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Ti-6Al-4V material is generally used in biomaterial applications. However, this material is difficult to
supply and an expensive material. Instead of Ti-6Al-4V material; It is investigated whether the use of
316 L material as an alternative is easier and more economical. In this study, Ti-6Al-4V and AISI 316 L
test specimens made of the material subjected to the test under the same conditions wear performance
were investigated using the ball on disc experimental setup. The experiments were carried out in three
replicates in a dry and liquid medium. As a result, in the experiments; AISI 316 L samples are coated
with PVD method compared to other samples in wear rates and abrasive wear marks on the surface of
the samples were found to decrease. In studies using sodium hyaluronate fluid, it was found that the rate
of abrasion and wear traces decreased compared to the dry environment. It was determined that 316 L
samples coated with PVD method showed better wear performance compared to uncoated Ti-6Al-4V
material. Considering the density differences of Ti6Al4V and 316L materials, 316L can be used instead

of Ti6Al4V material.

Doi: 10.24012/dumf.630224

Introduction

Due to their crystal structure and strong metallic
bonds, metal and metal alloys with superior
mechanical properties are used as biomaterials.
It is used as a joint prosthesis and bone
replacement material in orthopedic applications,
while it is also used as an artificial heart,
catheter, valve, heart valve in face and jaw
surgery, such as an implant, or in cardiovascular
surgery [1]. In order to use the metals as
biomaterials, factors such as compatibility with
tissues, wear and corrosion behaviors, surface
properties, side effects and cost are investigated

[2].

Wear and corrosion are an important problem in
biomaterials. It is not possible to completely
eliminate this problem. The aim is to slow down
the speed of this damage mechanism [3]. In
recent years, surface coating processes have
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increased interest in increasing the tribological
properties of 316 L stainless steel and Ti-6Al-4V
alloy used as biomaterials [4-7].

Some researchers have described the term
biocompatibility as surface and structural
compatibility. Surface compatibility is that a
biomaterial is physically, chemically and
biologically compatible with body tissues.
Structural compatibility is the optimum fit of the
material to the mechanical behavior of body
tissues [8, 9]. The biocompatibility of metal
prostheses is related to their corrosion in the
body (in vivo) [10].

Ti-6Al-4V is a titanium alloy which is the raw
material of most of the implants used in the field
of medical orthopedics and neurosurgery. It is
preferred for Ti-6Al-4V implant production
because it is more resistant to corrosion than
stainless steel in pure uncoated condition,
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because of its flexibility and compatibility with
human body [11-13].

316 L stainless steel material is used as an
implant because of its high resistance to
intergranular and stressed corrosion cracking.
This material was used as test material for the
purpose of improving the resistance properties
due to the inability to apply hardening with
normal heat treatment applications [14-18].

Biomaterials should not be reduced while
corrosion resistance is improved while coating
high corrosion resistance that makes these
materials superior [19, 20].

In this study, test samples made of Ti-6Al-4V
and AISI 316 L materials were tested under the
same conditions and their wear performances
were investigated by ball on disc test setup.

Material and Method

Purpose of experimental study

In our study, we aim to investigate the wear
behavior of AISI 316 L stainless steel material
which is more advantageous in terms of ease of
procurement, and easier to process, which can
eliminate these disadvantages in comparison to
the disadvantages of Ti-6Al-4V material supply
and economically high costs.

The parameter values we have determined in our
study are given in Table 1.

Table 1. Experimental conditions.

Wear rate,
Temperature change,
SEM images

Experiment measurements

Experimental conditions  Definitions
Experiment device Ball on disc
AISI 316 L,
Ti-6Al-4V,

Nitrided AISI 316 L,
TiN coated AISI 316 L,
CrN / TiN coated AISI 316

Experiment materials

L
Experiment speeds (m/s) 1-1,5-2
Experiment force (N) 7,5-10
Experiment distance (m) 500

Dry-Liquid (Sodyum

Experiment medium hyaluronat)

Experiment ball diameter

) 10

Experiment ball material 100Cr6

The discs to be used in the experiments were
subjected to the required measurements and
polishing was carried out using 200-400-600-
1000 grains. Samples whose polishing was
completed were subjected to plasma nitration
process. The test samples were subjected to
plasma nitration for 12 hours at a temperature of
600 °C in 40% nitrogen and 60% ammonia
medium. Plasma nitration process was applied to
the parts using 1000 grit sandpaper. After
polishing, one of the discs was coated with TiN
by applying 450 °C temperature and 10° Torr
vacuum, and one was coated with CrN/TiN by
applying 475 °C temperature and 10> Torr
vacuum.

Hardness measurements

Hardness measurements of PVD coated and
uncoated discs made of plasma nitration were
performed in Mht-2 micro hardness tester as
shown in Figure 1. Microhardness measurements
were measured as HV by applying a 100 g load
for 15 seconds with a diamond tip. The hardness
values measured in Table 2 are given.

Figure 1. Mht-2 microhardness measuring
devices.

Table 2. The measured hardness values.

. Hardness

Material value
AISI 316 L 320 HV,
Ti-6Al-4V 350 HV;
Nitrided 316L 1014 HVj,
TiN coated 316 L 2500 HVo,1
CrN/TiN coated 316 L 2850 HV 1

Ball 64-66 HRc
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The PVD coated disc was cut as shown in Figure
2 to measure the thickness of the samples.

A\

Figure 2. Example of disc cut to measure
thickness.

Preparation of samples for the experiment

After the test samples and abrasive balls were
cleaned with ethanol, they were dried for 15
minutes in the drying oven as shown in Figure 3
and pre-test weights were determined with a 10
g weight scale. The weighed samples were
subjected to abrasion in the ball-disc test
apparatus under dry and sodium hyaluronate
fluid conditions. After the test, the samples were
cleaned and weighed by ethanol and the wear
losses were determined. Wear rates were
calculated depending on the wear losses. Wear
tests were carried out at room temperature and
under normal atmosphere. The abrasion marks
on the disc were examined at 100x, 250x and
400x magnification. All experiments were
repeated three times and averaged.

a)
Figure 3. a) Drying oven, b) Weighing
machine.

The ball on disc test device is driven by a 2.2
kW and 1400 rpm motor and the disc is rotated.
The device consists of a 2.2 kw AC motor, 2.2
kW speed adjuster, a disk, support arm, clamp
mechanism, table, slide mechanism, weighting
apparatus, variable weights, load cell data
transfer card. Squirrel data logger with versatile,
general purpose, 8 analog inputs is used for

friction coefficient and temperature
measurement. Using the Squirrel View interface
program, 10 values are read and recorded per
second. Figure 4 shows the ball-disc test device.

AR Temperature sensor

Figure 4. Ball on disc test device.

After the work in dry environment was finished,
0.5 liters of sodium hyaluronate liquid was
added to the system by adding the tank seen in
Figure 5 and the experiments in the liquid
medium were also carried out.

Load
compartment

Liquid tank
Figure 5. Ball-disk test device; Working with
sodium hyaluronate fluid.

Scanning Electron Microscope(SEM) images

Appropriate samples were cut in the cutting
machine to take images from the section and
measure the thickness of the coating. The
surfaces of the horizontal sander were cleaned
and etched with pure alcohol and then examined
by a metal microscope at a magnification of
600X (Figure 6). Then, images and coating
thicknesses from the section were made by
SEM. In Figure 6, the hardness thicknesses were
found to be 10 um on the nitrided disc, 2.5 um
on the TIN coated disc and 4 um on the
CrN/TiN coated disc.
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a)

Figure 6. SEM image a) TiN coated, b)
Nitrided, ¢) CrN/TiN coated.

b)
Figure 7. SEM image a) TiN coated, b)
Nitrided, c) CrN/TiN coated.

Experimental Results

Wear quantities for ball and disc

Table 3 shows the wear rates on discs that are
subject to wear with a 100Cr6 bearing ball.
When we examine the table, it is seen that the
highest abrasion rate in the uncoated 316 L
sample was the highest abrasion rate. The
highest hardness value of CrN/TiN coated 316 L
sample was observed. When we examine Table
3, it is seen that the highest abrasion value of the

most abrasion was observed in the uncoated 316
L sample with the lowest hardness value (320
HV), and the highest hardness value of CrN/TiN
coated 316 L sample was observed. Again in
nitrided and TiN coated samples, it is seen that
the abrasions are very low compared to both the
uncoated 316 L and the uncoated Ti-6Al-4V
material. The reason for the improvement of the
abrasion resistance is the formation of many
hard phases together with the coating, the
reduction of the particle size, the high
dislocation density and the interlocking of the
dislocations [21]. When the amount of abrasion

| in the coated samples is examined, it is seen that,

according to the uncoated 316 L sample,

§ approximately 50% less wear is observed in the

nitrided samples, 70% in the TiN coated samples
and 85% in the CrN/TiN coated samples. Again,
compared to the uncoated Ti-6Al-4V sample, it
is seen that the nitrided 316 L sample provides
about 18% -20%, the TiN-coated 316 L sample
gives about 35% -40% and the CrN/TiN coated
sample gives about 60-65% advantage. Table 3
shows that the amount of wear occurring on the
discs is between 20% and 50% lower than the
dry environment.

The highest abrasion rate is seen in the uncoated
316 L samples in the coated samples with the
thickness of the coating is observed to decrease
the wear rate. This reduction in the wear rate can
be explained by the resistance of the hard layer
against abrasion. Again, the increase of the
coating thickness interlocked with the hard
layers and reduced the wear resistance, which
resulted in the lowest wear rate of CrN/TiN
coating [16].

Table 3. For disk; shear rate and abrasion rates according to the applied force. [Wear rate X 10°
(mm3Nm™)].

1m/s 1,5m/s 2ml/s
Experimental samples L] N - 10 N - L N - £ N - 10 N - L N -
Dry Liquid Dry Liquid Dry Liquid Dry Liquid Dry Liquid Dry Liquid

AISI 316 L 33 25 36 29 35 28 38 30 38 32 40 30
Ti-6Al-4V 23 17 27 22 20 15 21 17 20 15 22 16
Nitrided 316L 14 10 15 11 10 7 11 8 10 8 10
TiN coated 316 L 10 7 12 8 9 5 10
CrN/ TiN coated 316 L 7 4 8 4 7 2 8
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As the effect of the force is increased in Table 4, amount of abrasion in all tests has decreased
the abrasion rate in the ball increases for all with the effect of film formed by liquid. It is
shear speeds and for all discs. This is due to the seen that the liquid has an advantage between
increase of the load and the increase of the 25% and 35% in terms of the amount of wear of
contact surface of the two materials. The wear the ball.

rate increased steadily with the uncoated 316 L It is seen that the abrasion rate increases as the
sample as the slip speed increased, but increased abrasion force increases in all coatings. It is
for a while, but then decreased for other seen that the coated discs are more erosive than
samples. This is due to the fact that the the uncoated discs and the most abrasion is
materials with high chemical stability do not carried out by the CrN / TiN coated 316 L
adhere to the surface of the abraded material sample. This is believed to result from increased
and have a lubricity characteristic. The highest surface hardness of the discs. It is seen that
abrasion on the ball is the highest measured sodium hyaluronate fluid added to the medium
(2850 HV) CrN/TiN coating, and as the reduces the wear rate on the balls according to
hardness of the discs, the amount of wear on the the dry environment due to the film layer
ball decreases. Again in the same table, the formed between the disc and the ball.

Table 4. For ball; shear rate and abrasion rates according to the applied force. [Wear rate X 10
(mm3Nm™)].

1mis 1,5m/s 2m/s
. 75N 10N 75N 10N 75N 10N
Experimental samples — — — — — —
Dry Liquid Dry Liquid Dry Liquid Dry Liquid Dry Liquid Dry Liquid
AISI 316 L 4 3 7 5 4 3 5 3 2 1 3 1
Ti-6Al-4V 5 4 8 6 5 3 6 4 3 2 3 2
Nitrided 316L 8 6 10 7 6 5 8 5 6 5 6 4
TiN coated 316 L 11 8 12 9 8 5 9 5 8 6 10 7
CrN/TiN coated 316 L 14 10 16 12 9 7 12 10 11 9 13 10
Examination of temperature change medium 20,85 °C and in CrN/TiN coated 316 L

sample in dry medium 24.10 °C in liquid
medium and 20.65 °C. In the light of this
information, the temperature of CrN/TiN coating
was found to decrease by 11%, while sodium
hyaluronate fluid added to the environment
For the shear rate of 1 m/s in Figure 8, for the decreased the temperature by 18% -22%.

shear rate of 1.5 m/s in Figure 9 and for the

shear rate of 2 m/s in Figure 10; The effects of

the coatings on the dry and liquid medium Average temperature for the shear rate of 1.5
temperature are shown under 7.5 N load. It is m/s; Uncoated 316 L sample, dry medium 26,15
observed that the surface temperature decreases °C, liquid medium 20,10 °C, nitrated 316 L
with the coatings. This is related to reduced sample, dry medium 25,45 °C, liquid medium
surface roughness and reduced abrasive wear 23,15 °C and CrN/TiN coated 316 L sample, dry
resulting in reduced particles. In addition, the medium 24, 35 °C and 23.45 °C in liquid
temperature distribution of TiN coatings has also  medium. In the light of this information, it is
been found to reduce the temperature. seen that CrN/TIN coating reduces the
temperature by 9% and the addition of sodium
hyaluronate liquid by 15-20%.

The temperature values recorded by the
computer system and measured instantly by the
help of sensors in the ball on disc system were
compared according to the sliding distance.

Average temperature for the shear rate of 1 m/s;
in uncoated 316 L sample, dry medium 27,15
°C, in liquid medium 21,25 °C, in nitrated 316 L
sample, in dry medium 25,3 °C, in liquid
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Figure 8. Effect of the sliding distance on the dry and liquid wear environment under 7.5 N load at
a shear rate of 1 m/s; a) Uncoated 316 L b) nitrided 316 L, c) CrN/TiN coated 316 L ( == : Dry,

= : Liquid).
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Figure 9. Effect of the sliding distance on the dry and liquid wear environment under 7.5 N load at
a shear rate of 1.5 m/s; a) Uncoated 316 L b) nitrided 316 L, c) CrN/TiN coated 316 L ( = :
Dry, = : Liquid).
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dry medium 26 oC and 21 °C in liquid medium.
In the light of this information, it is seen that
CrN/TiN coating reduces the temperature by 9%
and the addition of sodium hyaluronate liquid by

15% - 20%.
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Figure 11. Effect of the sliding distance on the dry and liquid wear environment under 10 N load at
a shear rate of 1 m/s; a) Uncoated 316 L, b) Uncoated Ti-6Al-4V, c) Nitrided 316 L, d) CrN/TiN
coated 316 L ( === : Dry, == : Liquid).
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Figure 12. Effect of the sliding distance on the dry and liquid wear environment under 10 N load at
a shear rate of 1,5 m/s; a) Uncoated 316 L, b) Uncoated Ti-6Al-4V, c) Nitrided 316 L, d) CrN/TiN
coated 316 L ( == : Dry, = : Liquid).
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Figure 13. Effect of the sliding distance on the dry and liquid wear environment under 10 N load at
a shear rate of 2 m/s; a) Uncoated 316 L, b) Uncoated Ti-6Al-4V, c) Nitrided 316 L, d) CrN/TiN

coated 316 L ( =

When the figures were examined, it was seen
that the coatings contributed to the reduction of
the temperature at every load and shear rate and
this contribution was between 9% and 15%. In
addition, it was found that sodium hyaluronate
fluid also contributed 20%-30% to lower the
temperature.

SEM images reviews

Figure 14 and Figure 15 show SEM images of
wear marks on discs. In Figure 14 a) it is seen

,@ Signal A = SE1
E¥ wo=s5mm

EHT=2000KY 9= 500X
| Probe= 50pA

: Dry, == : Liquid).

that very intense abrasive abrasions occur in the
uncoated 316 L sample. It is seen that the ball
has caused abrasive abrasion in the uncoated
sample and formed wide wear channels. In
Figure 14 b) it is seen that the abrasions of
abrasive wear and wear channels in the nitrided
316 L sample decrease with increasing surface
quality. As shown in Figure 14 c), abrasive wear
was observed in CrN/TiN coated 316 L samples,
however, the resulting damage occurred at much
lower rates. As can be seen from the figures, the
wear marks on the samples with decreasing
surface hardness gradually decreased and the
wear marks were reduced to almost none.

Signal A = SE1

EHT=2000W o= 500X
WD = 85mm 50pA

I Probe =

c)

o P———
'S WO 48w

Figure 14. Wear marks on disc surfaces at 1.5 m/s shear rate and 7.5 N load,;
a) Uncoated 316 L, b) Nitrided 316 L, c) CrN/TiN coated 316L.

When Figure 15 is examined, As with Figure 14,
the abrasion marks on the samples with
increasing surface hardness decreased gradually
and the wear marks on the CrN/TiN coated 316

L samples, which were the most hard samples,
were reduced to almost none.
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Figure 15. Wear marks on disc surfaces at 2 m/s shear rate and 7.5 N load;

a) Uncoated 316 L, b) Nitrided 316 L, c) CrN/TiN coated 316L.
materials with high chemical stability do not
adhere to the surface of the abraded material and

Figure 14 and figure 15 together with the show their lubricity properties.

increase in the slip rate of wear marks appear to
tend to decrease. This is due to the fact that the

b} N
a)

Lo 3
~ . - - -

@ Signal A = SE1 EHT=2000KY  pag= 100X @ Signal A= SE1 EHT=2000KY  pag= 100 100 ym

N WD = 85mm IProbe = 50pA i =/ WD = 85 mm IProbe = 50pA —
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Figure 16. Wear marks on disc surfaces at 1.5 m/s shear rate and 10 N load; a) Uncoated 316 L, b)
Nitrided 316 L, ¢) CrN/TiN coated 316L.

Figure 16 shows SEM images of abrasion traces
on discs at a shear rate of 1.5 m/s and under 10
N load. As seen in the previous figures, there are
also traces of deep abrasive wear in the uncoated
316 L sample. In the nitrided sample, although
some abrasive abrasion is observed, it is seen
that the sample is very low compared to the
uncoated sample. In the CrN/TiN coated sample,
it can be clearly seen that abrasive abrasions
remain at the level of simple scratches. Nitrided
and CrN/TiN coated samples showed that
abrasive wear was reduced with increasing
surface hardness.

Conclusions

In this study; The abrasion performances of CrN
/ TiN coated, plasma nitrided and uncoated AlSI
316 L stainless steel with PVD - Cathodic Arc
method were investigated under liquid friction
operating conditions using dry and sodium
hyaluronate fluid in the Ball-Disc test apparatus.

Ti-6Al-4V  material is generally used in
biomaterials applications. However, this material
is difficult to supply and is also an expensive
material from an economic point of view. For all
these reasons, 316 L materials which be
economically more suitable for supply has been
used as test material. The test specimens made
from Ti-6Al-4V material were also tested under
the same conditions and the wear performances
were compared.

As a result, in the experiments performed
working conditions in the Ball-Disc test
apparatus;

1. If the 316 L samples are compared with
those of other samples by wear of the PVD
method, it is see the decrease the amounts
and ratios of abrasion and also It has been
found that the abrasive wear marks on the
surface of the samples decrease.

2. Sodium hyaluronate liquids have been
found to reduce the amount and ratio of
wear when compared to dry medium.

3. The 316 L samples coated with the PVD
method showed better wear performance
than the uncoated Ti-6Al-4V material.

4. Considering the density differences of
Ti6Al4V and 316L materials, 316L can be
used instead of Ti6Al4V material.

5. In the following studies, it is recommended
to make a comparison between Ti6AI4V
and 316 L under different conditions with
the tests to be performed with artificial body
fluid.
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