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HARD ANODIC COATINGS ON ALUMINUM ALLOYS

Przemystaw Kwolek

Summary

The review of the literature concerning hard anodizing of aluminium alloys was performed. The main
features of the process was described as well as the influence of the anodizing parameters on the properties
of hard anodic coatings. The most common industrial processes of hard anodizing applied for cast and
wrought aluminium alloys were presented. The application of hard anodic coatings as well as the
possibilities of improvement of their tribological properties were described.
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Wytarzanie twardych powltok anodowych na podtozu stopéw aluminium

Streszczenie

W artykule prowadzono analize zagadniei dotychczasowych procesow wytwarzania twardych powtok
anodowych o duzej odpornosci na zuzycie $cierne. Przedstawiono charakterystyke anodowania twardego
oraz wplyw parametréw tego procesu na wiasciwosci powtok tlenkowych. Omoéwiono najczesciej
stosowane procesy wytwarzania twardych powtok anodowych na podtozu stopéw aluminium
odlewniczych i do przerdbki plastycznej stosowanych m. in. w konstrukcjach lotniczych. Przedstawiono
podstawowe zastosowania takich powtok tlenkowych oraz scharakteryzowano mozliwosci ulepszenia ich
wiasciwosci tribologicznych.

Stowa kluczowe: anodowanie twarde, odpornos¢ na zuzycie $cierne, stopy aluminium

1. Introduction

The worldwide production of aluminum has been iasheg gradually for
last 80 years and nowadays it is the biggest amongferrous metals [1]. Rapid
growth of production of aluminium was observed siri®33 due to its high
consumption in military industry, especially aiftiadustry and subsequently in
the transportation [2]. These applications stenmftavo important features of
aluminum and its alloys: low density and ease mngjthening via appropriate
heat treatment or cold working [3]. Aluminum, doéts strong affinity to oxygen
and formation of a compact oxide layer onto it§ae exhibits high corrosion
resistance in air and water solutions in a pH rabgeveen 4 and 7 [4, 5].
However, aluminium alloys, especially with high temt of copper undergo
corrosion reactions easily.

Address: Przemystaw KWOLEK, PhD. Eng., Rzeszow Umsite of Technology, Faculty
of Mechanical Engineering and Aeronautics, Depamtmef Materials Science,
Powstancow Warszawy 12, 35-959 Rzeszow, e-mail: e@prz.edu.pl



36 P. Kwolek

Anodizing is the method which is often applied napirove the corrosion
resistance of aluminum alloys. Moreover, anodidioga improve the adhesion
of paints, may be easily colored and last, butewsmt, increase the wear resistance
of the anodized part. Anodic oxidation is usualbrfprmed for the corrosion
protection of aircraft, vehicles, boats, trainsjldings, household and office
articles, electronics, in nanoscience and nanotdoby (porous anodic oxide
membranes for sensors and templates for manufagtofi nanowires [6]. The
process is known since 1923 (anodizing of Al-Cwyalin chromic acid by
Bengough and Stewart) [7]. The anodizing is an teddgic process, the
aluminum part, immersed in the electrolyte (usuadlgids e.g. sulfuric,
orthophosphoric and oxalic), is the anode. Theaxdlis made of aluminum alloy,
lead or stainless steel. The growth of anodic ogativhich is composed of
hydrated oxidesy-Al.Os, y-Al ;03 andn-Al.Os, is the result of two processes.
The first one is the electrochemical oxidation &fnanum with subsequent
formation of oxide (overall equation (1)):

2A +3H,0 ~ ALO,+6H" + & (1)

The other one is the chemical dissolution of theréhum oxide according to
equation (2):

ALO,+6H" - 2AI* +3H .0 2)

They occur simultaneously during anodizing. Thekhess of the coating is
mostly influenced by the electrical charge pasdedugh the metal/solution
interface, temperature and chemical compositiothefelectrolyte. The last two
factors determine the kinetics of dissolution efrainum oxide. Thus, the coating
is composed of two layers. The inner layer (catteglbarrier layer) is compact,
but usually thin (tens to hundreds nm). The owtgelt may be thick and porous
(Fig. 1).

The dissolution power of the electrolyte determimeg only the total
thickness of the coating but also the thicknegt@barrier layer and porosity of
the coating [6-8]. The latter, in turn, determities important properties of the
anodic coating such as wear and corrosion resistaidfiesion of paints or dyeing
ability. Therefore, the properties of anodic cog¢imay vary in a very wide range
depending on the chemical composition of the smhjttemperature, current
density and voltage applied (Table 1).



Hard anodic coatings ... 37

a)

Pore

Barrier layer

Metallic substrate

50.0um

Fig. 1. The morphology of the anodic coating: d&esnatic representation, b) microstructure
of the coating on AA 6061 — T6 alloy

Table 1. Major applications and properties of anatiatings on aluminium and its alloys [5]

N . Coating .

Application Main feature morphology Thickness Electrolyte
Electrical - . .
(electrolytic Compactness Compact (barrier <500 nm Boric acid,

) layer) borax
capacitors)
Corrosion Sulfuric acid,
Architectural resistance, Porous (sealed or 10 — 60pm chromic acid,
; ” dyed and sealed) ) :
dyeing ability oxalic acid
. . Wear Porous (less than . .
5”9;223222 resistance, for architectural 15 H ZS%Jm Sg')'(ggf;g:jd’
PP hardness applications) usually > 51um

The anodic coatings are often dyed with organicsaydnorganic pigments.
In order to improve the durability of the coatintyey are sealede. pores are
closed by hydration of the aluminum oxide in detewi hot water, hot potassium
dichromate solution, sodium silicate, water solutad inorganic salts of nickel
and cobalt, zirconium, chromium(lll), titanium, @en and yttrium. Sometimes,
non-toxic inorganic corrosion inhibitors are alsppked @.g. tungstates,
vanadates, molybdates) [9].

The oxide coatings in wide range of thickness amaroercially produced
onto aluminium part. However, the chemical compasibf the anodized alloys
affects the properties of the oxide significanflyne higher content of alloying
elements, the worse quality of the oxide coaiiegworse corrosion and wear
resistance as well as homogeneity. It is espedially for the copper-rich alloys.
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2. Main features of hard anodic coatings

The term “hard anodizing” indicates a process adpction of anodic
coating for engineering applications. Their primelnaracteristic is high abrasion
resistance or hardness and thickness [10]. Theknellvn classification of anodic
coatings is presented in military specification MAL8625F [11]. Hard anodic
coatings on aluminum alloys are classified as ogatype lll. The range of
thickness allowed is between 12.7 and fid¥whereas the typical value is pih.

However, it should be noted here that thick notesearily means hard.
Anyway, the thickness of the anodic coating isrémilt of the trade-off between
the rate of its growth, governed by the Faraday &awl rate of its dissolution. The
former depends on the applied current density, ltteer on the chemical
composition and the temperature of the electrolyteus, the increase of the
thickness of the coating is best achieved usingtisols where the rate of
dissolution of the AlO; is low, i.e. at low temperatures (below 5°C) and high
current density (around 3@m ) [5-8]. The comparison between the thicknesses
of the coating obtained in the conventional progessilphuric acid solution and
hard anodized (Alumilite Hard Coating) for varialaminium alloys is presented
in Fig. 2.
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Fig. 2. Weight and thickness of anodic coatingsipoed
on three aluminium alloys in the conventional Allitai
and Alumilite Hard Coating Process
(data calculated on the basis of [7])

According to MIL-A-8625F specification, abrasiorsigance of hard anodic
coatings should be determined using a Taber AbrBsst. In brief, the wheels
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made of an abrasive material (denoted as CS-19Jvewn the anodic coating
(60 rpm) for 10 000 cycles. The wear index, whthie weight loss in miligrams
per 1000 cycles, is then calculated [12].

The wear index for the alloys having the coppeteatbelow 2% should be
lower than 1.5, for the copper-rich alloys (over)28eturn should not exceed 3.5.
In principle, hard anodizing should not be appliediluminium alloys with the
content of copper over 5% or silicon over 8% [Tt]e abrasion resistance is also
determined by using other methods such as Abrdsiv@est or Abrasive Wheel
Test [10].

The abrasion resistance is related to the weigttietoating.e. the higher
weight of the coating (lower porosity), the higlitsrwear resistance. According
to MIL-A-8625F the former should be over 0.18rg>mm™. It is determined in
the destructive mannerg. anodic coating is dissolved in the hot water $otut
of HsPQ, containing Cr@[13]. However, there are attempts to replace chtem
ions with a non-toxic inhibitor of corrosion of ahinum alloys in acidic solution
[14,15].

The corrosion resistance should be determined @ ghlt spray test,
according to ASTM B117 [16]. The high thickness tbé hard coating not
necessarily improves the corrosion resistance. Wéhatore, anodic coatings,
contrary to standard coatings, are not sealed aftedizing since it worse the
abrasion resistance.

3. Hard anodizing processes

The first analysis of preparation hard anodic cwgion aluminum were
performed just after World War Il (1946 — 1948)Germany, United Kingdom
and Soviet Union. The types of electrolytes applette: oxalic and sulphuric
acid. Nowadays, still $8Q; in wide concentration range is most frequently
applied in the production of hard anodic coatings [

The well-known procedure of production of hard dnarbatings is called
the M.H.C. (Martin Hard Coat) process. In the ca$gure aluminium, the
coatings as thick as 1%in are obtained in 15%,80; at 0°C. The current density
is in the range between 2 and 282 [7]. This process is suitable for the alloys
containing less than 3% of copper and 7.5% ofailicThe alloys with high
content of copper are especially difficult to armeglisince Cu forms intermetalic
phases with aluminium and other alloying elememg. (CuAl,, AlCuMg,
AICuNi) which does not undergoe oxidation. Thesag#s dissolve in the acidic
solution and increase the concentration of coppehe bath. The silicon in the
cast alloys, which is a component of eutectic niesy undergoes oxidation
slightly. However, Si in the form of M§i phase in wrought alloys is not
detrimental [17,18]. It should be noted here thadtalloys are usually more
difficult to anodize than wrought alloys. The formesually contain high content
of alloying elements, which are present in the fafnintermetallic compounds.
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Often they do not undergo oxidation and dissolvea incorporated to the
coating. The surface finish is also very importarthe anodic coating on a non-
machined, rough area of the cast is very thin.

In order to achieve good quality of the coatings aast alloys, the
concentration of acid should not be too high. Gl rough surface will be
obtained.

For aluminium alloys that are difficult for anodigj, more sophisticated
electrolytes are applied. Many organic and inorgauiditives are introduced to
the bath in order to improve the quality of thetowgs. They inhibit burning of
anodic coatings and reduce its dissolution rat&9]7,A good example is the
Sanford process. The solution contains sulphuiitt @®&6), methyl alcohol (7%)
to decrease the freezing point of the solution,t medract (3%), and small
additions of surfactants (0.02% of nonyl alcohotl @h02% of polyethylene
glycol). Temperature of anodizing is equal to —10é@rent density in the range
from 1.1 to 2.2 Adm2 [5,7]. The mixture of sulphuric acid-nitric acicas also
employed for processing of Cu-rich alloys. Applioatof nitric acid (or nitrates
such as ammonium nitrate, aniline nitrate, cupiitate) decreases the voltage
during anodizing. The similar effect was obtainethie mixture of sulphuric acid
— hydrochloric acid [7].

Since CuAd phase may be oxidized to some extent in the oxalid, it is
sometimes applied in the anodizing of copper-ribblya. For instance 3 - 5%
(COOHY at 3 - 5°C, current density between 1 and@w? [5]. In general, wide
range of concentration of oxalic acid is allowesl from 1 to 100 gin. Also
mixtures of oxalic acid and formic acid were useg 80 gdm™ of (COOH}) and
80 gdm of HCOOH [7]. Another possibility is the mixturé sulphuric and
oxalic acid with inorganic additives such as €aRd Cs(SQy)s. Tartaric acid
based electrolytes have been developed in Jagahpsic acids in Germany [7].

The current density applied in the hard anodizimcess is several times
higher than in the conventional process. The typiaue is 2.5 Adm?2
Anodizing is rather performed at the constant aurrgensity than constant
voltage, since when the thick coating is produded, voltage grows up for
instance from initial value around 20 V to over M@epending on the chemical
composition of the alloy, electrolyte and its temgpere. The current density
should slowly increase from 0 to the target valuthe origin of the process. On
the one hand it was observed that in the caselmfsatlifficult to anodize €.g.
cast alloys) the decrease of the current densignamproves the quality of the
coatings. Sometimes special electrical programsppéed such as d.c. steps for
2024 alloy [19,20]. On the other hand increasingent density usually improves
the abrasion resistance of anodic coating prodooasrought alloys. Therefore,
pulsed d.c. current is sometimes used. Very higheoti density (2 — 5 times
higher than in d.c. process) is applied for cenpairiod of time (from miliseconds
to seconds) and is followed by a period where mogrer or even no current
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passes through the part. The large amount of gemkefdzeat is then easily
dissipated.

Application of pulsed d.c. current facilitates dbbag coatings without
burned corners or edges and is particularly udefuhe alloys that are difficult
to anodize [7,19].

The processing of difficult aluminum alloys is easiwhen the alternating
current is superimposed on the direct current.ndbées working with lower
voltage which means two serious benefits. The &irs is the lower risk of the
burning during the process, the other one is loefeigeration capacity necessary.
The well-known commercial example of the procesenata.c. superimposed on
d.c. current is applied is the Hardas processallyifit was done in the oxalic acid,
however later it was substituted with sulphuridaéinother commercial method
using the a.c. superimposed on d.c. current iSaméord process [5,7]. Regardless
of the the direct or alternating current is appligdod electrical contact must be
provide. It should be made of aluminueg. AA 5083 or AA 6063 alloys,
preferrably the same alloy that is anodized. Bspecially important when cast
alloys are anodized. Titanium is very often appfadelectrical contacts. It should
be noted here, that only one alloy can be anodizede operation [7,19].

Very important parameter which must be carefullptoalled during hard
anodizing is temperature. Usually it is around @f@ch is much below the value
for classical anodizing. During hard anodizingg&ramount of heat must be
dissipated, thus appropriate refrigerating capatitsst be ensured. On the one
hand, dissolution of aluminum in the acidic solntie exothermic. On the other
hand, the resistivity of the coating increasesrduanodizing. The thicker coating
is, the higher voltage is required to ensure tingetacurrent density. Thus, the
intensive agitation of the solution must be ensuhesufficient agitation as well
as improper electrical contant or too high startialjage lead to obtaining burned
coatings. The tendency for production of burnedtinga may be reduced by
increasing the dissolution power of the electrolgg. increasing concentration
of acid and temperature) as well as applicatioorgénic and inorganic additives
[7,19].

4. Properties of hard anodic coatings

The properties of hard anodic coatings are stromgpendent on the
chemical composition of the alloy and the anodizingcess itself. By definition,
hard coatings should be wear resistant. The abrasisistance is affected by
concentration of acid, temperature and current idens general, decreasing
concentration of acid increases the abrasion eggistof the coating [5]. It was
observed that variation in the current densityat temperature range (from 0 to
-5°C) does not influence the abrasion resistargrefaiantly. However, between
10 and 20°C the decrease of the current densitig lEapronounced deterioration
of the abrasion resistance.
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It is caused by increasing porosity of the coatifige best combination of
these two variables is high current density andtlemperature [7,10].

The best abrasion resistance is obtained on pumiilim, the higher
content of alloying elements, the more signific#tst deterioration is. Good
abrasion resistance is also characteristic for 48 and Al-Zn-Mg wrought
alloys. Increasing content of copper in the alloyer 2%) deteriorate wear
resistance significantly. The hardness and comogdsistance are affected in the
same manner. The weight loss obtained from therTadrasion tests for anodized
AA6061 — T6 alloy are in the range between 7 anchgjzafter 10 000 cycles, no
matter if sulphuric acid or the mixture of sulpicusind oxalic acid was applied
during anodizing. It was also observed that inénepthickness of the coating in
the range between 25 and |5 decreases the wear loss during abrasion [7,10].
It should be noted here however, that usually ngatiickness has no significant
impact on the abrasion reasistance up to approgiyna@é um. Above this value,
deterioration of the wear resistance may occur.[11]

The hardness of the coatings onto AA6061 — T6 atlayelates well with
the wear resistance, however it was not necessasggrved for the coatings on
other aluminium alloys. Hard anodized aluminum (MH®cess) is more wear
resistant than hard chrome plate or cyanide hatdeméd steel, although its
hardness is half of the hardness of steel and drptate. Therefore, the
measurements of hardness cannot substitute thetega7,10].

On the 2024 alloy in turn, the strong influencetloé concentration of
sulphuric acid on the abrasion resistance was wbdelhe anodizing process
should be performed in the solution containing & gdm of H.SQ [7]. The
abrasion resistance of the coatings produced iaghgion containing 300-gn3
of H.SOy with some organic additives (Sanford process) edséhe requirements
of MIL-A-8625F standard (weight losses from the &atest in the range between
7.3 and 12 mg were obtained after 10 000 cycles)ilé8 results were achieved
in the low voltage process where a.c. componentswpsrimposed on d.c. These
results may be explained in terms of the high ogathass per surface area [21].

Abrasion resistance of the anodic coating depelstsam its hardness and
friction coefficient. The latter is dependent ore ttoughness of the coating.
Generally speaking, it is increased by hard anndily 0.25 — 0.fim for wrought
alloys and 1.25 — 2.pm for castings. Therefore, the surface before aigli
should be as smooth as possible [7,19].

The anodizing process affects the mechanical ptiegeof the part and it
should be taken into account during the designiing ultimate tensile strenght
and elongation of the hard anodized part is detgied when compared to the part
uncoated. However, the most pronounced adverset ef¢he hard coating was
observed on the fatigue strength. The fatigue lisrlidbwered considerably at high
stress.

It was observed that deterioration of the mechanpraperties is less
pronounced when the a.c. current is superimposetherd.c. current during
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anodization. The influence of the coating thickness the fatigue limit is
insignificant [7,22].

The fatigue strength of the anodized element dependhe internal stresses
in the coating. Whereas compressive stress ingehseresistance to fatigue
failure, tensile stress facilitates the formatidrciacks and decrease the fatique
limit. The sign and magnitude of the stress depasiconly on the difference in
the molar volumes of the oxide and metal but alsthe surafce preparation and
anodizing conditions (chemical composition of thiecegolyte and current
density). It was observed that in thin coatingsaotgd at low current density
compressive stress is observed. The higher cotiticiness and current density,
the magnitude of the compressive stress decreas®riain point, the transition
from compressive to tensile stress was observé&dl [6,

It should also be noted that hard anodic coatinggaod electrical and heat
insulators. The resistivity of the thick coatind (@m) is comparable to that of
glass and porcelain. Good heat resistance of tlek thoatings enables
withstanding short exposures to temperature oved2D [7].

5. Application of hard anodic coatings

The number of applications of hard anodized aluammniis growing.
Depending on the desired properties of the codliegare applied in the different
fields. Since they are erosion, impingement, abraand scratch resistant, such
products as valve bodies, piston crowns, pumps iamkllers, guide rails,
pneumatic cylinders, low loaded bearings, handg-m@ilmoving walkways made
of aluminium alloys are hard anodized [7].

For certain applicationsg in aircraft industry the abrasion resistance ofiha
anodic coatings should be further improved. Itfterorealized via impregnation
of the hard anodic coatings with polytetrafluorgéthe, graphite or molybdenum
disulphide. It decreases the value of friction Giornt significantly. For instance,
for the coatings impregnated with teflon its redtuttfromc.a. 0.25 to 0.13 may
be achieved [5, 17-19]. What is more, polytetraifbethylene ensures good
corrosion resistance and hydrophobicity of theaaef The term “impregnation”
suggest introduction of polytetrafluoroethylenetigbes into the pores of the
anodic coating. However, since the particles in mamcially available
polytetrafluoroethylene suspensions are bigger tharpores size, the weakly-
bounded polytetrafluoroethylene coating on thgDAlis rather formed [23]. The
impregnation process may be realized by simple irioe of the element in the
polytetrafluoroethylene suspension. Better quabfy the coatings may be
achieved, when the migration of the particles ® tbating is forced with the
electric field (electrophoresis) or ultrasonic way24—28].

Molybdenum disulphide in turn may be synthesizetthépores of the anodic
coating during electrochemical treatment of thedswed element. It is performed
in the diluted aqueous solution of tetrathiomolyiedd@ hese anions diffuse into
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the pores of the coating and decomposes to molylmdérisulphide during anodic
polarization. Subsequently appropriate heat treatn® performed to obtain
molybdenum disulphide [29,30].

Due to relatively good corrosion resistance, handdized aluminium
elements are applied in the marine environmeqgt {orpedoes). Thanks to good
electrical and heat resistance, heat sinks andnigeaiements are also produced
from the hard anodized aluminium [7].

Summary

The hard anodizing process is practised more ané witen nowadays. In
many applications hard anodic coatings are altermtto hard chromium
coatings. The former when compared to the lateecheaper to apply, give better
oil retention and last but not least, their productis more environmentally
friendly. However, they cannot be used on all ahioth alloys [7]. The further
development in this area will probably be obsermed, because since April
2016, the application of chromium(VI) ions in intlysis restricted with the
REACH regulation. However, it should be noted hdrat the plasma electrolytic
oxidation (PEO) emerges as a potential replaceroétitard anodizing. This
process is more environmentally-friendly (non-aggree electrolyte is
employed) and offers higher hardness and abrasisistance of the coatings
when compared to hard anodizing. What is more, iaivag of the multi-
component alloyse(g. with high content of copper) is easier [31-33]wedwer,
the cost of the rectifier may be significantly heghwhen compared to the lower-
voltage power sources for hard anodizing.
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