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Abstract

High frequency pulsed anodising of pure aluminium was investigated with an aim to understand the
effect of the anodising parameters on the growth kinetics of the anodic layer and optical appearance
of the anodised surface. Anodising was performed in sulphuric acid, and the effect of the pulse duty
cycle, applied potential offset, and pulse frequency was investigated. Optical properties of the
anodised surfaces are improved upon lowering the anodising potential and by increasing the
frequency of the applied potential pulses. Temperature evolution of the samples during anodising
was investigated by employing a special flat cell setup equipped with a thermocouple close to the
sample. The effect of high frequency pulsing of the anodising potential on the anodising kinetics is
presented, which is related to the temperature evolution and dielectric losses, and the effect is
compared to the traditional DC anodising process. From the observations, it is postulated that the
dominant factor responsible for the improved growth kinetics during high frequency pulsed
anodising might not be dielectric losses instead a thickness reduction in the GouyChapman/Helmholtz layers.
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1. Introduction
Aluminium and its alloys are widely used in several industrial applications [1–5] due to
their favourable strength to weight ratio, inherent corrosion resistance and passivating nature [6,7],
ease of formability and recyclability [8–14], and the ability for surface modifications suiting various
functional applications [15–19]. In the consumer goods industry, aluminium is often used in the
anodised surface condition to impart pleasing aesthetics, higher corrosion resistance, better scratch
and wear resistance, and thus an improved value of the product [20–22]. Decorative anodised
surfaces are commonly produced by direct current (DC) anodising of aluminium in a sulphuric acid
bath [23,24]. The resulting anodic alumina layers are hexagonally self-ordered [25,26], usually
transparent to the visible light; however, the optical appearance of the anodised surface depends on
the anodising parameters as well as on the Al alloy composition, and surface morphology of the
substrate [27–32].
Pulse anodising of Al has been studied as an alternative technique for improving the
properties and performance of the anodised surfaces on aluminium alloys with heterogeneous
microstructures [33–36]. The pulse anodising technique, and its associated variations are based on
the recovery effect postulated by Yokoyama et al. [37] where varying/pulsing the applied potential
from a high to low value during anodising allowed for faster thickening of hard anodic coatings,
while simultaneously preventing burning and powdering of the anodised surfaces. Several
variations of this pulse anodising technique such as low frequency pulsing, high frequency pulsing,
and pulse reverse pulsing technique were later applied by Juhl et al. [38] for anodising of both
extruded and cast aluminium alloys. The hardness of the anodic layers obtained was found to be
lower for the pulse reverse pulse anodised surfaces when compared to those obtained using the
other two variant techniques. However, the obtained oxide structure was reported to be similar
across all variants of the technique as observed using scanning electron microscopy. Ono et al. [39]

used a high frequency electrolysis technique (pulse frequency in the kHz range) for anodising cast
Al-Si alloy and obtained higher uniformity of the anodic layers due to more uniform anodising of
Al around the primary Si phase when compared to conventional DC anodising. Recently, Gudla et
al. [40–42] postulated that the homogeneity/uniformity of the anodised Al surfaces is highly
affected by the presence, and subsequent incorporation of second phases or intermetallic phases to
the anodic layer in fully, partially, or in some cases negligibly oxidised condition. In addition,
formation of ‘conical asperities’ in the anodic layer (entrapped un-anodised Al), due to hindered
oxidation of the Al matrix directly below the second phases was also earlier discussed as a factor
affecting the uniformity of the anodic layer [20]. Examples of such entrapped Al were initially
presented by Walmsley et al. [43], Gudla et al. [44], and more recently by Zhu et al. [45] with the
help of Transmission Electron Microscopy (TEM of the anodic film, especially on sections
containing incorporated second phases. However, application of high frequency pulse reverse pulse
anodising to such Al surfaces was shown to enhance the degree of oxidation of the Al matrix in the
vicinity of the second phases, and thus improving the homogeneity of the obtained anodic layers.
This was attributed to the anodic pore branching [46–48] during high frequency pulse anodising as
was observed using TEM of anodic layer sections. In addition, optical appearance of the anodic
layer improved with high frequency pulse anodising when compared to those obtained using
conventional DC anodising [42]. The growth rate of the anodic layer was found to increase with an
increase in the anodic cycle voltage and with anodising frequency, but was found to be almost
independent of the pulse duty cycle within the range of pulse frequencies investigated [47].
Recently, Bononi et al. [33–35] studied pulsed current hard anodising of commercial
AA2xxx, AA6xxx, and AA7xxx alloys and reported that an increase of the applied pulse frequency
in certain alloys induces a greater difficulty in overcoming critical issues caused by intermetallic
phases during anodising in sulfuric acid. Alloys containing critical elements such as Cu in AA2xxx

alloys displayed harder oxides but with higher number of defects in the oxide, while those
containing lower amount of Cu like in AA6xxx did not show much increase in number of defects
with increasing pulse frequency. In alloys, which do not induce critical elements like Cu that induce
parasitic oxygen evolution reactions, the pulse frequency effect is negligible.
Applications for anodised Al surfaces that demand pleasing decorative appearance of the
anodised surface usually require a higher purity of the Al alloy being anodised. However, with
recent increase in the use of recycled Aluminium alloys for environmental sustainability and cost
effectiveness, the quality control of anodised surfaces is increasingly becoming difficult. This is due
to the higher degree of heterogeneity in recycled Al alloys that contain a higher number of
intermetallic or constituent phase particles, which leads to higher heterogeneity in the
electrochemical nature thus altering the anodising behaviour and the decorative finish of the
anodised surface [9,49–57]. Various authors have emphasized on the importance of the alloy
composition, morphology and microstructure of the Al surface and its effect on the anodising
behaviour and optical appearance [58][59]. In general, the optical transparency and quality of an
anodic film depends greatly on the micro- and nano-scale morphology of the oxide and the Al
substrate morphology and composition. Intermetallics and second phases affect the optical quality
of anodised surfaces due to their differences in electrochemical and anodising behaviour, which
leads to variations in the structure of the anodized layer or oxide metal interface [60]. Depending on
their electrochemical activity with respect to the Al matrix, as described earlier, they are either
partially or fully oxidised and incorporated into the anodic film, or are dissolved and lost into the
electrolyte leaving behind a void [61]. In view of this, it is interesting to study and understand the
effect of high frequency pulse anodising on the structure, properties, and optical quality of the high
frequency anodised Al surfaces [62].

The objective of the present work is to investigate high frequency (HF) pulse anodising for
aluminium alloys, with the aim of using the technology for decorative purposes. The effect of
anodising parameters on the growth rate, optical properties, and anodic layer hardness were
investigated. Further, the underlying mechanism behind the optimised growth rate of HF pulse
anodising is investigated in comparison with Direct Current (DC) anodising. In order to study the
effect of temperature evolution and joule heating during HF anodising, an in-situ temperature
measurement setup for the anodising cell is implemented. Use of in-situ temperature measurements
has previously been employed to study the temperature close to the anodic barrier layer and how it
significantly differs from the temperature of the electrolyte bath [63–67]. Parameters such as
Reflected image quality, distinctness of image and gloss values are reported and the observed trends
are correlated and explained in terms of the microstructural constituents and their electrochemical
behaviour under high frequency pulsed anodising.

2. Experimental
2.1. Alloys and surface preparation
Two different aluminium alloys from alloy families usually applied in decorative anodising
are selected for this study; an AA1050, and an AA6401. The AA6401 was obtained in 6 mm
thickness as this provides a very flat surface of the alloy critical to optical characterization while
allowing for adequate surface processing in order to obtain a reproducible and mirror-like surface.
The AA6401 alloy surface was turned in a Hembrug turning machine (Feed=0.08 mm/RPM,
Speed=4000 RPM), using several grades of polycrystalline diamond to obtain a flawless surface
highly glossy appearance. The turned surfaces were subsequently degreased in a mild alkaline
solution (30 g/L, Alficlean™, Alufinish, Germany) for 5 minutes. Desmutting was performed by

immersing in a 100 g/L HNO3 solution for 30 s followed by demineralised water rinsing. Finally,
the samples were cleaned by ultra-sonication in acetone for 15 min and dried in warm air flow.

Having a 6 mm thickness of AA 6401 alloy made it unsuitable for determining the barrier
layer temperature during anodising, which in turn could reveal the mechanisms behind HF pulse
anodising. To gain precise barrier layer temperature data, it was mandatory to utilise specimens as
thin as possible. For this reason another alloy was adopted. AA1050 was thus selected because it is
also traditionally used in application where high gloss anodising is necessary and it is commercially
available in 0.5 mm thickness. The cold rolled sheet was obtained in a high-gloss state and hence no
further processing was performed to the surface. Any residues from the protective foil/adhesive
were removed by a degreasing routine similar to that applied for the AA6401 alloy. Table 1
provides an overview of the chemical composition (in wt.%) of alloy AA6401 and AA1050.

Table 1: Chemical composition of the investigated alloys in wt.%.

Si

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Al

AA6401

0.44

0.04

0.12

-

0.39

0.00

0.00

0.01

Balance

AA1050

0.23

0.12

0.02

0.03

0.03

0.01

0.02

0.01

Balance

2.2. High Frequency Pulse Anodising
The AA1050 and AA6401 alloy samples were anodised in a 20 wt.% sulphuric acid bath
kept at a constant 18 °C. High frequency square voltage pulses were generated from a function
generator (33120A, Agilent). The low powered signal from the function generator was amplified to
a high-power signal, using a Class-AB power amplifier that can both source and sink electrical

current. The latter is important for the removal of charges prior to the next pulse cycle. Both voltage
and current waveforms were recorded during anodising with the help of an analogue oscilloscope
attached to a data acquisitioning system.
The pulse frequency was varied between 100 Hz and 5 kHz. The duty cycle (i.e., the ratio
between the anodic cycle duration and the time interval between two subsequent pulses) was varied
at 10, 30, 50 and 70%. The offset trials involved a constant upper voltage of 15 V, while lower
voltages were varied from -2, 0, 5 and 10 V (i.e. -2 to 15 V, 0 to 15 V, 5 to 15 V, and 10 to 15 V).
Reference samples using DC voltage were made in the same anodising cell. The total anodising
time was adjusted for each sample to achieve an anodic layer thickness of 10±1 μm. Anodic layer
thickness was measured using a Fischer Isoscope gauge. After anodising, the samples were rinsed,
sealed and dried. Rinsing was performed in demineralized water for 10 minutes. Hydrothermal
sealing of the anodised surfaces was performed by immersing the samples in a water bath
maintained at 96 ± 2 °C for a total duration of 25 minutes, followed by drying for 5 minutes in an
oven at 70 °C.

2.3. Anodising setup
Anodising was conducted in a custom-built anodising cell based on the flat cell setup that
solely anodises one side of the aluminium sheet. This allows direct access to measure the sample
temperature from the reverse side. Since the AA1050 sample is just 0.5 mm in thickness (also due
to the high thermal conductivity of aluminium), the sample temperature is assumed to be similar to
that of the barrier layer temperature. The aluminium sample is mounted vertically up against a
rubber gasket that avoids any electrolyte leakage from the anodising cell. The cell is a double
walled cell for cooling the electrolyte and to secure constant temperature of the sulphuric acid
electrolyte. Air agitation was introduced to secure proper circulation of the electrolyte and thus a

homogenous electrolyte temperature. The circular anodised area was approx. 16 cm2. A pt100
temperature sensor was attached to the backside of the samples for estimating the barrier layer
temperature during anodising. The entire setup is illustrated in Figure 1.

Figure 1: Custom built anodising cell that allows for determining the temperature close to the
anodised barrier layer.

2.4. Optical appearance
The surface appearance of the Al alloys after anodising was quantified using a Triple
Angle Gloss & DOI meter (Elcometer 408). This equipment captures the reflected light profiles
using a light sensitive array consisting of 512 diodes, and outputs values according to ASTM, DIN
and ISO standards (ASTM D523, ASTM D2457, ASTM E430, ASTM D5767, DIN 67530, DIN
EN ISO 2813, JIS Z 8741, ISO 7668). The gloss values are measured for a 20 degree light
incidence angle.

2.5. Microhardness
The micro-Vickers hardness of the anodised surfaces was measured using a Future-Tech
FM 700 microhardness tester with a load of 5 g for 5 s. For each sample, a minimum of 10
measurements were performed on the anodic layer cross sections to obtain reliable average hardness
values.

3. Results and Discussion
3.1. Voltage-Current response
The voltage-current response during high frequency anodising of the AA6401 is shown in
Figure 2. The highly capacitive nature of non-sealed anodic films [68] results in very dramatic
current peaks upon sudden changes of voltage. This applies for both changes in the positive and
negative direction. Figure 2 is an example of a 1 kHz situation where the voltage is ramped from
zero to full voltage (15 V) in few microseconds. This gives rise to a peak current of approx. 30
A/dm2. As soon as the barrier layer is fully charged, the current drops to a plateau level of approx. 4
A/dm2; i.e. drastically lower than the peak current, but considerably higher than the current density
regime of 1-2 A/dm2 observed during conventional DC anodising. When the voltage is dropped
from 15 V to zero, the barrier layer charges are removed, and a large negative peak current is
observed. This negative peak is followed by a plateau of zero ampere, before the next positive cycle
is applied. The applied voltage pulse is displayed in Figure 2a while the current response is
displayed in Figure 2b.

Figure 2: Applied voltage, and measured current response during HF pulse anodising from 015 V @ 1 kHz for AA6401.

3.2. Rate of the anodic film growth

Figure 3: Growth rate of AA6401 during HF pulse anodising as a function of a) pulse
frequency, b) anodising voltage offset, and c) pulse duty cycle.
The growth rate of anodic films on the AA6401 alloy was found to be strongly dependent
on the anodising conditions, namely the pulse frequency and offset voltage. Figure 3 (a) shows the
effect of the pulse frequency on the rate of the anodic film growth. Increasing the pulse frequency
from 100 Hz to 5 kHz leads to a significant increase in the growth rate, seemingly with an almost
linear relationship across the entire investigated frequency span. The growth rate at 5 kHz was
observed to be 1.5 µm/min, which is very high, considering that the growth rate for standard DC-15
V anodising is 0.5 µm/min. As such, the growth rate was tripled when going from DC to 5 kHz. At
the other end of the scale, a 100 Hz pulse proved to give a growth rate of 0.3 µm/min, which is
lower than conventional DC anodising of similar voltage. A reasonable explanation for this
behaviour at lower frequency is the nature of pulse anodising, where 50% of the time (in this case)
is in the Off-state and thus not contributing to anodic film growth. However, at higher pulse
frequencies in the kHz regime, even though the off time is still 50%, the growth rate is improved
considerably. The reason for this behaviour will be discussed in the next section.
Figure 3 (b) shows the dependence of anodic film growth rate on the anodising voltage
offset. All anodising conditions were kept constant, only changing the lower voltage level of the

applied pulse cycle. The results suggest that there is a clear trend towards lower growth rate when
increasing the lower voltage level. This means that the highest growth rate is achieved when the
offset voltage is as low as possible, i.e. as big a difference between upper and lower voltage as
possible. Comparing data for -2 V to 15 V with 10 V to 15 V suggests that the growth rate has
decreased by more than 50%.
The effect of duty cycle on anodic film growth rate is presented in Figure 3 (c) for an
anodising pulse frequency of 2 kHz. There is a general trend towards higher growth rate upon
increasing the pulse duty cycle. Especially the gap from 10% to 30% significantly increases the
growth rate, whereas the increase from 30% to 50%, and onwards to 70% only has a marginal
effect. Most studies in different conditions agree that a level of 70–80% brings the best oxide
performances [34,69,70].

3.3. Optical Characterization
It has already been shown that the high frequency pulse anodising yields a very fast anodic
film growth. However, for decorative applications, the optical quality like total reflectance, colour,
and transparency of the anodised surfaces is of extreme importance in addition to the anodic growth
rate. In order to compare the optical properties of anodised surfaces obtained by various DC, and
pulse anodising parameters, the anodic layer thickness is maintained constant. Wood [71] explains
how the specular reflectivity and image clarity is affected by increasing anodic film thickness, with
a dramatic drop for the first few microns, followed by a linear drop as the film thickness increases.
To determine if the linear drop has similar slope for high frequency pulse anodising, a series of
samples were made with different anodic film thickness. Three different voltages were selected, 10
V, 15 V and 18 V. The film thickness ranges from 5 to 20 µm were investigated as these are within
the typical thickness value range used for decorative anodising.

In the top of Figure 4, data is presented for 10 V anodising, showing the drop of surface
gloss as the anodic film thickness increases. Conditions for DC, 100 Hz, 1 kHz and 5 kHz anodising
are compared, and the results show that the drop in gloss is linear for all anodising conditions. The
10 V data suggests that the pulse anodised samples have marginally better gloss values compared to
the DC anodised samples. However, the improvement in gloss upon using pulse anodising is even
clearer when increasing the anodising potential. Figure 4 also presents gloss values for samples
anodised at 15 V and 18 V. In both the cases, it is quite clear that the gloss values are considerably
higher when increasing the pulse frequency. This applies to the entire decorative anodic film
thicknesses span of 5-20 µm.
It should be noted that the difference in surface gloss is very evident by evaluating the
surfaces with the naked eye. For example, the worst-case sample being 18 V-DC-18 µm, proved to
be matt and unattractive from an aesthetical point of view. In strong contrast, the samples anodised
at 10 V with low film thickness, all showed mirror-like surface appearance with very good image
quality. This is to emphasize that the gloss measurements give a good representation of how the
surfaces are perceived by the naked eye.
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Figure 4: 20° gloss as a function of anodic film thickness and pulse frequency for AA6401.

The presented results that reveal how the anodised appearance becomes better upon
increasing pulse frequency, brings out the question of what gloss is affected by. In general, the
variables of importance for the aluminium alloy are 1) chemical composition, 2) metallurgical
structure, 3) grain size and 4) temper. It is common knowledge that the chemical composition has a
huge influence of the anodic appearance, for example with Iron and Silicon having detrimental

effects. In addition, the presence of microscopically visible (0.1 – 0.2 µm or larger) second phase
constituents is very detrimental. If the alloy grain size exceeds 90 -100 µm (coarse grained) a
bright anodised specimen will reveal a mottled appearance with poor image clarity. This is due to
different reaction rates during anodising of grains with different orientation. The effect of alloy
temper in the anodising process is to reveal grains of different orientation since they oxidise at
difference rates, thus forming a stepped oxide. Hence, fully annealed alloys have lower image
clarity than fully hardened alloys [71]. The anodising variables that affect appearance are 1) film
thickness, 2) current density, 3) electrolyte temperature, and 4) composition. [20].
As the presented anodising results are based on the same material, film thickness,
electrolyte temperature and composition, it is interesting to determine what has changed, since the
pulse anodising reveals optimised appearance. The extruded AA6401 alloy which took part in this
research was annealed to a point where grains have a size from 100 to 200 µm, making it a rather
coarse grained material. This means that the varying reaction rates during anodising of crystals with
different orientation can have a detrimental effect on the optical appearance. As such, it is highly
plausible that the kinetics of crystals with different orientation is altered when going from DC to
pulse anodising mode. It is likely that crystals of different orientation have larger kinetic differences
at DC than they do when moving up in frequency. This hypothesis is not verified here, but will be
part of future trials.

3.4. Hardness measurements
As high frequency pulse anodising yields a porous oxide with complex branched structure
[46][47], it was of interest to determine if the resulting oxide has sufficient hardness. This is
important for industrial applications where scratch and wear resistance is of paramount importance.
Samples with a 10 µm oxide thickness were vertically positioned in an epoxy mount, followed by

grinding and polishing. This allowed for micro Vickers hardness characterization in the cross
sectional direction. Figure 5 shows average values for 10 individual measurements. These results
typically range between 400 and 500 HV with no clear indication that pulse anodising should be
any better or worse than conventional DC anodising. This could suggest that the oxide branching
during high frequency pulse anodising does not compromise the mechanical strength. This is in
good agreement with data from Juhl et al. [38] who studied pulse anodising of extruded and cast Al
alloys, and investigated how pulsing conditions affected the oxide hardness.

Figure 5: Vickers micro-hardness of anodic oxides anodised at different conditions. 5 g load
for 5 s.

3.5. Mechanism behind HF Pulse anodising
Improved kinetics during pulse anodising are often explained by the so-called Recovery
Effect, which was investigated by Takahashi et al. [72]. In short, the recovery effect deals with a
thinning of the anodic barrier layer during the pulse off-cycle due to chemical dissolution by the
electrolyte [73][74]. Thinning the barrier layer means that the electric field across the barrier film
increases once the on-cycle is applied, giving rise to increased rate of ion transport through the
barrier oxide. Gudla et al. [62] reported how high frequency switching improves the anodising
kinetics considerably, however, the underlying mechanism for better kinetics was not investigated.
The hypothesis is that the cathodic cycle or the off cycle during the pulse anodising process allows
for the dissolution and mechanical weakening of the formed anodic oxide at the substrate interface
thus increasing the anodising rate in the subsequent anodic cycle. However, open circuit anodic
barrier layer dissolution studies show that the dissolution of the barrier oxide is not considerable
within the off time intervals (100 µs – 5000 µs) associated with high frequency pulse anodising
[72–76] thus opening the discussion for underlying mechanism for observed improved anodising
kinetics under high frequency pulse anodising, mainly the effects of temperature evolution.
Figure 6 presents data that compare the barrier layer temperature and the anodic film
growth rate. In all the presented cases, there is a clear relationship between the two parameters,
suggesting that a high barrier layer temperature always results in a high film growth rate. The
barrier layer temperature reaches levels much higher than that of the bulk of the anodising
electrolyte, which was maintained stable at 18 °C. For example, an aggressive anodising signal of
15 V-5 kHz gives rise to a barrier layer temperature of approximately 27 °C, which is almost 10
degrees higher than the surrounding electrolyte. Figure 6 (b) shows how a duty cycle of just 10%
punishes the film growth rate with a low value of ~0.5 µm/min. This growth rate increases to ~0.8

µm/min for 30% and 50% duty cycle, and reaches 0.9 µm/min at 70%. These findings suggest that
the off-period of a pulse cycle does not need an extensive duration in order to provide good
anodising kinetics.
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The increase in the local temperature at the barrier layer can be explained by the dielectric
losses within the anodic alumina barrier layer. Dielectric loss is defined as the loss of energy in the
form of heat by a dielectric material under the action of an alternating voltage. Anodised alumina is

also used for electric storage capacitors [77], where dielectric loss is a very well-known phenomena.
For this application, it is widely recognized that increased frequency yields high temperature of the
capacitor due to dielectric losses. As such, it is valid to argue that the alternating voltage during
high frequency pulse anodising causes the alumina barrier layer to heat up due to dielectric losses,
and that increased temperature will have a positive effect on the ion flux through the barrier layer.
However, the results in Figure 6 do not provide a clear indication of the dominant parameter i.e., if
the barrier layer temperature controls growth rate, or, in fact, a high growth rate results in a high
barrier layer temperature. In order to investigate this in more detail, another study was performed
where the power consumption and the barrier layer were logged as a function of anodising time.
Two different scenarios were examined:
1. Standard pulse anodising, with monitoring of power consumption and barrier layer temperature.
This is denoted as “Sample 1” in Figure 7.
2. Same conditions as 1) but with a prior aggressive pulse anodising that causes the barrier layer to
heat up to a higher level. This is denoted as “Sample 2” in Figure 7.
Both the AA1050 samples were anodised for a total duration of 10 minutes and data was
logged every 20 s. The power consumption for Sample 1 reaches steady state within the first 100 s
of anodising, whereas barrier layer temperature lags behind and requires approx. 200 s before
reaching a stable plateau level. Sample 2 is first anodised with an aggressive pulse anodising signal,
which causes the barrier layer temperature to reach approx. 29 °C. The anodising signal is
subsequently dropped to similar settings as that of Sample 1, which makes both power consumption
and barrier temperature drop to significantly lower levels. The interesting observation is the speed
at which both parameters decrease. Power consumption decreases almost instantly, whereas barrier
layer temperature takes a while to reach the new steady state level. Thus, both Sample 1 and Sample
2 suggest that barrier layer temperature does NOT dictate growth rate, rather, the data suggests that

growth rate dictates barrier layer temperature. As such, dielectric losses within the anodic alumina
barrier layer do not seem to play a significant role in high frequency pulse anodising kinetics – at
least not within the investigated the frequency range of 100 Hz to 5 kHz.

Figure 7: Power consumption and barrier layer temperature as a function of time.

3.6. Gouy-Chapman and Helmholtz Layers
Tian et al. [78] describe how Gouy-Chapman and Helmholtz layers can control the ion
transport through the anodic barrier layer, and hence the film growth rate. Indeed, if these layers are
present and introduce a significant resistance towards the chemical reactions, these can explain that
high frequency pulse anodising yields different ion transport kinetics compared to conventional
direct current anodising.

Figure 8: Gouy-Chapman and Helmholtz Layers.
To test this hypothesis, another setup was constructed, where the peak currents during the
initiation of the on-cycle were examined. If the barrier layer were thinner upon high frequency pulse

anodising, this would be observed as a higher peak current compared to low frequency anodising.
Studying these peak currents requires a power generator that can deliver power ultra-fast. As such,
the only viable solution was to use large storage capacitors that deliver power almost
instantaneously. These capacitors were switched on and off using Sold State Relays (SSRs). The
upper frequency was limited to 2.5 kHz due to the restrictions of the relays. A series of frequencies
ranging all the way from 10 Hz up to 2.5 kHz were tested, while recording the current response
signal with a high speed data acquisition system.
The current response profiles presented in Figure 9 show almost identical characteristics
but with a slight increase of peak values with increasing pulse frequency. The increase of peak
current from 100 Hz to 2.5 kHz corresponds to 4.4%. In addition, the plateau level that follows the
current peak is observed to increase upon increasing pulse frequency. In other words, it is the
combined effect of increased peak and plateau current that results in an overall increased power
consumption upon increasing anodising pulse frequency.
The peak values extracted and presented in Figure 10 suggest that a logarithmic trend
exists between applied anodising pulse frequencies and observed anodising peak current. This
indicates a decreasing thickness of Gouy-Chapman and Helmholtz layers upon increasing the
anodising potential pulse frequency.

Figure 9: Peak current profiles for different pulse anodising frequencies.

Figure 10: Anodising peak current vs. applied pulse frequency for AA1050.
The observations presented above reveal that the anodising kinetics and the optical
appearance are improved when moving from direct current anodising to high frequency pulse
anodising mode. This is in close resemblance to the observations that are made for electrodeposition
of certain metals where it is well documented that pulse electrodeposition is associated with
advantages such as significant improvement in surface properties, higher deposition rates, reduction
in porosity, better corrosion resistance, less porosity, reduced grain size and lower surface
roughness [79] [80]. Maharana et al. [80] concludes that surface roughness decreases during
increasing frequency upon electrodeposition of Cu-SiO2 coatings. This is explained by a greater
number of nucleation sites upon using pulse mode compared to direct current, which in turn leads to
a smoother film with a lower Ra value. Generally, this is explained under the topic of electrocrystallization with instantaneous and progressive growth mechanisms [81]. However, anodising of
Aluminium differs from metal deposition in several ways. Growth of anodic films requires the

migration of ionic species, and only occurs in the presence of large impressed fields of the order of
106 V/cm [81]. This type of electrode process is referred to as field-assisted migration. The
mechanism of pore growth in Aluminium anodising has been continuously investigated for the past
few decades and is still under debate. In terms of driving force for pore growth, as well as the selforganization of pores towards ordering, two types of models have been proposed; one based on
electrical field as the driving force, and the other on mechanical stress as the driving force. For the
former model, Hoar and Mott first suggested that under the high electrical field over the barrier
layer, hopping of ions takes place by means of jumping from one interstitial position to another,
following the Cabrera-Mott equation. The rate-determining step has previously been reported to be
related to the bulk oxide [82], however, more recent research has shown that an increase in acid
concentration of the electrolyte, can influence the anodising process significantly, such as increase
of pore diameter [83], current density [84] and oxide growth rate [85]. These findings suggest that
the rate-determining step is in the oxide/electrolyte interface, rather than the bulk of the oxide itself
[86]. As such, these observations go well with the high frequency pulse anodising studies
mentioned here, where it has been shown that an increase in pulse frequency yields an altered
condition at the barrier layer. Increasing pulse frequency gives increasing peak current amplitude,
which suggests that the electrochemical impedance is lowered.
4. Conclusions
High frequency pulse anodising of aluminium alloy AA6401 was investigated to understand the
effect of anodising parameters on growth kinetics and optical appearance of the anodised surface.
The conclusions are:
1. Oxide growth rate is highly dependent on both pulse frequency and offset potential level.
Increasing frequency yields an almost linear increase of growth rate. Growth rates up to 3

times higher compared to conventional DC anodising are observed. Increasing offset voltage
has a negative impact on growth rate
2. Oxide growth rate is slightly affected by pulse duty cycle. An optimum seems to exist at
70%, but 50% and 30% data are not considerably lower. Decreasing duty cycle to 10% will
punish the kinetics drastically.
3. Anodising pulse potential, and pulse frequency have paramount influence of the measured
anodic surface gloss. In general, lower voltages favour a glossy appearance. Increasing pulse
frequency improves the gloss considerably, especially when combined with a high anodising
voltage.
Next, an effort was made to determine why high frequency pulse anodising yields improved
kinetics compared to traditional DC anodising. The main conclusions are:
4. A very clear correlation exists between the barrier layer temperature and the film growth
rate.
5. Dielectric losses of the alumina barrier layer are NOT controlling overall process kinetics.
Test results suggest that Gouy-Chapman and Helmholtz Layers become thinner upon
increasing frequency, and that this phenomenon is contributing to an increased oxide growth
rate.
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