JMEPEG (2018) 27:3268-3275
https://doi.org/10.1007/s11665-018-3421-8

©The Author(s) '
1059-9495/$19.00 § CrossMark

Tribological Properties of the Oxide Coatings Produced
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Process
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The aim of this work was to establish the influence of the thickness of the anodic coatings on their
mechanical properties and to understand the relation between their hardness and the abrasion resistance.
The coatings were produced in the hard anodizing process onto the 6061-T6 aluminum alloy. Their
thickness was in the range between 19 and 43 pm. The abrasion resistance was determined by using Taber
abrasion test. The weight losses of the coatings obtained were in the range between 15 and 11 mg and
decreased with their increasing thickness. It has been shown that the hardness measured on the cross
sections of the coatings did not correspond to their abrasion resistance. Thus, the new approach has been
proposed. The hardness of the coatings was estimated on the basis of the results of the scratch test
performed at the constant load. The results obtained correspond to the abrasion resistance of the coatings.

Keywords aluminum alloy, abrasion resistance, hard anodizing,
scratch test, Taber abrasion test

1. Introduction

Anodic coatings are produced onto the surface of various
components, made of aluminum alloys, in order to enhance
their surface properties. The well-known classification of the
anodic coatings is given in the MIL-A-8625F military standard,
where hard anodic coatings belong to type III (Ref 1). The
anodic coatings are formed in the electrolytic process. Thus,
their thickness should be proportional to the electrical charge
passing the electrolytic cell. However, the kinetics of the
formation of the coating depends also on the rate of its
dissolution in the acidic electrolyte. The rate of dissolution of
the anodic coating is dependent on the chemical composition of
the electrolyte and its temperature. The characteristic features of
the hard anodizing are low temperature of the bath (around
273 K) and high current density (Ref 2, 3). The former ensures
that the rate of dissolution of the coating is low. It is frequently
observed that the thickness of the hard coatings depends
linearly on the time of anodizing (Eq 1):
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d=124-1 (Eq 1)

where d stands for the coating thickness in um and ¢ is the
anodizing time in minutes. The equation was calculated for
the Alumilite 225/226 hard coating process from the data pre-
sented in Ref 2.

The coatings produced in the hard anodizing process are
usually thick, hard and abrasion-resistant. According to the
MIL-A-8625F standard, their typical thickness is between 12.7
and 114 pm (Ref 1). The standard also defines the methods of
characterization of the abrasion resistance, corrosion resistance,
thickness and mass of the coatings. The only method allowed
for the determination of their abrasion resistance is by
using Taber Abraser (Ref 1).

The abrasion resistance of the anodic coatings is strongly
dependent on the anodizing conditions and the chemical
composition of the alloy. The most wear-resistant coatings are
those produced on the pure aluminum; however, satisfactory
results are also easy to achieve for Al-Mg-Si and Al-Zn-Mg
wrought alloys. In general, the increase in the concentration of
the alloying elements causes the decrease in the abrasion
resistance. It is especially true for the copper- and silicon-rich
alloys. These two alloying elements deteriorate also the hardness
and corrosion resistance of the anodic coatings (Ref 2-5). Copper
forms the intermetallic phases, with aluminum and other alloying
elements, such as CuAl,, AlL,CuMg and AICuNi. During the
process of formation of anodic coating, they dissolve in the
anodizing bath instead of being subject to oxidation. Silicon is
only slightly oxidated during anodizing. Its presence in the alloy
in the form of eutectic crystals causes the significant inhomo-
geneity of the thickness of the anodic coating (Ref 6, 7).

The 6061 aluminum alloy is commonly applied, e.g., in the
aircraft industry, due to its good mechanical properties after
precipitation hardening. Its major alloying elements are mag-
nesium (0.8-1.2 wt.%) and silicon (0.4-0.8 wt.%). Thus, the
anodic coatings of good quality can be easily produced onto
this alloy. Their properties such as the corrosion, erosion and
abrasion resistance as well as hardness and fatigue life have
been already determined (Ref 2, 8-12).
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The abrasion resistance is usually tested by using different
methods such as jet abrasion and abrasive wheel test (Ref 1, 2,
12). Pin-on-disk as well as ball-on-disk methods are also
frequently used to quantify the tribological properties of the
coatings (Ref 8, 13). In this work, Taber Abraser was applied
according to the MIL-A-8625F standard. Since it is impossible
to compare the results obtained by using different methods
(e.g., pin-on-disk and Taber abrasion test), only the results from
the latter are discussed in this work.

Taber abrasion test is to be performed according to the
ASTM D4060 standard (Ref 14). The flat specimen in the form
of the square (10 x 10 cm?) or circle (10 cm diameter) is rotated
(60 rpm) and abraded with the two CS-17 abrading wheels
composed of a resilient binder and Al,O3; or SiC abrasive
particles. The load applied for each wheel is 9.81 N. The surface
of the wheels must be frequently renewed, using the emery
paper, during the test. The test is finished after 10,000 of
rotations of the specimen. The weight loss is then reported. The
weight loss for the coatings produced onto the 6061 aluminum
alloy is in the wide range, between 7 and 25 mg (Ref 4).

The hardness of the anodic coatings is usually measured on
their cross sections. It strongly depends on the chemical
composition of the alloy. In the case of the 6061 alloy, the
hardness is between 420 and 490 HV and does not depend on
the thickness of the coating (Ref 2, 11, 12).

In this work, the anodic coatings were produced onto 6061
alloy in the standard, d.c. process. The anodizing process was
not optimized for the best abrasion resistance or the hardness of
the coating. The aim of the work was to understand the
relations between the mechanical properties of the coatings
such as the abrasion resistance determined by using Taber
Abraser, hardness and adhesion to the substrate. The influence
of the thickness of the coating on these properties was also
determined.

2. Experimental Procedure

The experiments were performed with the 6061-T6 alu-
minum alloy specimens. Their chemical composition is given in
Table 1.

The 100 x 100 x 2 mm® specimens were cut from the
sheet metal. Then, they were degreased and pickled in the
alkaline solution containing 100 g dm > NaOH (2 min at
290 K), rinsed in deionized water, etched in the nitric acid
aqueous solution (50% vol, 2 min at 290 K) and rinsed. The
anodic coatings were produced in the sulfuric acid aqueous
solution (158 g dm™) at 273 K, at the constant current density
2.5 A dm ? by using the FlexKraft power supplier (Kraft
Powercon, Sweden). The aforementioned parameters are virtu-
ally the same as for the well-known M.H.C (Martin Hard Coat)
process (Ref 2). The bath was vigorously agitated with the
compressed air. The time of anodizing was equal to 7, 30, 45

Table 1 The chemical composition of the 6061 aluminum alloy

and 60 min in order that different thicknesses of the coatings
was achieved. The anodized specimens were rinsed in the
deionized water and dried in the air. One of them was
subsequently annealed in the laboratory oven in the atmosphere
of air at 373 K for 1 h.

The analysis of the topography of the surface of the coatings
was performed by using the profilometer Mahr PS2 with
diamond stylus (radius 2 pm). The evaluation length was equal
to 5.6 mm, the five consecutive cutoff lengths 0.8 mm were
applied. The microstructure of the coatings was evaluated by
using the scanning electron microscope (SEM) Hitachi S-
3400 N with the EDS system. The thickness of the anodic
coatings was determined by the microscopic examination of
their cross sections. The eddy-current method (Dualscope
FMP100, Fischer) was also applied.

Taber Abraser was employed to determine the abrasion
resistance of the anodic coatings, according to the ASTM
D4060 standard (Ref 14). The coatings, rotated at the speed
equal to 60 rpm, were abraded with the CS-17 abrasive wheels
under 9.81 N load. The abrasion resistance of the coatings was
quantified as their weight loss after 10,000 revolutions. The
weight loss was determined after every 500 revolutions with the
aim of evaluating the kinetics of the wear. The abrasive wheels
were refaced every 500 revolutions to renew their surface.

The hardness was measured both on the surface of the
coatings and their cross sections by using the Vickers hardness
tester (CSM Instruments). For the former, the constant pene-
tration depth of 4 um was applied. For the latter, the
metallographic specimens were prepared. The measurements
were taken at 50 mN load in the center of the coatings.

Scratch tests were performed by using the scratch tester
(CSM Instruments) equipped with the Rockwell-type diamond
stylus. First, the tests were conducted at the constant load 10 N;
at the 5 mm distance, the speed of the stylus was equal to
10 mm min~'. Subsequently, the increasing load was applied
from 0 to 50 N with the speed equal to 5 N s™! at the 5 mm
distance.

3. Results and Discussion

3.1 Microstructure, Thickness and Roughness
of the Coatings

The microstructural components of the precipitation-hard-
ened substrate are: a-Al solid solution and the particles of the
intermetallic phases. Since iron is one of the most common
impurities in aluminum, the particles of the iron-rich inter-
metallic phases are always present in the matrix. They dissolve
in the bath during anodizing. As a result, the macropores in the
coating are observed (Fig. 1). The characteristic feature of the
precipitation-hardened Al-Mg-Si alloy is fine particles of the -
Mg,Si phase dispersed in the matrix. They precipitate during

The content of the elements, wt.%

Al Mg Si Fe Cu

Zn Ti Mn Cr Other

96.00 1.12 0.63 0.55 0.21

0.23 0.11 0.09 0.08 0.08
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Fig. 1 The microstructures of the cross sections of the coatings obtained with different time of anodizing

the artificial aging and increase the hardness of the alloy. In
Fig. 1, they are not visible due to applied magnification. Since
these particles easily undergo oxidation during the anodizing
process, their presence in the alloy is not detrimental for the
properties of the coatings (Ref 6, 7).

The chemical composition of the coatings produced was
determined by using energy-dispersive x-ray spectroscopy
(EDS). The following results were obtained: oxygen (51-
59 at.%), aluminum (39-49 at.%), sulfur (1-2 at.%)).

The microscopic examination of the cross sections of the
coatings, obtained at different time of anodizing, was per-
formed. The coating obtained after 7 min of anodizing is very
thin and hardly visible in Fig. 1(a). The examination of the
thicker coatings indicated their uniform thickness (Fig. 1b-d).
In the microphotographs, the cracks in the coatings are visible
(Fig. 1b-d). There are two main reasons for cracking of the
anodic coatings. The first one is the thermal stress caused by the
significant difference in the thermal expansion coefficients of
the anodic coating and the metallic substrate. The cracks could
appear when the coatings were withdrawn from the cold bath
(273 K) and rinsed in the tank filled with water at the room
temperature. The other one is the mechanical stress. The cracks
could arise when the metallographic cross sections were
prepared (Ref 2).

The thickness of the coatings was determined by using the
eddy-current and microscopic technique. The metallographic
specimens were prepared and examined by using the scanning
electron microscope. The values obtained were ranged between
19 and 45 pm. Very good correlation was achieved between the
thickness determined by destructive and nondestructive tech-
nique (Fig. 2a). The thickness of the coating obtained after
t =7 min is equal to 1 pm, and it increases linearly with time,
achieving 43 pum after 60 min (Fig. 2b).
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The characterization of the topography of the surface of the
coatings obtained is necessary for understanding their tribo-
logical properties. The roughness of the surface was evaluated
by using two amplitude parameters R, and R, (Fig. 3). The
former is defined as the average deviation of the surface profile
from the mean line over a certain length. The latter accounts for
the difference in height between the average five highest peaks
and lowest valleys. It is more sensitive to the occasional high
peaks or deep valleys than R, (Ref 15). First of all, the values of
the roughness parameters were determined for the non-an-
odized specimen. It was only degreased and etched at the same
conditions as the anodized specimens. The roughness param-
eters were determined in the two, mutually perpendicular
directions X and Y. The first one was perpendicular to the
direction of rolling, the other one—parallel. It has been
observed that the values of R, and R, determined in the X
direction are lower when compared to those obtained for the ¥
direction. The roughness of the rolled sheet depends on the
roughness of the rolling mills. Therefore, there is no rule
whether the roughness of the sheet is higher in the direction
perpendicular or parallel in relation to the direction of rolling.

It can be concluded that the roughness of the anodic
coatings is significantly higher when compared to the uncoated,
pre-treated specimen (degreased and etched). Along the X
direction, the values of the R, and R, virtually do not depend on
the thickness of the coatings. For the Y direction, both R, and R,
are higher for each coating. It is due to their higher values for
the uncoated specimen. In addition, for the coating with
thickness of 43 pum, the highest values of both roughness
parameters were observed. The increase in the roughness of the
anodic coating with its thickness has already been reported in
the literature. The roughness of the coating depends on the
chemical composition of the bath. For instance, coatings
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Fig. 2 The comparison between the thickness of the anodic coatings determined with the nondestructive and destructive method (a), the thick-
ness of the coating as the function of the time of anodizing (b); error bars represent the standard deviations of the average values of the thick-
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Fig. 3 Roughness parameters R, (a) and R, (b) of the coatings as the function of their thickness, measured in the directions perpendicular X
and parallel Y to the direction of rolling); data points for & = 0 pum indicate the uncoated specimen

obtained in the oxalic acid aqueous solutions are smoother
when compared to those obtained in the sulfuric acid aqueous
solutions. Furthermore, the higher the anodizing temperature
and the current density, the higher the roughness of the anodic
coatings (Ref 16). It also depends on the pre-treatment process.
In this work, the specimens were degreased and etched in the
strongly alkaline solution. It roughened their surface and
influenced the final roughness of the coatings.

3.2 Abrasion Resistance

The weight loss obtained for the coatings with different
thickness is presented in Fig. 4(a). It is possible to see that it
increases linearly with the number of the revolutions. Such a
linear dependence of the weight loss with the number of
revolutions can be only achieved if the abrasive wheels are
frequently refaced. Otherwise, significant deviation from the
linearity occurs and the weight loss values after 10,000 of
revolutions are underestimated. It has been observed that when
the surface of the abrasive wheels was not renewed, the weight
loss after 10,000 of revolutions was equal to approximately
70% of the true value (data not shown).

The abrasion resistance is quantitatively determined in this
method as the weight loss of the specimen after 10,000
revolutions. The dependency of these values on the thickness of
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the coatings is summarized in Fig. 4(b). The error bars
represent the standard deviation of the average weight loss
calculated for 3 specimens. It can be concluded that the higher
the thickness of the coating, the better its abrasion resistance.
The weight loss decreases linearly with the increasing thickness
of the coating. According to the MIL-A-8625F standard, the
weight loss for the coatings produced on such an alloy should
be lower than 1.5 mg per 1000 revolutions (Ref 1).

The abrasion resistance of the anodic coatings (and other
materials in general) depends on two factors. The first one,
which is exclusively related to the material itself, is its
hardness. Obviously, the harder the protective coating is, the
better its abrasion resistance. The other one is related to the
roughness of the surface of the coating. When it is high, one
should expect the increased wear of the coating. However, in
case of the following work, the best abrasion resistance has
been achieved for the thickest and concurrently the roughest
coating. Therefore, the above coating is presumably the hardest
of all the produced. Surprisingly, the results of the hardness
tests, performed onto the cross sections of the coatings, did not
support this hypothesis. It has been known that the hardness
measured on the cross section of the coating does not
necessarily correspond with the abrasion resistance (Ref 2).
Thus, the alternative methodology for the determination of the
hardness of the coating has been proposed (vide infra). The
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Fig. 5 The hardness of the coatings as the function of their thickness: measured on their cross sections at the constant load (a), measured on
the surface of the coatings at a load necessary to obtain the penetration depth equal to 4 pum (b); the point represented with circle indicates the

coating annealed at 373 K

results obtained support the hypothesis that the best abrasion
resistance was obtained for the hardest coating.

On the one hand, good abrasion resistance is obtained for
the compact coatings. On the other hand, prolonged time,
necessary for obtaining the thickest coating, should favor its
dissolution and lead to the increased porosity. It can be
concluded that at the applied conditions of anodizing, the
kinetics of dissolution is so low that no significant increase in
the porosity of the coating has been observed after 60 min of
anodizing.

It has been shown that the annealing of the coating at 373 K
does not deteriorate the abrasion resistance, when compared to
the coating with the same thickness, that was not annealed. The
heat treatment of the coating is necessary, if it had been
impregnated or painted. For certain applications, e.g., in the
aircraft industry, the abrasion resistance of the hard anodic
coating is insufficient. However, it can be improved by the
decrease in its friction coefficient. Therefore, hard anodic
coatings are sometimes impregnated in the water suspensions
of the particles of polytetrafluoroethylene (PTFE) or molybde-
num disulfide (Ref 17-20). Subsequently, the coating is
annealed. The annealing temperature should not exceed the
aging temperature of the alloy. Otherwise, the hardness of the
metallic substrate will decrease.
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It should be noted here that the coating before annealing
should be carefully dried. If this is not the case, the chemical
sealing of the coating will occur. When the temperature is
above 353 K, the hydration of Al,O5 occurs and Al,05-H,O is
formed. This process deteriorates the wear resistance of the
coatings; thus, it is not used for the hard anodic coatings.
However, the chemical sealing is usually applied for the anodic
coatings produced for anti-corrosive purpose. They are usually
sealed in the deionized water (368 K), steam or aqueous
solutions of salts of heavy metals such as sodium dichromate,
nickel and cobalt acetate (Ref 21).

3.3 Hardness of the Coatings

It is assumed that the high abrasion resistance of the anodic
coatings arises due to their high hardness. It is usually
recommended to measure the hardness on the cross section of
the coating in order to avoid the influence of the relatively soft
substrate (Ref 2). In this work, the hardness, measured on the
cross sections of the coatings, decreases slightly with their
increasing thickness (Fig. 5a). The above fact contradicts their
abrasion resistance. (The coating with the lowest hardness
exhibits the best abrasion resistance.) The explanation for such
a discrepancy is as follows. Both the hardness and the abrasion
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resistance are related to the stress state within the coating. The
internal stress should be compressive in the direction perpen-
dicular to the surface of the coating, to ensure its high hardness
and good wear resistance. However, the hardness measured on
the cross section takes into account the value of the stress
within the coating, in the direction parallel to its surface. It
influences the abrasion resistance of the coatings to the lesser
extent, when compared to stress in the direction perpendicular
to the surface. Therefore, the hardness measured onto the
surface should better correlate with the abrasion resistance of
the coating, in comparison with the hardness obtained at the
cross section of the coatings.

The hardness was measured on the surface of the coatings at the
different values of the load, to achieve the same depth of
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penetration equal to 4 um for each coating. This outer part of the
coating is abraded in Taber test. It has been observed that the
hardness of the coatings does not decrease with their increasing
thickness (Fig. 5b). However, the expected correlation between the
hardness and the abrasion resistance of the coating has not been
confirmed, due to significant uncertainties of the hardness values.
In general, the reliable determination of the hardness of the anodic
coatings onto their surface can be problematic. On the one hand, the
penetration of the coating should be shallow to avoid the influence
of the soft substrate. On the other hand, it should be sufficiently
deep due to significant roughness of the surface (Fig. 3).

Since the relation of the hardness of the coatings, measured
on their surface, with the coating thickness was unclear, another
approach has been proposed. The hardness of the anodic
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coatings was deduced from the results of the scratch test,
performed at the constant load (Fig. 6a and b). The penetration
depth measured should be proportional to the hardness of the
coating. The advantage of this method, over the hardness
measured on the cross section of the coating, is that it takes into
account the stress state within the coating, in the direction
perpendicular to the surface, which is responsible for its
abrasion resistance. In addition, the roughness of the surface
influences the result to a lesser extent, when compared to the
hardness measured on the surface of the coating, since the
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Fig. 8 The critical load as the function of the thickness of the coat-
ings; the point represented with circle indicates the coating annealed
at 373 K

penetration depth can be averaged over the long distance of the
scratch. It has been observed that the penetration depth
decreases with the increasing thickness of the coating. Such a
dependency occurs both, when the scratch was made in the
directions perpendicular and parallel to the rolling direction. It
means that the hardness of the coatings increases with their
increasing thickness. This conclusion is consistent with the
abrasion resistance of the coatings, i.e., the hardest coating is
the most wear-resistant. It shows the advantage of this method
over the standard hardness test.

3.4 The Scratch Resistance of the Coatings

The adhesion of the coatings to the substrate was evaluated
by using the scratch test at the increasing load. Each coating
was tested in both X and Y directions; however, no significant
differences were observed. The critical load, F,, was deter-
mined at the point where the oscillation in the frictional force
occurred. It is related to the significant increase in the
penetration depth. It can be observed that the penetration
depth, achieved at the critical load, does not increase with the
increasing thickness of the coatings. It is equal to 15 pm for the
coating with thickness of 19 pm (Fig. 7a), 18 um for the
coating with thickness of 33 pum (Fig. 7b), slightly less (14 pm)
for the coating annealed (Fig. 7¢) and 19 um for the thickest
coating (Fig. 7d). Such a behavior is related to the mechanism
of the failure of the coating. Nevertheless, the critical load
increases with the increasing thickness of the coating (Fig. 8).

The critical load usually indicates that the coating loses its
adhesion to the substrate. However, its physical meaning for the

(b)

Fig. 9 The morphology of the scratch groove perpendicular to the rolling direction on the surface of the annealed coating, the thickness of

33 pm
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scratch tests of anodized aluminum is different. Since the anodic
coatings are the conversion coatings, their characteristic feature
is the excellent adhesion to the substrate. Thus, usually no
adhesion test is necessary for them (Ref 2). The diamond stylus
penetrates the coating deeper with the increasing load. At its
certain value, the cracking of the coating occurs. The cracks are
transverse to the direction of the movement of the stylus, and the
chipping of the coating is observed (Fig. 9a and b). Chipping of
the coating becomes visible at the length of the scratch groove
corresponding to the value of the critical load (Fig. 7). The stress
necessary to achieve the adhesive failure of the coating is bigger
when compared to the cohesive strength of the anodic coatings
produced. Such a behavior usually occurs for the thick, hard
coatings deposited onto a softer substrate. It also explains why
the critical load occurs at the penetration depth much lower when
compared to the thickness of the coating (Ref 22).

4. Summary

The new methodology for the determination of the hardness
of the coatings has been proposed. The hardness is inversely
proportional to the depth of penetration of the stylus during the
scratch test performed at the constant load. Indisputably, this
method has the following advantages. Firstly, the results
obtained correspond to the abrasion resistance of the coating,
contrary to the results of the hardness test obtained on the cross
sections of the coatings. Secondly, it is less sensitive to the
occasional changes in the hardness of the coatings due to their
defects such as pores and cracks, when compared to the
hardness measured on the surface of the coating. Thirdly, the
proposed method can be applied on the rough coatings that
should not be tested using the standard hardness test. To
recapitulate, the proposed method can be used for the simple
discrimination of the coatings produced, e.g., at various
parameters. It is cheaper and less time-consuming when
compared to Taber abrasion test.

To sum up, it has been shown that the abrasion resistance of
the coatings produced increases with the increase in their
thickness. Therefore, the best abrasion resistance was achieved
for the thickest coating.

As far as the critical load values determined in the scratch
test are concerned, they increase with the increasing thickness
of the coatings. However, they correspond to the chipping
within the coating, instead of its adhesive failure. The latter has
not been observed during the scratch tests.
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