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Abstract 

This thesis focuses on generating anodised aluminium with a glossy and decorative appearance, 
which is attractive for use in the consumer industry. The use of aluminium ensures a light-weight and 
durable packaging, while the decorative appearance sends a signal of high-end product quality. The 
conventional technology for obtaining a cosmetic appearance of anodised aluminium, involves the 
use of primary aluminium (i.e. non-recycled) of very high purity in combination with a traditional 
anodising treatment. High purity Al alloys are typically very costly due to the energy intensive 
method of producing primary aluminium, in contrast to recycled material. The present thesis 
investigates a special anodising method, with an expectation that recycled alloys and other low-purity 
Al alloys can be anodised to a cosmetic appearance, thus saving cost on the raw material. 
Furthermore, it is investigated if the new anodising method can improve the aesthetic appearance of 
High Pressure Die Cast aluminium, which traditionally does not lend itself to decorative appearances 
due to heavy loading of alloying elements.  

While conventional anodising involves the use of a Direct Current (DC) source, the new method 
involves the use of a High Frequency Square Wave Pulse source. This study investigates how the 
pulse anodising parameters (such as pulse frequency, voltage offset and anodic cycle potential) affect 
kinetics and surface appearance of commercially available Al alloys. Additionally, an effort is made 
to determine why high frequency pulsing yields a considerably faster process compared to a 
conventional DC anodising.  

Characterization of surfaces was performed using Scanning Electron Microscopy, Glow Discharge 
Optical Emission Spectroscopy, Energy-dispersive X-ray spectroscopy, Focused Ion Beam electron 
microscopy and Atomic Force Microscopy. Optical characterization of high-gloss anodised surfaces 
was performed using a commercially available glossmeter accepted by industry. Combining these 
results provided a good understanding of the mechanisms at play for the individual alloys, and the 
reason of High Frequency Pulse Anodising generally yielding a more decorative appearance 
compared to the traditional DC process.  

Chapter 1-3 contains introduction, literature review and a description of the materials and methods 
that were used throughout the project. In addition to this, the work presented in this thesis is divided 
into two parts. The first part describes investigations on different Al alloys including wrought and 
cast materials and how the overall surface appearance can be improved by adopting high frequency 
pulses as an alternative to conventional DC anodising (chapter 4, 5, 6 and 7) with details of 
mechanisms involved. These chapters are presented in a manuscript form suitable for journal 
publication.   The second part of the work is directed towards the implementation of the new method, 
namely investigations related to upscaling (chapter 8 and 9). 
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Resumé 

Denne opgave fokuserer på et skabe et kosmetisk udtryk af anodiseret aluminium til 
forbrugerprodukter. Aluminium er et interessant materiale, eftersom det både er let og holdbart, samt 
sender et signal til forbrugeren om høj kvalitet. Den konventionelle teknologi for at opnå en 
dekorative overflade af anodiseret aluminium, omfatter brugen af primær aluminium (dvs. ikke 
omsmeltet materiale) af meget høj renhed, og brugen af en simpel anodiseringsproces. Primære 
aluminiumslegeringer af høj renhed er typisk meget dyre pga. den meget energikrævende proces for 
udvinding af aluminium, hvilket står i kontrast til den meget billigere metode for at omsmelte 
eksisterende legeringer (sekundært materiale). Dette projekt undersøger brugen af en ny 
anodiseringsmetode som forhåbentlig kan optimere det dekorative udtryk af sekundære legeringer 
samt andre legeringer med lavere renhed, i håbet om at spare penge på råmaterialet. Derudover bliver 
det undersøgt om den nye anodiseringsmetode kan optimere det dekorative udtryk af trykstøbt 
aluminium (de såkaldte High Pressure Die Cast legeringer) som på nuværende tidspunkt ikke bliver 
blanke pga. stor tilsætning af diverse legeringselementer. 

Konventionel anodisering omfatter brugen af en simpel jævnstrøm, hvor den nye metode omfatter 
brugen af et højfrekvent firkants-pulssignal. Dette projekt undersøger hvordan de forskellige puls-
parametre (såsom frekvens, spændingsforskydning og -amplitude) påvirker kinetikken af processen 
samt blankheden af den resulterende overflade af kommercielle tilgængelige aluminiumslegeringer. 
Derudover foretages analyser af de bagvedliggende mekanismer for den hurtigere kinetik af 
højfrekvent pulsanodisering i forhold til konventionel anodisering. Overfladekarakterisering 
foretages via Skanning Elektron Mikroskopi, Glow Discharge Optical Emission Spektroskopi, 
Energy-dispersive X-ray spektroskopi, Focused Ion Beam elektron mikroscopi og Atomic Force 
Mikroskopi. Optisk karakterisering af de blanke aluminiumsoverflader blev foretaget via en 
kommerciel tilgængelig glansmåler, som umiddelbart kan kvantificere hvorledes overfladen fremstår. 
Ved at kombinere disse data, opnås en god forståelse for de bagvedliggende mekanismer for de 
forskellige aluminiumslegeringer, samt hvorfor højfrekvent pulsanodisering giver en mere dekorativ 
overflade end den traditionelle jævnstrømsanodisering. 

Kapitel 1 - 3 indeholder en overordnet introduktion, litteraturgennemgang og  en beskrivelse af de 
materialer og metoder som blev brugt undervejs i projektet. Herudover er rapporten overordnet delt 
op i to hovedafsnit, hvor den første del beskriver forskellige aluminiumslegeringer og hvor meget 
pulsanodiseringen kan optimere på overfladeglansen (kapitel 4, 5, 6 og 7). Her beskrives også den 
bagvedliggende mekanisme for den forbedrede kinetik ift. konventionel anodisering. Disse kapitler 
er skrevet i form af artikler til publikation i tidsskrifter. Det andet hovedafsnit beskriver forskellige 
aspekter, som kræver opmærksomhed, hvis denne teknologi skal opskaleres til et industrielt anlæg 
(kapitel 8 og 9). Dette afsnit indikerer at højfrekvent pulsanodisering er markant anderledes end 
jævnstrømsanodisering og at teknologien kræver nye løsninger for at blive opskaleret 
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1 Introduction  
 

 

1.1 Objective of the Present Study 
Anodising of aluminium enhances the corrosion and wear resistance as well as improves its aesthetic 
appearance for use in architectural, decorative and automobile industries. Over the years, sulphuric 
acid anodising (SAA) has been carried out as a preferred surface finishing technique as it provides a 
layer with excellent decorative properties. The layer formed after SAA is optically transparent in the 
visible wavelength region and the thickness of such a layer for best decorative appearance is in the 
range of 10–15µm. The layer is characterized by a self-organized nanosized porous structure (10–20 
nm diameter), which can be used for colouring by impregnating with organic or inorganic dye 
followed by a sealing process [1,2]. The most widely adopted method of anodising is via Direct 
Current, which for sulphuric acid typically ranges between 10 and 20 V. Alternative driving signals 
have been reported, such as AC and low frequency pulse, each having their set of advantages and 
disadvantages.  

The present study investigates a new type of driving signal, which until now is given very little 
attention in literature. The driving signal consists of square wave pulses at a very high frequency (in 
the kilohertz range) with an attention on how pulse parameters affect the optical appearance of a 
variety of aluminium alloys. The selected alloys are those which usually reveal a dark or speckled 
surface appearance when anodising with conventional Direct Current signal. For Bang & Olufsen, as 
the industrial partner in this project, it is attractive to widen the possibilities of decorative anodising 
of more alloys than the existing non-recycled extruded and rolled alloys. As such, it is very attractive 
to gain decorative surfaces of low-cost recycled alloys, as well as high pressure die cast materials, 
which are less costly to produce compared to existing technologies. Besides determining how the 
individual pulse parameters affect the optical properties, it is also a key element to determine which 
mechanisms are responsible for improved surface gloss. By understanding the mechanisms at play, it 
allows for expanding technology usage. 

Furthermore, the present study also puts focus on the kinetics of high frequency pulse anodising and 
compares to conventional Direct Current anodising. Kinetics are highly relevant from an industrial 
point of view, as it directly links to production capacity and thereby production cost.  

Apart from understanding the basic principles behind high frequency pulse anodising, it is important 
to understand the challenges that are associated with upscaling. Several technical challenges are 
hidden behind this technology, which require a great deal of attention if raised from lab-scale trials 
to industrial scale production. These challenges are investigated in detail and possible technical 
solutions are tested and commented. 
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1.2  Overall Structure of Thesis 
The structure of the current thesis is based on the developmental steps and the evolution of knowledge 
from the research work carried out. Chapter 1 acts as an introduction while Chapter 2 is a literature 
review of aluminium as an engineering material including alloys and the anodising process.  The 
mechanisms involved in a standard anodising process are reviewed with a special attention to 
decorative anodising. A detailed literature review of the effect of constituent particles in Aluminium 
on the formed anodic films is presented. Chapter 2 also puts focus on power converters that are 
installed in industrial anodising plants, mentioning which technologies can be used for DC, low 
frequency pulse, and high frequency pulse operation. 

Chapter 3 summarizes materials and experimental methods including sample preparation methods 
and details of anodising process. Anodising involves two individual lab setups that were used for 
different purposes. A section then follows about the different surface characterization methods that 
are adopted throughout the project.  

Chapter 4, 5, 6 and 7 present the 4 appended papers in manuscript form, suitable for journal 
publications, describing characteristics of high frequency pulse anodising. Chapter 4 focuses on the 
basic characteristics and the mechanisms that are responsible for the improved kinetics under high 
frequency pulse anodizing. Chapter 5 describes the use of pulse anodising on recycled AA5005 
aluminium alloy, while chapter 6 and 7 focus on two different cast alloys and how they react towards 
pulse anodising. 

Chapter 8 and 9 present experimental trials carried out in the thesis related to upscaling. Chapter 8 
introduces test results for a semi-upscale scenario, while chapter 9 presents the challenges for 
upscaling the technology to a full-scale industrial plant. Chapter 9 discusses the need for a barrier 
coat on anodising rigs when using high frequency pulses. Coats are traditionally not used in the 
anodising industry for DC anodising or low frequency pulse anodising, however, are indeed required 
when increasing pulse frequency.  

An overall discussion is presented in chapter 10, while the overall conclusions are presented in 
chapter 11. Suggested future work is explained in chapter 12. 
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Figure 1-1:  Structure of Ph.D. thesis 

 

 

 

1.3  Industrial Partner – Bang & Olufsen 
The project is conducted as an industrial PhD programme. This industrial PhD project is a 
collaboration between Bang & Olufsen and the Technical University of Denmark. 

Bang & Olufsen was founded in 1925 in Struer DK by two enterprising young engineers, Peter Bang 
and Svend Olufsen. They created the business that was to become an international design icon and a 
global symbol of audio-visual excellence. Today Bang & Olufsen is world renowned for its 
distinctive range of quality televisions, music systems and high-performance loud speakers; products 
that combine technological excellence with emotional appeal in a sensational design language. The 
brand has become an icon of performance and design excellence through its longstanding craftsmanship 
tradition and the strong commitment to high-tech research and development. Bang & Olufsen products 
are sold mainly by an extensive, independent retail network across more than 70 countries. The 
majority of these retailers are concept stores, which exclusively sell Bang & Olufsen products.  

  



Introduction  

 

4  

 

 

1.4 Aluminium in Bang Olufsen Products 
Aluminium is a highly significant material that holds a sense of historical importance within the Bang 
& Olufsen brand.  The unique knowledge about the properties and processes involved with aluminium 
is essential to the evolution of Bang and Olufsen design. One of the key elements when working with 
aluminum is the anodising process, which Bang & Olufsen has been doing for the past 50 years and 
owns one of the most advanced anodising plants in the world. It is a major design feature for both the 
designers and product developers, allowing them to experiment with a myriad of surface finishes and 
create up to 250 different colour nuances. Figure 1-2 shows Bang and Olufsen headphones anodised 
in blue, red and orange. 

 

 

 

 
Figure 1-2: Bang & Olufsen Headphones using decoratively anodised aluminium 
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2 Literature Review on Aluminium Anodising Technology 
 

2.1 Aluminium  
 

For the last 50 years, aluminium has been second only to iron in its industrial use. Aluminium does 
not occur in an elemental state in the nature, and the important ore of aluminium is bauxite, which is 
used for extracting aluminium.  Its existence was not recognized until 1808, when an impure form 
was identified by Sir Humphry Davy in Britain. In 1825, Hans Christian Ørsted of Denmark produced 
minute quantities of the metal, and two years later Freidrich Wohler of Germany described a process 
for producing aluminium as a powder by reacting potassium with anhydrous aluminium chloride. In 
1845, Wohler measured its specific gravity thereby establishing it as a low-density metal.  
 
The first commercial process for producing aluminium was developed by Henri Sainte-Claire Deville 
in 1854, using an improved version of Wohler’s process. The metal was, however, still very 
expensive, and during the next 30–40 years numerous attempts were made to develop more economic 
processes whereby costs could be reduced. The development of the present electrolytic process 
occurred almost simultaneously in 1886 by Charles Martin Hall in the United States and Paul L.T 
Heroult of France (i.e. the Hall–Heroult process). This represented a major advance, since it opened 
the way for the economical production of aluminium, which began in about 1890.  
 
One essential stage in the process was the extraction of alumina (Al2O3) from the ore bauxite, and an 
efficient method to do this was developed by Karl Joseph Bayer in 1888. To this day, the Bayer and 
the Hall–Heroult processes have remained the most economical methods for the production of 
commercial quantities of aluminium, and are the mainstay of the primary aluminium industry [3]. 
 
 

2.1.1 Uses of aluminium 

Aluminium has many useful properties. It is light, being only one-third the density of steel, and like 
copper, it has a high conductivity for heat and electricity, excellent corrosion resistance in most 
environments, and can be readily cast or fabricated into a wide range of consumer goods. Most 
important for structural application is the stiffness and strength to weight ratio of aluminium alloys 
matching with various steels. It is highly valued for recycling because the remelting of scrap requires 
only five per cent of the total energy needed to extract the same amount of primary metal from bauxite 
ore [3]. Therefore, today aluminium is seen as a green material for sustainability that can compete 
with steel and other materials for structural application due to the reduction in cost by recycling.  
 
2.1.2 Aluminium in Design Products 

The decorative appearance of aluminium is the reason for its frequent use in consumer goods. 
Smartphones, tablets, laptops, and flat screen TVs are being made with an increasing amount of 
aluminium because its appearance makes modern tech gadgets look sleek and sophisticated, while 
being light and durable. It has a good combination of form and function, which is critical for consumer 
products. To an increasing extent, aluminium is replacing plastic and steel components, as it is 
stronger and tougher than plastic and lighter than steel. Furthermore, it allows heat to dissipate more 
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quickly keeping electronic devices from overheating. Interior designers typically enjoy the use of 
aluminium as it is easy to shape and has an aesthetic appearance.  

 

Figure 2-1: Example of aluminium for design products. Apple MacBook 

 
 
2.1.3 Production of Aluminium 

As a general rule, four tons of dried bauxite is required to produce two tons of alumina, from which 
1 ton of aluminium is extracted. The worldwide production of aluminium has increased dramatically 
in the past many decades and Figure 2-2 shows the worldwide output of aluminium over the period 
from 1950 to 2009. 
 
It is also important to consider the relative importance of primary versus secondary aluminium. 
Secondary aluminium is termed as ‘old scrap’ where the metal has been recovered from post-
consumer material, and as ‘new scrap’ if the metal is recovered from industrial fabrication processes. 
Comparative production of primary versus secondary metal is shown in Figure 2-2, while Figure 2-3 
displays primary aluminium production for different geographical locations in year 2017. 
 

 
Figure 2-2: Global share of primary and recycled aluminium production[4] 
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Figure 2-3: Primary aluminium production for 2017. Total of 63,404 thousand metric tonnes [3] 

 
 
2.1.4 History of Secondary Aluminium 

Compared with the production of primary aluminium, recycling of aluminium products needs as little 
as 5% of the energy and emits only 5% of the greenhouse gas. Recycling is a major aspect of 
continued aluminium use, as more than a third of all the aluminium currently produced globally 
originates from old, traded and new scrap. The high value of aluminium scrap has always been the 
main driver for recycling, independent of any legislative or political initiatives. For some products, 
in addition to this obvious economic dimension, growing environmental concerns and heightened 
social responsibility, have served to boost recycling activity, in order to conserve resources and to 
avoid littering.  
 
The aluminium economy is a circular economy. Indeed, for most aluminium products, aluminium is 
not actually consumed during a lifetime, but simply used. Therefore, the life cycle of an aluminium 
product is not the traditional “cradle-to-grave” sequence, but rather a renewable “cradle-to-cradle” 
[4] . However, the accumulation of impurities in recycled alloys makes it hard to reach very high 
purity levels.  A growing number of studies suggest that accumulation of unwanted elements is a 
growing problem. For recycled aluminium, the list of problematic impurities is quite large, including 
Si, Mg, Ni, Zn, Pb, Cr, Fe, Cu, V, and Mn. There exists a variety of solutions to deal with 
accumulation of undesired elements, however, most of such processes are rather comprehensive and 
costly. Dilution with primary aluminium is the most common solution used in industry today [3]. 
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2.1.5 Aluminium Alloy Designation 

The International Alloy Designation Systems (IADS) follows a four digit numbering systems for the 
aluminium wrought alloys. The first digit is assigned according to the basis of the major alloying 
elements.  Major alloy series based on this are shown in Table 2-1.   
 
The third and fourth digits are significant in the 1xxx series but not in other alloys. In the 1xxx series, 
the minimum purity of the aluminium is denoted by the digits, e.g. 1145 has a minimum purity of 
99,45%; 1100 has a minimum purity of 99,00%. In all other series, the third and fourth digits have 
little meaning and serve only to identify the different aluminium alloys in the series. Hence, 3003, 
3004 and 3005 are distinctly different Al-Mn alloys, just as 5082 and 5083 are distinctly different Al-
Mg alloys. Zero for the second digit indicate original alloy, and any other number indicate 
modifications [5]. 
 
 
 

Table 2-1: Wrought alloy designation system [6] 

 
 
 
2.1.6 Temper or Heat Treatment Nomenclatures 

In order to specify the mechanical properties of an alloy and the way these properties were achieved 
after heat treatment, a system of temper nomenclatures has been adopted as part of the IADS. This 
takes the form of letters and digits that are added as suffices to the alloy number. The system deals 
with the non-heat treatable, strain hardening alloys on one hand and heat treatable on the other. Figure 
2-4  illustrates the temper and heat treatment nomenclatures. More details on these aspects are beyond 
the scope of this thesis.  
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Figure 2-4: Temper and heat treatment nomenclatures [5] 

 

 

2.2 Corrosion of Aluminium 

 
Thermodynamically, aluminium is a highly reactive metal with a high affinity for oxygen. The metal 
is, however, highly resistant to most atmospheres and chemicals. This resistance is due to the inert 
and protective character of the aluminium oxide film which forms on the metal surface (see Figure 
2-5) which rapidly reforms if damaged. In most environments, therefore, the rate of corrosion of 
aluminium decreases rapidly with time. The protective oxide film on aluminium attains a thickness 
of about 1 nm on freshly exposed metal in seconds. Native oxide growth is modified by impurities 
and alloying additions and is accelerated by increasing temperature and humidity (or immersion in 
water). The protective oxide film inhibits corrosion because it is resistant to dissolution, and because 
is a good insulator that restricts electrons produced by oxidation of the metal from participating in 
any cathodic reaction accompanying the oxidation reaction.  
 
The corrosion resistance of aluminium decreases as its purity decreases and alloying elements are 
added (Table 2-2). Copper lowers the resistance more than other elements, while magnesium has the 
least effect. Variations in thermal treatments of aluminium alloys can greatly influence local 
chemistry and hence the resistance to localized corrosion. Generally, practices that result in a non-
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uniform microstructure will lower corrosion resistance, especially if the microstructural effect is 
localized [7]. 
 
 

 
Figure 2-5: High resolution TEM image presenting a uniform film of native alumina 

(approximately 5 nm thick) on Al [8] 

 
 
 
The thermodynamic stability of aluminium oxide films is expressed by the potential versus pH 
diagram (Pourbaix diagram, see Figure 2-6). This diagram indicates the theoretical conditions under 
which aluminium: 
 

• corrodes (forming Al3+ at low pH values and AlO2
- at high pH values), 

• passivates (at near-neutral pH values) 
• becomes immune to corrosion (at negative potentials). 

 
The nature of the oxide varies according to temperature, and above about 75°C boehmite (Al2O3.H2O) 
is the stable form. It should be noted that the potential-pH diagram does not indicate one of the most 
important properties of aluminium, i.e. its ability to become passive in strongly acid solutions of high 
redox potential (such as concentrated nitric acid). Given that corrosion is an electrochemical process, 
the corrosion potentials that develop at the surface of different aluminium alloys are of considerable 
importance. The difference in electrochemical potential of aluminium alloys and other metals is 
important, as well as the electrochemical potential of individual microstructural constituents within a 
single alloy [6]. 
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Figure 2-6: Pourbaix diagram for Aluminium [9] 

 
 
Table 2-2: Measured corrosion potentials of various aluminium alloys in 1M NaCl containing 9g/l 

H2O2 [5] 

 
 
 
2.2.1 Intermetallic Particles in Aluminium 

The microstructures developed in aluminium alloys are complex and incorporate a combination of 
equilibrium and non-equilibrium phases. Typically, commercial alloys can have a chemical 
composition incorporating up to ten alloying additions. It is difficult, from a corrosion point of view, 
to understand the role that impurity elements have on microstructure. While not of major significance 
to alloy designers, impurity elements, such as iron, manganese and silicon, can form insoluble 
compounds. These constituent particles are comparatively large and irregularly shaped with 
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characteristic dimensions ranging from one to approximately ten micrometres. These particles are 
formed during alloy solidification and are not appreciably dissolved during subsequent thermo-
mechanical processing. Rolling and extrusion tend to breakup and align constituent particles within 
the alloy. Often constituents are found in colonies made up of several different intermetallic 
compound types. These particles are rich in alloying elements, and their electrochemical behaviour 
is often significantly different to the surrounding matrix phase. In most alloys, pitting is associated 
with specific constituent particles present in the alloy [10].  
 
 
The presence of iron containing intermetallics is quite common, as there is no known way to 
economically/commercially remove iron from aluminium. The fact that iron is highly soluble in liquid 
aluminium, but has very little solubility in the solid (max. 0.05 wt %) results in precipitation of iron 
rich intermetallics. Iron tends to combine with other elements to form intermetallic phase particles of 
various types. When the alloy is absent of Si, the dominant phases are Al3Fe and Al6Fe, however, 
when Si is present, the dominant phases are hexagonal α-Al8Fe2Si phase and 
monoclinic/orthorhombic β-Al5FeSi. If both Mg and Si are present alongside with Fe, an alternative 
phase can form, π-Al8FeMg3Si6, while cubic Al15(Fe,Mn)3Si2 may form if Mn is present [11, 12].  
 
Iron-containing intermetallics are largely influenced by the concentration of the elements involved 
and the cooling rate during solidification.  When increasing the concentration of Fe (and/or Mn) 
within the alloy, this results in early formation of the dominant intermetallic phase (during 
solidification) and therefore a more unconstrained growth of particles. A slow solidification cooling 
rate increases the risk of forming large particles, as this increases the time available for unconstrained 
growth. Iron-rich intermetallics become up to several millimeters in slowly-cooled Al-Si alloy 
castings with high Fe and/or Mn levels. However, for normal casting conditions and with moderate 
Fe levels, intermetallics typically range from 50 – 500 µm. For alloys that experience high cooling 
rates (this could be High Pressure Die Castings) and/or when using low Fe levels, the intermetallic 
particles typically range from 10 - 50 µm [11,12]. The composition of various intermetallic particles 
found in common aluminium alloys are presented in Table 2-3 [5]. 
 
 
2.2.2 Effect of Intermetallic Particles on Corrosion Behaviour 

The intermetallic particles in aluminium alloys may be either anodic or cathodic relative to the matrix, 
and is influenced by the nature of the electrolyte to which it is exposed.  As a result, two main types 
of pit morphologies are typically observed: 

• Circumferential pits appear as a ring around a more or less intact particle or particle colony, 
and the corrosion attack is mainly in the matrix phase. This type of morphology arises from 
localised galvanic attack of the more active matrix promoted by the more noble (cathodic) 
particle. 

• The second type of pit morphology is due to the selective dissolution of the constituent 
particle. Pits of this type are often deep and may have the remaining remnants of the particle 
in them. This morphology has been interpreted as particle fallout, selective particle dissolution 
in the case of electrochemically active particles or, in the case of some copper-bearing 
particles, particle de-alloying and non-faradaic liberation of the copper component [13]. 
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Table 2-3: Corrosion potentials for intermetallic particles common to aluminium alloys[5] 

 
 

A number of studies have been carried out over the past decade in order to assess the effect of 
intermetallic particles on the corrosion susceptibility of different aluminium alloys. Recently, focus 
has been on the electrochemical properties of iron- and copper-containing intermetallics in 
commercial aluminium alloys (both wrought and cast) [13]. In addition, the effect of temperature on 
the electrochemical characteristics for intermetallic particles have been investigated. Cavanaugh et 
al.[14] conducted tests between 0 and 60 °C by the use of a micro-capillary electrochemical cell. The 
intermetallics investigated in this study were Mg2Si, MgZn2, Al7Cu2Fe, Al2Cu, Al2CuMg and Al3Fe, 
and results revealed that the electrochemical behaviour is heavily dependent on temperature. A 
similar approach was used to investigate the effect of solution pH. It was reported that the 
electrochemical response of intermetallics that populate high strength alloys is heavily dependent on 
the pH of the environment, and significantly more complex than the relative activity or nobility that 
may be guessed from the composition or corrosion potential [15]. 
 
Furthermore, a recent study by Ilevbare and Schneider [16] determined that localised corrosion leads 
to local pH gradients. Cathodic sites of enhanced oxygen reduction generate hydroxyl ions promoting 
local pH increase, which can then modify the rate and morphology of corrosion propagation. The 
precise morphology of particle-induced pitting is important for developing so-called damage models. 
In cases where the electrochemical characteristics of constituent particles were systematically 
characterised, they were found to have much more complicated behaviour than categorised by simple 
nobility or activity designations [15]. 
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2.3 Anodising of Aluminium 
 
The growth and widespread use of aluminium is directly linked to the ability of anodising the surface, 
thus providing a ceramic-like toughness to the outermost skin and protecting it from corrosion.  
Anodising can be considered as an accelerated corrosion process, with the difference being that 
anodising forms a thicker, denser, continuous oxide layer with much better corrosion protection.  
There are several advantages of using anodising over other coating technologies. Anodising, which 
is a conversion coating process, gives a strong interface bond between the anodic alumina layer and 
the aluminium base material. Therefore, in applications where painted or plated coatings can be 
peeled away, there is no way to separate the anodic layer from the aluminium on which it was formed. 
Furthermore, paints and plated metallic layers are traditionally much softer than anodic aluminium 
oxide [17,18].  
 
Depending on several factors, two types of anodic films can be produced: 

• Porous type films can be created in slightly soluble electrolytes, for example sulphuric, 
phosphoric, chromic, and oxalic acid 

• Barrier type films can be formed in completely insoluble electrolytes ( 5 < pH < 7 ), e.g., 
neutral boric acid, ammonium borate, tartrate and ammonium tetraborate in ethylene glycol 
 

These two types of films differ in the thickness of the film, which can be produced during the process. 
Apart from the temperature of the electrolyte, barrier-type film thickness is controlled solely by the 
applied voltage, whereas porous-type film thickness depends on the current density and time. The 
maximum film thickness attainable for barrier-type films is restricted to voltages below the oxide 
breakdown voltage value, approximately 500-700 V, which corresponds to an oxide thickness of 0.7-
1 micrometer.  The most important commercial use of the barrier-type films is in the field of dielectric 
capacitors and in the protection of vacuum-deposited aluminium. Barrier-type films are never used 
for decorative purposes, as they do not allow for dye colouring and do not leave the anodised surface 
sufficiently scratch resistant [19].  

 
The mechanism of oxide growth during porous anodising results in a porous hexagonal structure, 
which permits further surface modification such as: 

• Dyeing to create nearly any colour to the anodic layer 
• Sealing with a lubricative material such as molybdenum disulfide or PTFE 
• Infiltration with an adhesive primer for bonding applications 

These factors, coupled with the fact that anodising is more economical than powder coating and 
plating, point to the continued importance of anodising as the coating of choice for aluminium in a  
wide range of applications [19]. 
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2.3.1 Anodising Reactions 

Anodic films are basically formed on aluminium by passing a current through an electrolytic solution,  
with the aluminium part working as the anode and a suitable material such as aluminium or graphite  
serving as the cathode. Direct currents are traditionally used, however, pulsed currents or alternating 
current (AC) can also be employed, as described later. The applied current generates a high electric 
field across the pre-existing thin oxide film on the surface of aluminium. Under the applied electric 
field, the negatively charged anions in solution migrate to the anode.  
 
The overall reaction that takes place during anodising is: 
 
 

2�� � 3���	 → 	����� � 3��  
 
 
The reactions at the anode occur at the metal/oxide and oxide/electrolyte interfaces. The ions that 
create the anodic film are mobile under the high electric field. At the metal/oxide interface, the inward 
moving oxygen anions react with the metal: 
 

2�� � 3��� 	→ 	����� � 6��  
 
 

At the oxide/electrolyte interface, outward moving aluminium cations react with water: 

 

2���� � 3���		 → 	����� � 6��  
 

The ionic transport of Al3+ and O2- ions at the anode is illustrated schematically in Figure 2-7 
The reaction at the cathode is hydrogen gas evolution: 

 

6�� � 6�� →	3��  
 

 

 

Figure 2-7: Illustrations of ionic transport in (a) barrier films and (b) porous films [7] 
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The steady-state porous anodic film consists of a relatively thick porous region of parallel pores and 
a relatively thin barrier layer adjacent to the aluminium substrate, see Figure 2-8. The film parameters 
e.g. pore and cell size and barrier layer thickness are influenced by the forming voltage used during 
the anodising process [20]. 
 

 

Figure 2-8: Schematic diagram of a porous anodic film showing the principle morphological 

features 

 
 
The formation of the anodic pores was originally attributed to thermally assisted dissolution by the 
high electric field at the barrier layer [7,21].  More recent research suggest that pores result from field 
assisted plasticity of the alumina, which enables the flow of alumina from beneath the pore base 
regions of the barrier layer toward the cell walls [22–26]. Recent evidence derived from the behaviour 
of Tungsten tracer species introduced into the aluminium substrate, shows Tungsten tracer species 
within the inner cell regions of the porous film with Tungsten-free regions next to the pore walls. 
This is shown schematically in Figure 2-9 This observation suggests significant oxide flow in the 
barrier layer during film growth. The phenomenon was observed for all the main anodising 
electrolytes, i.e. oxalic acid [27], phosphoric acid [23] and sulphuric acid [22]. 
 
 
 

 
Figure 2-9: Schematic diagrams showing the relative distribution of Tungsten in an anodic pore at 

increasing anodising duration  [24] 
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2.3.2 Pore Formation Mechanisms 

The current density transient for potentiostatic anodising reflects the formation of barrier-type films 
in the initial phase, as illustrated in Figure 2-10. At the beginning of oxide formation both transients 
have an identical behaviour, however, for porous films the following profiles are typically observed: 

1. Current density decreases rapidly (region 1) 
2. Current passes through a minimum value (region 2) 
3. Current increases to arrive at a maximum value (region 3) 
4. Finally, current arrives a steady state level (region 4) 

 
 

 

Figure 2-10: Schematic diagram of current density during the initial growth [28] 

 
These four pore formation regimes are displayed schematically in Figure 2-11. At the beginning of 
the process, a barrier film covers the entire surface of the aluminium, with current density dropping 
as the oxide thickens (1). The electric field is focused locally on fluctuations of the surface (2), which 
leads to local dissolution in the formed oxide resulting in the growth of pores (3). Since some pores 
stop growing due to competition among other pores, the current decreases slighty before reaching an 
almost stable plateau (4) [28]. 
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Figure 2-11: Pore formation schematic in the initial anodising phase. 1) formation of barrier oxide 

on the entire surface. 2) local field distributions caused by surface fluctuations. 3) creation of 

pores. 4) stable pore growth [28]. 

 

 
2.3.3 Type and Concentration of the Electrolyte 

The type and concentration of an electrolyte should be selected carefully to obtain self-ordered pore 
growth. In other words, the choice of electrolyte is limited. Usually, decorative anodising of 
aluminium is carried out in sulphuric acid in low potential ranges (5 - 30 V), whereas oxalic acid is 
used for medium potential ranges (30 - 120 V) and phosphoric acid for high potential ranges (80 - 
200 V). These restrictions are related to the conductivity and pH value of the electrolyte. If aluminium 
is anodised in sulphuric acid at high potential, arching will often take place. Furthermore, pH of the 
electrolyte determines the size of the pores with low pH voltage favouring small pore sizes. Thus, 
large pore diameters are formed by using phosphoric acid, and small pore diameters are obtained by 
using sulphuric acid [29]. 
 

 

Figure 2-12: SEM top-view images of anodic films formed by: 25 V sulphuric acid. 40 V oxalic 

acid. 140 V oxalic acid. 195 V phosphoric acid [29] 
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Variation in electrolyte concentration and temperature, as well as the anodising current density, have 
significant influence on the final anodic film hardness. The influence of sulphuric acid concentration 
and current density is displayed in Figure 2-13, indicating that low concentration and high current 
density yields hard oxide films. In general, anodising conditions that allow for extended dissolution 
of the formed oxide film, will yield soft anodic films, that have compromised properties in terms of 
hardness and corrosion protection [17]. This also holds true for the electrolyte temperature, suggesting 
that low electrolyte temperature is less aggressive towards the formed oxide film, thus yielding a 
more compact anodic film [30][31].  

 

 

 
Figure 2-13: Anodic film hardness at different process conditions [H2SO4 concentration and  

current density J (A/cm2)]. Telectrolyte (constant) = 293 K; toxidation (constant) = 30 minutes [17] 

 

 

2.3.4 Sealing of Porous Films 

Sealing is the final step in an anodising process and is mandatory for maintaining the initial 
appearance of the anodised material. Sealing in pure water near its boiling point is simplest and most 
useful, while also considered by many as the most effective. The mechanism and practice of hot 
sealing appears rather simple at first glance. The conversion of aluminium oxide to one of its hydrates, 
boehmite, is accompanied by an increase in volume which bridges over and closes the porous 
structure. This gives a coating that is both impenetrable to liquids and resistant to most chemical 
environments. The exact mechanism of hot water sealing is very complicated however, it is generally 
accepted that the formation of boehmite consists of several overlapping steps as described below and 
illustrated in Figure 2-14 [8]. 

1. Formation of a gel on the pore walls take place. 
2. Condensation of gel starts to form pseudo boehmite. 
3. Recrystallization of pseudo boehmite to boehmite, which is an aluminium oxide hydroxide 

(γ-AlO(OH)) [32]. 
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Figure 2-14: (1) Unsealed anodic film structure. (2) Precipitation of gel. (3) Formation of pseudo 

boehmite. (4) Recrystallization to Boehmite  

 
 

2.3.5 Decorative Anodising of Aluminium - Effect of Constituent Particles 

The appearance and properties of anodic films on aluminium alloys are affected by the presence of 
intermetallic compounds resulting from impurities or deliberate additions of alloying elements.  Their 
effect varies with their type, size, number and distribution.  Because of the many and varied 
applications for anodic films on aluminium and the desire for improved quality, a thorough 
understanding is required for the behaviour of these intermetallic compounds during 
anodising[33,34]. In general, the intermetallic phases and the alloying elements in aluminium affect 
the optical appearance in three main ways:  
 

1. changing the inherent optical or dielectric properties of the anodic film due to additional 
alloying elements incorporation. 

2. changing the morphology and structure of the anodic film by introducing voids and 
incorporated impurities. 

3. changing the anodic film by oxidising particles at a rate different than the anodic alumina, 
thus roughening the metal/oxide interface. 

 
Intermetallic compounds which oxidise at approximately the same rate as the matrix with no apparent 
dissolution of the oxide formed, produce a fairly smooth metal/oxide interface and should be without 
adverse effects on image clarity of bright-anodised material. On the other hand, intermetallic 
compounds which are inert or oxidise at a faster rate than the matrix, may produce a rough metal/oxide 
interface.  If the oxidised particles are dissolved during the process, holes or voids are left in the 
anodic film. Both effects - roughening of the metal/oxide interface and dissolution of oxidised 
intermetallic compounds - may be detrimental to the brightness, appearance and corrosion resistance 
of the anodic films [33,35–39] . 
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W.E. Cooke [40] investigated the factors that affect loss of brightness and image clarity in bright-
trim aluminium during anodising in sulphuric acid. He found that the variables of importance are: 

• Chemical composition 

• Metallurgical structure 

• Grain size 

• Temper 

The main requirement for bright trim anodising applications is essentially a single phase alloy. The 
presence of microscopically visible (0.1-0.2 µm or larger) second phase constituents is detrimental to 
the optical appearance of the anodic film, with iron and silicon impurities being able to form such 
constituents. If grain sizes exceed 90-100 µm (coarse grained) a bright anodised specimen will show 
a mottled appearance with poor image clarity. This is caused by the different rates of oxidation, which 
depends on the orientation of the grains. As such, care must be taken during any thermal treatments, 
e.g. annealing, to ensure that grain growth does not occur to a significant extent. The effect of temper 
on brightness and image clarity of anodised surfaces is rather significant. A fully annealed material 
has much lower image clarity and slightly lower brightness compared to fully hardened material. 
Materials in intermediate tempers can reach either high or low image clarity and brightness depending 
on the method of achieving the temper level. If the temper increase grains beyond 100 µm, the 
anodising process will reveal grains as a “stepped” anodic film, very visible to the naked eye. Grains 
smaller than 100 µm are not resolved with the naked eye, but can still be perceived as hazy or diffuse 
after anodising [40]. 

Some second phase constituents, like Al-Fe-Si, are relatively inert in both an electrical and chemical 
sense. When comparing to the surrounding aluminium, these constituent particles are relatively poor 
electrical conductors but compared to the barrier oxide layer, they are good conductors. Thus, as each 
individual particle is exposed during the course of the anodising process, electrical currents will 
concentrate at the particle at the expense of the surrounding aluminium (Figure 2-15 b). Far away 
from the area of the particle, the current density will not be affected greatly, but from experimental 
studies it is determined that the affected area extends up to one hundred times the area of the Al-Fe-
Si constituent particle which produced it.  As such, the current thieving of the particle will affect the 
oxide formation in the vicinity of the particle. As the anodic film continues to grow and the metal-
oxide interface leaves the constituent particle, the increased electrical resistance of the longer column 
of the electrolyte in the pores, permits some current to flow from the sides of the conical asperity of 
aluminium which has formed (Figure 2-15 c) . As the cone is consumed, a thread of aluminium 
underneath the particle appears (Figure 2-15 d). However, the thread is quickly consumed along its 
length, creating a residual whisker of non-oxidised aluminium underneath the constituent particle 
(Figure 2-15 e). The residual whisker of non-oxidised aluminium is completely covered by the 
particle itself and may only affect the mirror-like qualities of the anodic film slightly more than the 
constituent particle itself. A continuation of the anodising process will destroy the scallop-tip in the 
metal-oxide interface (Figure 2-15 f), leaving behind a rather smooth interface, which is attractive for 
good image clarity [40]. 

The resistance of the constituent particle may be altered by a change in anodising conditions, e.g. by 
reduction in anodising voltage or by using a different electrolyte. A reduction in the relative resistance 
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between particle and barrier layer will result in a smaller area of aluminium that is “thieved of current” 
and produce a conical asperity of smaller dimensions [40]. 

 

 

 

 

 

a) Particle on Surface 

 

 

b) Initiation of cone formation. 

Length of arrows indicates 
magnitude of current at each 

location 

 

 

c) Condition where cone strongly 
affects reflectance and image clarity 

 

 

 

d) Condition where corrosion 
resistance is most strongly affected 

 

 

 

 

e)  Isolation of particle in film 

 

 

 

f) Smoothed Metal-Oxide interface 

Figure 2-15: Various stages of isolation of non-oxidising particle in an anodic film [40] 

 

The optical effects of the conical asperities are readily evident because of their large area and shape. 
They will scatter incident light and thus lower specular reflectivity and image clarity. During the first 
few minutes of anodising, abnormally high losses in brightness occur; these first few minutes 
constitute the period of initial development of conical asperities to the point where steady state is 
achieved. Beyond that time, the relatively minor effects of embedded constituent particles cause only 
a small gradual loss in brightness, but the most pronounced effect is due to the conical asperities. This 
is shown graphically in Figure 2-16 as the length between point a and b. Extrapolating the b-c part of 
the curve to zero-time, predicts the value d, obtained from a specimen that is phospho-chromic 
stripped of its anodic film, since the local surface heterogeneity is still present [40]. 
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Figure 2-16 - Interpretation of the specular reflectance and image clarity is affected by anodic film 

thickness[40] 

 

Further, the constituent particles that results in current thieving, may show a secondary phenomenon 
that can affect the optical characteristics of an anodic surface. The very high current flowing through 
a particle will create considerable heat, which locally may increase electrolyte temperature and cause 
appreciable dissolution of the adjacent oxide. The result will be a void or a more open oxide above 
the individual particles (see  Figure 2-17), which in worst cases can affect the optical appearances 
[40]. 

 

 

Figure 2-17 – Anodic film with particle. More open oxide immediately above particle  [40] 

 

2.3.6 Effect of Intermetallic Composition on Anodised Appearances 

The effect of intermetallic composition on sulphuric acid anodising has been extensively analysed.  
Cote [33][34] investigated the behaviour of MnAl6, FeAl3, Mg2Si, CrAl7 , CuAl2, beta AlMg, Si, 
TiAl3, beta AlFeSi and the T phase (AlZnMg). This study applied constant voltage rather than 
constant current, because it was speculated that a certain threshold voltage is required to oxidise the 
individual phases. 

The experimental results show that: 

• MnAl6 is relatively inert and is carried into the coating. 

• FeAl3 oxidises at approximately the same rate as the aluminium matrix and oxidation products 
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are retained in the film. 

• Mg2Si oxidises more rapidly than the aluminium matrix. 

• Si, TiAl3 and beta AlFeSi are inert. 

• beta AlMg oxidises at a slightly faster rate than the matrix and dissolves. 

• CuAl2 and the T phase oxidise and readily dissolve in the electrolyte. 

The inert constituents (Si, TiAl3, and beta AlFeSi) become trapped in the anodic films and fracture 
as a result of the stresses developed by anodic film growth.  Pronounced scalloping of the anodic film 
occurs around these inert particles producing a non-uniform metal/oxide and air/oxide interface.  The 
formation of the scalloped interfaces depends on the particle orientation, believed to be due to current 
shielding. For those intermetallic compounds that are attacked, there was some evidence that the 
actual dissolution in the electrolyte was preceded by oxidation.  The intermetallic compounds that are 
oxidised and dissolve more rapidly than the matrix (CuAl2, beta AlMg and T phase) show only small 
scalloping effect of the anodic film around the particles.  It appears in these cases that current 
thieving by the intermetallic compounds was responsible for the scalloping effect. Of the intermetallic 
compounds that were studied by Cote [33,34], those formed with manganese, silicon, titanium, and 
iron-silicon (beta AlFeSi) were inert; those formed with iron were oxidised, while those formed with 
chromium, copper, magnesium, magnesium-silicon, and zinc-magnesium were oxidised and 
dissolved.  The exact relationship that determines the inertness or reactivity of individual intermetallic 
compound, for a given set of anodising conditions, was not identified.  The crystallographic structure 
of the intermetallic compounds, their atomic bonding strength, atomic radius, electrode potentials, 
the degree of ionisation under an electrical field, the solubility in the electrolyte of their reaction 
products, are argued to be interrelated to some extent. However, attempts to find a correlation between 
normal electrode potential, crystallographic structure or atomic radius did not show a definite pattern 
to fully explain why intermetallic compounds are inert or become oxidised [34]. 

Advanced ultramicrotomy was used by Shimizu et al. [41] to obtain a good understanding of how 
aluminium alloys with different intermetallic particles act during porous anodising in sulphuric acid. 
The alloys of choice involved: 

• An Al-0.5 wt%Fe alloy containing finely dispersed Al3Fe particles 

• An Al-1.5 wt%Fe alloy containing finely dispersed Al6Fe particles 

Shimizu obtains very nice images of the intermetallic particles, here presented in Figure 2-18 that 
show how both types of particles become partly oxidised during the anodic treatment, however, at 
different rates. Shown in Figure 2-18a, over the Al3Fe particle and within the area defined by the 
solid line, a porous film material is observed, which exhibits a finer texture than the surrounding 
matrix. EDX spectra of regions a, b and c reveal that region b is rich in both oxygen, aluminium and 
iron, which confirms that this indeed is the original intermetallic particle that has been oxidised. The 
closely similar locations of the film/Al3Fe and film/Al interfaces leads to the simple but important 
conclusion that the anodising rates of aluminium and Al3Fe are almost equal. This is in contrast to 
Al6Fe particles where the apparent rate is less than half compared to the surrounding aluminium alloy, 
with approximately 1/3 of its volume remaining non-oxidised [41]. 
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a) 

 
b) 

Figure 2-18:  Transmission electron micrograph of an ultramicrotomed sectioned anodic film 
containing a) Al3Fe and b) Al6Fe particles, both partly oxidised [41] 

 

Further, using very high magnification, Shimizu was able to identify the barrier layer that is created 
above the intermetallic particles during anodising. Figure 2-19 shows the boxed area of Figure 2-18b. 
The fact that electrical current is capable of penetrating this barrier layer and further into the particle, 
suggests rather complex interfacial processes taking place. 

 

 

Figure 2-19: Transmission electron micrograph of an ultramicrotomed section, revealing the 

barrier layer above a partly oxidised Al6Fe particle [41] 

 

Timm et al.[42] investigated the influence of constituent particles in AA1145, AA5005 and AA8014 
alloys. The study was expanded to cover how alloys react towards an alkaline etching treatment, 
considering how these alloys often are subjected to etching in industry. During alkaline etching the 
particles can either react cathodic, electroneutral or anodic, as presented in Table 2-4. For sulphuric 
acid anodising, the intermetallic particles are categorised into three groups depending on how they 
react: 
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1. Particles are unchanged and incorporated into oxide film (defined as Type A particles). 
2. Particles are oxidised and incorporated at a rate comparable or slower than Al (defined as 

Type B particles). 
3. Particles are oxidised and incorporated at a rate faster than Al (defined as Type C particles). 

How the individual particles react towards a sulphuric acid treatment is summarized in Table 2-5. 
However, the authors stress that Table 2-5 is merely a rough guide as to how a specific phase will 
behave. Particle size is an equally important factor, particularly for phases of type B and C. In case 
these exceed a certain threshold size, a complete oxidation of the particle is not achieved. An example 
is the α-Al12(Fe, Mn)3Si phase, which only affects transparency to a small extent if highly dispersed, 
but leads to a pronounced greyish appearance at high concentration and particle size greater than 0.5 
µm [42]. It is concluded that the appearance of anodic films on aluminium alloys is strongly 
determined by the type, size, number and distribution of the Fe and Si containing intermetallic phases. 
Suitable alloy composition and manufacturing procedures should be carefully selected and well 
controlled in order to achieve a well-defined microstructure. To appreciate the effect of the 
microstructure on the anodising and the various pre-treatment steps, it is thus essential to understand 
the chemical and electrochemical nature of the intermetallic phases and to be aware of the other 
structural features [42]. 

 

Table 2-4: Electrochemical nature of intermetallic particles during alkaline etching [42]  

Cathodic 
(dissolution of matrix) 

Electroneutral Anodic 
(dissolution of particle) 

Al3Fe Al6(Fe,Mn) Al6Mn 
Al6(Fe,Mn) Al12(Fe,Mn)3Si Mg2Si 

Al12(Fe,Mn)3Si Al7Cr Al2Cu 
Al3Fe2Si2 Al3Ni  
Mg2Al3   
Al3Ti   

 

 

Table 2-5: Behaviour of intermetallic particles during anodising in sulphuric acid [42] 

Type A 
Unchanged and 

incorporated into oxide film 

Type B 
Oxidised and incorporated  at 
a rate comparable or slower 

than Al 

Type C 
Oxidised and incorporated at a 

rate faster than Al 

Si Al12(Fe,Mn)3Si* Al12(Fe,Mn)3Si* 
Al6(Fe,Mn) Al3Fe Mg2Al3 

Al3Ti Al6Fe Mg5Al8 
 Al6(Fe,Mn) Mg2Si 
 Al9Fe2Si2 Al7Cr 
  Al2Cu 

* depends on particle size 

 

 



Literature Review on Aluminium Anodising Technology  

 

27  

 

2.4 Modified Electrical Conditions for Anodising 
 

2.4.1 DC Anodising 

Anodising has traditionally been performed with a conventional Direct Current (DC) power source 
due to its simplicity and ease of use. The process was introduced by Bengough and Stuart [43] back 
in 1923 for chromic acid, while the sulphuric acid electrolyte, which is more common today, was 
patented in 1927 by Gower and Beren [44]. Pure DC can produce anodic films with good optical 
properties and wear resistance, however, problems may occur for certain alloys when using high 
voltages [31]. 

 

2.4.2 AC Anodising 

A sinusoidal AC wave can also act as power signal for anodising of aluminium. The AC current is 
typically taken directly from the mains (110/230V, 50/60Hz) and transformed to the required voltage 
for anodising. The AC signal cycles around zero volts, meaning that the anodising voltage becomes 
equally positive and negative, as illustrated in Figure 2-20. When adopting an AC signal, the anodic 
film becomes highly flexible with a hardness that is largely inferior compared to traditional DC 
anodising. However, in certain applications it is beneficial to obtain a flexible oxide film e.g. in 
aluminium wires that are used for transformer windings, or sheet metals that are coiled later. Oxalic 
acid is mostly used for such AC anodising jobs, as sulphuric acid is known to possess certain 
disadvantages during the negative anodising cycle. One disadvantage is the deposition of sulphur 
compounds within the oxide film and evolution of hydrogen sulfide. Also, AC anodising in sulphuric 
acid is found to create problems with streaking and pitting when building up an oxide layer above 12 
µm [45]. Balasubramanian et. al [45] investigated the use of additives based on Na+ and K+ and 
concluded that such agents successfully inhibit the deposition of sulphur and sulphur compounds 
within the pores.  

 

 

DC Anodising AC Anodising AC superimposed DC 
Anodising 

Pulse Anodising 

    

Figure 2-20: Overview of anodising signals 
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2.4.3 Anodising with AC signal Superimposed on DC  

AC superimposed DC signals is another reported method of anodising aluminum. The signal is 
basically creating a ripple current on top of the DC current, which is beneficial for certain alloys. 
Alloys that benefit from this signal could be alloys containing higher percentages of copper and 
silicon where traditional DC anodising cannot provide the required oxide properties. In DC anodising, 
an initial passivity of the anode can take place due to polarisation, which leads to heating of the anode 
surface during formation of thick hard anodic films. This may lead to a destructive “burning” 
phenomenon. By adopting a superimposed AC signal on top of the DC current, the adverse effect of 
anode polarisation is avoided to some extent. However, because creating a superimposed alternating 
current on top of a direct current is relatively complicated, rectifiers tend to become excessively costly 
and thus not the preferred equipment of choice [46]. 

 

2.4.4 Pulse Anodising 

Pulse anodising of aluminium has widely been researched since the 1960’s [46–56] and has proven 
to offer several advantages over DC and AC anodising. In 1960 Miller [57] patented a method for 
anodising of aluminium and its alloys using unidirectional current pulses with a frequency of 60 Hz. 
The electrolyte was a 2M sulphuric acid + 0.079 M oxalic acid with a bath temperature of 4-6°C, and 
a current density of 20 A/dm2 for a period of 10 min. Time intervals between the pulses was 
approximately 3 times the duration of the pulse width, which resulted in an oxide film of 50-87.5 µm. 
The patent in 1970 by Scionics Corporation [58] used both positive and negative currents for 
anodising of aluminium and reported a negative to positive current ratio of 1:3 to obtain thick and 
hard coatings. The patent also shows methods of eliminating negative currents and prolonging the 
decay of the positive pulse. In 1972 Permaloy [59]  patented a method of anodising aluminium alloys 
with a direct voltage interspersed with applied peak pulses with the aim of creating thick oxide 
coatings. The patent describes the durations between the average current and the times from peak 
current back to average current. In 1977 Takahashi et al. [60] used a pulse duration of 48 ms in a 10 
degree 2.8M sulphuric acid to obtain 30 µm oxide films. The base voltage was zero while the upper 
voltage was 35 V. Yokoyama [61]  presented a comprehensive study on pulse anodising of various 
aluminium alloys for both sulphuric and oxalic acid, presenting the advantages that were observed 
when comparing with traditional DC anodising. These advantages were primarily found to involve 
oxide hardness, thickness, power consumption and production rate. The studies concluded that 
pulsing from high to low voltage increases corrosion resistance, abrasion resistance, thickness and 
uniformity, and reduces the total anodising time and cooling cost. Supported by scanning electron 
microscopy analysis, the group suggested a mechanism for the optimised properties. This study lay a 
cornerstone for the well-known recovery effect, which still is the most widely accepted theory for 
pulse anodising – an effect which is described in more detail below.  

An interesting study on pulse anodising was  presented in 1982 by Mita et al. [62] who used 
synthesised pulse waves by chopping a DC voltage with the help of computer and a power transistors. 
The benefits of increasing the off-durations from 25 to 50 milliseconds  were recognised, as prolonged 
off-duration allowed for more barrier layer dissolution, which resulted in less capacitance current in 
the following on-cycle. The following year (1983), Okubo [63] reported pulse anodising on 2xxx 
series alloys with a DC rectangle inverter with pulse frequencies ranging from 0.033 to 500 Hz in 
6.67M sulphuric acid and 0.7M oxalic acid. The overall aim was to improve the characteristics of the 
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anodic films. The peak current density was fixed at 4 A/dm2 and duty cycle was varied from 50-
100%.  It was concluded that the frequency, duty cycle and current inversion method influenced 
hardness and coating thickness. In 1986  Kanagaraj et al. [64] used a pulsed power source for 
anodising aluminium alloys in sulphuric acid at 20 °C with frequencies spanning from 50 to 300 Hz 
for a duration of 30 minutes. The maximum oxide film thickness (45 µm) was attained for a frequency 
of 125 Hz. The effect of duty cycle and frequency was investigated, concluding how pulses generally 
yields better quality oxide films compared to DC.   

The many terms used to describe pulse conditions are presented in Figure 2-21. 

 

 

 
 

Figure 2-21: Pulse waveform definitions. Pulse amplitude, pulse width, cycle period, leading and 

trailing edge and duty cycle. 

 

In 2009 Juhl [53][65]  reported specific advantages for pulse anodising and how commercial “job-
shop anodisers” can benefit from this technology. Three different pulse parameters were selected and 
compared to reference DC anodising. Alloy AA 6082 was pulsed at an upper current density of 2.25, 
3 and 4 A/dm2, while the lower current density was 1 A/dm2 in all three cases. Reference DC 
workpieces were prepared at 1.8 A/dm2. The targeted oxide thickness was 20 µm and pulse duration 
was 120 seconds at high current and 30 seconds at low current. Energy consumption was calculated 
in MWh/m2. Figure 2-22 shows the process time to reach 20 µm and energy consumption for the four 
individual cases. The study concludes that DC anodising requires 87 MWh/m2 to reach 20 µm, while 
pulsing requires only 80, 68 and 60 MWh/m2 respectively. Additionally, process duration decreased 
from 40 minutes at DC, to 30, 23 and 18 minutes, clearly revealing the benefits of the low frequency 
pulse anodising as a valid alternative to traditional DC anodising. 
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Figure 2-22: Process time and energy consumption for pulse anodising of AA 6082 [53] 

 

Further, recent literature shows the continued interest on the topic of pulse anodising of aluminium 
[47,49,52,53,55,66–71]. The major advantages of pulse anodising are generally reported to cover: 

- Pulse currents can be used for all types of anodising, i.e. normal anodising, hard anodising 
and colour anodising. 

- Better quality oxides are obtained compared to DC anodising. 
- Oxide properties such as breakdown voltage, corrosion resistance, abrasion resistance and 

weather resistance can be enhanced. 
- Burning, which sometimes is encountered in the initial stages of DC anodising, can often be 

avoided using pulse anodising. 
- Power consumption can be decreased by 25-30% and anodising duration can be shortened. 
- Energy required for electrolyte cooling can be reduced. 
- Self-colouring of the oxide can be generated by applying pulsed currents. [46][56] 

 

2.4.4.1 The Recovery Effect  

As described earlier, the mechanisms related to pulse anodising were accounted for in 1981 by 
Yokoyama et al.  [61]. They described how pulsing yields an overall higher total current density, thus 
reducing overall process time. By switching between two values of current density, a high and a low, 
gives the substrate time to recover during the low-current period. The duration of the pulse seems to 
critical and reported to be between 10-240 s to allow the field assisted dissolution and the chemical 
dissolution to takes place. The former takes place at the bottom of the anodic pores (at the barrier 
layer) with a rate of up to 300 nm/min, while the latter is a purely chemical dissolution with a much 
slower rate of approximately 0.1 nm/min. If the total anodising duration is too long, the chemical 
dissolution will attack the surface of the formed oxide, resulting in a soft outer layer resulting in 
adverse mechanical and chemical properties. The Recovery Effect for pulse anodising is explained in 
Figure 2-23 which presents the relationship between voltage and current upon low frequency pulsing. 
The illustration shows an anodising situation that is current controlled rather than voltage controlled. 
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Figure 2-23: Voltage current relationship upon pulse anodising [47] 

 

When a high current is applied, the voltage will peak at point a (see Figure 2-23) but eventually reach 
a steady level b . During this period, the resistance of the barrier layer will reach a level corresponding 
to the forming voltage. When the current suddenly is lowered to I2 the voltage will decrease drastically 
to a level represented as point c. In this period the electrical field strength (V/mm) across the barrier 
layer is very low, which means that the formation of oxide is almost absent, and the field-assisted 
dissolution is similarly very slow. The main reaction during this period, defined as the recovery 
period, will be a chemical dissolution of oxide. After some time, depending on factors like alloying 
elements, electrolyte concentration and temperature, the thickness of the barrier layer has chemically 
thinned, thereby increasing the electrical field across it. This is observed as a gradual increase in 
forming voltage from level c to d. At this stage the field-assisted dissolution will start to dominate 
again, increasing the total dissolution rate. The cycle is repeated, which eventually leads to an overall 
higher current consumption compared to traditional DC anodising, thus yielding optimised growth 
kinetics. Furthermore, the time at I2 with very limited heat development, allows for dissipating heat 
away from the barrier layer, which finally yields an oxide with better mechanical properties [53]. 

 

2.4.5 High Frequency (HF) Pulse Anodising 

The effect of varying pulse frequency was studied by Kanagaraj [72]. The pulse frequency was varied 
from 0,01 Hz to 100 Hz in sulphamic acid for AA1100 and it was concluded that the film thickness, 
hardness and coating ratio was increased with increasing frequency. Yamamoto et al.[73,74] tested 
very high frequency pulse anodising in the frequency span from approximately 2 kHz to 47 kHz on 
a cast Al-Si alloy (AC8A) and proved that the oxide film was more uniform for pulse anodising than 
for traditional DC anodising (see Figure 2-24). A more extensive pore branching was observed around 
the dispersed primary Si particles, as schematically illustrated in Figure 2-25. Yamamoto used pulses 
that were switched between -2 and +35 V in 2 M sulphuric acid operated at 10 °C. The experimental 
setup is displayed in Figure 2-26-a, showing how the output pulse is generated from two individual 
DC power supplies operated at +35 V and -2 V. A controller unit switches between these two voltage 
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levels ensuring that the anodised workpiece is actively charged and discharged for each pulse cycle. 
The resulting current response is displayed in Figure 2-26-b. 
Yamamoto et al.  [75] concludes that HF pulse anodising yields a very homogenous oxide film 
thickness for cast aluminium. This makes the technology very attractive for cast pistons in combustion 
engines (for e.g. cars or motorcycles) because a homogenous oxide film yields less friction between 
piston and cylinder.  
 
 
 

 

Figure 2-24: Micrographs of cross-section of anodic oxide films formed by: (a) conventional DC 

anodising at 2.5 A/dm2 for 1200 s and (b) high frequency pulse reverse pulse anodising at 46 V with 

30 µs/cycle (33.3 kHz) for 240 s on cast Al-Si (AC8A) alloy [73] 

 

 

 

Figure 2-25: Proposed schematic diagram showing cross section of anodic films formed by: (a) 

conventional DC anodising and (b) high frequency pulse reverse pulse anodising on cast Al-Si 

(AC8A) alloy [73] 
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a) 

 
 

 
 

b) 

Figure 2-26: a) Illustration of experimental setup used for high frequency pulse anodising used by 

Yamamoto et. al. [75]. B) waveform of voltage and current for one cycle of pulse anodising. Voltage 

cycling between -2 and +35 V [75] 

 

2.4.6 Plasma Electrolytic Oxidation (PEO)  

PEO is a special anodising treatment combining the electrochemical anodising process with plasma 
process. It is also known as micro arc oxidation (MAO), micro plasma electrolysis, anode spark 
electrolysis or plasma electrolytic anode treatment  [76]. It is a process that often is applied to Al, Nb, 
Mg, and Ti [77]  to improve surface hardness, wear resistance, and chemical resistance. However, 
PEO treatment usually results in a surface with high roughness compared to the conventional 
anodising [78] [76]. Wheeler [79] found that the hardness of the PEO coating was 12 GPA which is 
approximately three times harder than hard anodised aluminium. The PEO coating generally 
possesses an exceptional fatigue life due to the inherent compressive stresses in the coating. Build-
up of the anodic layer on Al substrates by PEO generally include up to four stages. It starts with an 
abrupt linear increase in the voltage, which symbolises a conventional anodic oxidation, followed by 
the appearance of micro-discharges as the dielectric breakdown voltage is reached. As the plasma 
process proceeds, the characteristics of the micro-discharges vary during the subsequent stages of the 
process. The individual and collective characteristics of the micro-discharges determine the thermal 
and chemical conditions of the coating process and as a result play a key role in the formation of the 
oxide coatings [80]. The high local temperature of the anode causes the anodic boehmite to form 
crystalline α-, β- and γ-Al2O3, which results in an extreme coating hardness [81]. Thick anodic layers 
can be achieved by this process as the anodic layer growth continues as long as the micro channels 
are open to the substrate [78]. PEO processes are reported to be performed under AC or DC conditions 
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with voltages typically ranging from 100-900 V [28]. The electrolytes can be acidic [82],  but most 
often alkaline baths are used with certain bath additives [81]. 
 
 

 
Figure 2-27: Example of a workpiece that has been plasma anodised on the teeth of a sprocket  [83] 
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2.5  Rectifier Technologies  
 

2.5.1 Introduction 

From the early stages of the present project, it was well recognised how HF pulse anodising would 
pose great challenges for the power electronics and instrumentation required for creating the high 
frequency pulse signals. Creating square wave pulses at kilohertz frequency, with very high 
amperage, was known to be very challenging, especially taking the highly capacitive load of an anodic 
film into consideration. These challenges were revealed by lab-scale trials and suggested that major 
changes in the anodising instrumentation were required to upscale the technology into an existing 
industrial anodising plant. In view of this, attention was given to a complete overview of power 
rectifying technologies that are readily available on the market, with a focus on the technologies used 
for traditional low frequency pulse mode operation. This is an attempt to determine how realistic it is 
to modify existing power converters for high frequency operation. Furthermore, the following section 
summarises the conclusions that are obtained through oral discussions with producers of standard DC 
and low frequency pulse mode apparatus.  

 

2.5.2 Rectifier Technologies for Metal Finishing Applications – Direct Current 

Power converters are an essential part of almost all metal-finishing processes. New devices and 
technologies have constantly been introduced throughout the years, allowing for wider possibilities 
and flexibilities by the metal finishing companies, however, in terms of cost and performance, older 
technologies can still be of interest for certain finishing applications. The traditional power converter 
(AC to DC) consists of three main components: 

- The main stepdown/isolation transformer 
- Semiconductors 
- Controls 

The main transformer converts the incoming 50 or 60 Hz high-voltage and low- alternating current 
to low-voltage, high-current AC. The semiconductors, mainly being transistors, diodes and/or 
thyristors (SCRs), convert the alternating current to direct current. The control circuits have the 
purpose of varying the DC output to the targeted level.  

Output control is either performed unregulated or regulated. Unregulated controls allow the operator 
to change the output voltage or current set point, but the rectifier does not have a feedback loop, 
meaning that the output is not automatically adjusted for changes in the output. Typical examples of 
unregulated rectifiers are tap-switch and variable-transformer designs. Conversely, a regulated 
control system will continuously monitor the output, and automatically adjust the output to maintain 
the voltage or current set point throughout the process [85].  
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2.5.2.1 Tap Switch Rectifiers 

The so-called tap-switch rectifier is a very basic rectifier design still found in the metal finishing 
industry. The output on this kind of rectifier is altered by changing the position of the tap-switch on 
the front panel of the rectifier enclosure. Typical constructions have three 8-position tap switches, 
providing 22 individual voltage outputs. The alternating current enters the rectifier and passes through 
the tap switches to various taps on the transformer for different voltage level outputs.  The built-in 
diodes secure the conversion of the AC to DC. Tap-switches typically offer low investment cost and 
have ripple less than 5% ripple, making them an ideal solution for noncritical metal-finishing 
applications such as electro cleaning. Obvious disadvantages of a tap-switch rectifier is the lack of a 
feedback mechanism and remote control capability, as well as risk of degradation over time if not 
properly maintained [85].  

 

 

Figure 2-28: Circuit diagram of an arbitrary tap switch rectifier [85] 

 

 

2.5.2.2 Variable Transformer Rectifier 

A variable transformer controlled rectifier, schematically shown in Figure 2-29,  is an optimised 
version of the tap-switch rectifier. The output of a variable-transformer rectifier is changed by 
adjusting the position of the control knob on rectifier enclosure, changing the voltage that enters the 
main transformer. AC enters the rectifier and passes through the variable transformer before entering 
the main transformer. The main transformer converts high-voltage AC to low-voltage AC, before 
passing through diodes that secure the conversion of AC to DC. Unlike tap-switch rectifiers that have 
discreet output steps, variable-transformer construction allows for smooth and continuous adjustment 
of the output level. A motor-driven rectifier, being a special version of the variable transformer 
technology, utilises a motor to change the position of the variable transformer. This system allows 
for controlling the output level from a remote operator panel. The advantages of variable-transformer 



Literature Review on Aluminium Anodising Technology  

 

37  

 

rectifiers are low to moderate initial cost, low ripple and  stepless voltage adjustment. Similar to tap 
switch rectifiers, variable transformers are ideal for electro cleaning and other noncritical metal-
finishing applications. The disadvantages are that transformer brushes can degrade over time if not 
properly maintained, and they typically have limited power capacity [85].  

 

Figure 2-29: Schematic of a variable transformer rectifier [84] 

 

2.5.2.3 Silicon-Controlled Rectifier (SCR) Rectifiers 

The SCR rectifier shown in Figure 2-30 is very common in the metal finishing industry, as they offer 
precise and automatic regulation of output voltage or current. In addition, they offer high power levels 
in the smallest cabinet size and can be either air or liquid cooled. The DC output of a SCR rectifier is 
set by adjusting the position of control knobs, typically mounted in a small, remote-control enclosure. 
Controlling circuits electronically vary the DC output by determining when the thyristors should 
allow current to pass through them.  

 

Figure 2-30: Schematic of thyristor based rectifiers [84] 

 

The SCR rectifiers are available in two configurations, primary (Figure 2-31) and secondary (Figure 
2-32). For the primary configuration, AC passes through the SCRs before going to the main 
transformer. The main transformer converts the high-voltage AC to low-voltage AC and the diodes 
secure the conversion of AC to DC while the SCRs control DC output level [85]. In a primary thyristor 
configuration, the thyristor is solely used to vary the AC supply voltage from zero through maximum. 
In order to make a fully regulated controller, each phase of the three-phase input must have two 
thyristors connected back to back, and their gates must be symmetrically triggered [86]. 
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Figure 2-31: Primary thyristor configuration [86] 

The secondary configuration is only slightly different. Here incoming AC is connected directly to the 
main transformer and then passes through the thyristor units. In this case, the SCRs serve two 
objectives, controlling the DC output (regulation) and converting the AC to DC (rectification). 
Applications that require high power and precise/consistent output are ideal for an SCR rectifier. On 
the other hand, the disadvantages of SCR rectifiers are rather few. In the absence of a filter, SCR 
rectifiers tend to show increased voltage ripple upon reducing the output voltage [85]. 

 

 

Figure 2-32: Secondary thyristor configuration [86] 

 

2.5.2.4 Switch-Mode Rectifiers  

The most recent rectifier technology was introduced to the metal-finishing industry in the late 90’s 
and known as switch-mode rectifiers. This technology sometimes uses transistors instead of thyristors 
to control the DC output and operates at higher frequencies, up to about 40 kHz, whereas SCR 
rectifiers operate at mains line frequency (50/60 Hz). The much higher operating frequency allows 
switch-mode rectifiers to offer high power conversion in a smaller package compared to other 
technologies. Switch-mode rectifiers offer advantages such as automatic output regulation of ± 0.25% 
of rated output; less than 1% ripple over the output range; interfacing with host computers; and are 
typically available with numerous options including variable output ramp, pulsed output, and polarity 
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reversing output. Applications that require precise, consistent output, or where floor space is limited, 
can benefit from the Switch-mode technology. No apparent disadvantages are associated to switch-
mode rectifiers, apart from higher cost. Switch-mode rectifiers are featured with five main functions 
as schematically shown in Figure 2-33.  A filter is first implemented to reduce high frequency 
disturbances in both directions (1). A mains rectifier then converts AC voltage into DC (2) before 
entering the power electronics (3) that convert the DC voltage into a staircase-shaped alternating 
voltage. An internal transformer (4) secures galvanic separation between the primary and secondary 
side, and provides the required voltage transformation. Lastly, the output voltage is rectified using 
fast acting power diodes (5), providing a smooth and fully controllable DC voltage [85].  

 

 

Figure 2-33 - Switch mode rectifier [84] 

 

To decide what type of rectifier is best for a specific application, both voltage and current ratings 
must be determined. The Variable Ratio Transformer Technology, as well as the Switch Mode 
technology, are preferably used for low and medium power outputs, whereas thyristor technology 
typically handle medium and high power applications. The physical location of the rectifier, as well 
as the cooling requirements, may also have an impact on choice of the system. If the rectifier is in an 
area with highly corrosive fumes or splashing liquids, air-cooling is not recommended. Instead, the 
rectifier should be sealed and designed for water-cooling, which is much less susceptible to damage 
from harsh environments [85].  

 

2.5.3 Rectifier Technologies for Pulse Mode Operation 

Pulse-plating systems are often found in the gold, silver, and copper plating industries because pulsing 
yields finer grain structures, higher surface densities, lower electrical resistance and lower process 
durations. Such advantages make pulse mode plating attractive, if not mandatory, in the electronics 
industry. In addition, the use of pulses provides a brighter finish with optimised thickness control. 
The required rectifiers for such applications can either be unipolar or bipolar. A unipolar power 
rectifier can supply the following pulse signals: 

• standard pulse 
• superimposed pulse 
• duplex pulse 
• pulsed pulse 
• pulse on pulse 
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A bipolar power rectifier can generate: 

• pulse reverse 
• pulse reverse with off time 
• pulsed 
• pulse reverse, and pulse-on-pulse reverse 

Many of these pulse waveforms are illustrated schematically in Figure 2-34.  

 

Figure 2-34: Common pulse waveforms used in the electroplating industry [85] 

 

The power supply technologies that can generate pulsed outputs include: 

1. Standard SCR phase-controlled rectifiers with added semiconductors at the output. Such 
systems are used in many pulse applications, however, not those associated with fast rise and 
fall times. In addition, practical considerations usually limit pulse repetition rates to 12 times 
line frequency. 

2. Linear power supply is a suitable technology for applications that require fast pulsing speeds 
or square wave outputs. The linear technology consists of a fixed output power supply, 
followed by a parallel combination of field-effect transistors (FET) or bipolar transistors, with 
the configuration determined by the output levels required. The final voltage is determined by 
the bank of transistors and how they are controlled. A drawback of this technology is the lower 
efficiency, as compared to SCR technology. This arrives from the fact that the rectification 
section always provides full power to the regulator, which must then dissipate the energy 
difference between full power and the desired output voltage. On the positive side, linear 
designs can provide virtually perfect square wave pulses, due to the ability of the transistors 
to cycle on and off rapidly.  
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3. The most recent technology, being switch mode power rectifiers, can also act as a source of 
pulsed outputs. Efficiencies are comparable to those of phase-control systems, since 
semiconductors are either fully on (saturated) or off. Table 2-6 provides an overview of each 
technology when considering ripple, efficiency, frequency bandwidth and physical size. 

 

Table 2-6: Power supply technology comparison for electroplating  

Power 

supply 

technology 

Ripple Efficiency Frequency 

Bandwidth 

Size 

SCR High Highest Low Mid 

SCR with 

filter 

Low High Lowest Largest 

Switch mode Highest High Mid Lowest 

Switch mode 

with filter 

Low High Mid Small 

Linear Lowest Lowest Highest Largest 

 

2.6 Rectifiers for Anodising  

Several anodising processes are employed for aluminium, with sulphuric acid anodising being the 
most common. Other common aluminium anodising processes are based on chromic acid (used in 
marine and aircraft applications), and phosphoric acid (pre-treatment for adhesive bonding). All these 
anodising processes require a power rectifier similar to those found in electroplating, although 
anodising voltages typically are higher than those for electroplating. Because anodising of aluminium 
requires voltage levels that are distinctly higher than those used for electroplating of metals, this puts 
higher demands on the overall power supply system. Also, the electrochemical load during porous 
anodising of aluminium is different, due to the thin alumina barrier layer located at the interface 
between metal and the porous oxide [1]. This barrier layer, which typically exhibits a thickness in the 
nanometer range, creates a large capacitive load that has to be overcome upon pulse mode anodising 
[88]. Munk Rectifiers, who produce and sell all rectifier technologies, have provided the guidelines 
in Table 2-7 for choice of rectifier technology for pulse anodising of aluminium. 
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Table 2-7: Choice of technology for pulse mode anodising of aluminium [84] 

Power supply 
technology 

Pulse  Typical pulse 
duration 

Frequency 

SCR Slow pulses  >100ms  Less than 
10Hz 

Switch mode Rapid pulses 50-100ms 10-20Hz 

 

2.6.1 Inductive Load of Wires 

During pulse mode electrodeposition of metals, it is highly attractive to obtain pulses with current 
slopes (di/dt) as high as possible [54]. Obtaining such high slopes may easily be obtained in the 
laboratory, however, can be very challenging on an industrial scale, due to the inductive load of the 
wires connecting the rectifier with the plating tank, that easily can be 10’s of meters long. An 
inductive load resists the changes in current and is measured in Henrys. The important thing to 
remember for inductive loads is that they can be divided into two types, real power and reactive 
power. The former is based on the work done, and the latter is the amount that is withdrawn to 
generate magnetic fields [89]. Since the inductive load challenges the rate at which the current can 
reach maximum slopes, it is targeted to keep the inductive load to a minimum. This is often achieved 
by twisting the two wires and/or by reducing the length of the wires to a minimum. Twisting of the 
wires is termed ‘inductive coupling’ and is an effective way of reducing the electromagnetic 
interference between the two cables [90]. This phenomenon is well known by the plating industry. 
PE Plating [91] have shown this in a wiring diagram for their PE80CD Pulse-Reverse Power supply, 
with a twisted pair of tank wires of maximum 10 m length, see Figure 2-35. 
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Figure 2-35: Wiring diagram of PE Plating PE80CD pulse-reverse power supply[91] 

 

Anodising plants normally do not make use of wires for connecting rectifier and anode/cathode in the 
tank. Rather, they adopt bus bars of large cross section to carry the large currents required for the 
process. Because inductive loads do not impose problems during DC and low frequency pulse 
anodising, no special attention is traditionally given to how these bars are aligned. However, for high 
frequency pulse anodising it would require that bars are positioned in a manner that reduces this 
inductive load to a minimum. For bus bars of rectangular cross section, this requires positioning them 
close together in a so-called stripline manner (aka. broadside Trace), as illustrated in Figure 2-36. The 
parameters of influence are width of busbar (W), distance between bars (W), bar length and the 
relative permeability of the insulating material between the bars [92]. 

 

Figure 2-36: Stripline bus bar configuration [92] 
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2.6.2 Power Electronics for HF Pulse Anodising 

For the purpose of the present work and finding the required power electronics, a series of discussions 
were taken up with main European manufacturers of power rectifiers to receive their first-hand 
feasibility evaluation. The following requirements were presented: 

• Frequency: 1 kHz 
• Duty cycle: 50% 
• Voltage: 0-15 V 
• Peak current: 30  A/dm2 
• Plateau current: ~4 A/dm2 
• Active charging and discharging  

 

 

Figure 2-37 - Applied voltage, and measured current response for HF pulse anodising from 0-15 V 

@ 1 kHz 

 

These numbers were presented alongside the voltage and current response curve illustrated in Figure 
2-37. The end-user of the technology, Bang & Olufsen, required that the technology should handle 
an anodising area of minimum 5 m2 per batch. This suggests that the power rectifier must handle a 
peak current of 30 A/dm2 * 500 dm2 = 15,000A and a plateau current of 4 A/dm2 * 500 dm2 = 2,000A. 
These numbers would not be alarming for conventional DC operation; however, for a switch 
frequency of 1 kHz they introduced a huge challenge to all the European companies that were 
approached. In fact, none of the companies had any off-the-shelf products that would satisfy these 
operating conditions, and nor did they have any system or technology that readily could be modified. 
Of greatest concern was the high frequency with very sharp rise and fall time of the applied voltage 
curve. Additionally, the electrical wires connecting rectifier and anodising tank, were feared to 
introduce too high inductive loads, resulting in current responses that presumably would look nothing 
like presented in Figure 2-37. An additional concern was the pulse signal would probably depend on 
where the aluminium workpieces are positioned along the anodising rack. This concern originates 
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from a pulse electroplating study that was conducted by Stiegler [93] in 2013. In this study, a so-
called Rogowski coil attached to a digital oscilloscope was used to measure the current response at 
different locations of the rack during pulse plating of printed circuit boards at 100 Hz. Stiegler [93] 
observed how the response curves are strikingly dissimilar depending on the location within the 
electroplating bath, as illustrated in Figure 2-38. As such, there is a high risk that a similar scenario 
is present when pulse anodising aluminium at high frequencies. 

 

Figure 2-38: Current response at different locations along the flybar during pulse plating of 

Cupper onto printed circuit boards [93] 

 

 

 

  



Materials and Methods  

 

46  

 

3 Materials and Methods 
 

This section provides an overall summary of materials, processes, and the experimental methods 
employed for various investigations presented in the appended papers. More detailed and specific 
description on materials and experimental methods connected to each investigation can be found in 
the appended papers, however, a compositional overview is presented in  

Table 3-1.  

 

Table 3-1: Compositional overview of the aluminium alloys under investigation in the appended 

papers 

Appended 
paper # Type 

Code  Si Fe Cu Mn Mg Zn 

1 

Extruded AA6401 0.44 0.04 0.12 - 0.39 - 

Sheet AA1050 0.23 0.12 0.02 0.03 0.03 0.02 

2 Sheet AA5006 Max 0.4 Max 0.8  Max 0.1 0.4-0.8 0.8-1.3 - 

3 
High Pressure 
Die Cast 

Castaduct-42 Max. 0.2 Max 1.7  Max  0.2  Max 0.15 4-4.6 Max. 0.3  

4 
High Pressure 
Die Cast 

Colorcast - - - 2.67 - 1.32 

 

 

3.1 Sample Preparation  
 

Bang & Olufsen uses different surface preparation methods for obtaining aesthetic appearances of 
their aluminium surfaces. Matt surfaces are created either by chemical etching or by mechanical 
blasting, whereas high gloss surfaces are created by mechanical polishing or diamond turning. The 
choice of surface appearance entirely rests on the decisions made by the industrial designers within 
the company. Matt surfaces are often found to cover/disguise surface defects and is generally more 
forgiving compared to high-gloss surfaces. High gloss surfaces put tighter requirements on the base 
alloy and to the parameters of the entire process chain. The present thesis solely deals with high gloss 
surfaces as these are considered worst-case, highlighting any potential problems with the HF pulse 
anodising process. If HF pulse anodising works for glossy surfaces, it will certainly also work for 
matt surfaces.  

The mechanical polishing process uses a ø200 mm cloth fixed on a lathe that rotates at 1200 rpm. 
Polishing wax containing alumina (Al2O3) as the abrasive agent is continuously added until a high 
gloss appearance is observed. Care should be taken when polishing the workpiece, as previous work 
suggests the formation of Beilby layers [94] due to high surface deformation (schematically shown 
in Figure 3-1), which will influence the optical appearance after anodising. The high shear forces 
associated with polishing and grinding, can risk the formation of highly deformed surface layers [95]. 
The highly deformed surface region is more electrochemically active than the bulk region, which is 
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reported to influence corrosion behaviour, especially filiform corrosion [96][97]. Furthermore, 
Premendra et al. [98] reported how surface layers rich in carbon was responsible for a reduction of 
total reflectance, in comparison to the bulk alloy directly underneath the deformed layer. For the 
present project, it was vital that the level of Beilby layer formation was kept at a minimum, which 
required a low applied pressure between the polishing cloth and the aluminium workpiece.  

 

Figure 3-1: Schematic showing the Beilby layer formation on a metal surface [38] 

 

 

3.2 Anodising 
 

3.2.1 Anodising Sequence 

The anodising sequence took inspiration from the industrial process that takes place at Bang & 
Olufsen. For specimens that require a non-etched and non-dyed surface, the individual steps involve 
those presented in Table 3-2. 

 

Table 3-2: Typical anodising sequence for test specimens 

Step # Description 
1 Alkaline cleaning in AlfiClean from AluFinish at 60 °C  
2 Rinsing in H2O 
3 Desmutting in 6 wt. % HNO3 at 28 °C  
4 Rinsing in H2O 
5 Anodisation in 200 g/L H2SO4 and 10 g/L aluminium at 18 °C.  

Voltage controlled anodising 
6 Rinsing in demineralized H2O 
7 Sealing in 96° demineralized H2O.  
8 Air drying at 75 °C  

 

The test specimens used for the present project were prepared at the B&O anodising plant by running 
them through step 1 through 4, i.e. cleaning, rinsing and de-smutting, before performing the anodising 
trials in the laboratory. Once the test specimens were anodised and rinsed in the lab, samples were 
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brought back to the anodising plant for sealing and drying. Sealing duration was adjusted according 
to the anodic film thickness to meet the requirement of 2 min/µm oxide. Mostly films were anodised 
to 10 µm +/- 1 µm, meaning that sealing duration was 20 minutes. 

 

 

3.2.2 Flat Cell Anodising Setup - for Measuring Barrier Layer Temperature 

Figure 3-2 illustrates a flat cell anodising setup that was constructed and built specifically for the 
present project. This setup was used in an attempt to prove or disprove how dielectric properties of 
the anodic barrier layer (Al2O3) is responsible for improved kinetics during high frequency pulse 
anodising. A circular opening in the front plate dictates the aluminium area that is exposed to the 
anodising electrolyte. Teflon-based gaskets between test specimen and front plate avoids electrolyte 
leakage from the cell. The gasket is ø43 mm in diameter, which results in an exposed sample area of 
1450 mm2. A circular aluminium cathode of ø100 mm was positioned opposite to the anode at 10cm 
distance. A cooling jacket surrounding the electrolyte cell in combination with a thermostat, secured 
constant temperature of the anodising electrolyte. A commercially available glass rod with porous 
glass frit termination was used to secure homogenous air agitation to the electrolyte.  

A pt100 thermocouple was attached to the backside of the workpiece so temperature changes during 
anodising could be recorded. A firm contact between thermocouple and workpiece was established 
through a rigid clamping system and the use of heat conductive paste. Signals from the pt100 sensor 
were amplified and recorded via a high-speed data acquisitioning system and stored onto computer. 
In order to achieve a precise correlate between input and output data, it was important that the same 
computer acted as “pulse generator” and as “logging unit” at the same time. The computer outputted 
a square wave signal into a class AB power amplifier, while simultaneously logging temperature, 
voltage and current responses from the anodising process. This enabled precise recordings of how the 
barrier layer temperature developed as a function of anodising parameters. 
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a) 

 

b) 

Figure 3-2: Flat cell anodising setup pictured from a) front and b) side 

 

 

3.2.3 Signal Generation and Amplification 

The flat-cell setup shown in Figure 3-2 was primarily used to determine the mechanisms related to 
high frequency pulse anodising and why it shows better kinetics than traditional DC anodising. 
However, this setup is not ideal for preparing samples that require a very decorative appearance, 
mainly because the time for transferring workpieces to a rinsing stage becomes too long. The duration 
for draining electrolyte and removing the rigid clamping system allows for the anodised surface to 
dry out, leaving a non-homogenous and stained appearance. Samples that required a decorative 
appearance for subsequent gloss characterization, were instead anodised in an open-topped cell (see 
Figure 3-3 f) where samples quickly were lifted out of the electrolyte and transferred to a rinsing 
stage, wet-in-wet. 

Figure 3-3 shows the entire setup for high frequency pulse anodising positioned in a fume cupboard. 
The signal generator (a) feeds a square wave signal to a Class AB amplifier (b) which then is 



Materials and Methods  

 

50  

 

transferred directly to the anode and cathode at the anodising cell (f). The wires from amplifier to 
anodising cell are intentionally kept as short as possible and twisted along the entire cable length to 
reduce the wire inductance. A current clamp (c) is added to the positive wire and connected to an 
amplifying unit (d) and then fed into a 2-channel analogue oscilloscope (e). Channel 1 on the 
oscilloscope is used for monitoring the square wave pulse, while channel 2 is used for monitoring the 
current response. A data acquisition system records time, voltage and current for subsequent data 
analysis. The anodising cell (f) is positioned on top of a magnetic stirrer (g) to secure proper 
electrolyte agitation, while the exact temperature is monitored manually using a conventional 
thermometer (h). A thermostat (i) connects to the cooling jacket of the anodising cell to maintain a 
stable temperature throughout the process.  

Keeping the electrolyte temperature stable at its set-value is extremely important for the present trials. 
If the temperature rises above the set-value, it will impact kinetics, gloss and mechanical properties 
[1,2]. To determine how surface gloss is influenced by the individual pulse parameters, its vital to 
keep temperature stable at all times. For high voltage and high frequency pulse anodising, it proved 
challenging to keep the temperature down when the exposed anodising area was too great. Obviously, 
this is because the thermostat has too little cooling capacity compared to the heat that has released 
during anodising. Thus, in many cases it became necessary to reduce the exposed anodising area by 
masking specimen backside with adhesive tape. 

When the individual specimens were anodised to the targeted oxide thickness, most often 10µm, 
samples were quickly transferred to a demineralised water station and rinsed for 15 minutes. Hot 
water sealing and drying followed. 

 

 

Figure 3-3: Setup for High Frequency Pulse Anodising. a) Pulse generator, b) Class AB amplifier, 

c) current clamp, d) current amplifier, e) 2-channel analogue oscilloscope, f) Anodising cell, g) 

Magnetic stirrer, h) Thermometer, i) Thermostat, j) Fume cupboard 
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3.3 Surface Characterisation after Anodising 
 

3.3.1 Stripping of alumina films 

For many of the workpieces it became relevant to strip the anodic films, followed by quantifying the 
metal-oxide interface roughness via optical profilometer or atomic force microscope. Phosphoric acid 
(5 wt. %) and chromic acid (1.8 wt. %) kept at 80 °C was used as stripping agent. This chemistry is 
reported to strip the anodic  film but leave the underlying aluminium intact [99]. When aluminium is 
exposed to phosphoric acid and chromic acid individually, aluminium will corrode, however, when 
the two acids are combined they stabilise the metallic aluminium and no attack is observed [100]. 

The stripped samples were subsequently cleaned in demineralised water for minimum 15 minutes and 
then dried. All test specimens were stored in a desiccator to avoid contamination prior to surface 
roughness characterization. 

 

3.3.2 Anodic Film Thickness Measurement 

The thickness of the anodic film is quantified by an Eddy Current measurement technique, as shown 
in Figure 3-4. The method relies on a probe that is brought in contact with the anodised film surface. 
An excitation current generates a high-frequency magnetic field, which induces eddy currents in the 
base material. The magnetic field of the eddy currents opposes the original magnetic field and 
provides the measurement signal. The amplitude of the eddy currents directly corresponds to the 
distance between the measurement probe and the aluminium base material. Using a characteristic 
output function, i.e., the functional correlation between the measurement signal and the coating 
thickness, the measured signal can be converted into the oxide film thickness.  

 

 

Figure 3-4: Schematic diagram of the amplitude sensitive Eddy Current test method [101] 
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3.3.3 Electrical Properties of Anodic Films 

It is well-known that admittance (Y) of a capacitor, in which the anodic oxide film forms the 
dielectric, is a good measure of sealing quality (DIN EN ISO 12373-5 and ASTM B 457-67). 
Admittance is measured by placing a self-adhesive rubber ring on the surface to be tested, and adding 
a few drops of test liquid (potassium sulphate, 35 g/L) in the enclosure, shown in Figure 3-5. The 
aluminium substrate is then connected to the earth socket of the unit and the test probe dipped into 
the cell fluid, thereby forming a capacitor of well-defined area, in which the anodic film acts as the 
dielectric. The test unit provides an immediate value in µS (microSiemens) [102]. A Fischer Anotest 
YMP30-S was used to measure the admittance of anodic films formed under HF pulse mode and 
compared to DC films. 
 
 

 

Figure 3-5: Test unit for measuring admittance of anodic films [102] 

 
Furthermore, the use of Electrochemical Impedance Spectroscopy (EIS) of anodic films has proven 
very powerful [88,103–108] to elucidate the corrosion performance. Electrochemical impedance is 
usually measured by applying an AC potential to an electrochemical cell and then measuring the 
current response. Traditionally only a small excitation signal is applied to secure that the cell's 
response is pseudo-linear. In a linear (or pseudo-linear) system, the current response to a sinusoidal 
potential will be a sinusoid at the same frequency but shifted in phase. Since the work of Hoar and 
Wood  [109] involving an impedance bridge, various equivalent circuits (ECs) have been proposed 
to model the response of porous aluminium oxide films under different conditions. Hoar and Wood 
suggested ECs to model unsealed and partially sealed anodised films, with the model for unsealed 
films presented in Figure 3-6.  The impedance measurements are typically conducted over a frequency 
range of 100 kHz down to 10-4 Hz using a 15 mV amplitude of sinusoidal voltage in a Faraday cage 
to minimize external interferences. Analysis of the EIS data are typically presented as Bode plots of 
impedance and phase angle against frequency [103]. EIS characterisation of the anodised workpieces 
were performed using the same self-adhesive rubber rings at those for admittance characterization, 
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see Figure 3-5, where a few drops of test liquid are added to the enclosure. The aluminium substrate 
is earthed and the test probe is dipped into the cell fluid. 

 

 

Figure 3-6: Proposed equivalent circuit  for modelling an unsealed anodic films [109]. 
Rsol=solution resistance, Rpw= pore-wall resistance, Cpw=porewall capacitance, Re=resistance of 

electrolyte in pores, Rb=barrier layer resistance, Cb= barrier layer capacitance 

 
3.3.4 Gloss Measurements 

The aesthetic appearance of an anodised film is quantified using a glossmeter. Glossmeter measures 
specular reflection gloss of a surface by projecting a beam of light at a fixed intensity and angle onto 
the surface as shown in Figure 3-7 . Subsequently the equipment measures the amount of reflected 
light at an equal, but opposite angle. The measured gloss of a glossmeter is compared to the amount 
of reflected light from a “black glass standard” with a defined refractive index, and not to the amount 
of incident light. The measurement value for this defined standard is equal to 100 gloss units [110]. 
Glossmeters can traditionally measure at three separate angles, namely 20, 60 and 85°. To determine 
the most appropriate measurement angle, all surfaces are first measured at 60°.If the result is between 
10 - 70GU, the coating is termed 'semi-gloss' and should be measured using the 60°. If the result is 
less than 10GU, the product is 'low gloss' and therefore should be measured using the 85° angle. If it 
is greater than 70GU, the product is known as 'high gloss' and the measurement is taken at 20° angle 
[111]. In the present project, an “Elcometer 408 Triple Angle Gloss & DOI meter” was used to 
measure surface gloss of the anodised test specimens. Individual samples were measured minimum 
10 times, each time moving the glossmeter to a slightly new position, to obtain trustworthy average 
values. If samples were mechanically polished prior to anodising, gloss measurements were always 
recorded parallel to the polishing direction. 
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Figure 3-7: Principle of a glossmeter [111] 

 

3.3.5 Glow Discharge Optical Emission Spectroscopy (GDOES) 

Radio Frequency Glow Discharge Optical Emission Spectrometry (RF-GDOES) is a technique to 
perform depth profile analysis of coatings and materials, conductive or not. In GDOES, sputtering 
and excitation is a two-step process. When the flat specimen is placed perpendicular to an internal 
anode tube, an O-ring seals the discharge chamber vacuum tight. An appropriate noble (typically Ar) 
gas is pumped into the system, followed by forming a plasma by applying a high potential between 
the anode tube and the test specimen. This causes an electrical breakdown of the gas and electrons 
plus positively charged argon ions are formed. In the electric field the argon ions are accelerated 
towards the cathode sample surface. When the ions strike the surface with enough energy, a release 
of surface material into the plasma is taking place. Detection of photons emitted by excited species 
in the plasma takes place by the use of photomultipliers or CCDs in mono- or polychromators, shown 
in Figure 3-8 [112][113].  

For the present project a GD-2 profiler, Horiba Jobin YVON, GD-OES equipment was employed for 
anodic film depth profiling. The instrument is equipped with a radiofrequency (RF) generator, a 
standard discharge source with an anode of 4 mm internal diameter, a monochromator and 
polychromator optical spectrometers and Quantum XP software. Calibration of the equipment was 
carried out at 850 Pa pressure and RF power 40 W (the sputter rate for anodic films under these 
conditions are previously reported to be ~30 nm/s [114]). The anodised workpieces were typically 
characterised for 10 minutes to obtain elemental data from the entire film thickness and for the metal-
oxide interface. Samples requiring a direct compositional comparison, were characterised on the same 
day to avoid instrument fluctuations. 
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Figure 3-8: Principle of Optical Emission Spectrometry [112] 

 

 

3.3.6 Light Optical Microscopy (LOM)  

Top view and cross sectional studies of anodic films were carried out using an Olympus GX41 light 
optical microscope with Altra 20 Soft Imaging System. 

 

3.3.7 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 

 For the present project, two separate scanning electron microscopes were used for analysing the test 
specimens. The choice of microscope depended on the level of resolution required. An Inspect SEM 
from FEI with a tungsten filament was used for low magnification imaging, while a field emission 
gun (FEG) SEM, Quanta 200 from FEI was adopted for high magnification investigations. The latter 
is fitted with an Oxford Instruments 80 mm2 X-Max silicon drift detector for EDS measurements, 
coupled to a computer with INCA software. 

 
 
3.3.8 Focused Ion Beam Scanning Electron Microscopy (FIB-SEM) 

In a scanning electron microscope, low-weight electrons are used to generate high resolution images 
down in the sub-nanometer range. A focused ion beam (FIB) instrument is almost identical to a SEM, 
but uses a beam of ions rather than electrons. The focused ion beam can modify or "mill" the specimen 
surface by the sputtering process. This milling is controlled with nanometer precision making it 
possible to perform precise nano-machining to remove unwanted material. Furthermore, the so-called 
ion beam assisted chemical vapour deposition is used to deposit materials with similar precision as 
FIB milling. For deposition, a selected precursor gas is injected into the vicinity of the beam, where 
it is decomposed by the ion beam, depositing the decomposition products on the specimen.  

A FIB becomes very powerful when combined with a SEM in a Dual Beam equipment shown in 
Figure 3-9. The electron and ion beams intersect at a 52° angle at a coincident point near the specimen 
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surface, which allow for almost immediate SEM imaging of the FIB-milled surface [115]. In this 
project, anodised test specimens were analysed using FIB Helios Nanolab DualBeam from FEI with 
a field emission gun electron source and liquid metal ion source of Ga+ ions. Anodised test samples 
were embedded in epoxy for cross sectional analysis, as a method of determining the presence of 
intermetallics within the anodic film. This method was introduced for aluminium alloys when 
uncertainty arose if the intermetallics were lost during anodising, or instead, during sample 
preparation. Intermetallic particle drop-out during sample preparation (polishing) is a well-known 
problem.  

 

 

 

Figure 3-9: Dual Beam FIB-SEM apparatus coupled with a Gas Injection System (GIS) [116] 

 

3.3.9 Atomic Force Microscopy (AFM) 

Atomic Force Microscopy is a technique used to produce quantitative topographic images of surfaces 
at a magnification of up to 107. An AFM uses a cantilever with a very sharp tip to scan over a sample 
surface, see Figure 3-10 . A laser beam is used to detect cantilever deflections towards or away from 
the surface. By reflecting an incident beam off the flat top of the cantilever, any cantilever deflection 
will cause slight changes in the direction of the reflected beam. A position-sensitive photo diode can 
be used to track these changes. Thus, if an AFM tip passes over a raised surface feature, the resulting 
cantilever deflection is recorded by the photo diode  [117].  

The present project utilised an AFM model NX20 from Park Systems [118] with a linearised Z-
scanner, which is decoupled from the feedback-controlled lateral XY-translation stage. The probing 
tip had a radius of approx. 7 nm. To minimise wear on both the probing tip and the surface, an 
intermittent scanning mode was chosen. In this mode the probe oscillates at its resonance frequency 
of approx. 300 kHz, which reduces the time of physical contact between tip and sample significantly 
and reduces any lateral forces during the scan. 
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The aluminium samples were removed from the desiccator and positioned inside the NX20 for surface 
characterization. Samples were either anodised or phospho-chromic stripped prior to AFM analysis, 
to reveal the oxide surface roughness or metal-oxide interface roughness. Each scan was visualised 
in SPIP software to determine the overall scan quality before calculating the roughness value. 
Defective regions originating from e.g. cantilever dust particle pick-up were methodically removed 
from the data used to calculate Ra-values. 

 

Figure 3-10: Working principle of an Atomic Force Microscope [117] 

 

3.3.10 Optical Profilometer 

An optical profilometer is a non-contact method for providing much of the same information as a 
stylus based profilometer. The Olympus LEXT OLS4000 3D Laser Measuring Microscope, used in 
this project, is designed for nanometer level imaging, 3D measurement and roughness measurement. 
Magnification ranges from 108x - 17,280x [119]. The optical profilometer was used as a supplement 
to the AFM and SEM, to analyse surface morphology of anodised and phospho-chromic stripped 
workpieces. 

 

Figure 3-11: LEXT OLS4000 3D Laser Measuring Microscope [119] 
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3.3.11 X-ray Tomography 

One of the most attractive characteristics of X-rays is their penetration capability, which allows non-
invasive probing of the specimen's internal structure. Using this technique, a series of projection 
images are acquired as the sample is rotated around an axis perpendicular to the incident X-rays, as 
shown in Figure 3-12. The 3D structure of the sample is then reconstructed numerically, which allows 
the internal features to be investigated. X-ray tomography has been used for aluminium alloys to 
detect intergranular corrosion of 7xxx and 2xxx series alloys [120] [121] and damages occurring 
during tensile testing [122].  

In this project x-ray tomography was used to visualise the intermetallic particles in the aluminium 
bulk and within the anodic films. This was an attempt to determine how the intermetallic particles 
react towards anodising. To enhance the signal level originating from the intermetallics within the 
anodic films, films were grown to 30 µm thickness rather than the typical 10 µm. X-ray tomograms 
were obtained using a ”ZEISS XRadia 410 Versa” device. The instrument was operated at 50 kV and 
10 W with a 4X objective without filter. A pixel size of 2.2 µm was obtained after a 2x2 binning and 
tomograms were recorded with 3201 projections using 20 s acquisition time, which resulted in a total 
measurement time of almost 20 hours. Image reconstruction was performed using the inbuilt 
acquisition and reconstruction software package provided by ZEISS. For further analysis and 
visualization, software “Avizo9.4.0” (FEI) was used. 

 

Figure 3-12: Working principle of X-ray Tomography [123] 

 

3.3.12 Colour Measuring System 

An object may appear brighter, duller, lighter, or darker depending on the angle at which it is viewed. 
This is because viewing angles directly affect how light reflects from the object to our eyes. To 
evaluate an object's colour using a standardised method, light must reflect off an object at the same 
angles during each assessment. So-called “diffused illumination integrating sphere systems” 
illuminate an object uniformly from all directions and are generally found in two versions: 

- A version with d/8 geometry illuminates an object from scattered directions and detects the 
reflected light at an 8° angle 

- A version with 8/d geometry illuminates an object at an 8° angle and detects the reflected light 
from scattered directions. 
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The ‘Datacolor Check II plus colour’ equipment used in this project, uses a d/8 configuration and 
outputs the measured colour in CIE-Lab values.  The equipment can measure either Specular 
Component Included (SCI) mode or Specular Component Excluded (SCE) mode, making it ideal to 
either include or exclude the effect of surface gloss [124]. 

The individual anodised samples were measured minimum 10 times, each time moving the unit to a 
slightly new position, to obtain trustworthy average values.  

 

 

 

Figure 3-13: Colour measuring system. A sphere geometry illuminates the sample diffusely by 

means of a white coated integrating sphere. Baffles prevent the light from directly illuminating the 

sample surface. Measurement is done at an 8° viewing angle  
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4 Anodising Kinetics and Optical Appearance (Paper 1) 
 

 

High Frequency Pulse Anodising of 

Aluminium: Anodising Kinetics and 

Optical Appearance* 
 

 

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 Gouy-Chapman/Helmholtz layers.  

 

Keywords: Aluminium; Pulse Anodising; High Frequency; Optical Appearance; Kinetics 
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4.1 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 sulphuric acid. Alloys containing critical elements such as Cu in AA2xxx alloys 
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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. 
 

4.2 Experimental 
 

4.2.1 Alloys and Surface Preparation 

Two different aluminium alloys from alloy families usually applied in decorative anodising 
are selected for this study; a AA1050, and a 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 
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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 4-1 provides an overview of the chemical composition (in wt.%) of alloy AA6401 and AA1050. 

 

Table 4-1: 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 

 
 

4.2.2 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. 
 
4.2.3 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, as shown in Figure 4-1. 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 
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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 4-1: Custom built anodising cell that allows for determining the temperature close to the 

anodised barrier layer 

 
4.2.4 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. 
 
4.2.5 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. 
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4.3 Results and Discussion 
 

4.3.1 Voltage-Current Response 

The voltage-current response during high frequency anodising of the AA6401 is shown in Figure 

4-2. 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 4-2 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 4-2 a while the current response is displayed in Figure 4-2 
b.  

 
 

  
 

Figure 4-2: Applied voltage and measured current response for HF pulse anodising from 0-15 V @ 

1 kHz for AA6401. 
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4.3.2 Rate of Anodic Film Growth 

 

 

 

Figure 4-3: Growth rate of AA6401 during HF pulse anodising as a function of a) pulse frequency, 

b) anodising voltage offset, and c) pulse duty cycle. 
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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 4-3 (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 4-3 (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 4-3 (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]. 

 
4.3.3 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 4-4, 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 4-4 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 
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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. 

 

Figure 4-4: 20° gloss as a function of anodic film thickness and pulse frequency for AA6401. 
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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. 

 

4.3.4 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 4-5 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.  



Anodising Kinetics and Optical Appearance (Paper 1)  

 

70  

 

 

Figure 4-5: Vickers micro-hardness of anodic oxides anodised at different conditions. 5 g load for 5 

s. 

 

4.3.5 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. 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 4-6 
(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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Figure 4-6: Barrier layer temperature & anodic film growth rate for AA1050 as a function of a) 

offset potential, @ 2 kHz, 50% duty cycle b) pulse duty cycle, @ 2 kHz, 0-15 V, and c) pulse 

frequency, @ 0-15 V, 50% duty cycle. 

 

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 4-6 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: 
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1. Standard pulse anodising, with monitoring of power consumption and barrier layer temperature. 
This is denoted as “Sample 1” in Figure 4-7 

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 4-7 

 

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 4-7: Power consumption and barrier layer temperature as a function of time. 
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4.3.6 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 4-8: Gouy-Chapman and Helmholtz Layers [66]. 
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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 4-10 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 4-9: Peak current profiles for different pulse anodising frequencies. 

 

 

Figure 4-10: Anodising peak current vs. applied pulse frequency for AA1050. 
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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] conclude that surface roughness decreases with 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  electro-crystallization 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 self-organization 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. 

 

 

4.4 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.  
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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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5  HF Pulse anodising of Recycled Aluminium Alloy (Paper 2) 
 

 

High Frequency Pulse Anodising of 

Recycled 5006 Aluminium Alloy for 

Optimised Decorative Appearance 
 

 

 

Abstract 

High frequency (HF) pulse anodising of a recycled AA5006 Aluminium alloy has been investigated 
to understand the effect of pulse anodising on improvements in optical quality of anodised surfaces 
in a sulphuric acid bath. The investigation includes the effect of applied voltage and pulse frequency 
on the anodising kinetics and optical properties of the recycled alloy with high number of intermetallic 
phases. The effect is compared with anodised surfaces produced using conventional DC anodising. 
Both the anodising kinetics and optical properties are largely dependent on the applied pulse 
frequency and amplitude of the anodising voltage. Surface gloss of the layer is generally improved 
upon using pulses compared to DC and improved by lowering the anodising voltage and increasing 
the pulse frequency. Improved kinetics under pulse mode allows for getting good anodic layers even 
with voltage levels lower than 10V, however the surface gloss worsens when anodising below 10 V. 
The benefit from pulse anodising is found to be largely due to metal-oxide interface roughness rather 
than on the structure and composition of the anodised layer.  
 

 

Keywords: Recycled Aluminium; AA5006; Pulse Anodising; High Frequency; Optical 

Appearance; Kinetics 
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5.1 Introduction 
 

Aluminium alloys are often subjected to an anodising treatment to provide a thick alumina 
layer that offers decorative surfaces, higher corrosion resistance, enhanced scratch and wear 
resistance, thereby improving the value of the product [1–3]. A highly decorative anodic film, which 
often is obtained by Direct Current (DC) anodising in sulphuric acid, is greatly influenced by the 
anodising parameters as well as the alloy composition, microstructure, and surface morphology [4–
7] The appearance of the anodised surface can vary greatly especially when using different alloys, 
despite the utilisation of similar process parameters [1,8]. The microstructure of the aluminium alloy 
has a crucial role due to differences in the electrochemical nature of second phase particles that react 
differently during the course of anodising. These differences usually originate from the intermetallic 
phase morphology, size, distribution, and composition. As such, any difference in the oxidation 
or/and dissolution of the microstructural constituents results in unintentional roughening of the 
metal/oxide interface as well as local variations in the anodic pore structure that eventually 
compromises the decorative appearance of the anodised surface. This especially becomes crucial for 
secondary/recycled aluminium alloys due to the higher amount of secondary phases, as compared to 
primary aluminium leading to undesirable effects on the anodic film [9]. The effect usually manifest 
in the form of light or dark streaks on the anodised surface, and darkening of the anodic films [8].  
Akeret et al. [10] studied the effect of different intermetallic particles on the optical appearance of 
anodised surfaces and concluded that small electrochemically anodic intermetallics such as Mg2Si 
and Mg2Al3 have only a marginal effect on the anodised appearance, whereas electrochemically 
cathodic intermetallics especially iron and silicon rich, have  large effect on the anodised appearance. 
A study by Van Gils et al. [11] found that rolled aluminium has approximately 10% lower reflectance 
compared to magnetron sputtered aluminium. It was concluded that the major reason for this reduced 
reflectance is presence of deformed layers (1.2 µm and 2.9 µm in thickness) near the surface, which 
are created during the rolling process.  Tabrizian et al. [4] found that a high gloss heat treated AA6060 
material shows lower reflectance after anodising compared to a non-heat treated material. . The 
influencing factors were postulated to be inhomogeneity and imperfections in the anodised layer, and 
that the oxide-substrate interface roughness has little influence on the visual appearance. Saito et al. 
[12] measured the optical transmission properties of 50 µm anodic films that were formed from pure 
aluminium and compared to alloy AA5052. The pure aluminium oxide proved transparent with a 
transmittance of 80-90%, whereas the AA5052 oxide had a dark colour with a transmittance of just 
20-30%. The dark colour was found to be caused by many holes within the anodic film and an 
irregular cell structure. 

In addition to being optically defect-free for best appearance, most of the industrial 
applications for anodic oxide films also call for good mechanical properties, hardness, corrosion and 
abrasion resistance. In order to meet these requirements, often thick and dense oxide films are formed 
on the aluminium substrates. Low electrolyte temperatures and higher anodic current densities enable 
the formation of hard and dense films, but due to effects, such as anodic film burning, the formation 
of defect free mechanically and optically sound thick anodic films can be challenging [13]. Burning 
of anodic films is often avoided by adopting a relatively high electrolyte temperature and low current 
density, but these parameters then increase the risk of anodic oxide powdering, and thick films are 
almost impossible to form [14]. To overcome these issues, low frequency pulse anodising has been 
studied for different conditions and for alloys with heterogeneous microstructures [15–21]. Low 
frequency pulse anodising is based on the recovery effect as argued by Yokoyama et al. [17] who 
also found that pulses improve oxide uniformity and reduce the total time required to produce a given 
film thickness.  Ono et al. [22] increased the pulse frequency into the kilohertz regime to determine 
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the beneficial effect on cast AlSi alloys (AC8A). It was concluded that the film thickness uniformity 
was improved by applying high-frequency switching electrolysis technique with positive and 
negative voltage cycles. Recently, Gudla et al [23,24] investigated the effect of high frequency pulse 
anodising of friction stir processed Al-TiO2 composites, finding the effect of anodising parameters 
on the structure and morphology of the anodic layers. The so-called pulse-reverse-pulse anodising 
technique using a negative voltage in the low voltage cycle, provided extensive pore branching and 
pore generation at the particle-alumina matrix interface. However, the pulse anodising technique 
using zero voltage during the off-cycle showed no such features in the pore morphology, but only 
entrapment of TiO2 particles into the anodic alumina similar to that observed for DC anodising 
[23,25]. In a separate study [26], the effect of high frequency pulse anodising on heat treated 
magnetron sputtered Al-Zr and Al-Ti coatings was also investigated. It was concluded that pulse 
anodising offers an increased growth rate compared to conventional DC anodising, while also 
offering an improvement of surface reflectance. These observations were confirmed by Jensen et. al 
[27] . Furthermore, the anodised layer was more homogeneous in terms of the degree of oxidation of 
the intermetallic phases for high frequency pulse anodising when compared to those observed for 
conventional DC anodising of similar material systems [28–30]. 

As previously mentioned, studies have shown the importance of the alloy composition, 
morphology and microstructure of the Al surface and its effect on the anodising behaviour and optical 
appearance [31][32]. From an industrial perspective, it is very attractive to have a process that can 
improve the decorative appearance of a low-cost recycled material, as an alternative to the existing 
method of using high-cost primary aluminium. In view of the growing interest, and recent advances 
in high frequency anodising of Aluminium for improved properties and performance, the current 
study focuses on the applicability of high frequency pulse anodising of recycled Al alloys. The aim 
is to overcome the detrimental effect in terms of degradation of optical quality and mechanical 
properties due to higher content of intermetallic phases in the recycled Al alloy. Anodising work is 
carried out on AA5006 aluminium alloy with high recycled content.  Kinetics of anodising under 
pulse conditions were measured and compared to conventional DC anodising. The optical parameters 
such as reflected image quality, peak reflection and gloss are measured and correlated to the observed 
structure and morphology of the films and to the nature of interface between the oxide and the 
underlying metal. 

 

5.2 Experimental 
 
5.2.1 Substrate Preparation 

AA5006 H49 (Novelis WG H4S) aluminium alloys with higher recycled content in a sheet form of 1 
mm thickness was used for the investigation. Composition of the AA5006 alloy is presented in Table 

5-1. All specimens were sanded using 1200 grit SiC paper without lubricant followed by mechanical 
polishing in the rolling direction. The polished specimens were covered with a protective film prior 
to cutting into individual samples of 50x40 mm. After cutting to required sizes, the film was removed 
and surfaces were 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 rinsing in demineralised water. Finally, the samples were cleaned by ultra-sonication in acetone 
for 15 min and dried in warm air flow.  
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Table 5-1: Chemical composition limits for the investigated alloys in wt.%. [31] 

  Si Fe Cu Mn Mg Cr Zn Ti Al 

AA5006 Max 0.4 
Max  

0.8 
Max 0.1 0.4-0.8 0.8-1.3 Max 0.1 Max 0.25 

Max  
0.1 

  
Bal. 

 
 

 

5.2.2 High Frequency Pulse Anodising 

The polished samples were anodised in a 20 wt.% sulphuric acid bath kept at 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 secures both current sourcing and sinking. 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 aid of an analogue oscilloscope attached to a data acquisition 
system.  

Two different pulse frequencies were evaluated, i.e. 1 kHz and 5 kHz, and compared to 
reference samples made under traditional DC conditions. Pulses were programmed to have 50% duty 
cycle (equal ON and OFF durations) and a zero volt offset at each pulse. The total anodising time 
was adjusted for each sample to achieve an oxide film 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 demineralised water for 10 min; hot water sealing for 30 
min in 96 °C demineralised water; and drying for 5 min in a 70 °C oven. 
 

5.2.3 Anodising Setup 

Anodising was performed in a 700ml anodising cell. The cell is a double walled cell for cooling 
the electrolyte and to secure constant temperature of the sulphuric acid electrolyte. A magnetic stirrer 
at 300 rpm secures proper circulation of the electrolyte and thus homogenous electrolyte temperature. 
The entire setup is illustrated in Figure 1. 

 
Figure 5-1: High frequency pulse anodising setup 

 
5.2.4 Optical Characterisation 

Optical appearance 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 
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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 recorded parameters are 20° gloss, 60° gloss, peak reflectance and Reflected Image 
Quality (RIQ). The glossmeter was always positioned parallel to the rolling/polishing direction. 
Multiple (min. 10) measurements were made for each sample every time moving the glossmeter to a 
new position. The presented data points are average of at least 10 individual measurements. Any 
misalignment or sample defect was instantly detected by the reflection curve and the data point was 
discarded. 
 
5.2.5 Microstructural Characterisation  

Test specimens for cross sectional inspection were embedded in cold setting epoxy.  The epoxy 
was cured for 24 hours and then grinded, and polished using diamond paste down to 1µm. To reveal 
the individual grains by Light Optical Microscope (LOM), surface was etched using Keller’s reagent 
for 5 seconds. After LOM analysis, the embedded samples were re-polished with 3 and 1 µm 
diamonds and then coated with a 2-3nm Au layer by sputtering (Cressington 208HR sputter coater). 
This procedure allowed for detailed microstructure and surface morphology analysis using Scanning 
Electron Microscopy (Quanta 200 ESEM FEG, FEI). The SEM was typically operated at an 
acceleration voltage of 10 keV. 
 

5.2.6 Chemical Composition 

The chemical composition of the anodic film was determined by the EDS analysis (Oxford 
Instruments, 80 mm2 X-max) attached to the SEM. On the cross-section of the anodised samples, at 
least 10 measurements were carried out each time analysing an area of ~8x30 µm.  
 

5.2.7 Metal-Oxide Interface Roughness Characterisation 

The metal-oxide interface roughness was determined by stripping the anodic film in a phospho-
chromic solution (5 wt% H3PO4 and 1.6 wt% CrO3 at 90 °C) [33] followed by the analysis using 
Atomic Force Microscopy (AFM). The instrument used was a NX20 from Park system. This AFM 
has a linearised Z-scanner (approximately 8 µm dynamic range) which is decoupled from the 
feedback-controlled lateral XY-translation stage (approximately 100 µm x 100 µm scan range). The 
probing tip had a radius of approximately 7 nm. In order to minimise wear on both the probing tip 
and the surface, the intermittent scanning mode was used and the probe oscillated at its resonance 
frequency of approximately 300 kHz. This reduces the time of physical contact between tip and 
sample significantly and also reduces any lateral forces during the scan.  An area of 50x50 µm at a 
resolution of 1024x1024 pixels was scanned for subsequent analysis using SPIP software (Scanning 
Probe Image Processor). Raw data was corrected by using plane and linewise levelling in SPIP, before 
calculating Ra values for all the 1024 scan lines. The presented Ra values are averaged from all 1024 
lines.  
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5.3 Results  
 

5.3.1 Anodic Film Growth Rate 
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Figure 5-2: Anodic film growth rate for AA5006 as a function applied voltage under DC and high 

frequency pulse anodising conditions. 

 

The voltage-current response during HF pulse anodising has previously been investigated. Jensen et. 
al. [27] showed that pulsing from zero to 15 V at 1 kHz, results in very dramatic current peak of 
approximately 30 A/dm2 . As soon as the barrier layer is fully charged (during one pulse cycle), the 
current drops to approximately 4 A/dm2; i.e. many times lower than the peak current. As soon as the 
voltage is lowered from 15 V to zero, barrier layer charges are removed, which results in a large 
negative peak current. The negative peak is followed by a plateau of zero amperes, before the next 
positive cycle is applied. The pulse frequencies and voltages mentioned by Jensen et. al. [27] are 
identical to those used in the present work. 

Figure 5-2 shows the effect of anodising pulse frequency on the anodic film growth rate. 
Results show that use of 5 kHz provided faster kinetics compared to 1 kHz frequency.  DC anodising 
presents the slowest condition in the voltage interval between 10 and 15 V. However, once exceeding 
15 V, kinetics at DC increase dramatically and exceed the rate for 1 kHz pulse anodising. At 20 V, 
the anodising speed reaches approximately 3 µm/min for both DC and 5 kHz, which is considered a 
very fast growth rate. The faster kinetics of 5 kHz anodising led to the investigation of voltage levels 
below 10 V. The growth rate is observed to gradually decrease with decreasing voltage level, finally 
reaching a growth rate of 0.17 µm/min at 4 V.  
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5.3.2 Optical Characterisation – Influence of Voltage and Frequency  

The calculated gloss values are presented in Figure 5-3. Focusing on the interval between 10 V 
and 20 V, results show that increasing voltage gives a less glossy surface for all anodising conditions. 
The decrease in gloss from 10 V to 15 V is most severe for traditional DC anodising, where pulse 
anodising seems to have almost identical values for both 10 V and 15 V. Only when increasing the 
voltage to 20 V, the gloss level drops for the pulse anodising to a value similar to DC conditions. The 
60 degree gloss is strongly affected by the voltage level for the DC conditions, whereas pulsing at 1 
kHz and 5 kHz provides higher values all the way up to 20 V. Specular reflection data have almost 
similar trend as the 20 degree gloss, with gloss levels decreasing rapidly under increasing the DC 
voltages. The trend is much less pronounced for the pulse mode, but finally decreases to the same 
level as DC when the voltage extends to 20 V. A similar behaviour is found for Reflected Image 
Quality (RIQ). 

Finding that almost all optical parameters improve with decreasing anodising voltage (in the 
range from 10-20 V), it was decided to decrease the anodising voltage below 10 V. This became 
realistic for 5 kHz due to the improved kinetics behaviour, as stated previously. The voltage was 
decreased in steps of 2 V finding that the minimum anodising rate is close to 4 V. Decreasing the 
voltage even further, does not allow for water electrolysis, meaning that no aluminium oxide will be 
formed. Optical characterisation was performed in a comparable manner as the 10-20 V samples with 
data also presented in Figure 5-3. It is interesting to find that both gloss and specular reflection 
decrease as soon as the anodising voltage is reduced below 10 V finally reaching optical properties 
that are only found at 20 V. As such, the parabolic trend for 20 degree gloss and specular reflection 
suggests a peak close to 10 V. The parabolic peak for RIQ values is slightly shifted towards the lower 
voltage side suggesting that 8 V could be the optimum. 
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Figure 5-3: Optical characterisation of polished and 10 µm anodised AA5006. (a) 20 degree Gloss 

data, (b) 60 degree Gloss data, (c) specular reflection, (d) reflected image quality. 

 

 

5.3.3 Optical Characterisation – Influence of Anodic Film Thickness 

Figure 5-4 presents the relationship between specular reflection and film thickness for specimens 
anodised at 4, 6, 8 and 10 V. Specular reflection shows a linear variation in the range from 5-10 µm 
for all voltage levels. A 4 V anodising yields the lowest values; 6 V being better, but 8 V and 10 V 
presenting almost equally high specular reflection values.  
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Figure 5-4: Peak reflection of 5 kHz anodised AA5006 with different oxide film thicknesses. 

 

5.3.4 Microstructural Investigation 

The Light Optical Microscope (LOM) images presented in Figure 5-5 shows a polished and etched 
surface of AA5006, which shows the high level of intermetallic phases.  The intermetallic phases 
differ in physical size up to approximately 10 µm in length.  

 

  
a) b) 

 

Figure 5-5: Light optical microscopy of polished AA5006 in cross section. Etched in Keller’s 

reagent for 5 s. (a) 200x magnification, (b) 1000x magnification. 

 

Figure 5-6 shows the SEM images of the cross section of the samples anodised at 15 V-DC and 
15 V-1kHz. These two samples present large differences in optical reflection values, therefore 
selected for SEM study to investigate the microstructural differences in the anodic film. The images 
in Figure 5-6 show the general overview with intermetallic particles in the aluminium, but not in the 
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anodic film.  Large number of cavities are observed throughout the anodic film, presumably due to 
the oxidation of the intermetallic phased and subsequent dissolution.   

 

Figure 5-6: SEM-ETD cross section images of anodised AA5006 at low and high magnification. 

Anodising conditions are 15V-DC and 15V-1kHz.  Anodic film thickness of 15V-DC sample is 

10,6µm and 11,0µm for 15V-1kHz. 

 

 

5.3.5 Composition of Anodic Film 

Average composition of the anodic film from the Cross-sectional EDS analysis is show in 
Figure 5-7. Iron level ranges between 0.05 - 0.1 wt.%, silicon between 0.05 – 0.11 wt.% and 
manganese between 0.15 - 0.22 wt.%, however, no obvious trend is observed between element 
composition and anodising parameters such as the voltage amplitude and frequency. Also, no 
difference in composition was observed between samples anodised at DC compared to samples that 
are anodised in high frequency pulse mode. Only sulphur content was changed with anodising 
parameters both for the DC and HF pulse anodising.   
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Figure 5-7: Measured concentration of Silicon, Manganese, Iron and Sulphur in anodic films 

formed at three different voltages and three different frequencies using SEM-EDS. 

 

5.3.6 Metal-oxide Interface Roughness 

The anodic films of the individual specimens were treated in a phospho-chromic solution to 
secure that the anodic film is stripped, but the underlying aluminium surface is preserved.   

Figure 5-8 shows the topography of the surface from AFM analysis for the 15V-DC and 15V-
1kHz specimens. The images show peaks and valleys across the surface as well as 
indentations/cavities at locations of the intermetallic particles. Although the Ra values of these two 
specimens are largely different, no systematic changes are found in surface topography. This suggests 
that the intermetallic particles behave in a similar manner regardless if anodising is conducted by DC 
or by HF pulsing, and that the differences in surface roughness are not related to intermetallic 
response.  

The averaged Ra-values from the AFM characterisation are presented in Figure 5-9 as a function 
of the anodising conditions. Surface roughness generally increases with increasing anodising voltage 
and the highest values are found for the traditional DC anodising. The 10V-DC creates a metal-oxide 
interface roughness of 50 nm, which increases to almost 100 nm when anodising at 20V-DC. A 
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similar large interface roughness is not found for neither 1 kHz or 5 kHz samples with values ranging 
from 36 nm to 52 nm. A polished and non-anodised reference sample shows 20 nm roughness (Figure 

5-9), which is typical of such surfaces [34]. 

 

 
(a) 

 
(b) 

Figure 5-8: AFM imaging of the metal-oxide interface. (a) 15 V-DC, (b) 15-1 kHz 
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Figure 5-9: Surface roughness of phospho-chromic acid stripped surface. Ra -value as function of 

anodising voltage and frequency 

 

To find the correlation between metal-oxide interface roughness and anodised optical 
appearance, surface roughness data  from Figure 5-9 are compared to gloss data from Figure 5-3 and 
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presented in Figure 5-10. Gloss data, peak reflection and Reflected Image Quality (RIQ) are plotted 
as a function of interface roughness.  It important to mention that the optical values are recorded when 
the anodic film is present on the sample, while the roughness data are presented for the phospho-
chromic stripped surface. Focusing on the relationship between interface roughness and 60° gloss, 
there seems to exist an almost linear relationship that includes data from all three anodising voltages 
(10, 15 and 20 V). In this case, 60° gloss drops linearly with increasing surface roughness. Also, when 
focusing on 20° gloss, there is a linear relationship between peak reflectance and RIQ as a function 
of interface roughness.  
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Figure 5-10: Correlation between optical properties and metal-oxide interface roughness. (a) 20 

degree gloss, (b) 60 degree gloss, (c) peak reflection, and (d) Reflected image quality 
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5.4 Discussion 
 

5.4.1 Anodic Film Growth Rate & Optical Effects  

Sheasby et al. [1] have previously reported how anodic film growth rate increases 
exponentially with increasing anodising voltage until the current density reaches the level required 
for electrical arcing across the alumina barrier layer causing a fatal destruction. The present study 
confirms the exponential growth rate as a function of increasing anodising voltage. This is true for 
both Direct Current (DC) and High Frequency Pulse Anodising, with the latter generally presenting 
improved kinetics compared to DC (Figure 5-2). The improved kinetics at increasing frequency 
allows for anodising at voltages below 10 V. These low voltages are traditionally not recommendable 
for DC anodising due to prolonged exposure to the acid electrolyte, which will risk pore wall attack 
resulting in a soft oxide film. A soft oxide film will compromise both corrosion and mechanical 
properties [1]. Pulse anodising at 4V-5kHz yields a growth rate of 0.17 µm/min, which is still higher 
than 10V-DC of 0.15 µm/min. 

In general it is found that the optical properties of anodised AA5006 finds an optimum close to 
10 V. Additionally, there is very little optical difference between DC and HF pulse anodising at this 
specific voltage level (see Figure 5-3), which shows that pulse anodising offers little advantages for 
optimising the aesthetic appearance of recycled AA5006. At this voltage level, the single identified 
advantage of pulse anodising is the faster growth rate compared to DC. The latter is especially true 
for 15 V anodising, where the optical properties are just as good as 10V-DC, but with a growth rate 
more than 5 times higher. From Figure 5-4, it is observed that the specular reflection is linearly 
dependent on film thickness in the range from 5-10 µm for all voltage levels. This is in agreement 
with the reported work of Cooke et al. [35] showing that increasing film thickness has a negative 
impact on the optical appearance. The drop in specular reflection as a function of film thickness 
emphasises the importance of having identical film thickness for all test specimens in order to 
conclude on differences in anodising parameters.  

 

5.4.2 Microstructural and Compositional Effects on Optical Properties 

Focusing on the lower part of the anodic films presented in Figure 5-6 (i.e. the region close to 
the metal-oxide interface), no partially oxidised particles are found.  Rather, the intermetallic particles 
appear entirely absent, which presumably is a result of particle oxidation followed by chemical 
dissolution. This suggests that the oxidation rate of the intermetallics is faster than the oxidation rate 
of aluminium. Further, the absence of any intermetallics within the anodic films, suggests a fast 
dissolution of the intermetallics.   

High magnification SEM images of samples anodised at DC and HF pulses show how the 
intermetallic particles only have caused minors distortion to the metal-oxide interface planarity. 
Previous studies [36–38] have revealed that embedded particles can act as current thieves during DC 
anodising, and thus create significant distortion to the flatness of the metal-oxide interface. The non-
flat interface will affect the reflection of light from the metal-oxide interface, especially 
compromising the reflected image clarity [35]. The current thieving phenomenon is due to the 
parasitic oxygen evolution at the location of the intermetallic particle at the surface of the anodised 
specimen [35,39–41]. The local current level at these particle sites will affect the anodising current 
at the nearby aluminium regions, causing a slower aluminium-to-alumina oxidation compared to the 
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regions farther away from the particle. This means that the interface planarity may become 
compromised when particles are present in the aluminium alloy, with the risk of light becoming 
scattered in multiple directions [35]. Considering that HF pulse anodising has a 50% off cycle, as 
opposed to 100% duty cycle for DC operation, it is highly probable that kinetics for the oxygen 
reduction process at the intermetallic particles is affected. Assuming that kinetics are lowered 
(because of the lower duty cycle) it would affect the current ratio of the two reactions that can take 
place at the anode. This would effectively alter the current thieving conditions and thus affect the 
interface planarity. However, upon visual observation of AA5006 after DC and High Frequency Pulse 
mode, no oxygen gas evolution is observed at the anode. In fact, this observation suggests that little 
or no current thieving of the intermetallic particles take place that potentially could affect the interface 
planarity due to this mechanism.  

The SEM images presented in Figure 5-6 indicate that the intermetallics have fully oxidised 
during the anodising process, which fits well with previously reported data [42]. Timm et al. [42] 
categorizes Al12(Fe,Mn)3Si particles as type B or C, defined as particles that are either “oxidised and 
incorporated at a rate comparable or slower than Al” or “oxidised and incorporated at a rate faster 
than Al”. Whether the particle acts as a type B or C, depends on the physical size of the particle [42]. 
Anodising in DC and HF pulse anodising results presented in this study suggest that the intermetallic 
particles present in AA5006 act as type C.  

Data in Figure 5-7 show no obvious trend between film composition and the anodising 
parameters such as voltage amplitude and frequency. The only identified difference was found in the 
sulphur level, where it becomes evident that the sulphur increases with increasing anodising voltage 
both for DC and HF pulse anodising. Sulphur deposition originates from the anodising process, where 
the sulfate anions are attracted to the positively charged electrode. Therefore, an increase in voltage 
effectively increase the migration of sulfate ions to anode and deposition.  

 

5.4.3 Metal-oxide Interface Roughness 

AFM mapping of the metal-oxide interface presented in Figure 5-8 shows that no anodising 
conditions create a surface with protruding intermetallics rather than depressions from the 
intermetallics. This indicates that the change of surface roughness according to data in Figure 5-9  
mainly are related to the Al-Al2O3 interface roughness and not to changes in e.g. intermetallic 
dissolution.  

Data in Figure 5-10 showing the relationship between Reflected Image Quality (RIQ) and interface 
roughness, indicate that the data sets from 10, 15 and 20 V do not coincide. This means that the same 
Ra value can result in distinctly different optical appearance values. For example, RIQ data at an 
interface roughness value of Ra=50 nm can either be 10, 50 or 70 depending on the voltage that is 
used during anodising (10, 15, 20 V). This clearly illustrates the complexity of surface roughness of 
the interface and light interaction. Nevertheless, the reasonably well-fitting data within the same data 
group suggests that the optical appearance of both DC and HF pulse anodising is strongly dependent 
on the resultant microstructure in the interface region between aluminium and aluminium oxide. 
Targeting a decorative appearance with high gloss, high peak reflectance and good reflected image 
clarity, it is important to use anodising parameters that yield a smooth and non-defective interface 
roughness. For all anodising conditions, it is found that an increase in interface roughness will results 
in degradation of optical properties.  
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5.5 Conclusion 
 

The basic characteristics during High Frequency pulse anodising of aluminium alloy AA5006 
have been investigated and compared to traditional DC anodising in sulphuric acid. Firstly, the 
kinetics were found to depend on frequency and voltage level. Secondly, the optical properties were 
also found to depend on voltage and frequency, and generally found to improve when using HF pulse 
compared to DC. Additional conclusions are:  

- Intermetallic particles, mainly consisting of Al, Si, Fe and Mn, are oxidised and largely 
dissolved during the course of anodising. No differences are found for DC and HF pulse mode. 

- Composition of the anodic films are largely independent on anodising voltage and frequency. 
Only Sulphur content, originating from the electrolyte, is influenced by anodising voltage, 
however, remains independent on frequency level.  

- Metal-oxide interface roughness was found to depend on both voltage and frequency. In 
general, low interface roughness is favoured by decreasing voltage and increasing pulse 
frequency. 

- A good correlation is found between the optical properties and interface roughness. Due to 
this good correlation, it is argued that the main mechanism behind the improved optical 
properties, lies in the fact that HF pulse anodising yields a smoother interface than traditional 
DC anodising. 
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6 HF Pulse Anodising of Die-Cast Al-Mg-Fe (Paper 3) 
 

 

High Frequency Pulse Anodising of Die 

Cast Al-Mg-Fe Alloy for Decorative 

Applications 
 

 

 

Abstract 

High frequency pulse anodising is performed on a high pressure die cast (HPDC) Al alloy containing 
Mg and Fe. The effect of applied pulse potential and pulse frequency on anodised appearance and 
anodising kinetics are investigated. High frequency pulse anodising in sulphuric acid yields a surface 
with higher gloss compared to traditional DC anodising, which is found to be due to differences in 
the anodic film surface roughness. Lowering the anodising voltage and increasing pulse frequency 
yields the best conditions for a smooth top surface. Additionally, the state of the intermetallic phases 
incorporated into the anodised layer has great impact on the surface appearance. The extent of 
intermetallic particle oxidation and incorporation into the anodic film affects the degree of light 
absorption within the anodic film. A prolonged exposure to the sulphuric acid electrolyte results in a 
higher degree of incorporated intermetallic phase particle dissolution and thus in better surface gloss 
appearance. However, when the anodising voltage is lowered to 6 V, the intermetallic particles are 
not oxidised and thus incorporated in their original state, leading to light absorbing constituents within 
the anodic film, which results in anodic film darkening. 
 

 

 

Keywords: Aluminium; High Pressure Die Cast; Al-Mg-Fe, Pulse Anodising; High Frequency; 

Optical Appearance; Kinetics;   
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6.1 Introduction 
 

Anodising of aluminium is a well-established method for producing high quality coatings 
for decorative and functional purposes [1–3]. The aesthetic appearance and properties of the anodised 
surface largely depends on the substrate alloy microstructure and composition. During anodising, 
many of the material defects become visibly enhanced [4]. The appearance and properties of anodic 
films on aluminium alloys are affected by the presence of intermetallic phases within the alloy [5,6]. 
This is because they get incorporated into the anodised film in a non-oxidised, partial or fully oxidised 
state or are dissolved and lost into the electrolyte leaving behind voids in the anodic film [7–10]. 
Whether the particles remain non-oxidised or become oxidised (or oxidised, dissolved and lost to the 
anodising electrolyte) is influenced by particle composition, particle size, overall quantity and 
distribution in addition to the anodising conditions [11,12]. 

Conventional Direct Current (DC) anodising of cast alloys containing silicon has been 
shown to be problematic and rendered impractical for decorative anodising due to the non-oxidising 
nature of primary Si phase [13]. It has been shown that the Si containing phases greatly affect the 
homogeneity of the formed anodic coating, resulting in an oxide film with great thickness variation 
[14,15]. Attempts to overcome this hurdle were initially reported by Yamamoto et al. [16,17] who 
studied the effect of high frequency (HF) pulse anodising on AlSi cast alloys at pulse frequencies in 
the kilohertz range. It was reported that increasing pulse frequency had a positive influence on anodic 
film thickness uniformity, while also providing improved kinetics when compared to DC anodising. 
However, the applicability of this technique for obtaining decorative anodised surfaces was not 
reported. Only recently, Gudla et al. [18–20] presented the investigations on applicability of high 
frequency pulse anodising of Al surfaces with heterogeneous microstructures to understand the effect 
of anodising parameters on optical appearance, anodic oxide structure, and anodic film growth rate. 
Film growth kinetics, hardness, and total reflectance of the surface were found highly dependent on 
anodising frequency and applied anodic cycle potential. Longer exposure times to the anodising 
electrolyte at lower growth rates resulted in lowering of the reflectance due to secondary phase 
particle degradation and lower hardness due to increased dissolution of the anodised layer during the 
process [19]. Recently, Jensen et al. [21] concluded that high frequency pulse anodising significantly 
improves the anodising kinetics and the decorative appearance compared to traditional DC anodising. 
Results showed that a combination of high pulse frequency and low pulse amplitude gives an 
optimum surface appearance of a wrought AA6401 alloy. 

The present study focuses on HF pulse anodising of die cast aluminium containing Mg and 
Fe, with an overall objective of obtaining decorative surfaces on a cast Al alloy. Being capable of 
anodising cast and near net shape structures to an aesthetic appearance, has great interest for the 
consumer electronics industry. As it has been reported earlier by Yamamoto et al. [16] that primary 
Si phases in traditional cast material are not structurally affected by HF pulsing in sulphuric acid, the 
present study will focus on cast material containing magnesium instead of silicon. Magnesium acts 
as an alternative to silicon to provide suitable fluidity to the melt during the casting process, while 
the addition of Fe secures non-stick properties to the steel moulds [22,23]. The present study will 
optimise anodising parameters that affect the optical properties and relate the findings to 
microstructural and compositional data.  
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6.2 Experimental 
 

The material used in this investigation is a HPDC Al-Mg-Fe alloy (Castaduct-42) supplied by 
Rheinfelden Alloys Techcenter in Germany, composition of which is shown in Table 1.  
 

Table 6-1: Chemical Composition of HPDC Al-Mg-Fe in wt . % 

wt.% Si Fe Cu Mn Mg Zn Ti 
Min.  1.5   4.0   
Max. 0.2 1.7 0.2 0.15 4.6 0.3 0.2 

 
6.2.1 Sample Preparation  

Test specimens of dimension 220 x 60 x 3 mm cut from the supplied cast billet were abraded  
with grit 1200 to remove casting skin from the surface, and subsequently mechanically polished to a 
high gloss state. The mechanical polishing process uses an ø200 mm cloth fixed on a lathe that rotates 
at 1200 rpm. Polishing wax containing alumina particles (Al2O3) as the abrasive agent is continuously 
added until a high gloss appearance is observed. A 3M protective adhesive foil was added to the 
polished specimens prior to cutting into individual samples of 50 x 40 mm. After cutting, the adhesive 
foil was removed, and the surfaces were degreased in a mild alkaline solution (30 g/L, Alficlean™, 
Alufinish, Germany). Desmutting was then performed by immersing the samples 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.Test specimens were then applied with an 
adhesive foil on the backside to reduce the total exposed area during anodising. 
 

6.2.2 High Frequency Pulse Anodising 

Anodising was conducted in a 20 wt.% sulphuric acid bath maintained at 18 °C. The 700 ml 
anodising cell was double walled allowing cooling to secure constant temperature of the sulphuric 
acid electrolyte. A magnetic stirrer at 300 rpm secures agitation of the electrolyte to obtain 
homogenous electrolyte temperature. A frequency generator (Agilent 33120A) supplied HF square 
pulses to a Class-AB amplifier, which can actively source and drain electrical current. It is important 
to fully charge and discharge the workpiece for each pulse cycle, to obtain the benefits of HF pulse 
anodising  [21]. An analogue oscilloscope, attached to a data acquisition system, monitored voltage 
pulses as well as the current response. Previous HF pulse anodising trials by Jensen et al. [21] revealed 
that pulse frequencies in excess of 1 kHz are required to get anodising kinetics that are comparable 
or faster than traditional DC anodising. For this reason, two pulse frequencies were selected, namely 
1 and 5 kHz. These conditions were compared to samples anodised under traditional DC anodising at 
similar voltage conditions. All pulses had a 50% duty cycle and a zero voltage offset. 

All the samples tested were anodised to an anodic film thickness of 10±1 µm, as this is a 
typical thickness for decorative applications. Identical film thickness is mandatory for comparing 
optical properties of the individual anodised specimens [24,25]. Anodic layer thickness was measured 
by a Fischer Isoscope gauge. Due to the differences in anodising kinetics at different voltages and 
frequencies, samples were anodised for different durations. Therefore, the total electrolyte exposure 
duration is not same for the individual specimens.After anodising, samples were rinsed, sealed and 
dried. Rinsing was performed in demineralized water for 10 min; hot water sealing for 30 min in 96 
°C demineralised water; and drying for 5 min in an oven at 70 °C. 
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6.2.3 Optical Characterization 

A Triple Angle Gloss & DOI meter (Elcometer 408) is used to quantify the optical appearance of the 
individual anodised test specimens. The equipment rests on a system that measures the reflected light 
profile using an array of 512 light sensitive diodes. The equipment measures the goniophotometric 
curves and converts collected data into 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 parameters of interest for this study are 20° Gloss, 60° Gloss, Peak Reflection and 
Reflected Image Quality (RIQ). RIQ is a parameter that provides higher resolution results compared 
to the traditional Distinctness of Image (DOI) parameter, therefore useful for quantifying orange peel 
and surface waviness effects. Further, RIQ data is better at mimicking the human perception of 
surface texture, especially on high quality finishes. For each sample, 10 individual measurements 
were recorded to obtain reliable average data. The individual measurements were always performed 
in parallel to the polishing direction. Any misalignment or surface defect was immediately detected 
by the displayed reflection curve. 
 
6.2.4 Microstructural Characterization  

The individual test samples were prepared and mounted in a cold setting epoxy, so the anodic 
films could be cross-sectionally analysed for microstructure and morphology. To avoid charging 
during SEM inspection, all embedded specimens were gold coated (2-3 nm thickness) by sputtering 
(Cressington 208HR sputter coater). A scanning electron microscope SEM (Quanta 200 ESEM FEG, 
FEI) typically operating at an acceleration voltage of 10 keV was employed for imaging. Chemical 
composition of the anodic films was determined by EDS (Oxford Instruments, 80 mm2 X-max) 
attached to the scanning electron microscope (Quanta 200 ESEM FEG, FEI). Samples oriented in 
cross section were measured at 10 different locations to gain a reliable average value, each time 
characterizing an area of ~8x30 µm. Microstructure of the  as received die cast alloy was analysed 
using an Light Optical Microscope (LOM) after polishing and etching using standard Keller’s reagent 
treatment [26] for a duration of 5 seconds. 

 
6.2.5 Roughness Characterization 

The anodic film roughness was analysed using Atomic Force Microscopy (AFM) (model 
NX20, Park system). The AFM is fitted with a linearized Z-scanner of ~8 µm dynamic range. The 
probing tip has a radius of ~7 nm. To minimize wear on the probing tip and the aluminium surface, 
an intermittent scanning mode was applied, meaning that the probe oscillates at its resonance 
frequency of approximately 300 kHz. Employing the oscillation mode reduces time of contact 
between the tip and sample significantly, and reduces lateral forces during scan.  An area of 50x50 
µm was scanned for subsequent analysis in SPIP software. Raw data was corrected by plane- and 
linewise levelling, before calculating Ra values for all the 1024 scan lines. Thus, the presented Ra 
values are averaged from the 1024 individual lines. 

Using AFM, all anodised test specimens were characterized for their top oxide surface 
roughness (also defined as air/oxide interface roughness). Subsequently, to determine the oxide 
film/metal interface roughness (also defined as metal/oxide interface), the anodic film was stripped 
using a phospho-chromic solution (5 wt% H3PO4 and 1.6 wt% CrO3 @ 90 °C) [27] followed by 10 
minutes rinsing in demineralized water. Phospho-chromic acid stripping removes the anodic film but 
leaves the aluminium substrate un-affected, thus making it possible to measure the metal/oxide 
interface roughness. 
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6.3 Results  
 

6.3.1 Visual inspection 

Surface appearance of test specimens as a function of anodising pulse frequency and voltage 
amplitude is shown in Figure 6-1. All specimens irrespective of anodising parameters show dull and 
non-aesthetic surface appearances, although the level of dullness varies between the individual 
specimens. Many of the specimens reveal flow lines, which originate from the high pressure die 
casting process. This is especially evident from the sample anodised at 4 V @ 5 kHz as shown in 
Figure 6-1.  

 

 

Figure 6-1: Visual appearance of die-cast Al anodised at different pulse frequencies and voltages 

As shown in Figure 6-1 and observed by naked eye at different angles and lighting 
conditions, the samples anodised at 5 kHz frequency show significantly better gloss/glaze appearance 
compared to samples anodised using direct current. The DC samples do not show similar specular 
reflections and thus appear dull at all angles and lighting conditions. The optimum voltage for 5 kHz 
samples appears to be 8 V, which generates a surface with a high degree of specular reflection. The 
1 kHz samples appear to create specular reflections in-between DC and 5 kHz samples. No 
discolouration is observed on the anodised surfaces, therefore the discolouration on some of the 
samples in Figure 1 are artefacts related to optical reflections during photography.  
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6.3.2 Anodic Film Growth Rate 

Figure 6-2 shows how the oxide growth rate is largely affected by voltage and frequency. 
DC and 1 kHz conditions follow almost similar kinetics at all voltages, whereas 5 kHz reveal 
increased growth rates especially at low voltages. The growth rate at 20 V is close to 3 µm/min for 
all anodising frequencies, which means that the time for obtaining a 10 µm film is barely greater than 
3 minutes.  

The effect of reducing anodising voltage below 10V was  investigated because all anodising 
frequencies show a trend towards improved surface gloss with decreasing voltage (shown in Figure 
6-3). The kinetics at DC and 1 kHz make it difficult to obtain a 10 µm film due to prolonged exposure 
to the acidic anodising electrolyte, so the anodising trials below 10 V were limited to 5 kHz. The time 
to reach 10 µm anodic film thickness at 4, 6 and 8 V (at 5 kHz) is 120, 31 and 19 min, respectively. 
The measured surface gloss at these voltages are reported in the following section. 
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Figure 6-2 – Anodic film growth rate of HPDC specimens during DC, 1 kHz, and 5 kHz. 

 

6.3.3 Influence of Pulse Frequency and Pulse Amplitude on Optical Appearance  

Figure 6-3-a shows the Goniophotometric profiles for the anodised Al-Mg-Fe alloy surfaces 
at different voltages and frequencies. In general, DC anodising yields lower peak reflections 
compared to both 1 kHz and 5 kHz. The results for  DC and 1 kHz show higher peak reflection values 
with decreasing anodising voltage. However, data for 5 kHz show that peak reflections do not 
continue to improve with decreasing voltage. In fact, peak reflections experience an optimum at 8 V 
and then decrease drastically when decreasing voltage further to 6 V and 4 V. 
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The extracted data presented in Figure 6-3-b show how DC anodising at all voltages is 
inferior to high HF pulse anodising.  20° gloss values for DC anodising ranges between 10 and 25 
G.U. (gloss units), while 5 kHz range between 10 and 60 G.U. at similar voltage levels. The 5 kHz 
gloss values (20°) show a peak at 8 V, which is in line with the perception from naked-eye 
investigation and as viewed from the picture in Figure 6-1.  A similar optimum at 8 V is observed for 
60° gloss, however the gloss decrease for 60° is less significant than 20° when anodising on either 
side of the optimum voltage level. 60° gloss values for DC anodised specimens range between 69 and 
24 G.U., which generally is lower than specimens prepared at HF pulse conditions.  

Reflected Image Quality values also find an optimum at 8 V – 5 kHz. In general, the 
individual RIQ values for HF pulse anodising are magnitudes higher than DC anodising, clearly 
revealing the benefits of HF pulse anodising.  

 
 

a) b) 
Figure 6-3: Optical Data for DC, 1 kHz and 5 kHz Pulse Anodised Al-Mg-Fe HPDC Cast Alloy.  a) 

Goniophotometric Data, and b) Extracted RIQ, Peak Reflection and Gloss Data  

 

6.3.4 Microstructural and Compositional Investigation of the Anodised Layer 

Figure 6-4 shows cross-sectional views of anodised specimens at different voltages and 
frequencies. A high level of intermetallic particles in the bulk of the alloy is clearly evident. The 
intermetallic particles are also present in the anodised film, either in a fully or partially oxidised state 
evident from the different in brightness contrast when compared to those in the bulk of the alloy. The 
presence of intermetallics has resulted in various features in the anodic film. One example of this is 
a much coarser oxide-metal interface compared to the high purity alloys. In general, the oxide-metal 
interface in all pictures shown in Figure 6-4 show greater roughness than usually observed for 
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decorative anodising. Another artefact is the state of the intermetallic particles embedded in the 
anodic film. Clearly the state of the particles are affected by the anodising conditions.  Low anodising 
voltage appears to yield a film with large porosities, expected to originate from particle oxidation 
followed by dissolution, while medium and high voltages yield particles that are oxidised but not 
dissolved. Especially films grown at 20 V show a dense oxide film with non-dissolved particles.   
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Figure 6-4:SEM-ETD cross-sections of anodised Al-Mg-Fe alloy at different voltages and 

frequencies 

 

Figure 6-5 shows SEM-ETD images of anodic films formed at 4, 6 and 8 V (5 kHz). Starting with 
the 4 V specimen, the oxide is heavily distorted with an air/oxide and metal/oxide interface that is 
much coarser than any of the other voltage levels. This causes great thickness variations across the 
entire film. An amplitude of 4 V is clearly not high enough to obtain an oxide film with good thickness 
uniformity. The anodic film formed at 6 V appears to have considerably less thickness variation and 
overall shows a very dense oxide structure with very little sign of particle dissolution. In fact, this 
film resembles the high density films formed at 20 V.  
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The oxide film formed at 6V-5kHz is compared to the oxide film formed at 10V-1kHz as a 
method of determining if the overall anodising duration influences intermetallic dissolution. 
Anodising at 6V-5kHz and 10V-1kHz require approximately 31 minutes to form a 10 µm oxide film, 
which means that the duration of electrolyte exposure is the same in both cases. However, when 
comparing these two oxide films, it appears that 6V-5kHz is considerably denser than 10V-1kHz, 
suggesting that the total electrolyte exposure duration is not the only factor that determines particle 
dissolution. 
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Figure 6-5 - SEM-EDT Cross-sections of Anodised Al-Mg-Fe Alloy. Anodised at 5 kHz under 4, 6, 

and 8 V 

 

Figure 6-5 also presents the oxide structure when anodising at 8V- 5kHz. This anodising 
condition is highlighted because Figure 6-3 reveals how this combination of parameters provides an 
optimum in terms of surface appearance. SEM-ETD images of the 8V-5kHz film reveal a highly 
porous oxide film with large porosities that appear to originate from dissolved intermetallic particles.  

Figure 6-6 shows EDS data for the anodic films presented in Figure 6-4 and Figure 6-5. 
Focusing on the voltage range from 10 to 20 V, the Mg content appears almost unaffected by both 
voltage amplitude and frequency. The specimen anodised at 8V-5kHz shows a decrease in Mg signal 
followed by a significant increase at 6 V, followed by a decrease for 4 V samples. Iron content is 
slightly affected by anodising voltage, while frequency has less influence. High voltage anodising 
yields somewhat higher Fe values compared to low voltage (10 V), with the lowest values identified 
for DC conditions. Focusing on the 5 kHz data it becomes apparent that Fe signals experience a 
minimum for 8 V and that both 4 and 6 V are considerable higher. This information is in line with 
SEM images that reveal anodic films with much lower porosities at 4 and 6 V. Embedded sulphur 
within the anodic film, originating from negatively charged sulphate anions within the electrolyte, 
seems unaffected by frequency, but heavily dependent on voltage level. Higher voltage has resulted 
in high sulphur content in the film, which shows a linear increase from 4 to 20 V.   
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Figure 6-6: Averaged EDS Data (From 8x30µm Area) for Anodic Films formed from Al-Mg-Fe 

Alloy at Different Frequencies and Voltages. 

 

6.3.5 Microstructural and Compositional Investigation of Dual-Voltage Anodised Specimen 

 

Figure 6-7 displays the cross-section of an anodic film that is formed at two separate 
anodising voltages. This dual-voltage experiment was conducted to determine how intermetallic 
particles act at the two voltage extremities, i.e. 20 V and 6 V. On a single workpiece, a top oxide is 
prepared at 20V-5kHz and a bottom oxide at 6V-5kHz. The duration for forming a top oxide of 10 
µm (i.e. at 20 V) is 3.5 minutes, and the duration for forming a bottom oxide (i.e. at 6 V) of additional 
10 µm is 31 minutes. The resultant 2x10µm oxide film is presented in Figure 6-7 with a time scale 
on the left side of the picture, to reveal the when the different layers of the oxide were formed.  

Figure 6-7 reveals a distinct oxide/oxide interface between the two anodising conditions. 
Furthermore, the appearance of the intermetallic particles within these two layers are very different. 
The 20 V film is heavily porous with large number of vacancies, while the 6 V film is considerably 
denser and less porous. This suggests that pulse amplitude indeed has a large influence on the final 
state of the intermetallic particles 

The 20 V film in Figure 6-7 does not resemble the 20 V anodic film displayed in Figure 6-4, 
however, this is probably due to differences in electrolyte exposure duration. Figure 6-4 shows a 
sample that is anodised for 3.5 min and then removed from the electrolyte, while the dual anodised 
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specimen in Figure 6-7 has been exposed to the sulphuric acid electrolyte for a total duration of 34.5 
min. Clearly the prolonged acid exposure has caused considerable intermetallic dissolution. However, 
it is interesting to observe how the 6 V film shows almost no sign of particle dissolution; not even at 
the oxide/oxide interface which has experienced a prolonged acid exposure. 

 

 

 

Figure 6-7: SEM-ETD Image of a Specimen Anodised at ‘20 V - 5 kHz’ followed by ‘6 V - 5 kHz’ 

 

GDOES compositional data for the dual anodised sample is presented in Figure 6-8. 
Focusing on the Mg signal, the signal is lowest close to the air/oxide surface and then increases in a 
linear fashion until entering the oxide/oxide interface. The signal maintains constant throughout the 
entire 6 V film and only starts to increase once it reaches the bulk alloy. An almost identical trend is 
observed for the Fe signal, which also shows a minimum at the top surface and a near-plateau level 
in the 6 V oxide, though slightly less pronounced. These findings emphasize how the 20 V oxide 
contains particles that are gradually dissolved during a prolonged electrolyte exposure, while the 6 V 
oxide contains particles that do not dissolve. 
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Figure 6-8: GDOES Data for Die-Cast Al-Mg-Fe Alloy Anodised at 20 V Followed by 6 V. 

 

6.3.6 Air/Oxide Roughness Measurements 

Figure 6-9 illustrates the variation in air/oxide roughness as a function of voltage and 
frequency.  The Ra-values increase with increasing voltage and decreasing frequency. Thus, the 
highest Ra-value is identified for DC samples anodised at high voltage. At 20V-DC, the Ra-value 
goes beyond 120 nm, but drops to 107 nm and 61 nm when decreasing the anodising voltage to 15V-
DC and 10V-DC, respectively. Anodising at a pulse frequency of 1 kHz at 10, 15 and 20 V yields an 
anodic film surface roughness to 40, 56 and 93 nm, respectively, which suggests that HF pulsing has 
a positive influence on surface smoothening. This is further confirmed by the 5 kHz data, which show 
additional decrease of Ra-values at comparable anodising voltages. At 10, 15, and 20 V the Ra values 
become 25, 33 and 68 nm, which means that the surface roughness is improved between 45 and 70% 
when comparing DC and 5 kHz data. Figure 6-9 shows that the lowest air/oxide Ra value is found for 
the oxide film formed at 8V- 5kHz.  
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Figure 6-9: AFM Roughness Measurements (Both Air/Oxide and Metal/Oxide) of Al-Mg-Fe Alloy 

Anodised at Different Voltages and Frequencies 

 

6.3.7 Metal/Oxide Interface Roughness 

The Ra-values of oxide-metal interface after phospho-chromic stripping is also shown in 
Figure 6-9. Interestingly the Ra-values have increased significantly compared to those for air/oxide, 
with values close to 200 nm in the voltage range of 10 to 20 V. In general, voltage and frequency do 
not show significant influence on the roughness level from 10 to 20 V, however, a large voltage-
dependency appears from 4 to 8 V. A minimum Ra-value of 115 nm is identified at 8 V, while 6 and 
4 V create high metal/oxide roughness of 282 and 595 nm, respectively.  
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6.3.8 Correlation Between Metal-Oxide Interface Roughness and Optical Properties 
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Figure 6-10: Correlation between optical properties and Metal/Oxide roughness for anodised Al-

Mg-Fe alloy 

 

  The relationship between metal/oxide roughness and surface appearances are presented in 
Figure 6-10.  Data are combined to understand how one contributes to the other.  Interestingly, both 
peak reflection and gloss follow a clear trend as a function of surface roughness, regardless of voltage 
or frequency. This observation indicates that many of the optical data are strongly influenced by the 
air/oxide roughness. Therefore, one can assume that using HF pulse anodising instead of DC 
generates a smoother air/oxide interface, which provides optimised optical appearance. 
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6.4 Discussion 
In terms of optical appearances, the most pronounced difference between HF pulse and DC 

anodising is observed for the calculated RIQ values. 5 kHz samples give very high RIQ values (up to 
91 for 8V- 5kHz), whereas DC anodised samples present considerably lower values (maximum of 6 
at 10 V). Since the scale for RIQ ranges between 0 and 100, a RIQ value of 91 for the 8V-5kHz 
sample is remarkably high. In fact, this RIQ level is almost equal to those observed for high purity 
alloys (1xxx series) traditionally used for decorative anodising, as found in unpublished reports. 
However, naked eye evaluation of the anodised surfaces of Al-Mg-Fe alloys, show an appearance 
that is inferior to the usual appearance on 1xxx alloys, which suggests that the RIQ parameter cannot 
completely represent a decorative appearance of an anodised surface. It seems equally important to 
focus on the 20° and 60° gloss values to fully characterise a decorative anodised film. Conventional 
alloys for decorative anodising (e.g.  1xxx alloys) can possess 20° gloss values in excess of 1400 G.U.  
when polished and anodised at optimum conditions, which is significantly higher than the gloss values 
observed for the Al-Mg-Fe under investigation. The average gloss value observed for Al-Mg-Fe alloy 
is lower than 100 G.U. 

As the results show, none of the anodising parameters give truly decorative appearances, 
which might be due to the combined effect of the oxide/metal interface roughness and structure of 
the anodised layer with non-oxidised, partially or fully oxidized intermetallic phases. Both effects are 
due to the presence of large number of Fe-containing intermetallics in the microstructure of the alloy. 
The presence of Fe-containing intermetallics is known to compromise optical transparency of anodic 
films even at low concentrations [28]. All anodic films generally lack optical transparency, which 
means that HF pulse anodising does not provide significant improvements, at least within the voltage 
range from 10 – 20 V. On the other hand, the sample anodised at 8V-5kHz shows brighter appearance 
and better optical properties, indicating that HF pulse anodising is beneficial, although the resulting 
surface is not good enough for decorative applications.  

Quantifying the air/oxide interface roughness with AFM clearly reveals how high frequency 
pulse anodising yields a smoother top surface compared to DC. The mechanism behind obtaining a  
smoother surface upon increasing anodising frequency may not be linked to the observations made 
by Yamamoto [16] who studied the effect of HF pulse anodising on die-cast AlSi material. Yamamoto 
reports how HF pulsing results in significant improvements in film thickness variation compared to 
DC. It is believed that the mechanism behind Yamamoto’s observations is related to a parasitic anodic 
reaction where oxygen is released from the anode. This phenomenon originates from primary Si 
particles, which are not oxidised during anodising. As such, the primary Si particles act as current 
thieves with lower electrical resistance than across the alumina barrier layer, which causes oxygen to 
be released. The individual Si particles will act as current thieves and cause oxygen evolution until 
the oxide film grows thick enough for the particles to lose electrical contact to the aluminium bulk 
[4,13–15]. This parasitic anode reaction (i.e. oxygen evolution) will greatly have an adverse effect on 
interface roughness [12].  Own laboratory anodising trials with a 10% Al-Si alloy confirms heavy 
oxygen evolution from the anode, however, no oxygen release was detected when anodising the Al-
Mg-Fe under investigation. This indicates that no parasitic anode reaction is taking place and that the 
mechanism for a smooth surface roughness is found elsewhere. Instead, the mechanism could be 
related to the mechanisms found in HF pulse electrodeposition of various metals. It is reported that 
HF pulse plating has a positive influence on surface roughness as compared to conventional DC 
plating [32,33]. Pulse plating yields so-called instantaneous nucleation, whereas DC plating yields 
progressive nucleation. For instantaneous nucleation, all nuclei are formed within a short time period 
after supersaturating the parent phase, followed by growth and overlapping. This means that 
instantaneous nucleation is the process of growth of a constant number of clusters. In contrast, for 
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progressive nucleation the number of nuclei are not constant, which will result in surface topologies 
with varying deposition height. As such, it appears likely that during HF pulse anodising of 
aluminium, the initial nucleation sites are larger in numbers, which finally yield an anodic film with 
a smoother surface. Csokán [34] studied the mechanism of oxide nucleation of aluminium for three 
different electrolyte concentrations, and found that oxide appears in small nuclei sites followed by 
lateral growth until the oxide gets in contact with adjacent oxide. The lateral expansion was observed 
to proceed continuously, although sometimes irregular oxide front moves forward in cascade-like, 
periodical repeating reaction waves. This mechanism resulted in terrace or rosette shaped surface 
structures [34]. 

An additional comment to the improved surface roughness is linked to the kinetics of oxide 
formation. In the present study, as well as reported by Yamamoto et al. [16], Gudla et al. [18] and 
Jensen et al. [21], it is concluded that HF pulsing improves kinetics quite dramatically.  At 10 V the 
time for achieving a 10 µm film is 56, 26, and 15 minutes for DC, 1 kHz, and 5 kHz, respectively. 
Results show that the anodising speed is more than tripled when going from DC to 5 kHz. For porous 
anodising of aluminium, it is common knowledge that the final air-oxide interface is formed during 
the initial part of anodising (in contract to electrodeposition of metals), which suggests that the top 
oxide is exposed to the acidic electrolyte throughout the entire anodising duration. The low pH of the 
electrolyte will cause a certain degree of “pore wall attack” of the anodic film, which depending on 
temperature and acidity, will have a detrimental effect on mechanical stability and corrosion 
properties [1,28]. Therefore, longer exposure to the anodising bath results in higher surface roughness 
due to dissolution. It could be argued that the smoother oxide surface of pulsed anodised films is 
related to a shorter electrolyte exposure, however, this hypothesis is not in agreement with 
observations for 20 V specimens. The three individual 20 V specimens prepared at DC, 1 kHz and 5 
kHz have more or less similar kinetics, but different surface roughness. Therefore, it appears unlikely 
that the total exposure duration solely dictates surface roughness. 

Although duration in the acid electrolyte does not have a major influence on surface 
roughness, it does appear to affect the degree of intermetallic particle dissolution. Cross-section 
analysis of the anodised specimens shows a correlation between total anodising duration and the 
degree of particle dissolution. Especially focusing on the DC and 1 kHz samples it is clear how 
specimens anodised at 10 V show a large degree of particle dissolution, whereas 20 V specimens 
show almost none. This is supported by images that reveal how film porosity is greater in the top 
oxide compared to the bottom part suggesting that particles indeed are dissolved during anodising. 
For 5 kHz samples, a very nice trend is observed in the voltage range from 8 to 20 V with 8 V showing 
the highest level of particle removal. This is supported by EDS data showing low levels of Fe in the 
8 V film.  In fact, the images suggest that intermetallics have both oxidised and dissolved in the 8 – 
20 V range.  

Reducing anodising voltage below 8 V does not show a continued degree of particle 
dissolution despite the prolonged acid exposure. Cross sectional analysis of films formed at 6 and 4 
V show a widespread presence of intermetallics, which is supported by the higher Fe levels detected 
from EDS analysis. An almost similar observation is made for the 4 V specimen. A reasonable 
explanation for the change in behaviour below 8 V may be linked to the electrical potential that is 
required for oxidation of the intermetallic particles. And an expectation that particles need to be 
oxidised in order to dissolve. This hypothesis is supported by the dual-voltage anodised specimen (20 
V followed by 6 V) presented in Figure 6-7, where the state of particles clearly are influenced by the 
voltage level. It appears that 20 V has caused intermetallics to fully oxidise, and that the subsequent 
acid exposure has caused full particle dissolution. In contrast, 6 V has not been sufficient to oxidise 
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the particles, thus not allowing for subsequent dissolution (a threshold voltage for intermetallic 
particle oxidation is also mentioned by Cote et al. [11,35])As the optical appearances of a 6 V 
specimen is worse than an 8 V specimen, it is reasoned that higher intermetallic/Fe content within the 
anodic film, indeed has a detrimental effect on gloss. 

Overall, optical data suggest that anodising at 8V-5kHz gives the best surface appearance. 
AFM, SEM, and EDS show that this beneficial effect is due to a combined effect of low surface 
roughness and high degree of intermetallic dissolution, leaving an anodic film with less light 
absorption constituents. As such, the latter is easily obtainable with conventional DC anodising, 
however, DC anodising does not provide a top surface with low surface roughness, even at low 
voltages/current densities. This illustrates the potential of HF pulse anodising for improved surface 
appearances. 

A combined effect of low surface roughness and high degree of intermetallic particle 
dissolution, was also studied on recycled aluminium alloy AA5006 in not-yet published research. A 
clear benefit of using HF pulses was identified in a lower metal/oxide interface roughness, which 
yielded anodised surfaces with a higher degree of specular reflection. The AA5006 intermetallic 
phases consisting of Al, Si, Fe and Mn were found to mostly oxidise and dissolve, however, due to a 
lower concentration of intermetallics, this effect did not dominate the optical appearance results. 

  

6.5  Conclusion 
 

High frequency pulse anodising was adopted on a HPDC Al alloy containing Mg and Fe to 
find how it affects decorative appearances. The main conclusions from the studies are:  

1. Decorative appearances are improved with increasing pulse frequency and decreasing voltage. 
However, voltage should not be lower than 8 V as this leaves non-oxidised intermetallic 
particles within the anodic film that will compromise film transparency. 

2. Decorative appearances are largely influenced by the air/oxide interface roughness. The 
air/oxide roughness decreases with increasing pule frequency and decreasing pulse amplitude.  

3. Intermetallic particles are oxidised when anodised above 8 V. Upon long electrolyte exposure 
durations, these oxidised particles are dissolved. Dissolved particles favour an anodic film 
with less light absorption. 

4. The optimum anodising condition is 8V-5kHz. Under these anodising parameters the surface 
roughness is very low and many of the light absorbing constituents are oxidised and dissolved. 
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7 HF Pulse Anodising of Die-Cast Al-Mn-Zn (Paper 4)  
 

 

High Frequency Pulse Anodising of Die 

Cast Al-Mn-Zn Alloy for Decorative 

Applications 

 
 

 

 

Abstract 

High frequency pulse anodising in sulphuric acid is evaluated on a die cast Al alloy based on Mn and 
Zn, as an alternative to the more common alloys based on Si and Fe. The effect of applied pulse 
frequency and pulse amplitude on the metal-oxide interface roughness and resulting surface 
appearances are presented. Results show that it is attractive to reduce the anodising voltage and 
increase the applied anodising pulse frequency to improve anodised surface appearance. Furthermore, 
the present study reveals how a homogenisation heat treatment of the die cast alloy material affects 
the microstructure of Al-Mn-Zn alloy, and drastically affects the subsequent anodised surface 
appearance by darkening of the anodic film. The Mn- and Zn-rich intermetallic phases in the anodic 
film appear to be incorporated in a partially oxidised state. The extent of oxidation of these 
intermetallic phases increases with increasing pulse amplitude, while the effect of pulse frequency is 
less clear. Further, it is postulated that a complete oxidation of particles in the anodic film is 
mandatory for obtaining decorative surfaces. 

 

 
Keywords: Aluminium; Pulse Anodising; High Frequency; Optical Appearance; Die Cast; Heat 

Treatment 

 

  



HF Pulse Anodising of Die-Cast Al-Mn-Zn (Paper 4)  

 

119  

 

 

7.1 Introduction 
 
The use of high pressure die-cast (HPDC) aluminium for decorative applications is very 

limited due to the higher content of alloying elements in the metal, which compromise the aesthetic 
appearance of the anodised film [1,2]. The alloying elements in HPDC alloys typically consist of Si 
and Fe, with the purpose of securing good fluidity of the melt within the steel mould and reducing 
the sticking tendency to the mould [3,4]. Silicon in Aluminium is known to result in grey or black 
anodic films when present in concentrations above 5 wt.%, which is attributed to the non-oxidative 
nature of the primary silicon phases [5]. Due to this, silicon containing phases are left almost 
unaffected in the oxide film and contribute to a roughening of the metal-oxide interface [6–9]. Iron, 
even in small concentrations, is extremely undesirable with respect to decorative anodising, due to 
the formation of intermetallic compounds, such as FeAl3, FeAl6, Fe2SiAl8 or FeMg3SiAl8, and Al-Fe-
Mn-Si [5]. Alternative cast Al alloys, not based on silicon and iron, are starting to emerge, and present 
reasonable decorative anodised appearances. One example is the patented Alcoa cast material, called 
Colorcast [10], which is based on Mn, Zn, Zr and Cu.  

The process for decorative anodising is traditionally performed in a sulphuric acid electrolyte 
with a simple DC signal. However, pulse anodising methods have emerged for applications requiring 
higher growth rates and for Al alloys sensitive to burning [11–13]. Juhl et. al. [14] applied low 
frequency pulses of different variations on both extruded and cast aluminium alloys, and found that 
the oxide structure was similar across all anodising conditions, but hardness was affected. Later 
studies have investigated the advantages of increasing pulse frequency into the kilohertz regime [15–
17] . Yamamoto et al. [6] focused on high frequency pulse (HF) anodising of an Al-Si cast material, 
and reported that the resultant oxide film obtained better thickness uniformity when increasing the 
pulse frequency. Furthermore, the study revealed how oxide formation surrounds the primary silicon 
particles to a higher extent than conventional DC anodising. This observation was confirmed by 
Gudla et al. [15,16] who studied HF pulse anodising of Al-TiO2 composite alloys, as well as highly 
heterogeneous sputtered and heat treated microstructures based on Al-Zr and Al-Ti [17]. 
Transmission Electron Microscopy of the sections prepared using in-situ FIB lift-out from the anodic 
layers, revealed a considerable extent of oxide pore branching. This led to a more complete oxidation 
of the Al-TiO2 nanocomposite alloy, in the regions below the embedded TiO2 particles. The more 
complete oxidation of the Al matrix eliminates the so-called conical asperities, which otherwise can 
act as light absorbing constituents and subsequently darken the anodic layer [18,19].  

The present study targets a decorative appearance on a HPDC Al-Mn-Zn material using HF 
pulse anodising in sulphuric acid. Pulse frequency and voltage is varied to find the best set of 
parameters for optimal surface appearance. Furthermore, investigations are performed for the material 
in as-cast condition as well as in heat treated condition. The mechanisms causing undesired 
appearances and the effect of conventional DC vs HF pulse anodising are elucidated.  
 

7.2 Experimental 
 

7.2.1 Alloy and Surface Preparation 

Colorcast test specimens (composition in Table 7-1) of 60x110 mm with a thickness of 0.65 
mm were ground with grit 1200 to remove casting skin from the surface, followed by mechanical 
polishing to obtain a high gloss surface appearance. Mechanical polishing uses a ø200 mm cloth fixed 
on a lathe that rotates at 1200 rpm. Polishing wax containing alumina particles (Al2O3) is continuously 
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added until a high gloss appearance is achieved. The polished samples were applied a protective 
polymer coat prior to cutting into individual workpieces of 30x40 mm. After cutting into individual 
workpieces, the protective coat was removed and the surfaces were degreased in a mild alkaline 
solution (30 g/L, Alficlean™, Alufinish, Germany). Desmutting of the degreased surfaces was 
performed by immersing in a 100 g/L HNO3 solution for 30 s followed by demineralised water 
rinsing. 
 

Table 7-1: Chemical composition of the investigated alloy in wt.%. 

 Si Fe Cu Mn Mg Zn Al 

Die cast 

alloy 

0.00 0.00 0.00 2.67 0.00 1.32 94.92 

 
 
7.2.2 Anodising Process: DC and High Frequency Pulse  

The polished samples were then anodised in a 20 wt.% sulphuric acid bath maintained at 18 
°C. A function generator (33120A, Agilent) supplied the DC and pulse signals, which were converted 
to a high-power signal using a customized Class-AB amplifier. The necessity of using an amplifier 
rather than a conventional rectifier relates to the necessity of draining electrical current from the 
anodised workpiece for each pulse cycle. It is mandatory to fully charge and discharge the workpiece 
for each pulse cycle to gain the advantages offered by HF pulse anodising. Voltage waveforms and 
the corresponding current responses were recorded by an analogue oscilloscope attached to a data 
acquisitioning system. Three different frequencies were evaluated namely 0 (i.e. DC), 1, and 5 kHz. 
Duty cycle was maintained constant at 50% and the lower voltage (when pulsing) was maintained at 
0 V in all experiments.  

Anodising was performed in a 700ml anodising cell. The cell is double walled with a 
surrounding jacket of cooling water that constantly secures a stable temperature of the sulphuric acid 
electrolyte. A magnetic stirrer at 300 rpm secures agitation of the electrolyte and thus homogenous 
electrolyte temperature. As the light absorption of an anodic film is highly dependent of film 
thickness, it was mandatory to compare test specimens of similar anodic layer thickness, so oxide 
thickness was kept constant at 10±1 µm for all test specimens. As voltage and pulse frequency both 
have dramatic influence on oxide growth rate, it follows that the individual specimens have been 
subjected to the sulphuric acid electrolyte for different durations to reach the targeted 10 µm film 
thickness. Anodic film thickness was determined by a Fischer Isoscope gauge. After anodising, the 
samples were rinsed, sealed and dried. Rinsing was performed in demineralized water for 10 minutes, 
sealing for 20 minutes in 96 °C demineralised water, and drying for 5 minutes at 70 °C.  
 
7.2.3 Optical Appearances 

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 reported for a 20° light incidence angle.  

The darkening effect observed for heat treated specimens was quantified by a CIE-LAB 
colour measurement using DataColor Check II Plus equipment. CIE a- and b- values, providing 
information about level of red/green and blue/yellow, were of less interest than the L-value that 
provides information about the black/white level. An L-value of zero represents a black appearance, 
while a value of 100 represents a white appearance. 
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7.2.4 Metal Oxide Interface Roughness 

The metal-oxide interface roughness was determined by stripping the anodic film in a 
phospho-chromic solution (5 wt% H3PO4 and 1.6 wt% CrO3 @ 90 °C) [20] followed by Atomic Force 
Microscopy (AFM) characterization of the surface. The instrument was a model NX20 from Park 
system.. The probing tip had a radius of approx. 7 nm. In order to minimize wear on both the probing 
tip and the surface, the intermittent scanning mode was used where the probe oscillates at its 
resonance frequency at approx. 300 kHz. This reduces the time of physical contact between the tip 
and sample, and reduces any lateral forces during the scan.  An area of 50x50 µm was scanned for 
subsequent analysis using SPIP software. Raw data was corrected by using plane and line wise 
levelling in SPIP, before calculating the Ra values for all the 1024 scan lines. The presented Ra values 
are averaged from all 1024 lines.  

 
7.2.5 Microstructural Characterization 

Test specimens for cross sectional inspection were embedded in cold setting epoxy. The 
epoxy was cured for 24 hours and then ground and polished subsequently using finer grades of SiC 
abrasive and further using diamond paste up to 1 µm grit size. For revealing grain structures by Light 
Optical Microscopy (LOM), surfaces were etched using Keller’s reagent for 5 s. After LOM analysis 
the embedded samples were re-polished with 3 and 1 µm size diamond grit and then coated with a 2-
3 nm Au layer by sputtering (Cressington 208HR sputter coater). This procedure allows for detailed 
microstructure and morphology analysis using a Scanning Electron Microscope(Quanta 200 ESEM 
FEG, FEI) equipped with EDS (80 mm2 X-Max silicon drift detector, Oxford Instruments). The SEM 
was typically operated at an acceleration voltage of 10 keV. 

 

7.3 Results  
 

7.3.1 Microstructure of Non-Heat Treated Al-Mn-Zn Cast Alloy 

Figure 7-1 shows a cross sectional view of a non-heat treated workpiece after embedding, 
polishing and Kellers reagent treatment. Light optical analysis reveals large microstructural variations 
from “skin” to the bulk of the component. The skin shows a dendritic microstructure with only few 
intermetallics along the dendrite boundaries, whereas the bulk shows coarse grains and a large 
population of intermetallic particles. The particles in the core appear in sizes up to approximately 40 
µm.  
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Figure 7-1: Cross-sectional LOM of non-heat treated Cast Al-Mn-Zn. Etched in Kellers reagent for 

5 seconds 

 

The individual workpieces for subsequent surface gloss analysis, were solely anodised from 
the top surface, to secure that oxide formation (i.e. conversion of aluminium to alumina) takes place 
from the dendritic microstructural part. Due to the large microstructural variations from surface to 
bulk, it appears important to anodise only the homogenous surface material. Larger variations in 
surface appearances are expected if anodising took place from the coarse-grained material identified 
within the bulk. 

 

7.3.2 Optical Characterization of Non-Heat Treated Al-Mn-Zn Cast alloy  

Figure 7-2(a) gives the measured gloss data for non-heat treated specimens that have been 
mechanically polished and anodised to 10 µm thickness with varying voltages and frequencies. Both 
DC and HF pulse anodising show similar trends with higher gloss values upon decreasing anodising 
voltage. Furthermore, HF pulse anodising yields higher gloss values than DC at all anodising 
voltages. Specimens anodised at 5 kHz are showing slightly more glossy appearance than the 1 kHz 
specimens. The combination of low voltage and high frequency yields the optimal condition. Thus, a 
maximum gloss value of 334 G.U. is recorded for specimens anodised at 10 V and a pulse frequency 
of 5 kHz.  

Similar behaviour is observed for a reference material of 99.9% purity, which also is 
mechanically polished and anodised to 10 µm film thickness. For this material, the combination of 
low voltage and high pulse frequency yields gloss values between 700 and 800 G.U, which is more 
than double of the cast material.  

Figure 7-2(a) also shows the metal/oxide interface roughness (Ra-values) as a function of 
anodising voltage measured after anodic oxide stripping. Results show that the interface roughness is 
affected by a combination of anodising voltage and frequency. The lowest interface roughness is 
identified for the 5 kHz condition, which shows values that are lower than 1 kHz and DC across the 
entire voltage span from 10 to 20 V. This suggests that increasing pulse frequency always creates a 



HF Pulse Anodising of Die-Cast Al-Mn-Zn (Paper 4)  

 

123  

 

smoother interface roughness compared to DC anodising regardless of voltage level. The relationship 
between interface roughness and anodising voltage is less straightforward, although data for all three 
anodising frequencies show similar trends. In general, low voltage favours low Ra-values. The Ra-
values increase dramatically once the voltage is raised from 10 to 15 V, however, the increase does 
not continue. Rather, the Ra-value peaks at 15 V before dropping to a somewhat lower value for 20 
V. A similar relationship is not identified for the 99.9% reference material presented in Figure 7-2b. 
In fact, for this pure alloy the relationship is much more apparent, with an almost linear increase of 
interface roughness as a function of increasing anodising voltage. 

 
a) 

 
b) 

Figure 7-2: Gloss and Metal/Oxide interface roughness as a function of anodising voltage and 

frequency. a) Cast Al-Mn-Zn material, b) 99.9% Al 

 

Figure 7-3 illustrates the relationship between interface roughness and surface gloss. In this 
illustration, data from all pulse frequencies and voltage are presented together to investigate if surface 
gloss solely is determined by metal/oxide interface roughness. The individual data points are thus not 
expressed in terms of anodising voltage or pulse frequency, but rather as the resultant interface 
roughness. This correlation can only be justified under the assumption that chemical composition of 
the individual anodic films is comparable. The results in Figure 7-3 reveal a reasonable linear 
relationship between the two parameters for both cast material as well as the pure 99.9% reference 
material. An increase in metal/oxide interface roughness yields less glossy appearances. 
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Figure 7-3: Relationship between surface gloss and Metal-Oxide interface roughness for Cast Al-

Mn-Zn and pure Al (99.9% Al) 

 

 

7.3.3 Homogenization of Cast Al-Mn-Zn Alloy 

Homogenization was conducted at 550 °C for a period of 24 h, followed by mechanical 
polishing and anodising. Figure 7-4 compares the microstructure of an as-cast specimen to a non-heat 
treated specimen. The as-cast microstructure shows dendritic microstructure with intermetallic phases 
in the dendritic boundaries, while the homogenized sample shows more uniform distribution of 
intermetallic particles. Homogenized sample also shows large number intermetallic phases with 
varying sizes ranges. The intermetallic particles are typically elongated with a length up to 
approximately 5 µm. Small needle shaped intermetallics no longer than 4 µm are scattered in-between 
the larger particles. The EDS analysis of the particles within the homogenized specimen is presented 
later in this paper.  

Figure 7-4 clearly shows no incorporation of partially oxidized intermetallic particles in the 
as-cast material, while the homogenized sample shows an anodised layer with significant number of 
intermetallic particles remaining in a partially oxidized state. This is observed as bright contrast in 
the anodised layer in the cross-sectional image.  
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a) b) 
Figure 7-4: Cross sectional SEM-ETD of anodised cast Al-Mn-Zn Alloy . a) Non-heat treated, b) 

Heat treated at 550 °C for 24 hours 

 

Figure 7-5 shows a cross sectional magnified SEM-ETD image of a homogenized sample 
after anodising at 10V-DC. Anodised layer shows presence of large number of intermetallic particles, 
which are partially oxidized showing contrast difference between the upper parts of the particles 
compared to the lower part. The interface between the oxidised and non-oxidised particle is far from 
the alumina-aluminium interface, suggesting that the oxidation rate of the particles are slower than 
the surrounding aluminium.  



HF Pulse Anodising of Die-Cast Al-Mn-Zn (Paper 4)  

 

126  

 

 

 

Figure 7-5: SEM-ETD image of cross-section of a Homogenized sample Anodised at 10V-DC 

showing incorporation of partially oxidised intermetallic particles.  

 

EDS analysis of the particles numbered 1,2 and 3 in Figure 7-5 are shown in Table 7-2. The 
analysis represents namely: (1) oxidized part of the particle, (2) non-oxidised part of the particle, 
and (3) analysis of a non-oxidised particle within the bulk of the material. Position 1 reveals signals 
for oxygen, sulphur and manganese, which confirms that the manganese rich particles have been 
anodically oxidised in the sulphuric acid electrolyte. Position 2 and 3 shows similar chemical 
composition, with lower level of oxygen or sulphur suggesting that the lower part of the 
intermetallic is left non-oxidised. This is also clear from the atomic number contrast in the image 
shown in Figure 7-5.  

 

Table 7-2: EDS data for intermetallic particles in Homogenized and anodised cast Al-Mn-Zn  (Wt-

%) 

 Position 1 Position 2 Position 3 

O 14.45 0.16 0.16 

Al 81.84 94.54 95.31 

S 0.79 0.01 0.00 

Mn 2.86 5.23 4.41 

Zn 0.05 0.06 0.12 

Total 100 100 100 

 

 

 

Anodic film 

1.  Oxidised part of particle.  

2.  Non-oxidised part of particle 

3.  Particle in bulk Al 
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7.3.4 Influence of Anodising Voltage and Pulse Frequency of Intermetallic Oxidation 

The extent of particle oxidation for the homogenized alloy was investigated as a function of 
anodising voltage and pulse frequency. Knowing that the decorative appearance of an anodic film is 
largely influenced by the state of the intermetallics, it was targeted to find a set of parameters that 
could secure almost full oxidation of the intermetallics. Preliminary anodising trials showed that 
forming voltage has major influence on darkness of the 10 µm films with high voltages resulting in 
bright films. This was observed for all three pulse frequencies, namely 0, 1 and 5 kHz. Specimens at 
DC and 1 kHz were anodised at 10, 15, 20, and 24 V, while at 5 kHz anodising was also carried out 
down to 6 V due to the optimized kinetics, as described later in this paper. So 5 kHz allowed for 
anodising at 6, 10, 15, 20 and 24 V, and the resulting anodised surface is shown in Figure 7-6. 
Evidently surface appearances are largely dependent on the forming voltage. A standard CIE-Lab 
colour measurement was performed to quantify the degree of darkness of the surfaces. The results of 
the measurements are presented in Figure 7-7. Focusing on the CIE-L value, which gives information 
about the Black/White balance, results show almost linear relationship between the forming voltage 
and CIE-L value.  The values range from 45 at low voltage to 70 at high voltage, with a slight 
dependency of anodising frequency. The use of pulse anodising low voltage do not yield any 
improvements over conventional DC anodising, as they appear almost equally dark, however, at high 
voltage the improvements for HF pulse anodising seem to be more apparent.  

 

 

Figure 7-6: Surface appearance of cast Al that is Homogenized and anodised at 5 kHz at different 

voltages 

 

                                       6 V              10 V            15 V             20 V              24 V 
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Figure 7-7: Colour measurements on homogenized and anodised cast Al-Mn-Zn showing the effect 

of anodising voltage and pulse frequency 

 

The effect of anodising voltage on the state of intermetallic particles within the anodised 
layer was investigated by cross sectional inspection.  Results show that increasing anodising voltage 
has prime influence on the extent of particle oxidation as well as particle dissolution. To elucidate 
this effect, a single specimen was anodised progressively stepwise at different voltages starting from 
20 V followed by 15 V, and finally at 10 V.   Figure 7-8 shows a cross-sectional view of this anodised 
sample, clearly revealing the boundaries between the individual oxide layers.  The total electrolyte 
exposure duration for the specimen was 100 min, resulting from individual durations of 12 minutes 
at 20 V, 34 minutes at 15 V and 54 minutes 10 V. These durations were selected in an attempt of 
achieving 10 µm films at each voltage level. The SEM-ETD image presented in Figure 7-8 clearly 
shows differences in intermetallic appearance, especially when comparing the oxides formed at 15 
and 20 V. The upper 20 V oxide shows great numbers of vacancies originating from particles that 
have been lost to the sulphuric acid electrolyte. A similar appearance is not observed for the oxides 
formed at 10 and 15 V; rather these oxide films appear compact with intermetallics that are marginally 
oxidised. Particles that are embedded partly in the 20 V oxide and partly in the 15 V oxide, clearly 
reveal how the high voltage yields full particle oxidation, while 15 V leaves the particles almost non-
oxidised. This is also in agreement with the observation of almost perfect interface match between 
the 15 V-20 V oxide and metal-oxide interface of the particles. 

The level of particle oxidation is not only affected by anodising voltage, but also by size of 
the individual particles. Figure 7-8 shows the presence of large number of particles less than 0.5 µm 
in size, which are fully oxidized at all voltage levels. For these small particles no difference is 
observed for the films anodised at 10, 15 and 20 V, which suggests that small intermetallic particles 
are less sensitive to anodising voltage compared to the large-sized counterparts. 
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Figure 7-8: Cross sectional image of Homogenized cast sample anodised at multiple voltages at 1 

kHz. 

 

 

7.3.5 Anodising Kinetics  

Figure 7-9 shows the formation kinetics for different anodising voltages and pulse 
frequencies. In general, the results show that HF pulsing has increased the kinetics compared to DC 
anodising especially at low voltages both for as-cast and homogenized samples. An example is taken 
for 10 V which shows growth rates of 0.14 µm/min, 0.34 µm/min and 0.65 µm/min for DC, 1 kHz 
and 5 kHz, respectively. The increased rate of anodising using HF pulses is in excess of 300% at this 
specific voltage levels  The growth differences decreases upon increasing the voltage to 20 V, with a 
mere increase of 56% when comparing DC and 5kHz. Figure 7-9 also compares anodising kinetics for 
the as-cast material and after the homogenization treatment.  Although the chemical composition of 
both specimens are same, Figure 7-9 shows that the homogenized microstructure provides slower 
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oxidising kinetics compared to the as-cast material. At 20 V, the rate of anodising is reduced more 
than 60% when comparing the heat treated alloy with as-cast material.  
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Figure 7-9: Oxide growth rate as a function of anodising voltage and pulse frequency for As-cast 

and Homogenized samples. 
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7.4 Discussion 
 

7.4.1 Microstructure and Appearances of As-cast and Anodised Al-Mn-Zn Alloy 

Anodising the as-cast microstructure with thin intermetallic phases located at the dendritic 
boundaries appears to give homogenous and decorative surface appearances. The effect is assumed 
to be due to the morphology of the intermetallic phases, which results in complete oxidation and 
incorporation into the oxide film. The decorative appearances are governed by an oxide film with 
limited light absorption and oxide-metal interface with good planarity [7,21]. It is reported that 
aluminium alloys containing up to 1 wt.% Mn may result in brownish appearances due to the 
formation of MnO2 during the anodising process. For thick anodic films the critical Mn concentration 
before seeing discolouration is considerably lower [5]. As such, it appears vital that cast alloys with 
high levels of alloying elements are kept to a limited oxide film thickness to obtain a nice aesthetic 
appearance. Zinc concentrations up to 5 wt.% are reported to give colourless oxide coatings, if the 
distribution of zinc is homogeneous. If zinc is present as particles, it may appear brownish and 
marbled [5].  In general, it appears that the composition and microstructure of said material is 
advantageous for producing a clear film with little light absorption.   

 

7.4.2 Microstructure and Appearance of Homogenized and Anodised Al-Mn-Zn Alloy 

The microstructure of the cast alloy is heavily altered upon introducing a homogenization 
heat treatment. The dendritic structure is replaced by the presence of large amounts of intermetallics 
of varying size, which also are found incorporated into the anodised layer.  Many of the intermetallic 
particles appear partially oxidised creating an upper oxidised part and a lower metallic core. Similar 
observations were made by Aggerbeck et al. [19] who studied magnetron sputtered aluminium alloys 
with up to 18 wt.% titanium. Heat treatment of the alloy resulted in formation of Al3Ti particles which 
were found to impact and surface reflectance. In general, it is reported that the presence of non-
oxidised particles in anodic films results in considerable degree of darkening. Incorporation of 
alloying elements and intermetallic particles into the oxide, either dissolved or undissolved, results in 
chemical composition changes and thereby local changes in refractive index [22]. Tabrizian et al. [23] 
found that the anodised surface brightness decreases when AA6060 alloy is subjected to a heat 
treatment, arguably due to higher amounts of dispersed particles such as Si and Mg2Si, and higher 
number of defects in the oxide film. Saito [24] showed anodising parameters can affect the degree of 
aluminium oxidation and the influence on optical loses within the anodic film. Films anodised at 
different current densities were chemically stripped and analysed by atomic emission spectroscopy 
to determine the extent of non-oxidised aluminium. It was concluded that a high current density 
results in higher degree of non-oxidised aluminium within the films. However, results presented in 
this paper show an opposite behaviour than what Saito [24] is finding. High voltage anodising (which 
also means higher current density) has resulted in highest L-values and thus lowest optical losses 
within the anodic film. Microstructural evaluation of the anodised layer shows that the effect is 
associated with the differences in light absorption due to the degree of intermetallic particle oxidation. 
High voltage appears to favour a large degree of particle oxidation, while low voltage leaves them in 
their original state. As such, it is expected that a fully or partially oxidised particle has lower light 
absorption than a non-oxidised metallic particle. 

When comparing DC and HF pulse anodising for heat treated specimens, similar trends are 
observed, namely that high voltage favours particle oxidation in both cases. At low voltage the 
differences are small, which suggests that a high degree of light absorption is present in both cases. 
However, upon increasing voltage beyond 20 V, HF pulsing yields higher L-values compared to DC. 
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Knowing that both 1 kHz and 5 kHz pulsing yields faster growth kinetics compared to DC, it could 
be argued that pulsing yields anodic barrier layers that have higher temperatures than that of DC. A 
high barrier layer temperature will affect the sulphuric acid temperature within the pores [25], causing 
it to become more aggressive, resulting in more particle dissolution.  

Another mechanism responsible for lower light absorption in anodic films formed by HF 
pulses, could be related to the so-called conical asperities that are left un-oxidised underneath certain 
particles, as described in the literature [2,7,21]. A parasitic electrochemical reaction can take place at 
the anode of alloys with certain particle compositions [14,15] resulting in the formation of oxygen 
gas at the particle sites. The aluminium-to-alumina oxidation near these particles is affected, resulting 
in aluminium asperities left  un oxidised underneath the particles [7]. Gudla et al. [16,18,28] found 
that pulse anodising in the kilohertz regime has pronounced effect on the anode reactions in a Al-
TiO2 composite, which resulted in complete aluminium oxidation around the individual particles. The 
non-oxidised asperities usually encountered for conventional DC anodising, were completely 
oxidised when adopting HF pulses, creating an anodic film with less light absorption due to the 
absence of metallic phases. A similar mechanism could be responsible for the optimised film 
appearance for the heat treated cast material investigated in this paper. 

When incoming light penetrates an anodic film, it is reflected in the interface between 
aluminium and oxide. For light returning to the surface at angles larger than the critical angle of 38.7° 
to the surface normal, light will experience total reflection in the air-oxide interface, therefore 
bounced back into the anodic film. This will result in light bouncing back and forth between the two 
interfaces loosing intensity when interacting with absorbing species. Only light returning to the air-
oxide interface at an angle smaller than the critical angle will leave the oxide [19]. Embedded particles 
are known to cause the metal-oxide interface roughness to increase [7] risking light reflection angles 
to go beyond the critical level, and thereby encountering light trapping. In general, the metal-oxide 
interface with low roughness is advantageous for obtaining high total reflectance, in addition to the 
obvious advantage of giving good image clarity.  

The present study also shows a good correlation between metal-oxide interface roughness 
and surface reflectance. As shown in Figure 7-2 the metal-oxide Ra-values are greatly influenced by 
both anodising voltage as well as pulse frequency. The relationship appears very clear for the pure 
aluminium alloy, showing increased reflectance with decreasing roughness. Although the data are 
less pronounced for the cast alloy, they show a similar trend. Also the results show a marked effect 
of HF pulse anodising on the interface roughness, which finally influences the degree of light 
absorption.  

Conventional decorative anodising involves the use of high purity alloys with limited light 
absorbing constituents. In order to gain a high gloss surface, such alloys are traditionally DC anodised 
at low voltages (or current density) [2]. Results from the present investigation show that the resulting 
gain is not solely linked to the interface roughness. Results for the homogenized cast material show 
that whether the interface roughness is a dominant factor depends on the intermetallic content in the 
alloy. For the homogenized cast material, due to the presence of higher number of intermetallic 
particles, the dominant factor for light absorption becomes the presence of partially oxidized particles 
in the anodised layer. Therefore, low anodising voltages do not favour decorative appearances. On 
the contrary, use of high voltage results in complete oxidation of the particles, thus providing better 
optical appearances, despite high voltages have a negative impact on interface roughness.  
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7.5 Conclusions 
 

High frequency pulse anodising has been investigated on high pressure die cast aluminium 
with the overall objective of achieving decorative surfaces. The study shows that:  

1. High frequency pulsing yields better surface gloss properties compared to traditional DC 
anodising. The combination of increased pulse frequency and lowering anodising 
voltage has the best effect. The mechanism behind the changes in surface appearances is 
linked to the interface roughness between the anodic oxide and the underlying 
aluminium. 

2. When a homogenization heat treatment is introduced to the cast alloy, optical 
appearances of the anodised surface is compromised due to higher number of 
intermetallic particles, which in turn get into the anodised layer in a partially oxidized 
state.   

3. The extent of particle oxidation is greatly influenced by anodising voltage, with high 
voltage favouring almost complete particle oxidation. The influence of pulse frequency 
is less apparent. Full particles oxidation yields less light absorption and thus a more 
aesthetic film appearance. 
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8 Upscaling of High Frequency Pulse Anodising 
 

Upscaling became a relevant topic when the first laboratory experiments revealed how HF pulses 
offers significant advantages over traditional DC for decorative anodising of aluminium. Bang & 
Olufsen requested an investigation to identify the challenges that are related to this technology, to 
determine the feasibility of implementing the technology in their existing anodising plant. The 
following two chapters describe the outcome of this study, with chapter 8 focusing on power amplifier 
issues and chapter 9 focusing on coating materials that are required for anodising jigs.   

 

8.1 Suppliers of Power Converter Equipment 

The power converters (rectifiers) installed at B&O’s anodising plant are constructed for conventional 
DC and low frequency pulse operation (fmax=1 Hz). This means that pre-installed rectifiers couldn’t 
be used to demonstrate high frequency pulsing in a larger setup. Instead, it became necessary to 
identify new equipment that could satisfy the high frequency demands. All the major companies that 
traditionally sell power rectifiers for anodising plants (Munk [84], Elca [125], Kraft [126], PE Plating 
[91]) were approached, with the question of supplying a converter that can handle: 

- Minimum 1 kHz pulse operation. 
- Voltage up to 20 volts. 
- Having the ability to “source current” as well as “drain current”.  
- Current output as high as possible. 

In summary, one single company called “Dynatronix” was identified who produce and sell medium-
sized amplifiers, which could be used for testing a semi-upscaling pulse anodising setup. The 
individual units produced by Dynatronix are not designed for anodising of aluminium, but rather for 
other electrochemical applications. This means that they are not constructed for the very high 
capacitive loads that are present during anodising of aluminium in sulphuric acid. However, the 
amplifiers are constructed for current sourcing and draining, and can handle switch frequencies up to 
5 kHz. The unit denoted DPR-40-30-100 can reach 40 V, 30 A average current and 100 A peak 
current. The following chapter is a description of the observations that were made for this amplifier 
when pulse anodising at different loads and frequencies. 

 

8.1.1 Dynatronix 

The range of power supplies from Dynatronix, allowing for pulse operation, are divided into two 
groups, namely: 

- Low Frequency Pulse (LFP) that are limited to 200 Hz 
- High Frequency Pulse (HFP) that extend up to 5.000 Hz, and  

LFP units are cost effective solutions in several non-precious metal application, while the high 
frequency amplifiers typically are adopted in precious metals plating, nickel electroforming and 
copper plating of semiconductor wafers and printed circuits. Some applications require the use of 
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power supplies with reverse current capabilities, to secure both current sourcing and current 
sinking/draining. Supplies with current sinking capability range in amperage from 5 to 250 A and 
voltages of either 20 or 40 V. A selected list of power supplies with reverse current sinking output 
are displayed in Table 8-1 along indicative prices that were supplied in December 2017. 

 

Table 8-1: Overview of Dynatronix MicroStar power supplies with reverse current output 

  Output rating Price 

Model Voltage Amps average Amps peak 
Pr. 20/12-
2017 

DP(R)(D)20-100-400 

0-20 V 

0 - 100 A 0 - 400 A  

DP(R)(D)20-30-100 0 - 30 A 0 - 100 A $10,600 

DP(R)(D)20-150-300 0 - 150 A 0 - 300 A  

DP(R)(D)20-100-400 0 - 100 A 0 - 400 A $17,500 

DP(R)(D)20-150-600 0 - 150 A 0 - 600 A  

DP(R)(D)20-250-400 0 - 250 A 0 - 400 A  

DP(R)(D)20-250-500 0 - 250 A 0 - 500 A  

DP(R)(D)40-30-100 

0 - 40 V 

0 - 30 A 0 - 100 A $12,000 

DP(R)(D)40-50-200 0 - 50 A 0 - 200 A  
DP(R)(D)40-100-200 0 - 100 A 0 - 200 A  

DP(R)(D)40-100-400 0 - 100 A 0 - 400 A $22,950 
 

A block diagram of the power supplies is illustrated Figure 8-1 and indicates how the mains AC signal 
enters the High Voltage Section with the aim of decreasing the voltage for rectification. The output 
from the high voltage section is 26V-DC, which enters the Power Section containing all the driver 
and output boards. A Reversing Bridge is connected to the output of the power section in order to 
obtain the reverse current capabilities. Various feedback mechanisms secure correct frequency and 
voltage levels. 

 

Figure 8-1: Block diagram of Dynatronix DPR models 
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8.2 Pilot Scale HF Pulse Anodising Setup  
 

The experimental setup for testing the Dynatronix amplifier involved a 400 liter anodising 
tank, see Figure 8-2. The tank was constructed in a similar fashion as an industrial anodising tank, 
apart from tank volume. The anode bar was positioned in the centre of the tank, while cathodes of 
aluminium were positioned on either side of the anode. A spiral tube constructed of lead (Pb) at the 
bottom of the tank acted as means of cooling the electrolyte to a steady 18 °C. The spiral tube was 
attached to a 6 kW cooling unit with a double piping system, with internal cooling fluid maintained 
steady at approximately -1 °C. A thermocouple measures the electrolyte temperature and feedbacks 
the value into a PLC controller to either stop or start the cooling fluid pump. Positioned immediately 
above the spiral pipe, was an ø1” plastic tube with 1 mm holes drilled every 5 cm along the entire 
length of the tube. Pressurised atmospheric air with a flow of 20 litre/minute was pumped to this tube, 
acting as air agitation for the anodising electrolyte. The 5 cm spaced air holes created a homogenous 
agitation throughout the entire bath, securing all parts to be cooled throughout the course of anodising.  

 

Ventilation holes 

 

Al cathode sheets 

 

Anode bar 

 

Cathode 

 

 

 

 

 

Thermo-couple 

 

Air agitation 
inlet 

 

Air bubbles 

 

Electrolyte 

Figure 8-2: Top view of 400 litre anodising tank. 

 

Parts to be anodised were mechanically clamped to the anode bar, securing a stable electrical 
connection. Anodising jigs were not introduced in this charactiersion work, knowing that jigs would 
act as a capacitive load and increase the stress on the Dynatronix amplifier. Aluminium sheets to be 
anodised were dipped directly into the electrolyte, with an adhesive tape at the top-facing region to 
achieve a well-defined anodising area. Experiments were initiated with an exposed area of 1 dm2, 
before proceeding to 2 dm2, and stepwise increasing the load. Anodising conditions were maintained 
for a period of 5 minutes prior to data logging, to secure that response signals had levelled and become 
stable.  
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Knowing that inductive loads can affect the waveform of pulsed currents, it was important to gain 
information how to reduce such inductive loads. As previously mentioned, inductive loads are 
increased when increasing the wire length between amplifiers and anodising tank, as well as 
separating the positive and negative lead wires physically apart. By placing positive and negative 
wire in close contact or in a rotational twisted manner, inductive loads can be reduced to a minimum. 
For this reason, wires of 1 m in length were twisted and used to secure electrical contact between 
anode/cathode and the outputs of the Dynatronix amplifier. Recording voltage and current was done 
using an analogue oscilloscope attached to a PC logging system. Voltages were recorded directly 
using channel 1 in the analogue oscilloscope, while current recording required the use of a current 
clamp and current amplifier unit. The current amplifier connects to channel 2 of the oscilloscope. The 
entire setup is presented in Figure 8-3.  

 

 

Anodising bath 

 

Current amplifier 

 

Oscilloscope  

 

 

Dynatronix amplifier  

 

 

Log PC  

 

Figure 8-3: Test anodising setup with the Dynatronix DPR-40-30-100 power amplifier 

 

8.2.1 Determination of Sulphuric Acid and Aluminium Concentration 

The 400 liter sulphuric acid bath was prepared according to the specifications used in industry for 
decorative anodising. The specification used by Bang & Olufsen involves an acid concentration of 
200 g/L ± 10 g/L and an aluminium ion concentration of 10 g/L ± 1 g/L. As such, the 400 litre 
electrolyte bath was prepared and analysed prior to all anodising trials. Not only was the bath analysed 
immediately after mixing, it was also analysed twice weekly during the service period, to ensure that 
parameters constantly were within specifications.  
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Quantifying sulphuric acid and Al3+ involved the use of a Mettler Toledo autotitrator (model T90), in 
which a 2 molar sodium hydroxide solution acted as a titrant. 5 mL of electrolyte solution was diluted 
to 75 mL and acted as test solution for titration. A test sequence was initiated where stir rotation and 
titrant flow was controlled automatically, while logging pH and titrant volume. Figure 8-5  depicts 
this titration curve with volume of titrant (NaOH) shown on the X-axis and measured pH on the Y-
axis. The software automatically decreases titrant flow upon approaching equilibrium conditions, to 
ensure that plentiful and precise data are collected in this region. The first equilibrium point is used 
to determine acid concentration, while second equilibrium point is used to calculate Al3+ ion 
concentration. The titration process is performed in one single operation, without any need for a pause 
and/or addition of other chemical substances during the test. The software automatically identifies 
the two equilibrium points as a change in slope conditions, and outputs the exact volume of titrant 
required to reach equilibrium. These two data points are subsequently used in the equations presented 
below. 

A detailed understanding of the chemical reactions taking place during titration is imperative. The 
reaction of sulphuric acid and sodium hydroxide makes pH increase gradually as depicted in Figure 
8-5 and with the reaction scheme presented in Reaction 8-1.  

 

H2SO4 + 2OH- → SO4
2- + 2H2O  (Reaction 8-1) 

 

 

 

Figure 8-4: Autotitration equipment to determine concentration of anodising electrolyte 
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Figure 8-5: Titration curve for H2SO4 electrolyte upon adding 2M NaOH 
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In the same titration cycle, also the aluminium content is determined. The aluminium ions that were 
present in the sulphuric acid prior to titration, have turned to aluminium sulphate according to reaction 
8-2. This compound will subsequently react with the sodium hydroxide that continuously is added by 
the titrator. The reaction occurs according to reaction 8-3.  

 

2Al3+ + 3SO4
2- → Al2(SO4)3            (Reaction 8-2) 

 
Al2(SO4)3 + 6NaOH → 2Al(OH)3 + 3Na2SO4      (Reaction 8-3) 

 

From reaction 8-2 and 8-3, it is evident that the ratio between Al3+ and NaOH content is 2:6. This 
yields the following way of calculating aluminium ion concentration: 
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8.2.2 Initial Characterisation of Dynatronix DPR-40-30-100  

Figure 8-6 presents raw data for anodising of sheet aluminium with a total exposed area of 
1 dm2. The signal is switched between zero and ten volts with a pulse frequency of 1 kHz. From 
Figure 8-6 it is evident that the voltage pulse signal experiences an overshoot to almost 13 V before 
reaching stable 10 V for the remaining ON period. This overshoot is identified in-between line A and 
B, and with the stable period being defined as the period between line B and C. The resulting current 
response in period A-B experiences a rapid increase (see bottom part of Figure 8-6) due to the 
charging mechanism of the anodic barrier layer at the bottom of the pores. As soon as the barrier layer 
is fully charged, current drops to a significant lower value, reaching the so-called plateau current 
level. The peak current is observed after a period of just ~50 µs and drops into the plateau level after 
~90 µs. Peak current reaches almost 38 A before dropping to a plateau current of 1.56 A.  The C line 
in Figure 8-6 indicates the end of the ON period and the initiation of the OFF period. The Dynatronix 
DPR-40-30-100 unit drops voltage to zero volt within less than 30 microseconds with a slight 
undershoot so voltage goes into a negative regime. The minimum recorded voltage was minus 0.8 V, 
but increases to zero after few tens of microseconds. The current profile from line C to D is a negative 
peak current of similar amplitude as the positive peak (line A-B) but with a slightly shorter duration 
compared to the charging peak. The latter is associated with the faster discharging mechanism 
compared to a slightly slower charging mechanism of the Dynatronix unit. Both voltage and current 
is observed to be zero in the entire region from D to E.  Region A-C and C-E have similar durations 
of 500 µs, which confirms a duty cycle of 50%. A total duration of A-E of 1000 µs confirms the 
switch frequency of 1 kHz. 
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Figure 8-6: 1 kHz pulse signal from 0 to 10 V generated from Dynatronix DPR-40-30-100 with 

corresponding current response for an anodising load of 1 dm2 

 

These preliminary anodising trials prove that the Dynatronix amplifier is capable of providing voltage 
and current signals that resemble those from laboratory trials. Current response data confirms that the 
amplifier is capable of sinking electrical current, to actively discharge the anodised workpiece. The 
active discharging gives the advantages that have been identified for high frequency pulse anodising, 
namely increased growth rate and optimised gloss. 

 

8.2.3 Power Calculation 

Calculating power consumption for the signals under discussion requires some degree of attention. A 
simplified method is to use voltage/current readings from the control panel display (see Figure 8-7) 
and multiply them to obtain an average power consumption (P=U*I). However, this method would 
also include the amplifier consumption and thus not provide reliable results.  
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Figure 8-7 - Control panel for Dynatronix DPR-40-30-100 

 

A more accurate method is to measure and log voltage and current pulses with a high speed data 
acquisition software and then analyse data. Having plentiful of data from the entire pulse cycle allows 
to integrate voltage/current data and calculate precise power consumption. However, one should 
recognise the physical location of the current measuring probe, to determine which data should be 
included in the calculation and which should be discarded. In the present case, the current probe is 
attached to the lead wires connecting amplifier and anode, which means that reverse negative currents 
are recorded during the discharge cycle. Because the discharge energy is not recycled within the 
amplifier, these negative values should not be included in the power calculation. If they are included 
in the calculation, they would contribute with negative energy values that eventually would provide 
lower wattage consumption. All data from the entire Off-cycle is discarded, as illustrated in Figure 
8-8. The power calculation is presented in Equation 1, with P being the overall power, T being the 
total pulse duration, and U and I being voltage and current, respectively. 

 

Figure 8-8: Voltage/current data for power consumption calculation 
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Equation 1 

 

8.2.4 Test Matrix 

Already having determined that the Dynatronix unit is capable of providing a high frequency pulse 
signal for a workpiece with a large capacitive load, a thorough understanding of the possibilities and 
limitations were required. A test matrix was constructed according to Table 8-2, in which two 
frequencies were selected, namely 1 and 5 kHz. At both frequencies, voltages from 4 to 20 V would 
be investigated. Duty cycle and offset were fixed to 50% and zero volts, respectively. Furthermore, 
the surface area would be stepwise increased at all voltages, with the intention of finding overall 
characteristics and limitations of the power converter. All tests were conducted in the 400 litre tank 
with sulphuric acid maintained at constant 18 °C.  

 

Table 8-2 - Test matrix for determining capabilities of the Dynatronix DRP-40-30-100 unit 

Switch 
frequency 

[kHz] 

Voltage Surface area [dm2] 

Lower Upper 1 2 4 6 8 

1 

0 4 x x x x x 

0 6 x x x x x 

0 8 x x x x x 

0 10 x x x x x 

0 15 x x x x x 

0 20 x x x x x 

5 

0 4 x x x x x 

0 6 x x x x x 

0 8 x x x x x 

0 10 x x x x x 

0 15 x x x x x 

0 20 x x x x x 
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8.3 Results 
 

8.3.1 Voltage-Current Responses 

The upper part of Figure 8-9 (1 kHz data) displays the individual voltage curves at 4, 6, 8, 10, 15 and 
20 V, while the lower part displays the corresponding current profiles. Like the initial trials, a 
considerable overshoot is observed in the initial period during charging of the anodic barrier layer. 
The overshoot is found to be ~25% higher than the set point for all voltages. Voltages reach set point 
values within ~50 µs. The corresponding current profiles indicate that both peak current and plateau 
current increases with increasing voltage. 

 

Figure 8-9: 1 kHz pulse signals at 4, 6, 8, 10, 15 and 20 V, and corresponding current profiles upon 

anodising 1 dm2 

 

Similar tests were recorded for a pulse frequency of 5 kHz, with data presented in Figure 8-10. A 
frequency of 5 kHz yields a total cycle duration of 200 µs and an equal ON- and OFF-duration of 100 
µs. The voltage data in Figure 8-10 clearly display how the amplifier is struggling to maintain the 
targeted voltage, as the voltage overshoots up to 39%. For example, a 20 V setpoint yields an 
overshoot of 26 V before levelling off onto the targeted value.  
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Figure 8-10: 5 kHz pulse signals at 4, 6, 8, 10, 15 and 20 V, and corresponding current profiles 

upon anodising 1 dm2 

 

Furthermore, the Dynatronix amplifier enters its power limitations when the exposed anodising area 
increases. At a switch frequency of 1 kHz and an anodising load of 8 dm2, voltage can’t exceed 6 V 
as a consequence of amplifier power limitations. The limiting characteristics are identified when 
focusing on the voltage data presented in Figure 8-11. None of these two anodising levels (4 and 6 
V) yield an actual voltage peak or and overshoot condition. Rather, the voltage builds up in “current 
limiting” conditions. The Dynatronix DPR-40-30-100 has a maximum current output capacity of 30 
A, which clearly is identified in the response data. For anodising at “4 V-1 kHz-8 dm2” a maximum 
of 30 A is withdrawn in the A-B region. Only at point B when the voltage reaches its targeted 4 V, 
will the output current drop to lower values, and start to approach the plateau level. A similar 
observation is made when anodising “6 V-1 kHz-8 dm2 ” where the amplifier yields its maximum 30 
A in the A-C region . Only when the voltage has reached it full level, will the current drop below its 
max rating. 
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Figure 8-11: Pulse frequency of 1 kHz at 4 and 6 V with corresponding current response. Total 

load of 8 dm2 

 

Increasing the switch frequency from 1 to 5 kHz results in higher power consumption and increasingly 
distorted voltage/current curves. Distorted data are mainly identified when increasing the load beyond 
4 dm2. Figure 8-12 illustrates voltage signal and current response for an area of 4 dm2 at three different 
forming voltages, namely 4, 6 and 8 V. Each voltage curve has an almost sinewave appearance rather 
than the targeted square wave pulse appearance. Increasing the anodising voltage to 6 V (and 8 V) 
results in additional distortion of the voltage signal. High order harmonics are identified when 
switching between On-Off and Off-On. Furthermore, when anodising at 6 V (and 8 V), lower voltage 
level doesn’t reach the targeted zero volts during the Off-cycle. Rather, the 6 V signal has a minimum 
voltage of 0.3 V and for 8 V the minimum voltage is 0.5 V. In comparison, voltage reaches a full zero 
when anodising at 4 V. This illustrates how increased frequency and anodising load influences 
charging/ discharging durations. Figure 8-12 shows how current response data are less distorted than 
voltage. The current response has near sinewave appearance with a zero amp baseline. Additionally, 
the high order harmonics identified in the voltage signals, do not appear in the current response. 
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Figure 8-12: Voltage signal and corresponding current response for 5 kHz while anodising 4 dm2 
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8.3.2 Peak and Plateau Currents 

Extracted peak and plateau currents for both 1 kHz and 5 kHz with loads of 1, 2, 4, 6 and 8 dm2 are 
presented in Figure 8-10. Clearly, peak and plateau currents increase with increasing voltage and 
increasing load. For 1 kHz the peak current increases from 12 A to 60 A when increasing the voltage 
from 4 to 20 V. These peak currents increase when doubling the exposed area to 2 dm2, with 22 A @ 
4 V and 73 A @ 20 V.  5 kHz anodising with a load of 1 dm2 yields a peak current of 18 A, which is 
a 50% increase compared to 1 kHz data. However, peak current at 20 V gives a peak current of 60 A, 
which is of similar scale as the 1 kHz data. 

Peak current data presented in Figure 8-13 show how values for 1 and 5 kHz approach each other as 
the anodising load increases. This is especially observed for 5 kHz data where 4, 6 and 8 dm2 show 
almost similar peak current values. However, these observations are linked to the characteristics of 
the DPR-40-30-100 unit and its maximum output power rating. The current response would look 
differently if the amplifier unit had increased power capacity.  

 

Figure 8-13 - Extracted peak and plateau currents at 1 and 5 kHz at different loading conditions 
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Figure 8-13 also depicts the relationship between anodised area and plateau current. Data are only 
available for the 1 kHz signal, because 5 kHz switches too fast for any plateau to form. 1 kHz data 
show an almost exponential relationship between voltage and plateau current. Furthermore, the 
current increases with increasing anodising load. It is worth noting that 1 and 2 dm2 allow for 
characterising all voltage levels from 4 to 20 V, whereas larger anodising areas create amplifier 
overload. As an example, the maximum anodising area is limited to ~4 dm2  when anodising voltage 
is  15 V. For 6 dm2 the maximum voltage is 10 V, and for 8 dm2 it is 6 V. An overview is provided 
in Table 8-3 where red cells denoted O.L. indicate overloading conditions. 

 

Table 8-3: Performance overview of Dynatronix DPR-40-30-100 for HF pulse anodising at 

different voltages and areas 

 

 

8.3.3 Power Consumption for High Frequency Pulse Anodising 

Power consumption as a function of voltage and area is presented in Figure 8-14a for 1 kHz, and in 
Figure 8-14b for 5 kHz. By comparing these two figures, it appears clear that anodising at 5 kHz 
consumes significantly more power compared to 1 kHz.  

The individual data points presented in Figure 8-14 are used to calculate the power density (W/m2) 
for both frequency levels. Figure 8-15 shows how power density at 1 kHz increases from ~4 W/dm2 
at 4 V to 106 W/dm2 at 20 V, while 5 kHz increases from 12 W/dm2 at 4 V to 235 W/dm2 at 20 V. 
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a) b) 

Figure 8-14: Power consumption for High Frequency Pulse Anodising. Power as a function of 

voltage and anodising area for a) 1 kHz and b) 5 kHz 

  

 

Figure 8-15: Power density for HF pulse anodising at 1 kHz and 5 kHz 

 

8.3.4 Effect of Wire Length for Pilot Scale Anodising 

The pilot anodising setup shown in Figure 8-2 and Figure 8-3 was used to investigate the effect of 
wire length on HF pulse anodising. Knowing that wire inductance can affect square wave pulses, it 
was relevant to investigate the exact impact when increasing wire length between amplifier and 
anodising tank. For the present setup, minimum wire length was 1 meter. The positive and negative 
wires were twisted along the entire 1 m length to eliminate the spacing factor. In a similar fashion, 
lead wires of 10 m length were twisted along the entire length and fastened securely at either end. 
The inductance of the tank itself is also expected to influence the pulse signals, however, all 
conditions within the tank were similar while comparing 1 and 10 meter wires. This also applies for 
air agitation, electrolyte temperature, exposed specimen area and other parameters that could 
influence the signals.  
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Figure 8-16 compares voltage and current signals for 2 dm2 load with a set value of 10 V - 1 kHz. 
The top curve shows how 1 m wires cause a voltage overshoot of 13 V before dropping to the targeted 
10 V for the remaining ON-period. Voltage drops to zero in the OFF-period with a marginal 
undershoot of -1 V for a few microseconds. The corresponding current response shows a peak current 
of 47.5 A before dropping to a plateau current of 3.8 A for the remaining part of the On-signal. 
Workpiece discharging results in a negative peak current of -49 A followed by stable zero amps.  

 

 

Figure 8-16: Effect of wire length on voltage pulse and current response. Anodising at 1kHz with 

2dm2 load 

 

Significant differences in voltage and current response appear when comparing 1 and 10 m wire 
length, as illustrated in Figure 8-16 . This is not surprising knowing how inductive loads possess 
opposite characteristics of capacitors. The latter store energy in an electric field, while inductors store 
energy in a magnetic field. Capacitors will try to maintain a constant voltage, whereas inductors will 
act precisely the opposite and oppose changes in current. A fully discharged inductive load with no 
current through it, will initially act as an open-circuit when attached to a source of voltage. Over time, 
the inductor’s current rises to the maximum value allowed by the circuit, and the current will stay at 
a maximum level, and the inductive load will essentially behave as a short-circuit [90][127]. This 
phenomenon is clearly observed for the 10 meter wire length, where current response is dramatically 
different than the 1 m current response. Peak current is limited to 23 A compared to the 47.5 A for 1 
meter wire, i.e. a reduction of more than 50%. Also, the time for reaching stable On-conditions (i.e. 
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from the initiation of the On-period and until plateau current is observed) is increased from 0.16 ms 
to 0.23 ms. Time for reaching stable Off-conditions are slightly different, with 0.10 ms for 1 m and 
0.34 ms for the 10 m wire. In summary, it is observed how active discharging of the anodised 
workpiece for 10 meter lead wires has a longer duration than the charging, and how these values are 
considerably higher than those for 1 meter lead wires.  

 

Furthermore, the 10 m wires generate ‘rugged’ voltage and current response data. The voltage signal 
is especially affected in the On-period when building up the voltage from zero to full voltage. The 
voltage appears to increase in incremental steps of 2 V that gradually decrease when approaching the 
targeted 10 V level.Power consumption is calculated according to Equation 1 and Figure 8-8, 
suggesting that only data from the On-cycle is included in the calculation. It is found how 1 meter 
wires consumes almost 50 W when anodising 2 dm2 at 1 kHz, and how the value drops to just 32 W 
when wires are extended to 10 m. This corresponds to a drop of 36%, which effectively will 
compromise anodising kinetics. The abovementioned data are summarised in Table 8-4. 

 

The impact of wire length is important for construction of a HF pulse anodising plant, where the 
power source may be physically separated from the anodising bath by several meters, In conclusion, 
the lead wires are found to affect the voltage current signals due to inductive loads that limit the 
current response rate. Such limitations will certainly affect the upper pulse frequency. Furthermore, 
the considerable signal distortion reduces power consumption to such an extent that anodising kinetics 
are influenced. 

 

 

Table 8-4: Extracted anodising data for 1 and 10 meter wires. Anodising at 10 V, 1 kHz and 2 dm2 

load 

  Power [W] 
Peak current  

[A] 
Plateau current 

[A] 
Stabilisation duration [ms] 

On cycle Off cycle 
1 m 49.9 47.5 3.8 0.16 0.10 
10 m 31.7 23.1 5.0 0.23 0.34 
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8.4 Upscaling Based on Existing Amplifier Technology 
Having calculated power consumption for different voltages and frequencies, allows to determine the 
maximum area to be anodised if larger amplifiers were used. Special built amplifier units is an option, 
however, the following considerations are made for amplifiers that are purchasable as off-the-shelf 
units. Focusing on the range of amplifiers available from Dynatronix, it is clear that units are 
standardised for either 20 or 40 V operation. The current project solely focuses on sulphuric acid 
anodising relying on relative low voltages, making 20 V the option of choice. The Dynatronix 
amplifier with highest power rating is DPR-20-250-500 that outputs 500 Apeak-to-peak and 250 Aaverage. 
This yields an output power of approximately 5 kW [128]. This value is used together with the power 
densities displayed in Figure 8-15, to reveal the maximum workpiece area that can be anodised. The 
calculated values are presented in Figure 8-17, showing how a switch frequency of 1 kHz at 4 V 
allows to anodise 17 m2. The workpiece area drops to 3.3 m2 for an amplitude of 10 V, and further 
drops to 0.7 m2 for 20 V.  

5 kHz allows anodising 5.6 m2  at 4 V, 0.8 m2 at 10 V, and just 0.3 m2 at 20 V. 

 

 

 

 

Figure 8-17: Calculated workloads for an off-the-shelf Dynatronix DPR-20-250-500  
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9 Coating of Anodising Jigs 
 

9.1 Anodising jigs 

Anodising of aluminium requires the use of so-called jigs (or hangers), where the individual 
specimens to be anodised, are attached to. Electrical connection is typically obtained through either 
screws, buckles or springs each having their advantages and disadvantages. Springs are typically very 
easy and fast to mount, however, often only have limited contact area, which limits the electrical 
current that can pass without risking arching. Screws and buckles typically secure a safer electrical 
contact and tend to be the choice for specimens that require a large electrical current. Multiple 
electrical contacts are often employed for samples of a certain size, while securing proper mechanical 
stability. 

The individual jigs that are submerged into the electrolyte during anodising, are all attached to a 
horizontal bar at the top, which is left outside the electrolyte during anodising. The individual jigs are 
fastened to the bar for adequate mechanical stability, as well as a proper electrical connection. The 
latter allows for very high electrical currents that are required for anodising of aluminium. When 
using sulphuric acid anodising, voltages are typically rather low, somewhere between 10 and 20 V, 
but currents are typically very high reaching into the kA regime. The total current within the anodising 
bar is divided onto the individual jigs and onto the samples being anodised. 

Anodising jigs are typically made of either aluminium or titanium. If aluminium is used, it is 
important that alloy composition is almost similar to the alloy being treated. Furthermore, when using 
aluminium as jigging material, it must be realised that material is gradually being lost, especially if 
the anodising sequence involves an alkaline etching or a chemical brightening step. These steps are 
aggressive to aluminium and typically remove material at a considerable rate. This means that the 
jigs frequently are to be replaced due to a continuous consumption of the jig material. Additionally, 
the loss of aluminium will shorten the lifetime of the individual baths used in the anodising line. 
Because of these limiting factors of aluminium jigs, the trend goes towards using all titanium jigs. 
Although titanium is a considerably more expensive material compared to aluminium, it is often 
preferred due to its inertness towards the anodising chemicals, which secures very long service life 
[32] [31]. 

 

9.1.1 Jigs for High Frequency Pulse Anodising  

While jigs made of aluminium will contribute to the total electrical load, titanium is almost 
completely passive and will not act as a separate load. Only at the very beginning of the anodising 
cycle, will the jigs act as a load, when the titanium oxide is electrically charged. Once the oxide has 
been fully charged, no more current will flow and the material becomes passive, and current only 
flows through the specimens being anodised. This holds true to DC and low frequency pulse 
anodising. However, the situation is different for HF pulse anodising when active charging and 
discharging for each pulse cycle takes place. In this case the electrical capacitance of the thin titanium 
oxide layer will influence the total electrical load dramatically. Jigs with large surface area may easily 
possess a capacitive load that exceeds the capacitive load of the aluminium specimens being anodised. 
Reducing the parasitic load from the titanium jigs becomes of paramount importance, to avoid 
excessive stressing of the power amplifiers.  
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9.1.2 Electrical Load of Titanium Jigs 

To illustrate the effect of titanium jigs upon high frequency pulsing, a simple setup was constructed. 
A 5 kHz square wave signal was created by a signal generator, and fed into a class AB amplifier, 
which actively sources and drains current. The amplified signal was attached to a titanium workpiece 
of well-defined surface area and submerged into a sulphuric acid electrolyte. The sulphuric acid 
electrolyte had similar operating parameters as those used for traditional decorative anodising (i.e. 20 
wt.% and 18 °C). The square wave voltage profiles and corresponding current profiles were recorded 
using an analogue oscilloscope attached to a data acquisitioning system. Since this experiment solely 
acts to determine the load of the titanium itself, no aluminium was added to the system. Thus, the 
system is not anodising, but solely charging and discharging the titanium oxide. 

Figure 9-1 shows the current response for voltage pulses of different amplitudes. The voltage signal 
started at 6 V (recorded value of 5.8 V) and adjusted in incremental steps up to 20 V (recorded value 
of 19.5 V). When the voltage pulse is initiated, a large current peak is observed. This current peak 
represents the electrochemical double layer charging of the titanium oxide. When the double layer is 
fully charged, the current decreases to zero amps. The fact that current in fact drops to zero, indicates 
that no anodising or other electrochemical reactions are taking place. During the onset of the Off-
cycle, the amplifier secures an almost total removal of electrical charges, which results in a negative 
peak current of similar scale as the positive peak. Lastly, current drops to zero once the charges are 
fully removed, following a new cycle where everything is repeated.  

 

Figure 9-1: Current response of a titanium electrode exposed to 5 kHz pulse signal from zero to full 

voltage in H2SO4 electrolyte 

 

Additionally, Figure 9-1 clearly illustrates how voltage amplitude has a dramatic effect on the peak 
current. Low voltage (i.e. 5.8 V – 5 kHz) results in a current peak density of almost 200 A/dm2, while 
high voltage (i.e. 19.5 V – 5 kHz) results in a peak current density of almost 600 A/dm2. These values 
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are tremendously high considering that traditional rectifiers for anodising typically are dimensioned 
for 1-5 A/dm2.  

 

9.2 Coating of Jigs 

A simple way of reducing the capacitive load of titanium, is by means of masking. Masking is not 
traditionally adopted for jigs in the anodising industry, however, is widely found in the electroplating 
industry. For this application, the entire rack submerged in the electrolyte, is coated with polymer 
materials. Only the tips that require electrical contact to the workpieces are left un-coated. Since the 
chemistry in electroplating and anodising is widely different, it became clear that the choice of 
polymer material for HF pulse anodising is not straightforward. To find a suitable material, Bang & 
Olufsen requested a study of different polymer materials that repeatedly can handle the following 
conditions: 

Alkaline degreasing, 60 °C 
Water rinsing @ room temperature 
Desmutting in 10% nitric acid @ room temperature 
Sulfuric acid, 18-20 °C, 20 wt.% 
Hot water sealing, 95-98 °C demineralised water. 
Drying oven @ 70 °C  

Furthermore, the coat material must provide a mechanical stable surface that can sustain everyday 
handling, without losing adhesion to the underlying material. Any kind of adhesion failure may result 
in delamination, which typically will deteriorate over time, eventually losing the masking properties 
altogether.  

9.2.1 Coating Material Test Matrix 

Four polymer materials were selected for testing. The choice of these polymer materials was based 
on availability, cost and chemical resistance.  The materials are:  

1. PVC particles in liquid plasticiser 
2. Thermoplastic polymer (with and without fluoropolymer) 
3. Epoxy 
4. Polyamide 

Applying coat material to the surface of the individual test specimens, was performed at the service 
provider in all cases. This was to ensure good coating quality, and not risking any associated surface 
defects. Table 9-1 shows the method of applying the coat material was either via dipping, spraying 
or powder coating. Test samples with liquid plasticiser material, applied via dipping, resulted in a 
coating thickness of ~1400 µm (the exact thickness was measured with an Eddy Current gauge 
system). This was the thickest coating among the four, as well as the softest.  This coating material is 
traditionally used in the electroplating industry for numerous metal deposition chemistries. The 
material has very low cost and secures a long service life with little/minimal risk of delamination, 
making it a preferred coating material for numerous plating companies.  

The thermoplastic polymers were sprayed onto the test specimens at a coating thickness ranging from 
600 to 1200 µm. The non-fluorinated thermoplast, with tradename Accosite Blue, is less costly 
compared to the flurinated Accopon and Accotron alternatives. The datasheet for Accopon indicates 
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good durability, superior low friction and corrosion protection, as well as excellent non-stick 
properties, and a temperature range up to 205 °C. The epoxy alternatives, applied via powder coating, 
were generally much more rigid and film thickness ranging between 80 and 100 µm. The Polyamide 
coating (tradename Rilsan) was applied via spraying to a thickness of 150 µm. 

 

Table 9-1: Test matrix for polymeric coats  

Sample 

# 
Material Trade name Colour Method of 

application 
Thickness 

[µm] 

1 PVC particles in 
liquid plasticiser 

Plastisol Light green Dipping ~1500 

2 Plastisol Dark green Dipping ~1400 

3 Plastisol Matt black Dipping ~1500 

4 Plastisol Shiny black Dipping ~1500 

5 Thermoplastic 
polymer 

Accosite Blue Blue Spraying ~700 

6 Thermoplastic fluor-
polymer 

Accopon HB Black  Spraying ~800 

7 Thermoplastic fluor-
polymer 

Accotron Grey Spraying ~1200 

8 Thermoplastic fluor-
polymer 

Accotron BFA White Spraying ~600 

9 Epoxy 
 

Blue  Powder coating ~90 

10 
 

Light blue Powder coating ~100 

11 
 

Grey  Powder coating ~80 

12 
 

Black Powder coating ~90 

13 Polyamide Rilsan Grey Spraying ~150 

 

 

9.2.2 Test Procedure for Coat Material 

An initial screening process for the individual coat materials was centred around hot water sealing 
and sulphuric acid electrolyte. The entire test sequence is illustrated in Figure 9-2, which shows how 
the sequence is initiated with an exposure towards a hot water seal solution operated at 96 °C for 10 
hours. This is followed by a 10 h exposure towards 20 wt-% sulfuric acid at 18 °C. If coated samples 
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show no sign of deterioration, specimens are exposed to similar conditions, however, this time with 
an extended duration of 100 h. If test specimens pass Gates 1 through 4 (see Figure 9-2), specimens 
proceed to gate 5, which involves real anodising conditions. Specimens are added to an anodising bar 
and subjected to conditions of an anodising line in everyday service. If the polymeric coats show no 
sign of deterioration after 10 passings, the coats are claimed to pass Gate 5. 
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Figure 9-2: Test sequence for polymeric coat materials 
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9.2.3 Test Results 

 

Table 9-2:  Pass/fail overview of tested polymer coats  

Sample 

# 
Material Trade 

name 
Gate 1 Gate 2 Gate 3 Gate 4 Gate 5 

1 PVC particles 
in liquid 
plasticiser 

Plastisol Passed Passed Partially 
passed 

Partially 
passed 

Partially 
passed 

2 Plastisol Passed Passed Partially 
passed 

Partially 
passed 

Partially 
passed 

3 Plastisol Passed Passed Passed Passed Passed 

4 Plastisol Passed Passed Passed Passed Passed 

5 Thermoplastic 
polymer 

Accosite 
Blue 

Failed  
    

6 Thermoplastic 
fluor-polymer 

Accopon 
HB 

Passed Passed Passed Passed Passed 

7 Thermoplastic 
fluor-polymer 

Accotron Passed Passed Passed Passed Passed 

8 Thermoplastic 
fluor-polymer 

Accotron 
BFA 

Passed Passed Passed Passed Passed 

9 Epoxy 
 

Failed 
    

10 
 

Failed 
    

11 
 

Failed 
    

12 
 

Failed 
    

13 Polyamide Rilsan Failed 
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Table 9-2 suggests that two of the PVC coated specimens partly pass Gate 3, 4 and 5. The reason for 
a “partly pass” is presented in Figure 9-3, where it shows that tips of the coat is brighter than the 
remaining material. The bright areas are observed at the tip, edges and corners and suggests that some 
degradation phenomenon is taking place. The coat remains intact and still provides the intended 
barrier effect.  The two black samples presented in the right side of Figure 9-3 do not indicate similar 
degradation. However, some concern is given to the odour released upon exposure to near boiling 
water. This suggests de-gassing of some chemistry, although additional investigations are required to 
know that exact nature of the molecules released. Furthermore, the coating becomes very soft at 
elevated temperatures, which risks damage during service.  In summary, although the coating passes 
all 5 gates, there are significant concerns related to this material. 

 

 

Figure 9-3:  Specimens with PVC in liquid plasticiser show some degree of degradation after Gate 

3, 4 and 5 

 

Sample a) in Figure 9-4 shows a specimen coated with a non-fluor containing thermoplast. This 
material deteriorates after Gate 1 with heavy blister formation on the surface.  The fluor-containing 
materials shown as sample b), c) and d) in Figure 9-4 do not show any sign of degradation through 
the entire test sequence from gate 1 to 5. Neither do they release odour or become excessively soft 
during exposure to elevated temperature. In general, these materials appear very stable when exposed 
to the individual bath chemistries. 

 

 



Coating of Anodising Jigs  

 

163  

 

a) 

b) c) d) 

Figure 9-4: Test specimens with thermoplastic coatings after test exposure. a) Accosite Blue, b) 

Accopon HB, c) Accotron, d) Accotron BFA 

  

Figure 9-5 shows epoxy coated samples, which all fail after Gate 1. Heavy discolouration is observed 
on the surfaces immersed in near boiling water, along with some degree of corrosion (test samples 
were made of steel). All four test specimens coated with epoxy proved corrosion on corners and edges 
after the initial 10 hours of near boiling water exposure, revealing that an effective barrier layer is not 
sustained.  

 

 

 

 

 

 

 

 

 

 

Figure 9-6 shows a polyamide coated test sample. This type of coating possesses great rigidity and 
coverage around corners and edges. However, a rapid failure after Gate 1 shows the vulnerability 
towards near boiling water, as the coating becomes visibly blistered. 

 

 

Pass Pass Pass 

Figure 9-5:Test specimens with Epoxy coatings after test exposure. 

Fail 
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Figure 9-6: Test specimen with Polyamide coating after test exposure. 

 

 

9.2.3.1 Discussion/Conclusion on Coating of Jigs 

From the test results it seems clear that the preferred choice of polymer coatings for anodising jigs is 
a fluorinated thermoplastic. These materials are typically used in applications such as reaction 
containers, pipes, valves, in the chemicals industry and other places where ease of cleaning in 
production equipment are important. The coating provides excellent corrosion protection for steel and 
stainless steel, and is often used in applications where a combination of protection against aggressive 
media and non-stick qualities are required. The process of applying fluorinated coats involves 
temperatures in excess of 400 °C, so it becomes vital that the substrate can handle this temperature 
without compromising mechanical stability, warping or loss of other properties. Considering the use 
of aluminium or titanium as jig material, this is not a critical issue.  
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10  Overall Discussion 
 

The appended papers present detailed discussions on specific investigations carried out in this thesis. 
Therefore, this section only presents a short overall discussion combining all the observations made 
from studies performed in relation to high frequency pulse anodising. Trials with high purity alloys 
suggest the influence of pulse frequency, pulse amplitude, and offset value on anodising kinetics. The 
effect of duty cycle has little influence on kinetics, showing almost identical values from 30 – 70% 
ON-time. Only when duty cycle is decreased below 30% does anodising kinetics become 
considerably influenced.  

Focusing on the aesthetic appearance of the anodic film, both anodising voltage and pulse frequency 
have a dramatic influence on the surface gloss. In general, it appears that low forming voltage favours 
a shiny and decorative appearance, while high voltage creates more light scattering and thus a blurry 
appearance. A similar effect is observed for pulse frequency, where increasing frequency generally 
favours anodic films that exhibit a high degree of specular reflection. An effort was made to determine 
the underlying mechanisms behind kinetic differences that are identified between conventional DC 
anodising and high frequency pulse anodising. Knowing how alumina-based capacitors, used in the 
electronics industry, heat up during high frequency operation because of dielectric losses within the 
alumina layer, it was hypothesized that a similar mechanism could occur during pulse anodising. If 
this occurs, high frequency pulsing would cause the alumina barrier layer to heat up, which will result 
in faster ion movement through the barrier layer. Experiments conducted to understand this show 
very good correlation between pulse frequency and barrier layer temperature, however, it was 
uncertain if the faster kinetics resulted in higher temperature, or in fact, higher temperature lead to 
faster kinetics of anodising. Time resolution trials comparing power consumption and barrier layer 
temperature in this study discards the original hypothesis that dielectric losses are responsible. The 
trials indicate that increased power consumption leads to a higher barrier layer temperature, instead 
of the other way around. A new anodising setup was constructed to investigate other possible 
mechanisms. The new setup allowed to analyse the pulse current response characteristics at different 
pulse frequencies. These trials reveal how peak currents, which are associated to barrier layer 
charging, increase with increasing pulse frequency. This suggests that diffusion conditions in the 
barrier layer region are affected by pulse frequency. Because ion diffusion in the barrier layer dictates 
growth kinetics, it is reasoned that increased kinetics of pulse anodising is a consequence of changes 
in the diffusion layers in the barrier layer region. A thinner diffusion layer results in a higher electrical 
field strength and thus faster ion movement. It appears that rapid charging and discharging during 
high frequency pulse anodising does not leave enough time to build up a diffusion layer of similar 
thickness as under conventional DC anodising. This hypothesis generally fits well with the findings 
related to offset values, which reveal that increasing offset voltage greatly reduces kinetics. If the 
offset value is increased, the diffusion layers will thicken and thus introduce greater resistance 
towards ion migration.  

The improved surface gloss when using high frequency pulse anodising was originally considered to 
be related to anodic film composition and incorporation of partially oxidised intermetallic particles. 
However, investigations carried out using recycled Al-Mg AA5006 alloy containing large number of 
Fe containing intermetallic particles shows similarities between the composition and structure of the 
anodised layer produced by DC and HF pulse mode anodising. Composition and structure of the film 
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was concluded to be independent of applied frequency and voltage. The only identified difference in 
film composition was the level of sulphur, which clearly increases when increasing anodising voltage. 
However, sulphur level in the film appears independent on pulse frequency. Overall, the results 
suggest that the improved gloss from pulse anodising is not related to film composition and structure. 
However, investigations carried out on the aluminium/anodised layer interface after stripping the 
anodic films in phospho-chromic acid, showed good correlation between metal/oxide interface 
roughness and surface gloss. Increasing pulse frequency and lowering anodising voltage results in a 
smoother metal/oxide interface, which directly translates into a glossy appearance. The mechanism 
responsible for a smoother surface with increased frequency was not investigated in detail, but a 
hypothesis is presented which relies on the mechanisms that are observed within electroplating.  Pulse 
plating of e.g. copper is known to create a smoother surface compared to traditional direct current 
plating. The mechanism is linked to so-called instantaneous nucleation when using pulses and 
progressive nucleation when using DC.  For instantaneous nucleation, all nuclei are formed almost 
instantly followed by growth and overlapping, while for progressive nucleation the number of nuclei 
are not constant, which results in surface topologies with varying deposition height. It appears likely 
that during HF pulse anodising of aluminium, the initial nucleation sites are larger in numbers, which 
finally yield an anodic film with smoother surface. 

Faster anodising kinetics for HF pulse anodising, in comparison to DC, allows for anodising at very 
low voltages. Operating below 10 V-DC in sulphuric acid is traditionally not recommended because 
of lengthy anodising durations, which compromise plant capacity and anodic film quality. Due to the 
optimised kinetics at e.g. 5 kHz it becomes possible to reduce voltages far below 10 V without 
compromising these aspects. The interest in decreasing voltages below 10 V is because low voltage 
favours surface gloss. Overall analysis from 10-20 V for HF pulse anodising, shows that decreasing 
voltage yields better surface gloss. However, for recycled AA5006 is was found that reducing voltage 
below 10 V does not provide much additional benefit.  The optimum anodising voltage, in terms of 
surface gloss, appears to be between 8 and 10 V. Similar observations are made for die-cast Al-Mg-
Fe containing large number of intermetallic phases rich in Mg and Fe. Once the voltage is reduced 
below 8 V, optical appearances are severely deteriorated. It was found that low voltage (4-6 V) is 
insufficient to oxidise the intermetallic particles. These voltage levels yield an anodic film full of non-
oxidised intermetallics that act as light absorbing constituents, which compromise surface appearance 
greatly. At higher voltages the intermetallics are either partially or fully oxidised, depending on 
particle composition and particle size. If the intermetallics are partially or fully oxidised, it appears 
that the total anodising duration influences the final anodic film. A prolonged electrolyte exposure 
allows for the oxidised particles to dissolve into the acid electrolyte. The dissolved particles leave 
behind an anodic film with many cavities. Though such cavities may not be beneficial for e.g. 
corrosion properties, they seem to be beneficial for optical purposes, because they absorb less light 
than the original oxidised particles.  

Overall, to obtain a decorative appearance of high pressure die cast AlMgFe alloy, it is recommended 
to use an anodising voltage between 8 and 10V in combination with HF pulses. This combination 
results in low interface roughness and a higher extent of intermetallic dissolution. The low interface 
roughness provides specular light reflection in the air/oxide and oxide/metal interface, while the low 
concentration of intermetallic particles yields little light absorption. However, if the application does 
not require a decorative appearance, but instead good corrosion protection, it would presumably be 
advantageous to anodise with even lower voltage (6 V). This very low voltage renders a dense anodic 
film with very few defects, which might provide better corrosion protection. 
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The effect of intermetallic particle oxidation and dissolution under DC and pulse condition was also 
identified for a cast alloy based on Mn and Zn. A dendritic cast microstructure is replaced by a matrix 
densely populated with intermetallics once the alloy is subjected to a homogenisation heat treatment. 
The Mn- and Zn-rich particles become partly or fully oxidised depending on the anodising voltage, 
which affects the final appearance of the anodic film. High voltage favours particle oxidation and a 
bright surface appearance, while the opposite is true for low voltage anodising. In this case, there are 
two opposing mechanisms in play, which makes it tricky to obtain a decorative surface appearance. 
Low voltage yields low interface roughness but leaves behind a large concentration of light absorbing 
constituents within the anodic film. Conversely, high voltage yields a high interface roughness, but 
less light absorbing constituents. The use of high frequency pulse anodising does not alter these 
conditions significantly, but only provide marginal improvements in the high voltage range.  

 

In general, among the many alloys that have been analysed in this project, it appears that the benefits 
of using HF pulse anodising may be divided into 2 families: 

1. Alloys with no or low number of intermetallic particles (e.g. AA6401 and AA1050)  
2. Alloys with large number of intermetallic particles (e.g. recycled AA5006 and HPDC alloys) 

 

1. Alloys with no or low number of intermetallic particles (e.g. AA6401 and AA1050) 
• HF pulse anodising is considerably faster than traditional DC anodising at voltages up to 20 

V.  When the anodising voltage is raised to 20 V and above, the kinetics are almost identical 
for pulse and DC anodising. 

• The mechanism behind the higher anodising kinetics is linked to thinner diffusion layers at 
the alumina barrier layer at the bottom of the anodic pores. The thinner layer gives a higher 
electrical field strength (V/nm) compared to DC. Increased field strength yields faster ion 
diffusion, and thus a faster build-up of the anodic film. 

• HF Pulse anodising has a big effect of the interface roughness: 
o The interfaces that influence the cosmetic appearance of an anodic film (i.e. air/oxide 

and oxide/metal) are largely affected by pulse frequency. Increasing pulse frequency 
lowers the interface roughness. 

o Forming voltage during HF pulse anodising largely influences the air/oxide and 
metal/oxide interface roughness. Low voltage favours smooth interfaces. 

o Combining low voltage and high frequency has a positive effect on interface 
roughness.  

o HF pulse anodising at 5 kHz allows for voltage levels below 10 V. Going below 10 V 
further improves Ra values. 4 V appears to be the lower limit. 

o A low air/oxide and metal/oxide interface makes the anodised specimen appear more 
decorative. 

• The chemistry and structure of the anodic film is not influenced by HF pulses in comparison 
to traditional DC anodising.  
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2. Alloys with large number of intermetallic particles (e.g. recycled AA5006 and HPDC alloys) 

All the effects mentioned in section 1 also apply for alloys containing intermetallics, however, more 
aspects should be considered to understand the relative benefits of HF pulsing:  

• Whether alloys are anodised at DC or HF pulse, does not influence the extent of intermetallic 
oxidation considerably. Instead, it is the voltage level that determines if intermetallic particles 
are oxidised or not. High voltage will oxidise particles more compared to low voltage. A non-
oxidised or partially oxidised intermetallic particle (low anodising voltage) will affect anodic 
film clarity due to the light absorbing characteristics of the remaining metallic phase. 

• For aluminium alloys containing iron-rich intermetallics, or other intermetallics that oxidise 
and dissolve, pulsing can change the anodic film composition compared to DC. However, the 
mechanism is linked to the total electrolyte exposure duration. Because HF pulsing is faster 
than DC, it means that pulsed samples are exposed to the electrolyte for shorter periods, which 
yields less particle dissolution.  

• During traditional DC anodising, certain particles can act as current thieves, which may cause 
oxygen evolution at the anode. When particles act as current thieves, they will distort the 
oxide/metal interface planarity, which finally compromises image clarity. HF pulse anodising 
may change the kinetic ratio of the two anodic reactions, so less oxygen is generated per 
micron of alumina film. The reduced duty cycle for HF pulse anodising (compared to 100% 
duty cycle for DC anodising), will most probably reduce the formation rate of oxygen. 
Conversely, HF pulse anodising increases the aluminium-to-alumina formation rate. Thus, the 
two competing anode reactions are influenced oppositely, which means that the current 
thieving phenomenon most likely is influenced. Obtaining bulletproof evidence for this 
hypothesis was outside the scope of this project, however, the mechanisms are considered 
highly plausible. 
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11 Overall Conclusion 
 

Various conclusions related to HF pulse anodising of different aluminium alloys are presented in 
the appended papers; therefore, this section solely focuses on the overall conclusions from the 
findings of this thesis. The overall conclusions are divided into three main aspects (i) optical 
appearances, and (ii) HF pulse anodising mechanisms, and (iii) challenges related to upscaling. 

 

11.1 Optical Appearances 
In general, the work performed shows that HF pulse anodising effectively can be used for decorative 
anodising of aluminium for e.g. the consumer industry. The work covers investigations on high purity alloys, 
low-cost recycled alloys, as well as high pressure die cast materials. Recycled alloys are attractive 
due to a lower cost compared to primary aluminium, and die-cast alloys are attractive because of the 
near-net shape availability, which makes them cheaper to produce. To reveal the potential benefits of 
HF pulse anodising for various aluminium alloys, it was fundamental to determine which mechanisms 
were involved, and understand the differences towards DC anodising. The present investigation shows: 

• HF pulse anodising voltage and pulse frequency have a large influence of surface appearance. 
In general, low voltage and increased pulse frequency favour a glossy surface. This is 
observed for all aluminium alloys regardless of composition.   

• The increased surface gloss from HF pulse anodising originates from smoother air/oxide and 
aluminium/oxide interfaces. The low roughness from these two interfaces allow for more 
specular light reflections, which is perceived by the viewer as a glossy surface. 

• Electrochemical heterogeneity of intermetallic phases results in incorporation of partially or 
fully oxidised intermetallic particles in the anodised layer. The degree of particle oxidation 
influences the anodised workpiece appearance. Lowest film transparency is observed for very 
low anodising voltages, as these conditions result in non-oxidised phases embedded in the 
anodic film. Non-oxidised phases will absorb incoming light and compromise film 
transparency.  

• High anodising voltages allow for intermetallic oxidation regardless of pulse frequency. 
Oxidised intermetallics may dissolve in the sulphuric acid electrolyte, leaving a highly porous 
oxide film with good optical transparency. 

 

11.2 Mechanisms of HF Pulse Anodising  
• Active charging and discharging for each anodising pulse cycle is required to obtain 

the advantages offered by this technology.  
• Square wave pulse anodising in the kilohertz regime is associated with large peak 

currents, which originate from the structure of the anodised aluminium workpiece. The 
anodic barrier layer, which maintains the same layer thickness throughout the process, 
exhibits a very high capacitive load. The capacitive anodic alumina layer is electrically 
charged and discharged for each pulse cycle, resulting in very high peak currents. Once 
the pulse voltage is lowered to zero, a large negative peak current appears. The 
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negative peak is followed by a plateau of zero ampere, before the next positive cycle 
is applied. 

• For a given anodising voltage, anodising kinetics show an almost linear relationship 
with pulse frequency. The oxide growth rate increases with increasing pulse 
frequency. The oxide growth rate can be orders of magnitude faster than conventional 
DC anodising, especially when anodising below 20 V. When anodising at 20 V or 
higher, the difference between DC and HF pulse becomes lower.  

• Increased growth rate appears to originate from thinner diffusion layers in the barrier 
layer region at the bottom of the pores. Thin diffusion layers result in a higher 
electrical field strength across the anodic barrier layer, yielding faster ion movement. 
In turn this results in faster oxide growth. 

• Increased growth rates offered by HF pulse anodising compared to traditional DC 
anodising are observed for all aluminium alloys regardless of composition.  

• Increased growth rates offered by HF pulsing allows to anodise at much lower voltages 
than traditionally used for decorative anodising. Anodic films have been formed down 
to 4 volts. 

 

 

11.3 Upscaling 
• HF pulse anodising requires power equipment that can actively source and drain 

electrical current from the anodised workpieces. Conventional anodising rectifiers are 
not useful for this application due to their limited frequency range and their lack of 
draining current.  

• No off-the-shelf power amplifiers are available on the market to secure upscaling of 
HF pulse anodising to an industrial plant. The biggest industrial scale amplifier found 
on the market has 5 kW output, which can handle less than 4 m2 at 10 V – 1kHz.  

• Anodising jigs will contribute to the overall capacitive load during HF pulse 
anodising. This extra load is caused by the thin oxide that forms on e.g. titanium metal. 
The capacitive load can be minimised by adding a thick polymeric coat to the jigs. 
Different polymer materials have been evaluated and the optimum material seems to 
be fluorinated thermoplastics.  
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12 Future Work 
 

Certain aluminium alloys contain particles that cause oxygen evolution during anodising. This 
parasitic anode reaction should be reduced to a minimum to secure good interface planarity, 
homogenous film thickness and avoid energy wastage. It would be relevant to investigate how HF 
pulse parameters affect the oxygen formation rate and compare to the aluminium-to-alumina 
formation rate. Torrescano-Alvarez et al. [129][130] have recently presented a reliable method of 
measuring the  oxygen evolution during anodising. The method is based on gravimetry where changes 
in buoyancy force of a submerged gas-collecting containing is measured.  

Furthermore, future work could involve investigating HF pulse anodising for other applications than 
decorative surfaces. HF pulse anodising might be beneficial for cast aluminium alloys requiring good 
corrosion protection, as HF pulsing at low voltage (e.g. 6 V) leaves a very dense film of non-oxidised 
intermetallic particles for certain aluminium alloys. The influence of HF pulse parameters on 
corrosion protection could be investigated further. Similar phenomena could be investigated for 
anodising of additive manufactured Al components. 

Another industry that might benefit from HF pulsing, might be the hard anodising industry. HF 
pulsing clearly results in faster anodising kinetics compared to conventional DC anodising. Also, 
pulse anodising has revealed better decorative appearance for resultant anodic films. This 
combination could be utilised for specimens that require hard anodising, while maintaining decorative 
appearance. This can be achieved by decreasing electrolyte temperature, while using high frequency 
pulses. Hard anodised films in excess of 50 µm can easily be obtained with this technique. 
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