electrodes which generate a signal to control
the  by-pass,  This  circuit  has  more
complications and exhibited a lower efliciency.
[ater the author designed another apparatus
which has a by-pass circuit between the
clectrodes connected 1o a semiconductor
device. Kondo et of. ' designed an clectric
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switching device that bridges the electrodes for
colouring of anodized  aluminium.  The
switching device that allows the precise
control of pulse characteristics 1s controlled by
a signal from an eleetric current deteetor. The
author devised cquipment for colouring
aluminium with good colour reproducibility.
Here the D.CL source [or supplyving pulse
current was cquipped with a device for
regulating the pulse characteristics and another
device for regulating the peak voltages.
Sugivama er aof ' designed an apparatus for
electrolytic colouring ol anodized aluminium
and its atloys. By passing the current through
the impedance connected parallel to the cell.
the characteristics of pulsed potential were
achieved. The current Joss can be significantly
lowered by regulating the by-pass current.
In 1982, Okubo'" carried out anodic
oxidation of aluminium alloyvs with a D.C.
rectangle mverter by the current inversion
method. Chuo Scisakusho [td"™ designed an

apparatus for the polsed D.Coanodizing of

atuminium. This apparatus is useful [or
colouring anodized aluminium. and a pulsed
D.C. ovoltage can be supplicd to both
electrodes. Scheineder ¢f «f.2 constructed a
pulse generator. which was appropriate for the
production of simultancously doped ALO,
Javers. This pulse gencrator was distinguished
hy polar and bipolar operating modes with
continuously controllable voltages up o 380V
and current up to 60 A with pulse durations
from 200 milliscconds to 30 seconds.

In 1986, our group'” fabricated a
MICTOprocessor unit to carry out pulse
anodizing of aluminium and its alloys to
produce thick and hard oxide coatings. The
pulse unit consists ol g programmable 1.C.
power supply unit. 4 microprocessor unit. a
16-bit /A converter and other interfacing
chips. Using software. the following functions
of output were varied: (1) tvpe and magnitude
of pulse current. (i1) steady state D.C. current.
(it1) period. (iv) number of pulses and (v)

temperatare of the bath, The advancement of

the microprocessor. the personal computer
allows casy program modification and the
operation of many units from a centralised
location. The main advantages of user interlace
melude  reduced  energy and  labour

"
consumption.  Colombini™  used  pulsed

rectifiers to compare the anodizing of

aluminium in 1.94 M sulphuric acid at 20°C
by appiving a current density of 1-2.3 A dm”
using conventional rectifiers. The pulse
rectifiers with a puise level 1.5 times higher
than the base level had weight losses lesser
than conventional rectifiers with sliding brush
control or SCR control.

[F'or many vears. pulse rectifiers with
silicon controlled reetifier were used. As these
cannot meet the need of faster rise and lall
times. and higher pulse rates. lincar series pass
power supplies were used. These are very
versatile and can be configured as either voltage
or current source. However. much of the
creyv is dissipated and the power supply
ieney 1s less than 30% and is highly
complex. To overcome this disadvantage.
switch mode power supplies were used. These
had mereased bandwidth and were more
compact. but for higher output transformer
fosses increased and the rapid chinge of current
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levels  imposed  severe damage  on
semiconductors. These considerations limit
their uses to @ maximum of 230 KW,

[n 1994, Colombini"” studied the effects
of current wave residues on the properties of
anodized alumintum oxide coatings. e
recommended that rectifiers for hard anodizing
be fitted with @ smoothing filter comprising
inductance  and  mutually  compatible
capacitors. Juhl et o/ compared four
different pulse anodizing processes  for
anodizing AA 6063 aluminium alloy. Over the
vears. vartous waveforms were suggested.
some squared pulse and others sinusoidal.
Pulse time was another parameter varied
between milliseconds and minutes. Colombini
et al”t discussed  the  advantages  of
computerised  pulse  rectifiers  for  hard
anodizing of alluminium and its alloys. These
can be used with printing devices to print out
directly the V/I diagrams and the different
pulse parameters.

In 2000. Rasmussen™ applied a plurality
of pulses for hard anodizing of aluminium. The
pulses have a pattern that has three
magnitudes, Te used a first magnitude of about
6 A dm “and a third magnitude of T A dm ™.

The duration of the high magaitude portion of

the pulse was 30 seconds and those of the
zero magnitude and third magnitude portions
of the pulse were about 10 sceonds. Recently.
Wen™ invented an intelligent. high capacity
and high speed reverse current pulse power
supply which can be used for hard anodizing
of aluminium and its alloys. The pulse power
supply consisted of a power supply unit and
measurement displaying unit. The power
supply unit comprised a rectifving cireuit and
control circuit. A high power semiconductor
auto-switch was used as the primary switch
device. Close-loop feed back PWM real time
control was adopted tor controlling anodizing
bath current and voltage separately. The pulse
parameter adjusting svstem was formed from
computer software.

Table T summarises the chronological
development of the equipment used and Figure 2
and Table I tllustrate examples of pulse
regimes and conditions used for anodizing
processes.

PULSE ANODIZING
In 1960 Miller” patented the pulse current

anodizing with unidirectional current putses of

repetition frequency of 60 pulses per second
in a 2 M sulphuric acid + 0.079 M oxalic acid
bath at a temperature of 387 - 42°F (-4 - 67C)
and a current density of 20 A dm - for a period
of about 10 minutes. The time interval
between the pulses was approximately 3 times
that of the pulse width, A film of thickness
50 87.3 um was obtained, The current

recovery effect during pulse anodizing of

aluminium was observed by Murphy e al .

Kazuo er ¢l carried out the anodizing of

aluminium alloy in sulphate solution using an
interrupted current ratio of 1:1 with a pulse
time of 30-60 seconds. The power required

for anodizing was also reduced. The effect of

pulse rates on voltage. average time. coating
ratio and  coating thickness were studied for
various allovs. Murdock Inc patented the
anodizing of aluminium using current pulsing.

lrgure 30 SEM images of pulse anodized
alwininn ar CD0of 2 4 do = 8029 dun
cvele and frequency 001 Hz. formed from
157, sulphainic acid ar 30°C. (aj L4100
alloy (by AA2024 alloy (c) 146001 alloy

the amplitude of which is carried a
frequency approximately 1760 of the pulse r
[n 1972, Permaloy Corp.” patented the procs
of anadizing of aluminium alloy with aveng
direct positive voltage interspersed Wi
applied peak pulses of higher-level posiin
current/voltage such that time from averis
current peak current was greater than the tin
from peak current back to the average cure
In 1977, lakahasi et /7 anodiz
AATTO0 aluminium alloy i 2.8 M sulphur.
acid at 107C using base and peak voltages
0 and 33 V respectively with a pulse wil
o 48 mx to give a 30 um oxide film, Maca:
al 7 produced an anodic oxide film on indin
antimonide semiconductor surfaces ush
constant  frequency  pulses  of  varyn
amplitude. The thickness of the oxide filmme
be inereased from 0.12-0.2 um by applue
pulse current instead of D.C. anodizing. Th
fihm prowth under pulse conditions is
independent. The effect of pulse curre
parameters on roughness of anodic surface
clectrochemical machining of steel and carbi
alloy surfaces was studied by Orloy e al
Some general faws covering the relationsh
between  surface  roughness and  pu
parameters were also given. The decreast
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Table I. Time line inventions and discoveries on the technology of pulse anodizing.

Inventions Year
A.C. superimposed on D.C. 1956
Pulse anodizing-manually operated 1960
Pulse superimposed on D.C. 1972-74
Pulse Silicon controlled rectifier (3-circuit) 1974-76
Pulse rectifier (by pass circuit) 1976-77
Electronically controlled pulsed on D.C. 1977-78
Pulse voltage 1979
D.C. Rectangular inverter voltage (switch mode) 1982
Microprocessor based pulse 1986
PC based pulse 1994
Squared pulse 1995-96
Computer controlled pulse 1998
Plurality 2000

sirface roughness at significant current density
was attributed to the increased effect of
depassivation of anodic surface on pause time.
Baba et al* studied the pulse anodizing of
duminium in an oxalic acid bath, and its
wlouring mechanism.

In 1982, Yokoyama et al/’' anodized
wrious aluminium atloys in sulphuric acid and
walic acid baths. They described the
wvantages of pulse anodizing regarding
tardness, thickness, power consumption, sale
ind production rate with respect to the
conventional D.C. anodizing. By the use of
dectron microscopy they suggested a
mechanism for the processes occurring during
the recovery period. They observed that
pulsing from a higher to lower voltage increases
wrrosion resistance, abrasion resistance,
thickness and uniformity and reduces the total
aodizing time and cooling cost. Mita et al*?
modized aluminium in 0.05 M borax added to
10.5 M boric acid or 9.08 M phosphoric acid
bath, using a synthesised pulse wave by
thopping a D.C. constant voltage source using
amicrocomputer and power transistor. When

the off-time was changed from 25 to 50
milliseconds, the barrier layer was chemically
dissolved and no capacitance current was
observed at the start of oxidation in 1| M
sulphuric acid even when the current wave
form for each pulse, every 25 milliseconds,
was stored in the wave memory. Okubo"
studied pulse anodizing of aluminium
AA2014, AA2017, AA2024 and KS-21
aluminium alloys with a D.C. rectangle
inverter with pulse frequency ranging from
0.033 to 500 Hz in 6.67 M sulphuric acid and
0.79 M oxalic acid in order to improve the
characteristics of anodic coatings. The peak
current density was fixed at 4 A dm= and duty
cycle varied from 50—-100%. Hardness, coating
ratio and thickness of the coatings were found
to increase by the current inversion method
with 10 — 20 Hz and higher duty cycle.
Yoshiumura Research Lab® anodized
aluminium in an alkali bath using the current
recovery method and studied the influence of
electrolysis time and pulse width on thickness
of oxide coating.

In 1984, Matsushita Electric Industrial Co.

Table II. Conditions of pulse anodizing process (current density 1, 2 and 3 A dm™2)

Duty cycle Frequency /Hz On /s Off /s
0.01 20 80
0.1 2 8
20% 1 0.200 0.800
10 0.020 0.080
100 0.002 0.008
0.01 40 60
0.1 4 6
40% 1 0.400 0.600
10 0.040 0.060
100 0.004 0.006
0.01 60 40
0.1 6 4
60% 1 0.600 0.400
10 0.060 0.040
100 0.006 0.004
0.01 80 20
0.1 8 2
80% 1 0.800 0.200
10 0.080 0.020
100 0.008 0.002
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Ltd* patented a process for pulse cu
anodic treatment of aluminium foil at a
frequency of 5—100 Hz and duty cycle
of 40-95% in a bath containing Cl™ ion
sulphuric acid or oxalic acid. thereby for]
an oxide film with simultaneous etching
foil. Huang® applied a series of p
galvanostatically for the study of the anod
of aluminium in sulphuric acid. Applicati
2-step pulses showed a better co
efficiency and formed better oxide filmg
different oxide formation mechanisms
observed for 3 potential ranges obtained
the log I-E curves. From the magnitude
critical current coating. the etficien
different systems were compared.

Our group’” used microprog
controlled pulse power source fof
anodizing of aluminium and its alloy
compared both D.C. anodizing and
anodizing in sulphuric acid at a tempe
of 20°C with frequencies ranging from
300 Hz for a period of 30 minutes|
maximum oxide film thickness of 45 un|
obtained by passing a current of 720 (
pulse frequency of 125 Hz. The group st
the influence of "On" and ~Off" tima
frequency of the pulse on the properti
the oxide coating and reported that
anodized aluminium yields better quality
film than that of D.C. anodized alumif
Mita er al.**3" anodized ADC 12 alumi
alloy die castings in a sulphuric acid b
concentration 1--5 M with a duty cycle
milliseconds at temperatures ranging fro
30°C. The current wave was varied from
ionic current forming a barrier filmto ¢
forming a porous film. When aluminium
was pulse anodized in 0.3 M trisodium
phosphate with addition agents such as 0,
sodium tartrate and 0.2 M potassium flu
at porous film forming waveforms. the
film was lustrous and non-powdery. The
authors anodized Al-Si alloys containin
12% silicon using pulse waves in sulp
acid as electrolyte with a constant volta;
5—40 V. They studied the relationship bet
increase of silicon content and the cu
density. The current density capacity at
reached a maximum value when the alumi
alloy contained 4—6% silicon. Okubo et
anodized aluminium with pulse current ha
a negative current component in a 2.
sulphuric acid bath at a pulse frequenc
13.3 Hz reversing cycle and a duty ¢
ranging from 76-100% and studied the ¢
of duty cycle on the properties of the o
film. They found that hardness. coating
and thickness improved for duty cycle o
95%. The coating grew faster at cul
densities of 2—6 A dm~and the pores wer
uniform and small in size. They
investigated the anodizing of aluminiur
negative pulse current component in 0.
oxalic acid solution including the effe
temperature. Thick coatings could no
obtained at high negative current densitie
controlled current densities and decres
temperatures, hardness of the coating incre
At 10°C and current density 4 A dm™ an
an anodizing time of 30 minutes the hard
of the coating was 600 Hv. Here they
observed the cell size to be uniform and ¢
were divided into branches.




In 1989, Titanium alloys were anodized for
60 minutes in aqueous sulphuric acid —
phosphoric acid solutions at 0-10°C with
pulse frequency of 1 Hz, current density of
500 mA dm=, and potential range180-200 V
by Kocich*. The resulting titanium oxide
layers were 40-45 um thick and were
compact. The pores obtained had an average
pore density of 105-106 mm~ and a diameter
of 0.1-1 pm. The AP* and Cr** species were
uniformly distributed and Zr** and Fe**
showed concentration extremes. Columbini*!
used pulse current technique in the anodizing
of aluminium for improved oxide film
formation. He also observed increased
corrosion resistance and more efficient sealing.
To examine the effects of anodizing voltage and
temperature Okubo et al.**+ formed anodic
coatings on aluminium in 1 M chromic acid
by pulse current with negative component.
When the negative current was high, thick
coatings could not be obtained but the coatings
had uniform large grain size. The author
investigated the anodizing of aluminium using
pulse current with negative current density in
various baths such as 2.8 M sulphuric acid,
0.4 M oxalic acid and 1 M chromic acid using
a frequency of 13.3 Hz. Cells and pores of
films obtained in sulphuric acid were uniform
in size and the size was not significantly
influenced by the anodizing conditions.
However, in oxalic and chromic acid baths the
pores were branched and the degree of
branching increased with increase of duty
cycle. Cell and pore size were uniform. The
microstructure of the film formed in chromic
acid was similar to that of oxide film formed
in oxalic acid.

In 1993, Rasmussen et al.** obtained a
hard and thick oxide film on AIMg_ and AlSi,
alloys by applying high current density at
room temperature and at elevated temperature.
The interactions between pulse parameters
were studied using multiple regression analysis
and it was confirmed by online monitoring of
current-potential response during anodizing.
The author studied the anodizing of AlMg,
alloy in 2.8 M sulphuric acid and AlSi, in 1.3 M
sulphuric acid at a temperature of 11°C. The
results were compared with D.C. anodizing at
a temperature of 5°C. The greatest hardness
was achieved for AlSi, at pulse periods of 70
and 30 seconds. The alloys can be pulse
anodized without scratches up to a current
density of 3A dm™. He also studied pulse
anodizing of AIMg, and AlSi_alloys in 2.8 M
sulphuric acid at 4°C to improve the initial
wear resistance of the coating. Incorrect pulse
current and amplitude led to decrease in wear
resistance. The author also anodized
aluminium using superimposed D.C. pulse at
a rate of 6 pulses per second in sulphuric acid/
oxalic acid baths and obtained oxide film of
thickness 25-300 um.

In 1995, Mita et al.® anodized ADC 12
aluminium alloy die casting and 99.87% pure
aluminium in sulphuric acid and boric acid/
sodium tetraborate solution at constant pulse
voltage with 25 milliseconds On-time and
1-100 milliseconds Off-time. ADC 12 alloy
in sulphuric acid solution had better charging
properties than those formed in boric acid/
sodium tetraborate solution. Juhl er al®
compared the different pulse parameters using
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four different waveforms in the anodizing of
extruded AA 6063 aluminium alloys. The
advantages and disadvantages of these different
waveforms were discussed. The throwing
power of oxide layer varied for different
waveforms, but their wear resistances were the
same. Bei er al.¥ compared the oxide films
formed by pulsed and constant current
anodizing and studied the relation between
oxidation time and current consumed.

In 1997, Azzouz et al.* anodized AA 1050
aluminium alloy by continuous and pulse
potentials in 0.1 M sodium chloride or 0.1 M
sodium hydroxide baths and polarisation
resistance (Rp) measurements were carried out.
R was found to be high for pulse anodized
aluminium in both baths. Large and small cells
were obtained at high and low potentials
respectively. M.Sakairi er al.® used pulsed
AD-YAG laser to investigate the destruction
and deformation of barrier oxide films on
aluminium in neutral borate solution. The
thickness of the film at the laser-irradiated area
was proportional to the applied potential.
Meng et al’? found that by pulse anodizing
of AILD31 aluminium alloy with a pulse rate
of 100 pulses per second at 25-30°C,
microhardness decreased from the inner to the
outer part. He obtained a thickness greater
than 80 pm and a hardness greater than 400 Hv.
McGinnis et al.” used the pulsed current
anodizing method for fabricating patterned
porous silicon p-n junction light emitting
diodes.

Our group™* used pulse current technique
to produce uniform thick and hard oxide
coatings on AA1100, AA6063 and AA2024
aluminium alloys at room temperature in 5—
15% sulphamic acid electrolyte with addition
agents such as 0.01 M magnesium sulphate,
0.005 M aluminium sulphate and 0.01 M
sodium sulphate at current densities ranging
from 1-3 A dm? and various duty cycles
ranging from 40-90% at the pulse frequency
of 0.01 Hz. The appearance of the samples is
shown in Figure 3. The influence of current
density, duty cycle and addition agents, bath
compositions, anodizing time and voltage on
the properties of the oxide film such as
thickness, hardness, breakdown voltage,
coating ratio and corrosion resistance has been
studied in detail and the pulse anodizing
conditions optimised. The increase in duty
cycle and current density increases the quality
of the oxide film and maximum values were
obtained for 70-80% duty cycle and at 2 A dm™
2, Among the addition agents used, magnesium
sulphate was found to be the best. Also, the
properties of the oxide films formed by pulse
anodizing were found to be far better than
those obtained by D.C. anodizing.

Shih et al. % studied the anodic oxidation of
aluminium in mixed acid using pulse current
of 80% duty cycle at a temperature of 20°C
for a time of 50 minutes. Baths of 1.9 M
sulphuric acid with 0.24 M nitric acid, 1.9 M
sulphuric acid with 0.19 M boric acid and 1.9 M
sulphuric acid were compared. Hardness was
found to increase for boric acid addition and
thickness was found to increase on nitric acid
addition. Grover et al’ studied the
luminescence of porous silicon formed by
pulsed anodizing as a function of duty cycle
and concentration of hydrotluoric acid.

Rasmussen? patented the process of
anodizing of aluminium alloy (3% Cu, 9.5%Si,
1%Mg) and aluminium alloy (4.5% Cu, 17% |
Si) using pulses of magnitude 6 and current
density 1 A dm™ in an electrolyte of I M|
sulphuric acid at 10-15°C with on-time 30s
and off-time 10 s.

Recently, our group®®* studied the pulse
anodizing of AA1100 aluminium alloy in
oxalic acid electrolyte at 30°C and the
influence of the pulse parameters on the
properties of the oxide film in order to assess
the quality of the oxide coating. The pulse
anodizing of AA1100 aluminium alloy in
sulphamic acid electrolyte at various pulst
frequencies ranging from 0.01 to 100 Hza
constant duty cycle of 75% has been studied
and the results showed that the properties of
the oxide film improve with pulse frequency
and maximum values were obtained at 100 Hz
A comparative study on the corrosion
behaviour of D.C. and pulse anodized
AA2024 aluminium alloy  using
electrochemical impedance spectroscopy hs
also been carried out.

PULSE HARD ANODIZING

In order to reduce or avoid burning problems
that occur normally in D.C. anodizing and to
hard anodize the aluminium alloys containing
a high percentage of Cu and Si, more complex
power supplies with biased, pulsed o
interrupted current are used. Most of the
work has been done using A.C. superimposed
on D.C. power sources. In practice, the hard
anodizing process is controlled by anodizing
time and current density, keeping the
concentration of electrolyte and temperature
constant. The current density is adjusted
according to the particular alloy compaosition
and should be maintained at a constant level
by raising the voltage as the film thicknes
increases. Finally, the current is reduced
gradually as switching it off suddenly may
adversely affect the adhesion of coating. The
magnitude of A.C. component requirement
varies with alloy composition. A hard anodizing
process using superimposed A.C. on D.C. ws
first carried out by Jenny®' to increase the
film thickness and to produce hard and non
porous oxide coatings on aluminium and is
alloys. Kazuo et al.” studied the hard anodic
oxide coating on aluminium and its alloys and
also the effect of interrupted current during
anodized oxidation. Tyukina et al.% found tha
use of superimposed A.C. on D.C. improved
the properties of thick oxide coatings formed
on aluminium alloys with more Cu content. A
wide range of different waveforms including
full wave and half wave rectified D.C,
interrupted current, superimposed current and
pulsed current were examined by Ikuta et al®
who found that pulsed current produce
harder coatings than D.C. particularly whe
using a ratio of 4:1 between high current levd
(4 A dm? for 30 s) and low current level (]
A dm? for 7.5 s).

Woods* patented a pulse hard anodizin
process in 2.35-5.63 M sulphuric acid baths
containing 0.1-0.2 M sodium lignosulphonae
as stabiliser. This process can be used to hat
anodize aluminium alloys containing greatt
than 5% copper to obtain thick dense oxit:
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wating without physical deterioration of the
ihject. An oxide film of thickness of 50 um
wgs obtained in 6 minutes for a voltage of 36 V
nd a current density of 1.4 A dm™.
Sanfords® -5 suggested the use of D.C. voltage
nodulated by a sinusoidal A.C. voltage of
wmal frequency at low voltage with a D.C.
wmponent and a superimposed A.C.
omponent. He developed a special power
supply that generates superimposed A.C.
wltage waveform. These processes allow the
ise of low anodizing voltage compared with
hat of conventional hard anodizing by
mploying a low concentration of electrolyte
thigh temperature. It has been suggested by
lemer®” that not more than 20 V D.C. is
rquired at temperature from 4 to10°C for
moducing hard coatings if A.C. superimposed
m D.C. power source is used.

In 1987, Tu and Huang® compared pulsed
DC. and pulsed A.C. power sources with
frequency of 60 Hz. They obtained better
esults for pulsed D.C. Maximum hardness of
7 VPN was obtained with the current
&ensity of 10 A dm™, above which hardness
fopped. Hardness and roughness were better
#sulphuric acid concentration of 0.94 M than
12.8 M concentration. Oxalic acid addition
icreased oxide formation, especially at a
tmperature of 10°C. Use of higher voltage
icreased microhardness except for very high
woltages. Chialvo et al.® pulse anodized
fodium electrodes to form an hydrous oxide
lyer that after electroreduction yielded
eproducible surfaces with a large increase in
feactive surface area. The square pulse wave
was applied with changing pulse parameters
i a temperature of 30°C. This increase in
wrface area was related to the formation of
wide film studied under different experimental
anditions. Using pulse current, Columbini™
sudied the hard anodizing of aluminium in
wiphuric and chromic acid baths and observed
fie increase in the hardness and abrasion
wsistance of the oxide coating. The influence
ifsuperimposition of pulse current over direct
ament on the hard anodizing of aluminium and
isalloys was studied by Narahsimhan et al.”!
sing sulphuric acid and oxalic acid electrolytes
wer a frequency of 50 to 300 Hz. Among
iifferent pulse rates, 250 pulses per second
yss found to be the best. Higher pulse rates
were more suitable than the lower pulse rates.
Pulse current superimposed on D.C. gave
miform, flawless oxide compared with pulse
urrent from zero to peak.

Our group”™ compared the pulse anodizing
fAA2014, AA1351, and AA1725 aluminium
dloys in 1.5 M sulphuric acid containing 0.08 M
walic acid at a pulse rate of 250 pulses per
geond, and On and Off-ratio of 1:3, and
wtained the thickness and corresponding
wating ratio for the alloys. Al-Mg alloy gives
figher thickness than the copper containing
dloys. A mechanism correlated with copper
wis also proposed for the differences in the
tickness obtained for these alloys. In 1991,
fonten er al.” used pulse voltammetry to
mamine the anodizing of silver microelectrodes
n perchlorate, hydroxide, cyanide, and
hloride media. The products of anodizing
here detected by reverse pulse voltammetry.
111994 Rasmussen*® studied the pulse hard
mdizing of AlMg, and AlSi Mg alloys at
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11°C in sulphuric acid and found that pulse
anodizing increases the wear resistance.
Incorrect pulse timings and amplitude led to
decrease in wear resistance. Li et al.™ hard
anodized LD2, LC4 and ZL108 aluminium
alloys by the use of overlapping pulse current.
They suggested that no linear relationship was
found between hardness and wear resistance.
Ping” compared hard anodizing using D.C.
with superimposed A.C. and square wave
pulse in sulphuric acid, oxalic acid and tartaric
acid. The results of using various power
supplies were also compared. In 1996,
Rasmussen’ studied the initial and post wear
resistance of hard pulse anodized aluminium
with pulse time ranging from 65 to 100 s in
a sulphuric acid bath. The wear resistance was
found to increase if pulse anodizing was
performed in dicarboxylic acids instead of
sulphuric acid. Meng* carried out pulsed hard
anodizing of Al LD31 aluminium alloy at 25—
30°C and analysed the microstructure of the
anodic oxide film using long cycle (100 s)
pulsed current; he obtained a hardness above
400 Hv. Zhang et al.” obtained an oxide tilm
of hardness about 400 Hv by oxidation of
aluminium by A.C. pulsed potential in 2 M
sulphuric acid 0.25 M oxalic acid, 8-12 g dm™
3 sulphates and 1-4 cm® dm™ additives at a
current density of 2-3 A dm™ for positive
pulse and 0—1 A dm™ for negative pulse under
air agitation. In this process film was formed
at a rate of 1 pm min™".

PULSE COLOUR ANODIZING

Aluminium and its alloys have been coloured
after anodizing either by chemical methods
(organic dyeing and inorganic pigmentation.)
or by electrochemical methods (electrolytic
colouring by D.C. and A.C.). Also, coloured
coatings can be formed simultaneously during
anodizing (integral colour anodizing).
However, these methods have many problems.
In the organic method, if the coloured materials
are exposed to sunlight, fading of colour will
take place. In inorganic pigmentation, colour
matching from batch to batch will vary and
inconsistency in the finished product will
occur. Integral colour anodizing is much more
costly and only a specific colour can be
produced on a particular alloy. Electrolytic
colouring exhibits poor throwing power and
needs proper configuration and positioning of
electrode to achieve uniformity of colour. In
order to overcome the problems encountered
with the above processes, an attempt was
made to prepare various coloured oxide
coatings on aluminium and its alloys in a single
bath by applying short pulses, called puise
colour anodizing. In 1966, Fair™ patented the
process of pulse colour anodizing of
aluminjum alloys in sulphuric acid, chromic
acid and oxalic acid electrolytes. Square wave
pulses are applied with make-break ratio of
1:5 and a make period of 1-100 ms. The
Scionics Corporation® patented the process of
integral colour anodizing of aluminium using
both positive and negative pulse components
in organic acid electrolytes. For better results
of the production of thick dyeable hard
coatings and conventional coatings of light
integral colour shadings, the ratio of negative
current to positive current should be preferably

greater than 3%. Additional use of capacitors
are discussed to improve the throwing power
and improve the prolong decay of positive
pulses.

In 1974, Riken Light Metal KX”
produced amber coloured coatings on
aluminium by treating it cathodically in
sulphuric acid and etching for 5-10 minutes
before applying pulse current. S.Kimura et
al®®  studied the effect of pulse
characteristics and other ¢lectrical conditions
on colouring of anodized aluminium using
pulsed current in sulphuric acid electrolyte. A
brown colour was obtained at 30 V and current
density of 2 A dm2at duration of 2-5 s. They
also proposed a mechanism for colouring
anodized aluminium using pulsed current.
Takahashi et al.®** treated aluminium in [-2M
sulphuric acid solution using a pulse width of
30-50 ms, period:width ratio of 3:5, peak
current density of 10 A dm? and average
current density of 4 A dm and obtained amber
coloured coatings. Pitting was observed in 0.5
M sulphuric acid. The authors pulse treated
aluminium plates with sulphuric acid and
obtained a brown colour. Adding oxalic acid to
sulphuric acid required less current and
shorter time. They suggested that pulse height
and width had little effect on colour but did
affect growth rate. Batrakov et al.* anodized
titanium alloys at 80-200 V and current
density 10—-80 A dm™ to obtain solid wear
resistant anodic coatings.

Fukasawa et al.¥ anodized aluminium in
0.24 M oxalic acid with or without pulse
current of 10 to 10 kHz.The cathodic part of
pulse current was said to play an important
role in colouration. Intensive colouration was
obtained at 1000 Hz and a mechanism of built-
in current related with electronic current was
proposed. Takahashi er al.*** obtained
integral colouring for the pulse anodized
aluminium sample in 2.8 M sulphuric acid
bath, and suggested that the colouring of the
film was attributed mainly to the flow of
current rather than to the nature of the
electrolyte, when the voltage for electrolysis
was above a definite value. The optimum Oft-
time and On-time ratio is 1:5 with current
density of 6 A dm™ and a pulse width of
50 ms with 30 V at a temperature of 10°C.
The authors pulse treated AA6063 aluminium
plates in 1.5 M sulphuric acid containing
10 wt % glycerol at a temperature range of
11-20°C using pulses with 16 ms width and
48 ms period. The peak voltage used was
38-39 V and the average current density was
2.4-1.6 A dm™. For a period of 30 minutes.
yellowish grey colour coatings with NBS value
26 and thickness 54 pm were obtained. They
also used pulse current with 16 ms pulse
width, 48 ms period. peak voltage of 36.5 to
37.5 V and an average current density of 2—1.1
A dm™ to treat AA6063 aluminium alloy. The
electrolyte used was sulphuric acid containing
20 g dm™ of AI*". 48 um thick, yellowish grey
coatings with NBS 28.1 were obtained for a
period of 30 minutes. In 1978 the authors
electrolytically coloured aluminium alter-
natively by applying pulsed positive D.C.
potential and obtained bright yellowish brown
coatings. They also anodized aluminium in
0.94-3.75 M sulphuric acid using a pulse of
2 s On-time and 3 s Off-time for two minutes
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at a current density of 1.5 A dm=at 5-20°C.
The resultant light yellowish oxide film
consisted of two porous layers separated by
a barrier layer. Riken Light Metal Industries
Inc.*! carried out anodizing in a metal salt bath
using a periodic pulsed potential of changing
polarity and this anodic oxide was further
treated in the same bath, using the same
potential and a by-pass On-Off circuit which
promotes current discharge at zero applied
voltage. This enhances the colouring effects.

Baba® attempted integral colouring in pulse
anodizing in oxalic acid using negative and
positive voltages. The film decreased in L-value
at higher voltages. The L-value decreased
further at higher negative voltages and the film
was dark in colour. A mechanism was proposed
for the luminescence of anodized aluminium.
The relationship between electroluminescence
and photoluminescence was predicted to be an
inverse one. Azzouz et al.”? prepared coloured
anodic films using squared potential pulses of
range 15-30 V in sulphuric acid. They correlated
the evolution of oxide layer by an electric
equivalent circuit. The optical properties of the
anodic film were explained by superimposition
of different size cells.

ADVANTAGES OF PULSE ANODIZING

1. Pulse current technique can be used for
all types of anodizing such as normal
anodizing, hard anodizing and colour
anodizing.

2. Better quality of oxide coating can be
obtained compared to D.C. anodizing.

3. All properties of oxide coating such as
thickness, hardness, coating ratio,
breakdown voltage, corrosion resistance,
abrasion resistance and weather
resistance efc. will be enhanced.

4.  Burning of oxide film that normally
occurs during the initial stage of D.C.
anodizing can be avoided.

5. 25-30% reduction of power consumption
can be obtained by the use of pulse
anodizing rather than D.C. anodizing.

6. Anodizing time can also be minimised
because the same quality of oxide coating
can be achieved in lesser time if pulse
current is passed instead of D.C.

7. Hard anodizing of aluminium alloys
containing higher percentage of Cu or Si,
that are normally very difficult to anodize,
can be easily carried out.

8. Self-colour can  be  generated
simultaneously during anodizing by
applying pulse current.

9. The amount of cooling can also be
minimised because during pulse anodizing,
the heat produced is dissipated
effectively and uniformly throughout the
bulk of the electrolyte and so it requires
somewhat lesser amount of cooling
compared to D.C. anodizing.
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