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Plasma electrolytic oxidation is a technique that converts the surface of a light metal alloy into a high hard-
ness ceramic coating. This process involves the anodic oxidation of the metallic substrate and dielectric
breakdown of the layer, which takes place by subjecting the alloy to high voltages in an electrolytic bath.
The plasma created by these electrochemical interactions promotes the formation of a porous ceramic coating
with thicknesses up to around 150  m. The present work deals with the study conducted on samples of an alu-

\lj\zy:rlords' minium type 6061 alloy that was processed to obtain coatings of different thicknesses, aiming to assess their
Friction wear resistance in sliding conditions using a ball on disc machine. The coatings were characterised by X-ray dif-
Plasma electrolytic oxidation fraction, scanning electron microscopy, roughness measurements and microhardness tests. The X-ray analysis
Aluminium showed the presence of mullite, -Al,Os; and -Al,O5 within the coatings. It was found that the friction coef -

cient changed along the tests, and that the weight lost depended on both, the thickness of the coating and the

load applied during the test. The wear mechanisms taking place are discussed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Aluminium alloys offer an excellent combination of properties
such as low density and high corrosion resistance and this makes
them the material of choice for the transportation industry. However,
the use of these alloys has been limited to cases in which wear resis-
tance is not required. Hard ceramic coatings can be developed on
light metal alloys by the conversion of the substrate by means of a
process known as plasma electrolytic oxidation (PEO). This technique
has been applied to aluminium and other light alloys made from mag-
nesium and titanium to enhance the resistance to wear [1.4].

PEO promotes the transformation of the aluminium alloy substrate
into a high hardness ceramic coating by the interaction of anodic oxide
growth and microelectric channel shock caused by dielectric break-
down at high voltages, taking place in an agueous electrolyte. Thermo-
chemical interactions in the plasma state are established between the
substrate and the electrolyte to produce a ceramic coating with thick-
nesses normally comprised between 1 and 150 m [1..8]. PEO coatings
grown on aluminium alloys are made of different ceramic phases; pre-
vious studies have found that a typical coating contains -Al,05 (corun-
dum), -Al,O3 and amorphous alumina [2,5..7].
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Additional advantages of the ceramic conversion by PEO is the in-
terface formed between the substrate and the coating and the compres-
sive stress associated with the conversion [1..3,7]. The presence of the
interface favours a strong adherence and reduces the possibility for
the coating to spall while the compressive stresses do not permit the
formation of cracks that will weaken the coating. Therefore, it will be
expected that an aluminium alloy together with a high hardness coating
will exhibit higher resistance to wear while subjected to sliding
conditions.

The aim of this work is to evaluate the sliding wear properties of a
series of specimens made of an aluminium type 6061 alloy that was
processed by PEO to obtain coatings that ranged from 100 to
150 m in thickness. These samples were tested in a ball on disc test
tribometer applying different loads.

2. Experimental procedure

A series of plates of size of 3.5 by 3.5 cm of a commercial Al 6061
alloy was coated by applying an alternate current at a frequency of
50 Hz, a voltage comprised between 400 and 600V and KOH and
Na,SiO, as electrolytes. The chemical composition of the alloy is
shown in Table 1. The parameters were varied to produce coatings
with nominal thicknesses of 100, 125 and 150 m. The preparation
of coatings using plasma electrolytic technique is discussed elsewhere
[1..8].The specimens were weighed on a digital electronic balance with
anaccuracy of 1x10 # g prior to the wear tests. The coatings were ana-
lysed by X-ray diffraction using a copper lamp as radiation source
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Table 1
Chemical composition of the aluminium alloy and the high speed steel/wt.%).

Material Al C Cr Cu Fe Mg Mn Mo Ni Si \% w Zn
Al 6061 Bal. 0.04 0.16 0.10 1.00 . 0.70 0.01
HSS 1.55 7.70 Bal. 0.54 2.08 0.52 0.66 4.90 0.49

produced at 40 mV and 30 mA for diffraction angles 2 between 5 and
90°, with a step size of 0.05° and a dwell time of 2 s.

The surface morphology of the samples was studied in a  eld
emission gun scanning electron microscope. The average roughness
parameter ( Ra) of the specimens was measured using a pro  lometer
scanning different areas across the samples. Five roughness measure-
ments were taken for each test specimen. The Vickers microhardness
was evaluated on the polished cross-section of the samples by  ve

Fig. 1. Scanning electron microscopy images of the cross-section (a, ¢ and e) and of the surface (b, d and f) of the coatings of 100 (a and b) 125 (c and d) and 150 (e a

lines in a, ¢ and d indicate the position of the original surface of the substrate.

indentations made on the coatings and the aluminium substrates
with a load of 50 g for 15 s ( HVs).

The wear resistance of the PEO coatings in sliding conditions was
evaluated using a pin on disc test machine constructed following
the parameters speci ed in the ASTM standard G99-10b [9,10]. The
pin was replaced in these tests by an alumina ball of 10 mm diameter,

a series of indentations was made using a load of 200 g that resulted
in hardness of 1590 HV,q0. A new ball was used for each test. The

200 um

ndf) m.The
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machine has a load cell that measures and records the lateral force gener-
ated between the ball and test specimen. The friction coef cient was
calculated by dividing the lateral force by the normal load applied by
the arm [11]. The loads applied in this study were 10, 20, 30 and 40 N
for each coating thickness. The sliding distance for each test was 1 km
at a constant linear velocity of 13.76 m/min. The tests were performed
in dry conditions to avoid erroneous values given the possible penetra-
tion of lubricant in the pores present in the coatings. Additional trials
were conducted on the bare surface of the Al 6061 substrate and on a
cast high speed cast steel, Table 1, to compare the results. Vickers hard-
ness tests were performed in the high speed steel with a load of 2500 g
for 15s (HVas00) due the various types of carbides present in the
microstructure.

The weight of the specimens was measured at the end of each test
using the previously mentioned balance. Although it is customary to
express wear as the volume removed per distance, and applied load
(speci ¢ wear rate) in this work, wear will be expressed as weight
losses, as it is not possible to obtain an accurate value of the density
of the removed material due to the presence of pores and different
oxide species in the worn outer layers, as it has been pointed out in
a previous research [5].

3. Results

Fig. 1 shows images of the cross section and of the surface of the
PEO coatings of 100, 125 and 150 m. The dotted lines in Fig. 1a, ¢
and e indicate the original surface of the substrate (assuming that
the coating in both surfaces is of the same thickness). The layer
close to the surface contains a high proportion of pores and micro-
cracks that are formed as result of localised fusion caused by dielectric
breakdown as has been reported elsewhere [5..7]. A compact homo-
geneous layer is observed to form below the high porosity regions;
close examination of the region between coating and substrate
shows a well developed interface. The images of the surface ( Fig. 1b,
d and f) show a large amount of porosity that may be formed by gas
trapped into bubbles that are generated during the conversion pro-
cess. PEO uses small air bubbles to increase turbulence in the electro-
lyte to obtain a homogeneous growth of the coating. The molten
ceramic components cool down rapidly by contact with the electro-
lyte and the air and vapours dissolved in it will be trapped while
the coating is formed, Fig. 2. The high pressure of the air trapped in
the bubble will promote its spalling and will result in a rough surface.

X-ray diffraction spectraidenti  ed as Ato Cin Fig. 3were made on
untested samples that show the presence of various compounds
within the coatings. The predominant is mullite (aluminosilicate of
AlgSi,O;3 stoichiometry and orthorhombic structure), -Al,O3 (co-
rundum of hexagonal close-packed structure), -Al,O3 (metastable

Fig. 2. Appearance of a bubble formed on the surface of a coating of 100 m.
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Fig. 3. X-ray diffraction charts of specimens with coatings of 100 (A), 125 (B) and 150
(C) m; the positions of the peaks for mullite, -and -gamma alumina and aluminium
are indicated. Chart D corresponds to a sample tested with a 30 N load that had a coating
of 125 m.

compound of spinel structure) and amorphous alumina, which is re-
sponsible for the hump present in the 2 range from 15 to 35° in
the X-ray spectra. The development of this amorphous phase, which
has been reported to constitute up to a 30% of the coating [7], could
be the reason for the low signal to noise ratio observed in the diffrac-
tion pattern. The peaks corresponding to aluminium are caused by
penetration of the X-rays beyond the coatings. The spectrum identi-

ed as D in Fig. 3 corresponds to a sample that had a coating of
125 m that was tested with a load of 30 N.

The values for the average roughness ( Ra) for the coatings of nomi-
nal thickness of 100, 125and 150 mwere of5.4,6.4and 6.7 mrespec-
tively, the standard deviation in all cases was of the order of 0.7 m. The
microhardness values of the coating and substrate were of 1556+11
and 109+3 HVs, respectively. No difference in hardness in the differ-
ent coatings was detected. The average roughness of the aluminium
substrate and that of the steel were of 0.29 and 0.52  m respectively,
the hardness of the steel was of 760+7 HV,500.

Fig. 4 shows the changes of the friction coef cient as a function of
sliding distance while the samples were tested with different loads. It
is observed that the values of the friction coef  cient in samples with a
coating of 100 m exhibit a continuous increase independently of the
load applied; the coef cients in the samples with a coating of 125 m
remained constant when loads of 10 and 20 N were used, and
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Fig. 4. Changes in the friction coef cient computed during the sliding tests of coated
samples.
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Fig. 5. Changes in the friction coef cient computed during the sliding tests of bare me-
tallic samples.

reduced their values once a certain distance was achieved when test-
ed with 30 and 40 N; the values from the samples with a 150 m coat-
ing were found to increase when a load of 10 N was used, to remain
fairly constant with loads of 20 and 30 N and to reduce their value
once a distance of around 500 m was achieved when tested with a
load of 40 N.

Fig. 5 shows the corresponding changes in the friction coef  cient
as a function of distance in samples of the aluminium substrate and
the high speed steel. The coef cient recorded on the aluminium sam-
ples remains within the 0.4 to 0.5 range in almost all cases, indepen-
dently of the applied load. The results from the steel samples show
that the coef cient is rather low (less than 0.2) at the start of the
tests, and then have a sudden increase to the 0.5 to 0.6 range. The
weight losses of the coated samples and in the balls used in the sliding
tests appear respectively in Tables 2 and 3, the losses recorded on the
bare metal samples are shown in Table 4; no losses in weight in the

Table 2
Loss in weight (mg) of the coating.

Load Thickness of coating ( m)

™ 100 125 150

10 185 18.2 185

20 23.8 46.3 54.2

30 60.7 73.4 71.9

40 87.1 86.6 106.4
Table 3

Loss in weight (mg) of the alumina ball.

Load Thickness of coating ( m)

™ 100 125 150

10 0.1 3.4 1.7

20 0.2 18.4 25.1

30 4.0 25.6 39.9

40 21.8 329 56.1
Table 4

Loss in weight (mg) of the bare samples.

Load (N) Aluminium High speed steel
10 30.7 3.2
20 56.8 8.5
30 74.7 16.7
40 935 244

Fig. 6. Weight lost by the coated and uncoated samples and in the alumina balls.

balls used in the tests with the bare metals were recorded, as these sam-
ples do not produce debris. The con dence in the loss in weight is of
+0.2 mg.

The losses in weight registered in the coated samples and in the
balls used in the sliding tests are plotted as a function of the load
used, Fig. 6; the losses recorded on the bare metallic samples are
also shown in Fig. 6. Fig. 7 plots the losses in weight in the balls as a
function of the weight lost in the coated samples. It is worth noting
that the losses in the coated samples are at least twice as much as
those registered by the balls sliding on the samples, Fig. 7. Moreover,
the losses in the coated samples can be considered to follow a linear
relationship with respect to the load applied independently of the
thickness of the coating, although the thinnest coating has the ten-
dency for exhibiting lower losses in weight. The weight lost by the
balls show a different tendency, as the losses diminish as the thick-
ness of the coating is reduced, Fig. 6.

4. Discussion

Figs. 8 and 9display images taken from representative areas found
inside the wear tracks formed on the coated samples of different
thicknesses that were subjected to different loads. The average
width of the wear tracks was found to increase as a function of the ap-
plied load and was of around 4.4, 7.9, 9.6 and 10.5 m for the loads of
10, 20, 30 and 40 N respectively. This trend can be explained on the
fact that the ball suffered wear and increased the area of contact
with the samples as the applied load increased. Wear on the balls
used is documented in Figs. 6 and 7 where it can be appreciated

Fig. 7. Relationship between the losses in weight of the coated samples and alumina balls.
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thickness of the coating. The substrate experiences a considerable
damage by abrasion when exposed to the hard asperities of the alu-
mina ball, which is a mechanism characteristic of this sort of wear
test. The high stresses generated during the test produce severe plas-
tic deformation and delamination in certain regions of the substrate
(see the image corresponding to the test of a coating of 100 m
with a 40 N load in Fig. 8).

The top porous layer of the coatings was wholly removed in all
cases due to its low compactness and the lack of stability from a me-
chanical point of view. However, there were areas in the samples
where the coating remained adhered to substrate (see the image of
the test carried out on a 125 m coating with a load of 30 N); these
areas did not present scratches or grooves, but only cracks generated
by the friction between the ball and the coating during the tests.
Some areas of the samples did not exhibit considerable damage
which suggests the capacity of the coating to sustain wear (as in the
case for the 100 m coating tested with loads of 10 and 20 N). The
X-ray diffraction spectrum identi ed as D in Fig. 3 shows that the
amorphous constituents, as well as the mullite, are removed from
the coating, the phases that remain attached to the coating are -
and -alumina, with the  rst to a higher extent.

The substrate contained a considerable amount of coating debris
that appeared embedded in the alloy in some zones (see the image
of the test carried out on a 125 m coating with a load of 20 N). This
is simply because the particles from the coating are harder (1156
HV) than the alloy matrix (109 HV) and the embedding action was
favoured by the compressive load applied during each test and the
shear stress generated during motion. It was also found that parti-
cles removed from the substrate adhered to the surface of the ball,
Fig. 10.

The coatings that showed the best tribological behaviour were
those with thicknesses of 100 and 150 m under the action of 10 N
load. In these cases, the aluminium substrate was not exposed. Coatings
of all thicknesses that were subjected to the 30 and 40 N loads were re-
moved completely by abrasion caused by the asperities of the alumina
ball; in fact only small patches of the coating remained adhered to the
substrate in some regions of the wear track. However, in a general
sense, the coating represents an effective way to reduce wear of alu-
minium alloys given that the rate of material removal is considerably
lower than that observed in bare aluminium alloys subject to similar
testing that exhibit severe abrasive wear [10].

There is not a clear correlation between the wear of the coatings
and the friction coef cient. The dry conditions in which the tests
were developed, the brittle nature of the coating and the transition
in the values of friction measured  rst on the coating and then in

Fig. 10. Particle of the aluminium substrate adhered to the surface of the alumina ball.

the substrate when the coating is removed made dif
a dominant mechanism. It seems dif cult to explain the behaviour of
the friction coef cient for all the PEO coatings studied, given that
these were removed by different mechanisms.

For the case of the coating with 100  m, stepped increments in the
value of friction were observed progressively with the sliding dis-
tance for the four loads studied. These increments in friction may
obey to the fact that the irregular topography of the sample together
with the edges of wear track formed in the coatings acted as restric-
tion mechanisms that makes the motion of the alumina ball dif cult
in increasing the shear stress at the interface and therefore the in-
crease in the value of the friction coef cient. This behaviour can be
explained on the fact that for this coating thickness, the high level
of porosity facilitated its removal and favoured the contact of the alu-
mina ball with the alloy substrate increasing the value of the ploughing
component of the shear stress of the interface and hence the value of
the friction coef cient.

There was a considerable reduction in the value of the friction co-
ef cient when the coatings of 125 and 150 m thicknesses were tested
with loads of 30 N and 40 N. This phenomenon suggests that the coat-
ings were completely removed and the friction coef  cient values corre-
spond to the case when the alumina balls enter into contact with the
alloy substrate but the contact was probably lubricated by the wear de-
bris generated. However, the values of friction measured for this mate-
rial and for all the conditions studied are comparable to those recorded
in the aluminium and steel samples and lower than those observed in
other novel coatings deposited on titanium ..aluminium intermetallic
alloys tested under sliding conditions  [15].

The three coatings were removed when 30 N and 40 N loads were
applied; this caused severe wear on the samples as the aluminium
substrate was left unprotected and was removed by the hard asperi-
ties of the alumina ball, this is metallic wear. The density of the coating
is greater than the density of aluminium and the greater thickness re-
moved (150 m) explains the greater loss in weight reported for 40 N.
X-ray diffraction analysis of the samples revealed the presence of -
Al,O3 which suggests that this phase presented the greatest wear resis-
tance if compared with the other oxides formed on the alloy as result of
the PEO process which is in agreement with previous investigations
[12..14].

Based on these statements, it can be established that the mullite,

-Al,O3 and amorphous alumina were highly vulnerable for the con-
ditions studied. This could be attributed to the lack of compactness of
the coating appreciated in the metallographic cross sections. There-
fore, wear in these coatings is strongly in  uenced by the level of po-
rosity given that this characteristic favours the propagation of
cracks and the subsequent removal of the coatings.

cult to envisage

5. Conclusions

The PEO technique has been used to modify the surface of an alu-
minium alloy by producing a coating of high hardness. The PEO coatings
formed on the surface of Al 6061 alloy showed high porosity and air en-
capsulation which accounts for high values of roughness ( Ra) measured
and that increased when the thickness of the coatings increased.

The PEO coatings grown consisted of a combination of oxide
phases such as mullite, -Al,03, -Al,O3 and amorphous alumina
which acted as a hard material given that the hardness number was
greater than that of the substrate hardness.

The sliding tests suggest that wear proceeds by two mechanisms
that are adhesion and abrasion by hard patrticles (two and three bodies).
This last mechanism seems to be dominant in all the tests. However, the
coatings studied here represent a good method to increase the wear re-
sistance of aluminium alloys for structural applications.

The loss in weight increased with the applied load; the thinnest
coating (100 m) exhibited better resistance to wear, although the
differences were marginal. Severe metallic wear was observed in all
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the coatings when the loads of 30 and 40 N were applied; this [4] J.M. Wheeler, C.A. Collier, J.M. Paillard, J.A. Curran, Surf. Coat. Technol. 204 (2010)
) . ' 3399.
resulted in the complete loss of the coating. ' [5] J.A. Curran, T.W. Clyne, Acta Mater. 54 (2006) 1985.
The relatively low values of friction observed for these coatings, [6] J.A. Curran, T.W. Clyne, Surf. Coat. Technol. 199 (2005) 168.
could favour their application in processes or products where reduc- {7} J.A. Curran, T.W. ilyne, Surf. Coat. Techhm'- 199 (2005) 177. . |
. . . . i . 8] G.Lv, W.Gu, H.Chen, W. Feng, M.L. Khosa, L. Li, E. Niu, G. Zhang, S.-Z. Yang, Appl.
tions in power COf?SUmptIOt.'] a.ssomat.ed to friction are |mp0rtant and Surf. Sci. 253 (2006) 2947.
where a low density material is required. [9] ASTM International, ASTM G 40-10b: Standard Terminology Relating Wear and
Erosion, West Conshohocken, PA, , 2010.
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