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Abstract We present an approach to the analysis of
mechanisms of the tribological contact of a thin Al,O5 oxide
layer formed under hard anodizing conditions on a plate
made of the aluminium alloy EN AW-5251. The oxidation of
the 50-pum ceramic layer was carried out for 60 min in a
three-component electrolyte (SAS), a three-component
electrolyte consisting of adipic, sulphuric and oxalic acid, at
a temperature of 298.15 K and a current density of 3 A/dm?.
A three-dimensional oxide coating model, based on the
computer analysis of images from a scanning electron
microscope, is proposed. Tribological tests of stresses,
strains and dislocations formed in the oxide layer and in the
sample material (a block) were conducted. Modified poly-
tetrafluoroethylene (TG15, TGK20/5, TMP12) and poly-
etheretherketone with carbon fibre and graphite were used as
samples for tests in the tribological couple rider-plate of a
linear reciprocating friction tester. A tribological couple
modelled in the Solid Edge CAD programme was subjected
to numerical analyses using the finite element method in the
Autodesk Simulation Multiphysics programme under con-
ditions consistent with actual conditions for contact pres-
sures of 0.25, 0.50, and 1.0 MPa.

Keywords Solid lubrication film thickness -
Coatings - Friction-reducing - PTFE -
Aluminium alloy
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1 Introduction

One of the most important phenomena accompanying
friction is the surface wear of the materials involved. Tri-
bology seeks to limit the effects of the destructive friction
force, i.e., to reduce the energy dissipated as the surface
wear of interacting components. Surface films formed on
moving components play an important role in the efforts to
achieve this goal. When properly formed and used, a tri-
bological surface film allows significant reduction of the
friction coefficient and thus the prolongation of the oper-
ational durability of tools as well as machine and device
parts [1]. Coatings are used to obtain tribological materials
in order to improve operational properties and to provide
suitable decorative properties. Most of the coatings created
for tribological applications are thin and hard anti-wear
coatings. Most of the alloys in wide use in the automotive,
aircraft, and food industries are primarily aluminum ones.
These are characterized by a low density, relatively high-
strength properties, resistance to atmospheric corrosion and
very good plastic properties, all of which are beneficial
from the technological point of view. The main drawback
of aluminum alloys is their low resistance to friction wear.
Many studies have therefore focused on eliminating this
drawback, for example, by applying various surface engi-
neering methods. The anodic oxidation process, which
leads to the formation of the upper layer of aluminium
(phase o-Al,O3) and subsequently to increased hardness
and improved tribological properties [2], is a commonly
used method for improving the mechanical properties of
these alloys.

Ceramic materials have oxide layers, and these layers
will probably be incorporated into the upcoming generation
of construction materials. These materials have suitable
physicochemical properties that make them ideally suitable
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for a vast range of applications in structures working at
high temperatures (such as combustion engines, gas tur-
bines and multi-piston compressors). Aluminium oxide
Al,O3 may also be used in the production of machining
tools blades and in integrated circuits of electrical engi-
neering systems, as well as in fibre optics and biomedical
engineering. An analysis of market trends leads to the
conclusion that ceramic materials and composites are
strong candidates for becoming the most common materi-
als for future applications in the automotive industry.
Ceramic materials are light and resistant to heat, high-
temperature creep, corrosion, erosion and wear. The layer
created by hard anodizing shows higher mechanical prop-
erties than the aluminium alloy as well as a high adhesion,
and it can be used in lubricant free sliding matching that
can simulate the operation of pneumatic servo-motors. In
this case, it has a lower friction coefficient and higher wear
resistance than the pure aluminium alloy and is a better
material for these applications [3-6].

In the Division of Surface Layer Technologies, Uni-
versity of Silesia, the layers are obtained using the elec-
trochemical method. Anodic production of the oxide
coating (Al,O3;) on aluminium is by the hard anodizing
process, and its alloys are produced using the electrolytic
method where the micro-hardness of the coating is at least
5,000 MPa and its thickness is not less than 25 pm [7]. In
the initial phase of the passage of current in the Al (anode)—
electrolyte—cathode system, a thin compact Al,O; layer
(the so-called a barrier layer) is formed, which then
transforms into a porous layer. The barrier layer is formed
as a result of the migration of AI’" ions in the electric field
and their subsequent reactions with 0>~ or OH™ ions and/
or the formation of anhydrous Al,O;. Basic chemical
reactions which take place during the process of Al,O3
layer formation via anodizing may be expressed as follows

[8]:

Al — A" 4 3e” (1)
2A1F" 4 3H,0 — Al,O3 + 6H™ (2)
2A1PT +30% — ALO; (3)

The formation of the barrier layer causes an increase in
electrical resistance. As the volume of the oxide being
formed is greater than the volume of metal, tensile stresses
are created inside the oxide layer that lead to cracks in the
barrier layer. This is the main factor contributing to the
formation of nonporous nanofibres through which the
penetration of the electrolyte from the external side of the
formed layer takes place. The electrolyte can penetrate the
nonporous layer, which leads to the formation of hydrated
aluminium oxide, an electrically insulating colloid. Two
processes take place at the bottom of the nonporous
nanofibres: the formation of an oxide layer and the opening
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of the latter by the electrolyte. The layer thus formed has
good mechanical and adhesive properties and can be used in
non-lubricated sliding. The structure of the ceramic Al,O3
layers is one of the main factors determining the chemical,
physical, surface and mechanical properties. The resistance
to wear of the polymer—oxide coating layer depends on
porosity, morphology and roughness of the ceramic layer
surface. The analysis of microscopic images and
physicochemical properties of Al,O3 coatings has led to
the creation of various theories on the structure and
formation mechanism of the oxide layer, including those of
Csokan [9], Keller et al. (KHR) [10-12], Sulka [13, 14] and
Skoneczny [15]. The model proposed by Skoneczny [15] of
the actual structure of the oxide coating layer obtained in a
three-component SAS electrolyte, H,SO,4, (CH,)4(COOH),,
at temperatures ranging from 293 to 313 K and current
densities of 2 to 4 A/dm? consists of a thin barrier layer
directly adjoining the metal layer and a porous upper layer.
Micropores formed as a result of aluminium oxide nanofibres
contacting one another due to the formation of the columnar
structure of a pore have an equilateral triangle shape where
the sides have been replaced by an arc formed from a circular
section. Energy interferences in the oxide layer and the local
etching of grain boundaries of the substrate material and
admixtures caused the formation of macropores [15].

2 Experimental Setup

In this section we discuss the creation of oxide layers by
means of hard anodizing. Studies of the nanostructure of
the Al,O5 coating, based on the images from a scanning
microscope, are presented.

2.1 Obtaining Al,O3 Layers by Means of Hard
Anodizing

Anodic oxide coatings (AOC) are obtained from electro-
lytes with an average re-solution capacity [16—18]. The
oxidation of the ceramic layer was carried out for 60 min in
a three-component SAS electrolyte at a temperature of
298.15 K and a current density of 3 A/dm? Adipic acid
[(CH,)4(COOH),] was selected due to the possibility of
attaining with it the balance between blocking and stopping
processes via adsorption of the [OOH—(CH2)4)—COO]2_
compound onto the surface of the EN AW-5251 aluminium
alloy during electrolytic treatment. It was added to the
system via the electrolyte mixture of sulphurous and oxalic
acid. Thanks to this solution the best mechanical properties
were obtained, compared with other dicarboxylic acids
[19]. The nanostructure of the surface is one of the most
important characteristics of the Al,Oz, which to a large
degree affects its tribological performance in unlubricated
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Fig. 1 Scanning electron microscope (SEM) images of nanostructure
nanoarrows of aluminium oxide (Al,O3) created in the SAS
electrolyte

sliding contacts. The image of the surface morphology was
derived from images observed with a scanning electron
microscope of the Al,O; layer with visible nonporous
nanofibres and was obtained in the hard anodizing process
in a three-component SAS electrolyte at a temperature of
298.15 K, a current density of 3 A/dm? and an oxidation
time of 60 min (Fig. 1).

Fig. 2 Virtual models of the (A)
plane of the oxide layer: a Solid
Edge, b, ¢ Imagel

2.2 Examination of the Nanostructure of the Al,O;
Coating

The size and shape of the nonporous nanofibres depend on
the substrate metal structure, the type of electrolyte as well as
the conditions in which the anodizing process is conducted.
Nanopores which are the result of aluminium oxide nanofi-
bres contacting one another as well as of their arrangement
and growth are formed in a perfect columnar structure
without energy interference. A cross-section of a pore has in
that case an equilateral triangle shape whose sides have been
covered by an arc formed from a fibre section. Structures for
nanofibres creating micropores that have been formed as a
result of the transformation of energy interferences in the
substrate structure into the oxide coating may assume the
shape of a rhombus, pentagon or hexagon [20].

The appearance of a structure obtained from the com-
bination of various nonporous layers was proposed as the
Solid Edge and ImageJ model (Fig. 2).

A computer analysis of the binary image conducted using
the ImageJ programme showed that the average surface of a
pore is 5,140 nm? and the porosity = 4.86. Average surface
areas of nonporous nanofibres are as follows: triangle-
shaped, 1,003 nmz; rhombus-shaped, 5,169 nmz; pentagon-
shaped, 13,656 nmz; hexagon-shaped, 26,696 nm>. The
largest nanopore has a surface area of 3,640 nm?.

(B)

« WBBBEGEEENE-
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Fig. 3 SEM image of the oxide layer created in the SAS electrolyte

Based on images of a properly prepared microsection
(Fig. 3) of a lateral layer of an oxidized sample, it was
possible to establish the appearance, arrangement and
thickness of the aluminium oxide nanofibres. Calculations
of the thickness of the nanofibres (Fig. 4) were carried out
on the binary image of an aluminium oxide layer using a
computer image analysis (CIA) conducted in the Imagel
programme. The measurements indicate that the average
nanofibre thickness is 156 nm. Measurements 1-10 were
conducted in the lower parts of the image, 11-20 in the
middle and 21-30 in the upper parts. The diagram shows
the growing trend of changes in nanofibre thickness.

2.3 Finite Element Modelling

Computer technology allows the use of software to perform
analyses and to simulate real models and objects while taking
into account the properties of materials and tribological
interaction conditions. For the purpose of solving the
examined rider-plate system, we used the finite element
method (FEM) to make calculations. This method is cur-
rently the most commonly used by programmes supporting
computer design and manufacturing. Its most important
feature is the division of the examined continuous system

into an equivalent system of smaller bodies and finite ele-
ments which are connected with each other at common
points called nodes; it is at the nodes where calculations are
made. Programmes supporting numerical calculations to
estimate strength use the Huber—Mises—Hencky hypothesis
according to which material is transformed into a plastic state
when the energy density of non-dilatational strains reaches a
certain threshold value characteristic of the material [21].

We used a computer aided engineering (CAE) software,
Autodesk Multiphysics Simulation (previously Algor;
Autodesk Inc., San Rafael, CA), to perform the FEM cal-
culations. The application allows for calculating stress, and
various analytical techniques are available to assist in
determining the suitability of model. Derived quantities
include von Mises and Tresca criteria, maximum and
minimum principal stresses and element-specific output.
Since the accuracy of the analytical results depends on the
construction of the mesh and the application of FEM
parameters, the results environment provides a precision
estimate at shared nodes. The software uses the stress-to-
nodes method for calculating stress estimations. The
equation used is von Mises:

\/0.5 [(sx — 82+ (Sy —8.)* 4 (8. — sx)2] +3 (sgy +52 + 5“51)

(4)

where S,, S, and S, are the axial stresses in the global
directions, and Sy, S, and S,, are the shear stresses. In
terms of the principal stresses Sy, S; and S3:

\/0.5 [(51 - 52)2 + (S — 53)2 + (83 — S1)2:| (5)

For the maximum stress and maximum strain criteria,
various factors of safety have to be considered. First, the
factors of safety based on the top and bottom surface of the
laminae maximum stress are:

X. X, Y. Y S
lai]” |o1]” |o2| " 2| " [z12]

(6)

where ¢ is the calculated normal stress in direction 1 or 2,
X and Y are the allowable stresses in direction 1 and 2

196 195

Fig. 4 Some of the results for 200
the measurement of the

thickness of aluminium oxide

nanofibres

fibers thickness [nm]

12 3 45 6 7 8 91011121314 15 16 17 18 19 20 21 22 23 24 25 26 27 28 2
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(compression or tension matched to the calculated stress),
Ty, is the calculated shear stress and S is the allowable
shear stress. The factors of safety for the maximum strain
are:

T T T (7)

where ¢ is the calculated normal strains in direction 1 or 2,
T is the appropriate allowable strains in direction 1 and 2
(compression or tension matched to the calculated strains),
Y12 is the calculated shear strains and S is the allowable
shear strains. The results displayed are then the Tsai-Wu
failure criterion. first consider the value F:

F =Fio) + Fy0, +F110% +2F 30102 +F220% +F66T%2

(8)
where
e () ()= (0

¢ and 1 are calculated normal and shear stresses,
respectively, and all other values are material inputs.
Most of the formulas for the stress results described
previously can be used to display the strain results in a
model. Strain energy density is such that the model will be
shaded according to the strain energy density. The strain
energy of an element is defined as the energy absorbed by
the element due to the loading. This can be calculated on a
per volume basis as:

U=— (10)

It is possible to calculate displacement in the
programme. The commands available are as follows:

e Magnitude sets the display to be based on the magni-
tude of the displacement. This will always be a positive
value. The magnitude is the total distance the node has
move. Mag = sqrt[(dx)*2 + (dy)*2 + (d»)"2] where
X, Y and Z are directions.

e Vector plot sets the display to be based on the
magnitude of the displacement, showing the result as
a vector (arrow) drawn at each node [22].

Tribological contact with two loaded surfaces in relative
motion is a complex system which is not easy to understand
or simulate. The system is even more complicated when
special coatings like Al,O5 are introduced onto the plate
surface. Many studies have been carried out at macro-,
micro- and even nanolevels [3—5]. The material properties
are the most important factor contributing to tribological

Fig. 5 Dimensions of the sample, and counter-sample in the rider-
plate system

performance. The most important properties in the computer
programmes that use FEM as a method of calculation are:
density, Young’s modulus, Poisson ratio, shear strength and
module of elasticity [23-26]. Hardness is defined as the
material resistance to permanent strains induced by focused
forces which affect small surfaces [27, 28].

2.4 Configuration of the Rider-Plate Friction Couple
in Reciprocating Motion

The scratch test configuration was a sample (rider) of 10,
10 and 10 mm°® (length, width, thickness) made of different
materials and a counterface (plate) of 85, 18 and 4 mm?
(Fig. 5) made of EN AW-5251 with an Al,O; oxide layer.
The counterface material was chosen primarily because of
its high susceptibility to oxidation.

To ensure an increase in the service life of kinematic
couples in lubricant-free machines, sliding partners, i.e. a
polymer (or its modifications) and an anodic hard coating,
are applied onto the aluminium alloys. Tribological prop-
erties of the Al,O5 layer on EN AW-5251 can be controlled
by changing the conditions of the hard anodizing process,
namely, the composition, pH, electrolyte temperature,
process time and anodic current density [29]. A change in
any of these process parameters allows the morphology and
roughness of the surface and thickness and micro hardness
of oxide layer to be modified, which has a significant
impact on their resistance to wear and, consequently, on the
operational durability of the tribological couple [30].

2.5 Sample Materials Used in the Tribological Test
Practically all polymers can be used as matrices to obtain
polymer composites, although polytetrafluoroethylene

(PTFE) and its modifications are the most attractive in this
respect due to their perfect friction properties and chemical
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inertness. An analysis of the literature shows that PTFE
with carbon fibre and graphite (PEEK/BG) is an equally
good material for tribological tests on interactions with the
Al,Oj3 layer [31]. The tribological tests were conducted for
a lubricant free sliding couple: PEEK/BG, the anodic hard
coating, on a tribological stand, RS2007, in reciprocating
motion, under conditions corresponding to the service
conditions of lubricant-free servomotors. An effect of the
interaction between PEEK/BG and anodic hard coatings
was the deposition of a polymer sliding film onto the sur-
faces of all Al,O3 counter-specimens [19]. Various authors
[32-35] have shown that oxide layer obtained in an acid
electrolyte (COOH), on an EN AW-5251 aluminium alloy
substrate has very good properties when coupled with the
TG15 material. Published reports suggest that in the case of
tribological tests of lubricant-free couples it is also
worthwhile to take a look at the PTFE material, especially
its modifications, from which one can obtain materials such
as TG15, TGK20/5 and TMP12 [36].

The PTFE produced by the nitrogen plants of Tarnow
and Moscice S.A. (Tarnéw, Poland) has an outstanding
thermal stability, good solvent resistance and a low friction
coefficient. PTFE has been widely used as an engineering
plastic. It is chemically inert and characterized by a low
friction coefficient (the lowest among all technical mate-
rials), which provides it with very good sliding properties.
It also has very low adhesion and therefore the lowest
friction coefficients for almost all solid bodies. These
parameters make it a great matrix for obtaining polymer
composites [37].

High-performance polymers are used for many indus-
trial applications because of their excellent mechanical
properties that are preserved also at high temperatures.
PTFE is the most attractive of the high-performance
polymers. PEEK is often used as a composites matrix.
PTFE and graphite enhance the tribological behaviour of
the molded part, whereas the carbon fibres are responsible
for the high mechanical performances. Commercial bushes
were acquired from a manufacturer who started to produce
the component depicted in several high-performance
polymers. This bush was designed for small-sized electric
motors instead of a traditional brass because of the low
weight and production time. The PEEK 450 FC 30 (Vict-
rex, Greenville, SC) was adapted to the injection mold with
10 % carbon fibre, 10 % graphite and 10 % PTFE [38-42].

2.6 Characteristics of the Tribological Test

The tribological test was conducted under technically dry
friction conditions on the RS2007 tester. The test stand
comprises the following units: engine, gear-motor, inverter,
clutch, guides and connecting rod. Friction forces and the
number of cycles (friction distance) are measured during
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stand tests. Technical parameters of the tester include the
plane reciprocating motion (Fig. 6a), plane—plane contact
speed from O to 5 m/s and load from 5 to 100 N (Fig. 6b).

In the tests that were conducted, the unit pressure on a
sample amounted to 0.25, 0.5, and 1 MPa at the average
sliding speed of 1 m/s for all samples. A sliding rider-plate
couple was modelled using the Solid Edge environment
(CAD-type software) for sizes compatible with actual ones
[20].

The three-dimensional model obtained was exported to
the Autodesk Simulation Multiphysics environment sup-
porting engineering calculations where a strength analysis
under conditions corresponding to real ones was con-
ducted. Appropriate properties of materials which are
decisive while conducting a FEM analysis were entered
into the programme (Table 1). Material properties of the
layer were specified as anisotropic. After the task material
properties, the mesh-on model was constructed.

2.7 Finite Element Mesh

The number of nodes in the tested model was 36,171, the
number of elements was 48,283 of which 11,396 were layer
elements, 27,626 were plate elements and 9,261 were rider
elements. The types of elements were bricks (8 nodes)—
82.85 % (volume); pyramids (5 nodes)—6.77 %; tetrahedra
(4 nodes)—5.86; wedges (6 nodes)—4.52 %. Before the
launch of the analysis we performed a check on the model in
Simulation Multiphysics and confirmed that the FEM model
is as intended. The programme verified that there are no
holes, no missing boundary conditions, etc. The geometry
decoder tested that all of the lines in the model are con-
nected in such a way that valid elements can be formed out
of those lines. No lines were present in the model that
cannot be used to form legitimate elements or other
decoding problems. The program checked if the material
properties are appropriate after checking the geometry-
performed simulations for variable boundary conditions.

3 Experimental Results

The FEM analyses provided an answer in the form of
distributions of stresses, strains and dislocations formed as
a result of the applied loads and motion for various sample
materials. The distribution of stresses was found to be very
similar regardless of the type of material used, while the
values of stresses and strains in specific local regions
changed. Figures 9-18 show the graphical results of the
numerical analyses in the form of topographical maps for
the PEEK/BG sample material at the pressure 0.5 MPa and
the simulation of the rider-plate tribological friction
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Fig. 6 Three-dimensional (3D) (A)
CAD models of the RS2007
tester. a rider-plate (the
direction of the motion),

b tribological friction couple
(the applied force)

(B)

Table 1 Material properties entered to Autodesk multiphysics simulations

Material properties EN AW-5251 Al,O4 TG15 TGK20/5 TMP12 PEEK/BG
Mass density (kg/m3) 2,680 3,960 2,150 2,110 2,260 1,447
Modulus of elasticity (MPa) 69,300 370,000 460 460 490 8,730
Poisson’s ratio 0.36 0.22 0.46 0.46 0.46 0.4
Friction coefficient between layer and material - - 0.21 0.25 0.35 0.19

couple. Other results for all tested materials are compiled
in Table 2. The results obtained are mainly the conse-
quence of the reference to the first principal stress. Every
colour in the presented topographic maps of stresses cor-
responds to a specific level range of stresses occurring on
the surface. The results of von Mises analyses for selected
boundary conditions indicate the presence of the highest
stresses for the specific tribological system examined in
areas of contact between the rider (PEEK/BG) and the
Al,O5 layer formed on the plate (Fig. 7). The analysis of
Tresca maximum stresses yielded essentially identical
visual results, while the values of stresses changed slightly
(Fig. 8). Maximum von Mises stresses in the block,
regardless of the material used, were found at the bottom in
the tribological contact place of the block and the layer
(Fig. 9). Motion and pressure on the sample induced
stresses that increased in the direction of the motion of the
block in the ceramic coating separating the sample from
the counter-sample (Fig. 10). The occurrence of large
stress fields in the coating was observed, both from the
front and from the back of the place where the sample was
applied. The results of strains for the same system together
with boundary conditions are shown in Fig. 11. Maximum
strains in the block which induced friction forces and
abrasion of the surface of the block in technically dry
friction conditions occurred at the place of contact between
the surface of the block and the oxide layer in the direction

Table 2 The results of analyses for variable boundary conditions for
maximum values

Material Force  Stress Strain Coating Displacement

(MPa) (MPa) strain (mm)
PEEK/BG 0.25 27389 0.000239 8.30E—06 0.00094166

0.5 37411 0.000318 1.13E—05 0.001166

1 5.7549 0.000478 1.74E—05 0.00168
TGI15 0.25 3.0273  0.00456  9.16E—06 0.0159

0.5 5.2610  0.00620 1.29E-05 0.0165

1 8.0768  0.01205 1.68E—05 0.0289
TGK20/5 025 3.8699  0.00588 1.24E-05 0.0170

0.5 5.2610 0.01014 1.70E-05 0.0231

1 8.7739 0.01850  2.60E—05 0.0472
TMP12 0.25 4.2498 0.005377 1.29E—05 0.01744

0.5 6.7044  0.00990  2.03E—05 0.0307

1 11.6837  0.01668 3.53E-05 0.0514

of the motion of the block (Fig. 12). The highest energy
absorbed by the component due to loads in the sample was
generated in the corners of the block (Fig. 13). Topo-
graphic maps of the distribution of strains in the thin layer
obtained on the aluminium alloys with the marked spot
where the maximum strains occurred are shown in Fig. 14.
Magnification of the image of maximum strains and dis-
locations indicates the formation of macromechanical tri-
bological mechanisms which changed the shape of the
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Stress
von Mises
NAmm"2)

3.741188
3.367069
2092951
2618832
2.294714
1.870505
1.906477
1.122350
0.74824902
0.3791218
3.387047 ¢-006

Fig. 7 Boundary conditions and the results of von Mises stress
analysis

surface and induced local strains (Fig. 15). The value of
maximum dislocations in the layer with no magnification is
shown in Fig. 16. Applying force causing the motion of the
rider caused its slight shifting shown in enlargement in
Fig. 17. The conducted dynamic analysis of stresses
(Fig. 18) also confirmed the non-uniformity of the sliding
film formation. It is evident that the value of the stress was
not completely uniform, which may explain the phenom-
enon of non-uniform sliding film formation during stand
tests (Fig. 19).

The conducted numerical analysis using the FEM in the
Autodesk Simulation programme for variable pressures and
materials yielded results regarding maximum stresses,
strains and dislocations in the sample and the oxide layer
(Table 2).

Maximum stresses for the examined tribological couple
were observed in the ceramic layer. In couples with vari-
able sample materials these average values for these cou-
ples were: PEEK/BG—4.08 MPa, TG15—5.46 MPa,
TGK20/5—5.97 MPa and TMP12—7.55 MPa. The maxi-
mum stress for TMP12 was almost twofold higher than that
for PEEK/BG. The highest average value occurred in the
sample material TMP12 (0.011506667); the lowest average

Fig. 8 Values of Tresca
maximum stresses in the rider-
plate system

Stress
Tresca™ 2
HAmm*2)

4.1256574
3.713017
3.20046
2.887903
2.475346
2.062789
1.650232
1.237675
0.8251177
0.4125607
3.720605e-006
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Stress
wvon Mises
NAmm™2)

1.928201
1.806091
1.623981
1.441871
1.259761
1.077651
0.8955409
0.713431
0.531321
0.249211
0.167101

Fig. 9 von Mises stress in rider

value occurred in PEEK/BG (0.000345). The values of
average maximum strains in the layer during interaction
with examined materials amounted to: PEEK/BG—
0.0000123, TG15—0.0000130, TGK20/5—0.0000184, and
TMP12—0.0000228. In accordance with Hook’s law,
strains increased with increases in stress. Maximum dis-
locations in the examined sample—counter-sample friction
couple occurred in the rider. The lowest value obtained was
for the PEEK/BG material (average 0.00126) and the
highest was for TMP12 (average 0.03318). Analysis of the
results revealed their correlation with the stand tests
(Fig. 20) conducted on a real tester for a friction distance
of 70 km. The test on the tester RS2007 was conducted in
technical dry friction conditions. The unit pressure was
0.25 MPa, with the average slide speed of 1 m/s using a
reciprocating motion. To confirm the correctness of the
results the tribological tests were repeated four times. The
length of the test was set to 70 km because at this stage
wearing-in of the mating pair takes place and subsequent
mating—the relation of friction and wear—has a linear
character. The friction coefficient was also measured
(Fig. 21). One can assume that growing stress (Fig. 22) and
strain (Fig. 23) values lead to the increase in wear of the
sample material and the oxide layer.
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Fig. 10 A topographic map of
the distribution of von Mises
stresses in the oxide layer

Stress
wvon Mises
NAmm~*2)

3.741188
3.367239
299329
2619394
2245392
1.871443
1.497495
1.123546
0.7495963
0.3756498
0.001692181

Strain
wvon Mises
mmfmm

0.0003187192

0.00022628473

0.0002549754

0.0002231034

0.0001912315

0.0001593596

0.0001274877

0.561576e-005
6.374384e-005
3.187192e-005
0

Fig. 11 von Mises strains in the rider-plate couple

The increase of stresses affecting the samples causes the
increase of strains. This value is linear, from which it can
be concluded that these strains are elastic. The test results
show that the tribological properties in the tested friction
couple depend on the properties of sample and counter-
sample material and the value of the surface pressure of the
friction coefficient.

Strain
Tensor Z-X
mmdmm

6.975354.-005
6.275536e-005
5.575718e-005
4.275899e-005
4.176031e-005
3.476263e-005
2.776445e-005
2.076627e-005
1.376809e-005
6.769904e-006

Strain Energy Density
NAmm*2)

0.0002290171
0.0002062828
0.0001835486
0.0001608144
0.0001380801
0.0001153459
9.261166e-005
6.987743e-005
4.71432e-005
2.440896e-005
1.674732e-006

-u/

Fig. 13 Strains in energy density in the rider

4 Conclusions

The combination of stand tests and computer technology
allowed us to create a 3D model of the oxide layer. The
ceramic layer was obtained on the EN AW-5251 alumin-
ium alloy in a three-component SAS electrolyte at a tem-
perature of 298.15 K, a current density of 3 A/dm? and an
oxidation time of 60 min. Following the application of a
computer image analysis and the preparation of binary
images, we measured the size of nonporous nanofibres and
the thickness of the nanofibres on scanning microscopic
images, which made it possible to model a body

-2.282774-007

Fig. 12 The distribution of strains in the Z-X direction in the block
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Fig. 14 Topographic maps of
the distribution of strains in the
thin layer obtained on the
aluminium alloy

Fig. 15 Maximum local strains
in oxide layer

(A)

Strain
won Mises
mm/mim

1.960066e-005
1.772159e-005
1.575253-005
1.378346-005
1.18144e-005
9.84533-006
7.876269e-006
5.907 198 e-006
3.038132e-006
1.969066e-006
0

Strain
Local 3-1
mmimm

7.947168e-006
7.113658e-006
6.280147 e-006
5.446637 e-006
4613127 e-006
3.779616e-006
2.946106e-006
2.112595e-006
1.279085.-006
4.456744e-007
-3.87936-007

(B)

Displacement
Magnitude
mm

3.598027 &-005
3.230035¢-005
2879142-005
2.519240-005
2.158356e-005
1.709454e-005
1.43057 1e-005
1.079678-005
7.197255e-006
3598027 e-006
0

Fig. 16 Displacement in coating. a Magnification vector plot, b smooth magnitude

Displacement
Magnitude
mm

0.001166514

0.001049863

0.0009332116
00008165601
0.0006992087
0.0005832572
0.0004666052

0.0003429543
0.0002333029
0.0001166514
i
Fig. 18 The distribution of stresses obtained from the modelling of the
Fig. 17 Magnified displacement magnitude in the tribological couple slide of the rider on the plate for dynamic analysis in reciprocating motion

@ Springer



Tribol Lett (2013) 52:381-393

391

Fig. 19 Oxide coating representing the counter-specimens after the
tribological tests [19]

3.5
3

25
2
1.5
1 . .
0.5
o N Y Y

PEEK/BG TG15 TGK20/5 TMP12

Mass decrement [mg]

Fig. 20 The results of stand tests of the wear of composites
interacting with the oxide layer with the use of various materials
for a friction distance of 35 km

0.4
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0.3

0.25
0.2
0.15 4
0.1 1
0.05 4
0+ T T T

PEEK/BG TG15 TGK20/5 TMPI12

Friction coeff. p

Fig. 21 The results of the friction coefficient

representing the Al,O; layer and its morphology in the
Solid Edge computer design support programme.

The body representing the actual rider-plate friction
couple was imported from the CAD programme to the

Fig. 22 Maximum stresses in

the oxide layer MPa

CAE environment where numerical calculations were
made. The use of computer simulation in the Autodesk
Simulation programme to examine tribological phenomena
allowed the occurrence of stresses, strains and dislocations
in the sample and counter-sample material with the
obtained Al,Os to be illustrated. The tests were conducted
in technically dry friction conditions at variable pressures
and with different materials. Strains in the surface and
visible mechanical properties are the results of the action of
motion and pressure on the block which interacts directly
with the oxide layer. The results of numerical tests show
that tribological properties depended on the properties of
materials used in the test and on the value of the surface
pressure of the friction coefficient. In accordance with
Hook’s law, the increase of stresses caused the increase of
strains. In the case examined here, there was a linear
dependence between stresses and strains, which means that
we are dealing with plastic strains. On the basis of the
analysis of stress fields results in the oxide layer it can be
concluded that they are induced by:

1. Friction force—friction between the moving sample
and the oxide layer induces compression stresses
caused by the push force and tensional stress.

2. Changes in geometry—plastic strains induced by
compression and tension occur in the layer. They are
consistent with macromechanical tribological mecha-
nisms. For example, the inclination of the block and
deflection of the layer can be observed.

3. Residual stresses—these are particularly common in
thin ceramic coatings due to the deposition process and
they may contain high-value compression stresses.

Stresses in the ceramic layer increased in the direction
of the motion, although the occurrence of large stress fields
was visible both from the front and from the back of the
place where the block was applied. Maximum strains in the
block occurred at the place of contact between the surface
of the block and the oxide layer. The highest energy

Stress

12

10

W 025

W05

LI

TG15

TGK20/5 TMP12
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Fig.
the oxide layer

23 Maximum strains in

Strain in coating

0.00004 [~

0.000035 |

0.00003 |

0.000025 |

B 0,25 Mpa

0.00002 |

B 0,5 Mpa

0.000015 |~
0.00001 |~
0.000005 |~

PEEK/BG

absorbed by the component due to loads in the sample was
generated in the corners of the block. The value of maxi-
mum strains in the Al,O; layer was not distributed
uniformly, which may explain the phenomenon of non-
uniform spread of a sliding film formed during stand tests.
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