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Abstract: The article presents the effect of the processing
parameters on tribological properties of aluminum oxide
coatings Al,03 doped with fullerene-like tungsten disul-
fide (IF-WS;) by design of experiment (DOE). Anodic oxi-
dation of aluminum alloy was carried out in a ternary solu-
tion of SAS (sulfuric, adipic and oxalic acids) with IF-WS,.
The thickness, geometric structure of the surface (SGP)
and the tribological properties such as friction coefficient
of tribological pair: Al,03/IF-WS, with polieteroeteroke-
ton filled with graphite, carbon fiber and PTFE (named
PEEK/BG) were investigated. The influence of electroly-
sis time and temperature on the tribological properties of
coatings was studied using 2* factorial design. The sta-
bilization of the friction coefficient indicates generation
of steady anti-wear and anti-seizure Al,03/IF-WS, oxide
coatings. DOE suggest i.e. high positive correlation be-
tween oxide thickness and time and temperature of the an-
odizing process.

Keywords: coating, friction coefficient, texture, surface
roughness, DOE

1 Introduction

Tribotesting of friction systems needs a discussion on the
proper selection of its conditions and data presentation.
The reliability of elements during tribological friction de-
pends largely on the quality and condition of the surface
layers involved in the mechanism of friction. In oil-less
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tribological coupling the choice of type of materials for
tribological pair plays an important role. Light weight,
quite large corrosion resistance, a simplicity of surface
treatment and forming, a total process ability as a sec-
ondary raw material are just few benefits of aluminum
alloys which are widely used in motorization, aircraft or
food industry. Aluminum alloys have high friction coeffi-
cient wherefore without appropriate surface treatment it
is unsuitable as friction material. To improve poor wear
or/and corrosion resistance of aluminum, various meth-
ods such as hard anodizing [1-4], sol-gel coating [5, 6], lu-
bricating additives [7, 8], anodic oxidation [9-11] and poly-
mer coating [12, 13], have been applied. The tribological
partner in the sliding nodes can be a plastic (for acetab-
ular bearings, guides and seals) with selected properties
improved in different directions. The following can be in-
cluded in the group of thermoplastic materials used in the
construction of sliding machine elements: polyether ether
ketone (PEEK), polytetrafluoroethylene (PTFE), polyamide
(PA), graphite, carbon fiber and PTFE-called PEEK/BG and
others [8, 14-17].

It is known that the frictional resistance depends on
the load, sliding velocity of frictional nodes and is also
influenced by humidity or surface property parameters
(such as roughness and topography). The properties of
anodized aluminum oxide layer depend on such param-
eters of technological process as current density, kind of
electrolyte, temperature and time of electrolysis. In the
literature limited information is available regarding how
Al, 03 /IF-WS; coatings build up and how their tribological
properties are determined by anodizing technological pa-
rameters. Our approach and research concerning Al, O3 /IF-
WS, coatings and PEEK/BG plastic may be useful for appli-
cation in oil-less tribo-pairs e.g. pneumatic cylinders.

Experimental design or design of experiment (DOE)
is a systematic approach to understand how process and
product parameters affect response variables such as pro-
cess ability, physical properties, or product performance.
DOE is used to determine which factors or variables and
their interactions are most important and also those that
are insignificant in the analyzed process [18, 19]. Pier-
lot at al used DOE methodology for thermal spraying
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and associated processes of post-spray treatment [20]. Au-
thors [21] studied the advanced statistical refinement of
surface layer’s discretization in the case of electro-spark
deposited Mo coatings. Investigations included an exper-
iment based on the static, determined, multi-factor, and
rotatable design with PS/DS-1 repetitions. The design of ex-
periments technique at a two-level factorial and a central
composite rotatable design was used to analyze and opti-
mize the HVOF spraying process [22].

This paper aims at correlating two anodizing process-
ing parameters — time and temperature, and checking how
they affected the formation of the Al,03/IF-WS, coating
by evaluating response variables, viz., oxide thickness, Ra
surface roughness parameter and friction coefficient. The
2K factorial design and multiply regression were used to
determine the influence electrolysis time and temperature
on the tribological properties of coatings. The indepen-
dent variables for this investigation were the high (+1) and
low (-1) levels of temperature and time of electrolysis and
thickness, friction coefficient and surface roughness pa-
rameters were the dependent variables.

2 Experimental part

2.1 Methodological bases

The framework structure of this study is illustrated in Fig-
ure 1. Macroscopic images of the samples were made with
an Omnivision OV12A10 camera (Xiaomi Redmi 5 Plus) and
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an Olympus BX60M optical microscope with a Motic cam-
era. The thickness of the layers was measured with a Du-
alscope MP40 by Fischer, using the eddy current method.
10 measurements were performed along the length of the
sample and the average value was calculated. SGP mea-
surements of oxide layers were made by at Taylor Hob-
son Talysurf 3D pin profilometer with the accuracy of 2%.
The results of the parameters were developed by using
at TalyMap Universal 3D software. The stereometric anal-
ysis was performed on an area of 2 mm x 2 mm. Tribolog-
ical measurements were performed on a T17 tester (ITeE,
Radom), using a pin-on-plate arrangement with recipro-
cating motion. The conditions under which tribological
measurements were carried out are: room temperature, hu-
midity of 35+5%, pressure of 0.5 MPa and sliding speed of
0.2 m/s under dry friction conditions.

The tribological test was conducted over a sliding
distance of 15 km which allows for the completion of
the running-in stage and for the observation of the sta-
bilization of the friction coefficient course. A commercial
PEEK/BG plastic pin of a diameter of 9 mm was used as
a counter-body. The average value of friction coefficient,
used in design of experiment, was calculated at the point
at which the friction coefficient reached the rectilinear
range. After each friction process, wear of the PEEK/BG
plastic was quantified gravimetrically using a WPA-60G
(Radwag) analytical balance to an accuracy of 0.1 mg.
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Figure 1: Framework structure of this study
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2.2 Sample preparation

EN-AW-5251 aluminum alloy was the starting material for
the process. Samples were etched sequentially with a 5%
KOH solution for 45 minutes, and 10% HNOs3 solution for
10 minutes, at room temperature. After each step of etch-
ing, the sample was placed in distilled water to remove
residual acid. The electro-oxidation of the aluminum alloy
was carried out in a SAS ternary solution (18% sulfuric (33
ml/1), adipic (67 g/1) and oxalic acids (30 g/1)) with admix-
ture of 15 g of the commercially available IF-WS; nanoparti-
cles (NanoMaterials Ltd) per 1 liter of electrolyte. The hard
anodizing process was performed at 3 A/dm? current den-
sity. In order to ensure homogeneity of the suspension and
to prevent settling of the [F-WS; nanopowder, mechanical
stirring was applied during the electrolysis process.

2.3 Experimental design

The 2* factorial design with one repetition was imple-
mented for analyzing the influence of the technological
process parameters on thickness, friction coefficient and
surface roughness parameter of Al, 03 /IF-WS, coatings. A
two-level factorial design of experiments was applied. It
was decided that the best independent variables for this
investigation were the high (+1) and low (-1) levels of tem-
perature and time of electrolysis and the thickness, fric-
tion coefficient and surface roughness parameter the de-
pendent variables. Benchmark analysis of all dependent
variables against a factorial design and a two-factor model
with second-order interaction was carried out. A Pareto
chart was chosen because it is one of the most rapid ways
to determine which of the different factors has the great-
est influence on the process. It is usually used to deter-
mine the magnitude and the importance of the effects. For
the interpretation of the statistical significance of factors
on the process in statistical software the p-value is com-
monly used. In Pareto chart those bars that cross the refer-
ence line (in present article p-value = 0, 05) are statistically
significant at the 0.05 level. The statistical analysis used
in this article included also the two-factor equation with
second-order interaction will estimate a linear equation of
the following form:

z=p+a;+ B+ 4]

where:

Z — dependent variable (at the present article namely as
thickness, friction coefficient, surface roughness Ra),

J — average process response,

a; — the effect of the first factor at the i level,
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B;j — the effect of the second factor at the j level,
7;; — second-order interaction effect at the i-th level of the
first factor and at the j-th level of the second factor.

It was decided that a 3D scatter chart and a Pareto
chart of standardized effects and the normal probability
plot of residual for dependent variables were the best
graphs for this study. Pearson’s correlation coefficients
were used to quantify the degree of correlation between
dependent and independent variables. Pearson r correla-
tion is the most widely used correlation statistic to mea-
sure the degree of the relationship between linearly related
variables. The statistical significance of the correlations
were assessed using an a-value of 0.05. The accepted val-
ues of the correlation coefficient for the “goodness” of fit
are given in Table 1 [23]. Statistica 13.1 (TIBCO Software
Inc) was the software program used to analyze the data.
The coded values assigned to each of the independent vari-
ables in our 2 design are presented in Table 2.

Table 1: Rule of a thumb for interpreting the size of a correlation
coefficient

Size of correlation
0.90t0 1.00 (-0.90to -1.00)

Independent variables
Very high positive
(negative) correlation
High positive (negative)
correlation
Moderate positive
(negative) correlation
Low positive (negative)
correlation
Negligible correlation

0.70t00.90 (-0.70 to —0.90)
0.50t00.70 (-0.50 to —0.90)
0.30t00.50 (-0.30 to —0.50)

0.00 to 0.30 (0.00 to —-0.30)

3 Results and discussion

The influence of technology parameters on oxide
thickness

These tests showed that the oxide thickness takes values
from 24.61 pm for sample No 7 to 53.81 pm for sample No 5
(Table 2). The scatter chart of oxide thickness over time and
temperature of anodizing process are depicted in Figure 2a.
The marginal means plot for the oxide thickness vs. time
is shown in Figure 2b. The confidence intervals are set for
95%. As expected our experiment demonstrates strong de-
pendency of oxide thickness on time. The anodizing of alu-
minum alloy for 30 minutes allow for obtaining the oxide
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Table 2: Factor settings for 2 factorial design
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Independent variables

Dependent variables

Factor/ Temperature Time Oxide Ra parameter before Friction Ra parameter after
sample [°C] [min] thickness tribological test [pm] coefficient tribological test [pm]
name [m] [ul

1 25(-1) 30(-1) 26.19+0.31 0.20+0.04 0.144+0.001 0.13+0.03

2 25(-1) 60 (+1) 52.93+0.46 0.27+0.06 0.199+0.001 0.15+0.03

3 30 (+1) 60 (+1) 53.66+0.41 0.25+0.07 0.180+0.002 0.16+0.05

4 25(-1) 30 (-1) 27.45+0.33 0.26+0.05 0.273+0.003 0.22+0.07

5 25(-1) 60 (+1) 53.81+0.39 0.21+0.05 0.112+0.002 0.12+0.02

6 30 (+1) 60 (+1) 52.42+0.16 0.30+0.06 0.211+0.001 0.17+0.05

7 30 (+1) 30(-1) 24.61+0.43 0.19+0.06 0.126+0.002 0.16+0.03

8 30 (+1) 30(-1) 25.64+0.39 0.16+0.03 0.134+0.002 0.13+0.03

55

50

45

40

Qxide thickness

35

') SSAUINY BP0

30

25

20

(a) (b)

Marginal means plot for the oxide thickness vs. time.

Time

Figure 2: (a) The scatter chart of oxide thickness over time and temperature of anodizing process; (b) Marginal means plot for the oxide

thickness vs. time. The confidence intervals are set for 95%

with thickness above 20 pm, which is a satisfactory value
for a tribological test.

The Pareto chart of standardized effect for oxide thick-
ness variable for a two-factor model with interaction is
shown in Figure 3a. On the Pareto chart in Figure 3a
bar that crosses the reference line (time of anodizing pro-
cess) is statistically significant at the 0.05 level. The multi-
ple correlation coefficient r was 0.99; therefore according
to Table 1 the independent variables exhibited very high
positive correlation. The two-factor equation with second-
order interaction is described by the following equation:

z (oxide thickness) = 39,59 + 27, 23 time )

—-1,01 temperature + 0, 68

where: time, temperature — level setting in coded values
(-1,+1)

In Figure 3b the graph of normal probability plot of
residual for oxide thickness variable for a two-factor model
with interaction are presented. One can observe deviate
from the straight line (S-shaped around the line) which
means that the residuals are not normally distributed. In
order to shorten the caudal distribution area, a one-factor
model was used, taking into account a significant factor,
i.e. time. The Pareto chart of standardized effect and nor-
mal probability plot of residual for oxide thickness vari-
able for oxide thickness variable for a for a linear univari-
ate model are shown in Figure 3a and 3b respectively.
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Pareto Chart of Standardized Effects;
Variable: Oxide thickness [um]

(2)Time [min] 48 5084

(1)Temperature [FC] &1841
(1)to(2) 10225744
p=,05

Standardized Effect Estimate (Absolute Value)

(@)
Pareto Chart of Standarized Effects; Variable: Oxide thickness [um]
(2)Time 48,90855
p=.05
Standardized Effect Estimate (Absolute Value)
(9]
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Normal probability plot of residuals for oxide thickness
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Figure 3: Two-factor model with interaction (a) The Pareto chart of standardized effects for oxide thickness, (b) the normal probability plot of
residual for oxide thickness variable; Linear univariate model (c) The Pareto chart of standardized effects for oxide thickness, (d) the normal

probability plot of residual for oxide thickness variable

The influence of technology parameters on surface
roughness

The surface roughness is an important parameter to take
into account when the aluminum oxide layers of high qual-
ity must be obtained. The surface pretreatment must be
carefully selected to clean the natural surface oxides and
to reduce the number of intermetallic compounds present
on the surface. Moreover, to reduce the surface roughness,
additional steps must be included, such as chemical or me-
chanical polishing and electro polishing [24]. Further ex-
aminations showed that the surface roughness value after
anodizing process and before tribological test were in the
range of 0.16 for sample No 8 to 0.30 pm for sample No 6,
while after the tribological test were in the range of 0.12 for
sample No 5 to 0.22 pm for sample No 4 (Table 2). The scat-

ter charts of Ra surface roughness parameter before and
after the tribological test over time and temperature of an-
odizing process are depicted in Figure 4a and 4b respec-
tively. It could be concluded that for each samples the sur-
face roughness decrease after the tribological test.

The Pareto charts of standardized effect for Ra surface
roughness variable before and after the tribological test
are shown in Figure 5a and b respectively. On the Pareto
charts in Figure 5a and 5b the bars did not cross the refer-
ence line. From the statistical point of view it means that
the variables are statistically insignificant at the 0.05 level.
According to [24] and the obtained statistical information
these results thus need to be interpreted with caution. Fur-
ther data collection is required to determine exactly which
variables affect surface roughness in the anodizing pro-
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Figure 4: The scatter charts of Ra surface roughness over time and temperature of anodizing process a) before b) after tribological test

Pareto Chart of Standardized Effects;
Variable: Ra parameter [um]

Pareto Chart of Standardized Effects;

{2)Time [min) 2,136829

(11te(2) 1.748315

(1)Temperature [°C] -.388514

Variable: Ra parameter [um]

(Mo (2) 1,212452

(2)Time [min] - 431153

(1)Temperature [°C] -.04373

p=,05
Standardized Effect Estimate (Absolute Value)

(@

p=.05
Standardized Effect Estimate (Absolute Value)

(b)

Figure 5: The Pareto chart of standardized effects for Ra surface roughness (a) before the tribological test, (b) after the tribological test

cess of Al,03/IF-WS, surface layer. Despite the fact men-
tioned above, the multiple correlation coefficients r was
0.63 and 0.18 for surface roughness parameters before and
after the tribological test respectively. Therefore according

to Table 1, the independent variables exhibited moderate

positive correlation and negligible correlation respectively.
The two-factor equation with second-order interaction for

Ra surface roughness parameters before tribological test is
described in the following equation:

z (Ra parameter before tribological test)

3
=0,23+0,05 time - 0,01 temperature + 0, 04

where: time, temperature — level setting in coded values
(_l)+1)

While for Ra surface roughness parameters after tribo-
logical test described equation:

z (Ra parameter after tribological test) (4)
=0,15-0,01 time + 0,03
where: time, temperature - level setting in coded values
(_l)+1)

In Figure 6 the graphs of normal probability plot of
residual for Ra surface roughness (a) before the tribolog-
ical test, (b) after the tribological test variables were pre-
sented. For Ra surface roughness before tribological test
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Normal probability plot of residuals for Ra before

Normal probability plot of residuals for Ra after
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Figure 6: Graphs of the normal probability plot of residual for Ra surface roughness (a) before the tribological test, (b) after the tribological

test

(Figure 6a) the deviate from the straight line (S-shaped
around the line) is observed which means that the residu-
als are not normally distributed while for Ra surface rough-
ness after tribological test (Figure 6b) the data is from a

relation between friction coefficient and technological pa-
rameters is worth mentioning because most of the study
pays attention generally to dependency of temperature on

morphological or mechanical properties of layers [25, 26].

Friction coefficient pu between Al,03/IF-WS, surface
layer and PEEK/BG pin reached the value from y = 0.11
for sample No 5 to u = 27 for sample No 4. The scatter chart

normally distributed population.

The influence of technology parameters on friction

coefficient

No significant influence was identified in this study among

of friction coefficient over time and temperature of anodiz-

ing process are depicted in Figure 7a, while the graphs

time, temperature and friction coefficient. However, cor-

A WRDEROD VOB

(@

Friction coefficient
o
N
o

(b)

4 6 8 10 12 14
Sliding distance [km]

16

which show dependence of friction coefficient versus slid-
ing distance is shown in Figure 5b. Samples No 1 and No

O~NO PR WN =

Figure 7: a) The scatter chart of friction coefficient p over time and temperature of anodizing process, b) diagram of friction coefficient

versus sliding distance
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Figure 8: A bar graph of mass loss of PEEK/BG plastic

4 were obtained in the same technological parameters but
as is shown in Figure 7b exhibited different kind of course
of friction coefficient. For sample No 4 one can observe a
rather stable value of friction coefficient from the second
km of the sliding distance. For other cases the tribologi-
cal tests revealed that running-in of the friction couple oc-
curred. The distance where the sliding couples reached sta-
bilized friction coefficient (the rectilinear part) was differ-
ent for each couples. Contrary to the expectations we did
not find significant similarities for samples obtained in the
same technological condition expect samples No 7 and 8.
Broadly speaking, we found that after different time of slid-
ing, the friction coefficients remained stable. We believe
that our findings compare well with the opinion that the
most favorable operating conditions are present in sliding
pairs in which the friction coefficient increases in the ini-
tial stage of start-up, and then decreases significantly and
stabilizes itself at a constant level [27].

In Figure 8, a bar graph of mass loss of PEEK/BG poly-
mer was presented. The higher values of mass loss were
noticed for polymers during tribological friction with sam-
ples 2, 4 and 6 which were also characterized by the higher
values of surface roughness (Table 2) and also the higher
values of friction coefficient (Figure 7). Sample 4 did not
show the course of the friction coefficient characterized
by the running-in stage (Figure 7b), for samples 2 and 6
the run-in time was long and a stable friction coefficient
was achieved until around 14 km of the friction path. The
lower values of surface roughness were observed for sam-
ples 1,5,7,8 (Table 2). For those samples, also the friction
coefficient is low and at relatively stable chart of the fric-
tion coefficient was observed around 10 km of the friction
path. The mass loss of PEEK/BG polymers during tribologi-
cal friction with samples 5, 7 and 8 (Figure 8) were also low.

DE GRUYTER

Table 3: The mass loss of PEEK/BG plastic

Sample number Wear of PEEK/BG plastic [mg] +0.0001
0.0023
0.0043
0.0014
0.0076
0.0013
0.0043
0.0010

0.0015

O NGOV~ WN P

The Pareto chart of standardized effect for friction coef-
ficient p variable is shown in Figure 9a. On the Pareto chart
in Figure 9a, the bars did not cross the reference line. From
the statistical point of view it means that the variables are
statistically insignificant at the 0.05 level. The multiple cor-
relation coefficient r was 0.33; therefore, according to Ta-
ble 1 the independent variables exhibited low positive cor-
relation. The normalized form of the regression for oxide
thickness is described by the following equation:

z (Friction coefficient y) = 0,17 + 0, 006 time (5)
- 0,019 temperature + 0, 059

where: time, temperature — level setting in coded values
(-1,+1)

In Figure 9b the graphs of the normal probability plot
of residual for friction coefficient y was presented. The
data is from a normally distributed population.

The performance concerning high friction coefficient
for sample No 4 was slightly disappointing. This was prob-
ably a result of the higher value of surface roughness pa-
rameter Ra and also lower value of the thickness coating.
This suggestion is in good agreement with Yerokhin et al.
[28] which found that the hardness decreases when going
to the outer part of the oxide coating and also with [29, 30]
which reported that anodic oxide layers with low thick-
nesses seem to be more effective in terms of friction. The
behavior of the sample No 5 can be explained in a simi-
lar way but relatively low friction coefficient could be ex-
plained by the low value of surface roughness parameter
Ra.

We are of the opinion that significant decrease in the
friction coefficient behind the surface roughness and thick-
ness depends also on dry lubrication film which is formed
by the PEEK/BG material transfer. Moreover, a previous
study indicated that admixture of IF-WS, [31] appear more
effective in terms of friction.

In Figure 10, the surfaces of sample 4 before (Fig-
ure 10a) and after (Figure 10b) the tribological test and
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Parete Chart of Standardized Effects; Normal probability plot of residuals for friction coefficient
Variable: Friction coefficient 3.0
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Figure 9: a) The Pareto chart of standardized effects for friction coefficient , b) the graphs of the normal probability plot of residual for
friction coefficient p variable
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Figure 10: Isometric image a) of sample 4 before the tribological test b) of sample 4 after the tribological test c) of sample 5 before the
tribological test d) of sample 5 after the tribological test

the surface of sample 5 before (Figure 10c) and after (Fig- served, the surface texture (Figure 10c) allows for creating

ure 10d) the tribological test are presented, respectively. dense and more homogeneous sliding film of PEEK/BG re-
As it was mentioned above, the mass loss of PEEK/BG  sulting lower value of friction coefficient and mass loss of

plastic during tribological friction with sample 4 was de- PEEK/BG plastic.

pendent on the surface roughness and also running-in

time in sliding association. Moreover, Figure 10a shows

that not only the Ra parameter but also the broadly un-

derstood surface texture affects the type of tribological be-

havior. For the sample 5, where the lowest value of friction

coefficient and low mass loss of PEEK/BG plastic were ob-
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4 Conclusion

This paper gives an account of the 2* factorial design and
multiple regressions which were used to determine the in-
fluence of electrolysis time and temperature on the tribo-
logical properties of coatings.

The results of DOE suggest:

¢ high positive correlation between oxide thickness
and time of the anodizing process, which means that
those technological parameter affected Al,Os/IF-
WS, oxide thickness;

¢ moderate positive correlation and negligible corre-
lation between Ra surface roughness parameters
before and after the tribological test respectively
and time and temperature of the anodizing process,
which implies that apart from the Ra parameter,
there are other surface features that determine the
nature of tribological cooperation, for example tex-
ture of Al,O3/IF-WS, oxide coatings;

¢ low positive correlation between friction coefficient
and time and temperature of the anodizing process,
this result seems to suggest that the analyzed tech-
nological parameters have no significant influence
on the friction coefficient between the Al, O3 /IF-WS,
surface layers and PEEK/BG pin.

Despite this fact the present procedure of DOE could
be for example applied to examine the influence of rough-
ness surface and texture on friction coefficient between the
sliding couple.

The findings of this study support the idea that the ox-
ide layers with low thicknesses and low surface roughness
parameter Ra seem to be more effective in terms of friction.
Our research has highlighted that the stabilization of the
friction coefficient indicates generation of stable anti-wear
and anti-seizure Al,O3/IF-WS; oxide coatings.

The methodology presented in this paper may be also
useful for similar investigations in automotive investiga-
tions [32] or quality management system [33]. The obtained
results are also an inspiration for a wider use of image anal-
ysis methods [34, 35], even enhanced by a bootstrap-based
analysis [36], that will allow for a more detailed descrip-
tion of the obtained surface. The application of the DOE
methods presented in this article can be very interesting
in similar approaches, such as pre-processing the output
variable [37], searching for optimal settings [38, 39] or op-
timizing process performance while limiting its variability
— using the Taguchi [40] or Shainin [41] methods.

DE GRUYTER
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