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The submitted paper deals with biotribological contact in total knee arthroplasty. The goal was to
evaluate the influence of the metal component production technology on tribological parameters in
defined environments. The reference sample was a standard available test ball made of the subject
material, used in testing tribological properties by the "Ball on Pin" method. The preparation of the
experiment consisted in the production of test disks from UHMWPE (Ultra High Molecural Weight
Polyethylene) material and the production of a metal test component with a spherical surface. The
condition of the experiment and the basis of this contribution is to compare the properties of
conventionally produced metal material against 3D printing. Using the SLM method, a sample with a
semi-spherical surface on a cylindrical shank was produced, which was subsequently ground and
polished to reflect the characteristics of the standard supplied test ball. The last step was the production
of a suitable fixture in order to fit the sample into the tribometer. The so-called dry friction of the
heterogeneous Ti6Al4V-UHMWPE pair and the friction in a biological lubricating environment
represented by bovine serum were evaluated. The evaluation of the contact surfaces took place using a
profilometer and an electron microscope. The coefficient of friction was determined directly from the test
device - tribometer.
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1 Introduction in which tribological testing takes place. The environ-
ment is defined by temperature, humidity and any lub-
ricant additive. The testing system is completed by a
machine - a tribometer, which controls the entire sys-
tem. From the point of view of an objective compari-
son of the results, the testing is suitable to be carried
out in laboratory conditions. From the point of view
of evaluating tribological properties, friction and wear
processes are investigated |5, 6, 7).

The most common cause of knee joint disease is
primary gonarthrosis, post-traumatic development of
arthrosis, chondromalacia patella, cancer. These
causes result in increased wear of the articulating sur-
faces of the knee joints [1, 2, 3].

Regarding the statistical data of the whole problem,
it is estimated that about 15% of the global population
suffers from osteoarthritis of the knee joints. The
value of those affected increases with age, when we 1.1 Tribology — theoretical analysis
see that more than 55% of patients in the group of
people older than 65 years suffer from arthrosis, and
in the group of the population older than 75 years, de-
generative changes of articulating joint surfaces occur
in 80% of the population |3, 4].

Tests of tribological properties enable the exami-

As a tribological process, friction can be charactet-
ized by the loss of mechanical energy during mutual
contact between two friction surfaces. A whole series
of processes and changes take place in the course of
spawning. The aforementioned mechanical energy is

. £ a4 whol ‘ >, J transformed into thermal energy, which worsens the
nation of a whole range of quantitics and parameters tribological conditions of the functional surfaces,

Pfda glver; szIo'%llcalbs}ﬁtem‘ This Z}’S;Cm 1r1c1111des in resulting in wear. The basic evaluation parameter of
indenter fitted with a ball or a tip and the sample to be the contact pair is the coefficient of

examined. The system also includes the environment
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friction. This coefficient is a dimensionless quantity
and expresses the ratio between the friction force F't
and the normal force Fn [5, 6, 7, §].

Fi

=5 ©

1
Depending on the method of mutual movement of
the functional surfaces, the friction coefficient can be
divided into [5, 6, 7]:
*  Coefficient of sliding / shearing friction,
*  Coefficient of rolling friction.

During the friction process of the contact surfaces,
three basic states can occur [5, 6, 7, 8]:

*  Dry friction — occurs in the case of direct con-
tact between the surfaces of solid bodies,

* Liquid friction — occurs when solid bodies are
separated by a liquid layer,

*  Mixed friction — is a combination of both of
the above-mentioned phenomena.

The coefficient of friction is defined by the follow-
ing characteristics. The value of the coefficient of fric-
tion is directly affected by the state of the surface of
the sample, its roughness and the state of the surface
and the roughness of the indenter. When overcoming
irregularities, there is a change in the load in the con-
tact surface of the sample and the indenter. The value
of the friction coefficient is influenced by the meas-
urement time, temperature and the distance that the
indenter must cover. Other environmental influences
that can influence the measurement of the friction co-
efficient should be minimized by performing the ex-
periment in laboratory conditions [5, 6, 7, §].

Wear can be expressed as an undesirable perma-
nent change in the quality of the surface or even the
size of solid bodies. This change can occur either di-
rectly by the contact of two bodies (dry friction) or
indirectly by means of an inserted medium (liquid fric-
tion). In addition to mechanical influences, other
physical, chemical, radiation and other processes af-
fect the change in surface quality.

The result of wear is the removal or displacement
of particles of the mass of a rigid body from its func-
tional surfaces. This results in a change in geometry, a
change in the structure and properties of the func-
tional surfaces, which lead to deviations from the op-
timal, pre-designed operating parameters. The speed
of these changes depends on the mutual hardness of
the contact surfaces, the method of their production
and on other environmental conditions, which are de-
fined in tribometer tests [9, 10].

1.2 Characteristics of 3D printed titanium and its
alloys

Titanium and its alloys are materials used in various
fields for their unique physical and mechanical

properties. In the field of biotechnology, they are
advantageously used for their biocompatibility and
safety. On the other hand, their low tribological
properties are found, which are caused by increased
and unstable friction, adhesive wear and low resistance
to abrasion [11] .

Implants are cyclically loaded components that
come into contact with other materials of organic and
inorganic origin, therefore it is important to
investigate and improve their tribological properties.
Several factors affect the tribological properties of the
3D printed titanium alloy, in our case Ti6GAI4V.
Hardness of the surface layer, microstructure,
crystalline phase structure, surface roughness or
porosity. These factors are influenced by the type of
printing method used and heat treatment. The authors
of the article [11] compared several production
methods - SLM, SLM-HIP, EBM, hot-worked. The
results of the study showed the lowest values of the
coefficient of friction in the case of using the SLM
method, and this method was also characterized by the
highest hardness value of the surface layer HV1 [11].

The achieved surface roughness when using the
SLM method for printing the Ti6Al4V alloy is Ra 9-
12 wm, when using the EBM method, the roughness
parameters Ra reach values of 25-35 um. When using
the SLM method, a martensitic microstructure is
formed, whereas with the EBM method, a stable o+
lamellar microstructure occurs in the material. This
affects the hardness achieved during heat treatment.
In the case of the EBM method, the hardness is more
stable depending on the annealing temperature.
During the annealing of the material produced by the
SLLM method, due to the martensitic microstructure, it
is possible to observe a peak increase in hardness to
the value of 400 HV1, which occurs at a temperature
of 600 °C [12].

With a standard titanium alloy implant, the
experimentally measured hardness was 201 to 353
HV, the average microhardness of the given implant
was 309 HVO0.5 [13].

The environment of the human body exposes used
implants to corrosion processes - oxidation. A
corrosion layer of TiO2 is formed on the surface of
the implant, which can worsen the tribological
properties of the implants. The authors of the article
[14] investigated the causality between the roughness
of the implant surface and the formation of the TiO2
layer. A higher surface roughness resulted in a faster
formation of the TiO2 layer, and at the same time,
with a higher surface roughness, the thickness of the
oxidation layer also increased [14]. On the other hand,
with deteriorated surface roughness, there is faster
growth and better attachment of tissues and cells. For
this reason, implants are characterized by complex
properties of surface roughness on individual surfaces.
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2 Experiment - methodology

* Preparation / production of test metal

samples - indentors.

*  Production of UHMWPE samples according
to the predefined geometry of the tribometer.

*  Testing and evaluation of sliding properties of
UHMWPE-Ti6Al4V, UHMWPE-additively
produced Ti6AI4V contact - dry conditions..

*  Testing and evaluation of the sliding

Tab. 1 List of used machines

properties of the contact UHMWPE-
TicAl4V, UHMWPE-additively produced
Ti6Al4V - conditions with lubricating fluid.

*  Analysis of wear of contact surfaces (SEM).

2.1 Used devices

The machines and devices used in the course of
testing the tribological properties of the selected
heterogeneous material contact are listed in the table
(Tab. 1).

Measuring devices

Evaluation devices

Electron microscope Zeiss EVO LS10

Tribometer Bruker UMT-3

TalySurf CLI 1000 surface texture measuring device

The most important part of the puzzle of the ex-
periment was the measuring device, a tribometer from
Bruker with the model designation UMT-3. The tribo-
meter used allows setting the following parameters of
the experiment:

* Tempering the working chamber to a

temperature of 350 °C,
*  Maximum selected normal force up to 200 N,

* The radius of rotation for a specific type of
flat disc can be set between 15 and 30 mm.

The above-mentioned device makes it possible to
evaluate the position of the indenter in the vertical axis
Z. Thus, after the specified number of cycles, it is
possible to evaluate the change in the position of the
indenter, which indicates the degree of wear of the
tested sample of the indenter. If, during the test, wear

occurs mainly in the tested material, the value of the
change in the position of the axis corresponds to the
wear of the sample. In the event that there is also wear
of the indenter, this value is unreliable, and after
evaluating the trace of wear, it is necessary to use
another, for example, profilometric method [9].
Using the Ball on Disc test method, it is possible
to measure the coefficient of friction. The principle of
measurement of the Ball on Disc method is the
indentation of the indenter, the ball into the rotating
test body. The ball is attached to a stationary fixture
and is pressed with a constant force on the test sample,
which is attached to the rolling table. In the event that
the lubrication measurement option is selected, the
assembly is supplemented with a cover plate with
screws, through which the lubricating liquid (Fig. 1) is
introduced during rotation and its flow is ensured [15].

Fig. 1 Lubricant cover (lef?), tribometer tempered chamber (right)

Another instrument used was profilometric
analysis. Profilometric analysis evaluates the data of
the footprint, such as its width, depth of the profile

and the area of the transverse profile of the footprint
[16]. For statistical analysis, it is necessary to use
measurements in at least six places for the evaluation.
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To evaluate the wear coefficient, the key data is the
footprint area. The wear coefficient is given by the
relation [17]:

_ N
T Fy.o.t =] @

Where:

K...The wear coefficient [mm3.N-1.m],

Ap... The area of the wear track profile [mm?],
FN...The normal force [N],

-
Q

Tavlor Hobson

... The rotation speed of the sample [min-],

t... The measurement time [min].

The measurement of wear marks was carried out
on a universal device for measuring surface texture
Talysurf CLI 100 (Fig. 2), using the inductive touch
method. The wear trace parameters were evaluated
using the TalyMap 4.1 software. and are listed in the
table (Tab. 2).

The wear trace parametersmare listed in

the table (Tab. 3).

Fig. 2 Profilometer Talysurf (right), attached sample (left)

Tab. 2 Parameters of measurements of wear traces

Sensor type Range Resolution Capture speed
. . ical \
Induction, DIA tip R2 pum 500 wm vertical | transversely 200 pm.s-1
10 nm 2 um
Tab. 3 Conditions for measuring of wear traces
Measured length Data capture step Basic length Filtration
2 mm 3 um 0.25 mm Gauss — 0.25 mm

Fig. 3 Zeiss electron microscope

A Zeiss EVO LS10 electron microscope was used
to evaluate the shape of the surface of the wear mark

(Fig.3). This device was also used to scan the wear
surface of the 3D printed indenter.

2.2 Experiment parameters

In the course of the experimental part, 8
tribological tests of the contact surfaces were
performed. All 8 tests were subsequently repeated and
processed statistically in order to minimize random
measurement phenomena. The table below (Tab. 4)
provides an overview of the conditions of individual
measurements. All measurements were carried out at
a constant temperature of 37 °C in the tempered
chamber of the tribometer. The chosen temperature
corresponds to the natural temperature of the knee
joint of the human body. The duration of each test
cycle was 1 hour.
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Tab. 4 Measuerement conditions

Type of tribological contact Loading force
Ti6Al4V 3D print - UHMWPE 10N 20N
Ti6Al4V — UHMWPE 10N 20 N
Ti6Al4V 3D print — UHMWPE + liquid 10N 20N
Ti6Al4V — UHMWPE + liquid 10N 20N

The middle trace reflects the loading force of 15 N,
which served as a control value to verify the trend of
the wear course of dependence on increasing load.
The indentor, manufactured using 3D printing
(Fig. 6), was subsequently machined and polished to
preserve the geometric and surface characteristics.
Fixing the 3D printed indenter, a custom-made clamp
was constructed so that the indenter could be used

with a given type of tribometer (Fig. 7).

Fig. 4 UHMWPE test plate

Fig. 63D printed indenter

Fig. 5 Standard made indenter with holder

The image below (Fig. 4) shows an example of a
test sample (UHMWPE disk) marked with test traces,
the standard supplied indenter made of TiGAl4V
material with a clamp is shown in the image (Fig. 5). Fig 7 Indenter holder with post-processing indenters
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Chemical composition of used Ti6AI4V powder is
mentioned in the table (Tab. 5) below. 3D printing
was carried out using SLM technology on the device

Tab. 5 Chemical composition of used Ti6 AM4V powder

TRUMPF TruPrint 1000. Used laser power was
400 W in inert argon atmosphere and step of the
printer was 0.05 mm.

Element Ti Al \Y Fe

Mass [%] <90 55-6.5 35-45 <0.25

<013 <0.08 <0.05 <0.012 < 0.005

3 Results and discussion

This chapter presents the course and value of the
coefficient of friction (COF) of individual contacts,
which were obtained directly from the Brucker

10 N; Ti standard sample, dry friction

tribometer. These data were statistically processed and
reflected in the graphs below (Fig. 8—11). Groups of
graphs are for comparison in pairs of the same
conditions with change of indenter 3D Ti6Al4V vs.
Conventionally produced Ti6AI4V.

10 N, Ti 3D printed sample, dry friction

0.14 0.14
0.12 0.12
COF = 0.0203In(T) - 0.0585
0.1 0.1 :
COF = 0.0089In(T) + 0.0464
__ 008 = 0.08
e o)
™y
S o6 © 0.06
0.04 0.04
0.02 0.02
0 0
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
Time T [s] Time T [s]
Fig. 8 Tribological dry friction test, load 10 N
20 N; Ti standard sample; dry friction 20 N; Ti 3D printed sample; dry friction
0.18 0.18
0.16 0.16
0.14 0.14
COF = 0.0175In(T) + 0.0167
0.12 0.12
< 01 wa. 0 COF = 0.0239In(T) - 0.0381
S oos S o008
0.06 0.06
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0 500 1000 1500 2000 2500 3000 3500 4000 o 500 1000 1500 2000 2500 3000 3500 4000
Time T [s) Time T [s]
Fig. 9 Tribological dry friction test, load 20 N
10 N; Ti standard sample; liquid friction 10 N; Ti 3D printed sample; liquid friction
0.1 0.094
0.095
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0.09
0.09
0.085 o Q
0.08 ‘ o - 0.088
Lé 0.0/ //#—7 COF = 0.0017In(T) + 0.0668 & 0.086
0.07 2 < ;
01084 COF =-0.002In(T) + 0.0974
0.065
. 0.082
0.055 0.08
0.05 0.078
0 500 1000 1500 ) 2000 2500 3000 3500 000 0 500 1000 1500 2000 2500 3000 3500 4000
Time T [s] Time T [s]
Fig. 10 Tribological liguid friction test, load 10 N
299 indexced on hitp:/ | www.webofscience.com and htip:/ | www.scopus.com



April 2024, Vol. 24, No. 2

MANUFACTURING TECHNOLOGY

ISSN 1213-2489
e-ISSN 2787-9402

20 N; Ti standard sample; liquid friction
0.16

0.14

COF =-0.005In(T) + 0.1345

20 N; Ti 3D printed sample; liquid friction
0.11

0.108

0.106

COF =-0.003In(T) + 0.1199

0.104

COF [

0.102

0.1

0.098 o &

0.096
0 500 1000 1500 2000 2500 3000 3500 4000

Time T [s]

Fig. 11 Tribological liguid friction test, load 20 N

B 0.08
o
0.06
0.04
0.02
0
0 500 1000 1500 2000 2500 3000 3500 4000
Time T s]
The data of the coefficient of friction is

supplemented by the evaluation of the wear of the
track, using a profilometer, which was created on a
UHMWPE sample. The results of a load force of
20 N under dry friction conditions for a TiGAI4V
indenter and a 3D printed Ti6AI4V indenter in contact

with a test sample are transferred to this work. These
conditions for track evaluation were chosen
deliberately, in order to create an environment where
the most significant wear is  assumed.
A comprehensive evaluation of track wear is given
using the measured track area (Fig. 12, 13).

Measurement of track area l
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Fig. 12 Measured footprint area for dry friction, indenter 1i standard, load 20 N
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Fig. 13 Measured footprint area for dry friction, indenter T 3D printing, 20 N load
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A final wear assessment was performed using an
electron microscope. Thanks to this device, it is
possible to monitor not only the shape and
dimensions of the wear marks, but also the wear
mechanisms on the surface of the marks. For clarity,

1024°768 Pixel Size=2802))m 600kV  SE1 WD=1126mm Mag= 100X  IProbe= 100pA 200M
 s—

ISSN 1213-2489
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the images are arranged in groups with similar input
parameters. First, the dry friction conditions for a
standard-made titanium alloy indenter followed by a
3D-printed indenter are shown (Fig. 14-17).

1024°768  PixelSize=2002nm 500KV  SE1 WD=1126mm Mag= 100K X IProbe= 100pA Sm
P

Fig. 141 0ad 10 N, dyy friction (magnification 100x left, 1000 right), 3D printing Ti

1024768 PixelSize=2802ym 500KV  SE1 WO=1219mm Mage 100X  IProbe= 100pA 200 #M
 —

1.236 mm

10247768 PixelSize=2902ym 500KV SE1  WD=1150mm Mag= 100X  IProbe= 100pA 200 WM

2

Fig. 151.0ad 10 N, dry friction (magnification 100x left, 1000x right), Ti standard

10247768 PixelSize=2802nm 500kV  SE1 WO=1160mm Mag= 100KX IProbe= 100pA 0m

Fig. 16 Load 20 NN, dyy friction (magnification 100x left, 1000 right), 3D printing Ti
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1.033 mm

TP 1 Voo g X e ot 22
Fig. 17 oad 20 N, dyy friction (magnification 100x left, 1000x right), 17 standard
The images below show the fluid friction water. The dilution ratio is determined by

conditions. The liquid, or lubricant, was represented the ISO 14243-3 standard (Fig. 18-21).
by bovine serum diluted in proportion with distilled

T i S0 6Ot 1 ot £
Fig. 18 10 N load, fluid friction (magnification 100x left, 1000 right), 3D printing Ti

TPt S 6o gt o £
Fig. 1910 N load, fluid friction (magnification 100x lefl, 1000x right), 17 standard
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1024768 Pixel Sizew2902m 500KV SE1  WD=1183mm Mag= 100X  IProbe= 100pA m""‘ 10247768 PlxelSize=20020m 600KV SE1  WD=1183mm Mag= 100KX IProbes 100pA 20T

Fig. 2120 N load, fluid friction (magnification 100x left, 1000x right), 7 standard

The spherical surface of the used indentors was the changes caused by mutual tribological contact are
also scanned with an electron microscope, on which recorded (Fig. 22, 23).

— s
Fig. 22 3D Ti indenter wear, magnification 100x left, 1000x right
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10247768  Pixel Size =2902pm 600KV SE1 WD = 1283 mm Mag* 100X 1Probe~ 100pA 200 pm

1024°768 PixelSize=2902nm 600KV SE1 WD=1283mm Mag= 100KX IProbe= 100pA 20pm

Fig. 23 Wear of 'Ti indenter standard, magnification 100x left, 1000 right

4 Conclusion

The final result of the experiment and its statistical
processing is the inference of the influence of the
production technology of the used metal component
on the above friction and wear parameters. The
common phenomenon of all measurements was their
course and the resulting graph of the measured
friction coefficients, which confirmed the theoretical
assumptions. The first phase was the so-called run-in
of the sample, when the friction coefficient gradually
decreased in the first minutes of measurement.
Subsequently, the value of the friction coefficient
stabilized in the transition phase. In the third phase,
there was an increase in the coefficient of friction due
to the initiation of wear processes.

Tab. 5 Average coefficients of friction in liguid contact

For the purposes of drawing the conclusions of
this work, the average values of the coefficient of
friction of individual tribological contacts after
statistical processing are presented below. Repeated
measurements were also included in the data set. For
the relevance of the results, the initiation-run-in phase
was filtered out.

When testing with liquid, the measured deviations
were statistically insignificant due to the technology of
the production of the metal component. The 3D
printed material showed coefficient of friction values
of 0.081; 0.089; 0.102 at loads of 10 N, 15 N and
20 N. With conventionally produced materials, these
values were 0.078; 0.082 and 0.098. The values are
reflected in the table (Tab. 5).

Load [N] COF Ti standard [-] COF Ti 3D printing [-] A COF [%]
10 0.078 0.081 13.84
15 0.082 0.089 18.53
20 0.098 0.102 14.08
* red numbers represent the increase in COF of the 3D printed sample compared to the standard

In dry conditions, there were more pronounced
deviations due to the technology of metal material
production. Depending on the increasing load, the
average value of the coefficient of friction increased
with 3D printed material from 0.085 to 0.116 to 0.135.

Tab. 6 Average coefficients of friction in dry contact

For dry conditions and material produced as standard,
the values were 0.109; 0.125 and 0.143 at loads of 10,
15 and 20 N. The wvalues are reflected in
the table (Tab. 6).

Load [N] COF Ti standard [-] COF Ti 3D printing [-] A COF [%]
10 0.109 0.085 | 28.24
15 0.125 0.116 1 7.76
20 0.143 0.135 1593
* green numbers represent the drop in COF of the 3D printed sample compared to the standard

The width of the wear track was measured in 2
ways. The first method was a profilometer with an in-
duction sensor. The second method was to translate
the track with a ruler of the electron microscope ele-
vations. It is possible to see that the values of the

width of the measured traces differ from each other
depending on the used measurement technique.
Higher relevance should be attributed to the method
of measuring the track width with the Talysurf pro-
filometer, because the induction probe minimizes
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the human factor that is introduced when measuring
the track width using the translation of the ruler on the
zoSEM image.

Based on the above, it can be concluded that the
method of manufacturing the metal component of the
implant does not have a fundamental influence on the
generated friction coefficient and wear parameters of
the contact pair of heterogeneous materials from the
point of view of tribology. For a detailed explanation
of the friction parameters, it is recommended to carry
out further analysis of the tested materials, such as
metallography or determination of porosity.
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