Figure 67 Albumin OCP a-C:H at x500 magnification

For the a-C:H coating (Figure 76), it was not possible to find the wear track,
therefore an image of the surface was taken in order to see the deposition of
the electrolyte.

Figure 68 Albumin OCP ta-C at x200 and x1000 magnification

In the ta-C case (Figure 77), the wear track was also not possible to find and
centred images were taken. Here there are holes that could be either pitting
corrosion or porosity of the coating.
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e Anodic Potential

Figure 69 Wear Track Albumin +0.3V CoCrMo at x200, x1000 and x5000 maghnification

For the un-coated sample (Figure 78), the wear is as expected, high, it can be
seen abrasion along the rubbing direction as well as flakes at higher
magnification denoting adhesion wear.

For the a-C:H coating (Figure 79), it was not possible again to find the wear
track that is why images of the centre of the surface were taken to see the
deposition of the electrolyte.

Figure 70 Albumin +0.3V a-C:H at x200 and x500 magnification
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For the tetragonal coating (Figure 80), again it was not possible to find the wear
track, therefore images of the centre of the surface were taken to see how the
electrolyte gets attached.

Figure 71 Albumin +0.3V ta-C at x100 and x500 magnification
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4.6. HARDNESS VICKERS

After the tribocorrosion tests, hardness tests were done. On each sample, it
was measured the hardness 3 times outside and inside the wear track and
calculated the average value.

Some of the samples were impossible to find the wear track due to its small
size, therefore there are empty gaps.

For the second batch of samples, the test was done at 0.1N and the HV was
1000 (inside and outside of the wear track) but then it was done at 0.3N
(outside) and obtained 502.8 and 434.3 at 2N. Because of this discrepancy, the
tests were carried out at 0.1N same as the ones done before. The different
values could be because the indentation is able to go through the coating and
then the obtained value corresponds to the CoCrMo.

All the samples that were measured their hardness were tested before to
tribology or tribocorrosion experiments, therefore they will be gathered by the
test performed before, in order to see how the material behaves differently to
the test.
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Figure 72 Hardness Test for Dry Tested Samples

The expected results are an enhancement of the hardness inside the wear track
due to the plastic deformation of the material. Although, it did not happen as
expected in every sample.
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First of all, it is remarkable how the second batch of samples have double
hardness values than the first batch. This could be due to the thickness of the
coating but no evidence was observed during the hardness tests that could
show that the coating was broken and the values measured were the ones
belonging to the CoCrMo.

It is also interesting, this was expected to happen, that the doped coatings have
less hardness than the normal diamond like carbon coatings; and better in the
case of the Ti-doped than the Si-doped.

There are also some samples that the hypothesis of higher values inside the
wear track does not occur like the a-C:H, ta-C (from the first batch) and the Si-
doped. In the case of the non-doped samples one reason for this could be the
low wear which would not be strong enough to enhance the material. For the Si-
doped, this theory does not fit since there was considerable abrasion in the
wear track.

The un-coated samples is the best example of this behaviour, because its
hardness increases in a proportion of 1,75.

v" NaCl Electrolyte, OCP Potential
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Figure 73 Hardness Test for NaCl Electrolyte under OCP Potential Tribocorrosion Test

Several things before analysing the results; the Ti-doped wasn’t tested due to
lack of samples and the a-C:H (6um) coating does not have values inside the
wear track because it was not possible to find the wear track due to its small
size.
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In this case (Figure 78), the expected behaviour was better fulfilled and inside
the wear track the material was enhanced due to plastic deformation.

The un-coated sample increases its hardness inside the wear track, compared
to the dry test, this fits with the theory that the corrosion plus the tribology does
not occur independently but they increase their rate.

Same for the a-C:H and the ta-C coatings, which would confirm that in the dry
test the wear was so little that it didn’t enhance the material but in this case
where the COF was almost double, it does.

v NaCl Electrolyte, Anodic Potential
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Figure 74 Hardness Test for NaCl Electrolyte under +0.3V Potential Tribocorrosion Test

From this point, only samples belonging to the first batch will be shown since
the other ones weren’t tested due to a lack of time. Besides, in this case, the a-
C:H sample does not have a hardness value inside the wear track, again,
because it was not possible to find it.

Little things can be said about this experiment, it shows practically the same
results as the open circuit test. Which is at the same time something good,
because it shows that even though the test are carried out on the anodic region
of the material, the corrosion is not high and does not increase wear
mechanisms which would enhance the material but at the same time would
increase the volume loss.

v" PBS Electrolyte, OCP Potential
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Figure 75 Hardness Test for PBS Electrolyte under OCP Potential Tribocorrosion Test

Again, non-possible to find the a-C:H wear track to measure the hardness
value.

Higher values of the hardness outside the wear track which could mean that
both inside and outside the enhance has been increased, but there are not
proves of that.

The COF increased but the potential vs time plot cannot be used to figure out
the corrosion due to its poor electrical conductivity.

For the ta-C coating, the hardness inside and outside the wear track is barely
the same.

v" PBS Electrolyte, Anodic Potential
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Figure 76 Hardness Test for PBS Electrolyte under Anodic Potential Tribocorrosion Test
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Nothing remarkable about this results, which makes sense since PBS is just
NaCl with a stabilizer, just notice that the values at anodic potential are almost
the same as with OCP potential, has it happened with the NaCl electrolyte.

v" Albumin Electrolyte, OCP Potential
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Figure 77 Hardness Test for Albumin Electrolyte under OCP Potential Tribocorrosion Test

There is one interesting result here, the CoCrMo sample increases its hardness
outside the wear track, this could be due to the deposition of the albumin on the
surface of the sample. The rest of the values remain almost constant.

v Albumin Electrolyte, Anodic Potential
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Figure 78 Hardness Test for Albumin Electrolyte under Anodic Potential Tribocorrosion Test
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In this case (Figure 83), none of the DLC coatings wear tracks were possible to
find, the deposition of the albumin on the surface complicates it.

The un-coated sample its hardness outside of the wear track due to higher wear

caused by the anodic potential addition, which allows both the tribology and the
corrosion mechanisms work together.

For the other samples there are not remarkable differences.
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Figure 79 All Hardness Tests Together
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4.7 CONFOCAL MICROSCOPE

With the help of the confocal microscope, the size of the wear track was tried to
be measured, for the un-coated samples there wasn’t big problems at this point
but the wear track of the DLC coated samples was too small to be measured
with the microscope.

That’s why this method to analyse the results was worthless and there are no
results.
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5. DISCUSSION

¢ CORROSION

Factors that may influence the behaviour of DLC coatings are diverse, from the
electrolyte to the deposition method to create the coating and also the
parameters used to deposit the coatings.

Hydrogenated coatings show the best behaviour to corrosion, one of the
reasons presumably is the lower porosity that protects better the coating.

All the coatings have better corrosion resistance than the CoCrMo alloy and this
tendency appears with all the electrolytes. Thus, related to corrosion, the
improvement of DLC coatings is out of doubt, it is expected this improvement
due to the chemical inertness of the DLC.

Related to the electrolyte influence, the phosphate ions present in the PBS
solution tends to move the polarization curves, of all the samples, to more
anodic potentials; this behaviour was already observed with CoCrMo samples
[23] [24].

The effect of the albumin is a complex process, hard to predict, it is observed a
displacement of the polarization curves to more cathodic potentials, again for all
the samples; which was also observed for the CoCrMo alloy before [1] [2].
Besides, the passivation region gets shortened and in the active region for all
the samples there are peaks, presumably because a passivation layer is trying
to be made.

The effect of these displacements is higher in presence of proteins than
phosphate ions.

Different DLC coatings have similar OCP values, all of them better ones than
the un-coated sample; standing above the rest it is the hydrogenated coating
with better resistance to corrosion (lower current density).

Both ta-C and Ti-doped (PVC and PECVD) showed pitting on their surfaces
after the polarization curve test in presence of 0.9 WT% NacCl

e TRIBOLOGY

The outstanding properties of the DLC are present in the tribology tests; with
friction coefficients from 0.05(a-C:H PECVD ), though 0.10 (ta-C PVD) to 0.3 (a-
C:H PECVD).

The big differences are due to the high amount of characteristics that can
influence its behaviour.
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Being ta-C the hardest material (theoretically, hardness tests didn’t show this
results) due to its higher amount of sp® bonds, it has higher friction coefficient
than hydrogenated (PECVD), this could be due to the graphite debris formed
because of the wear that ‘lubricates’ the surface [25].

Hydrogenated DLC (PECVD) showed COF of 0.07 and 0.28, for the 0.07 the
beginning of the rubbing starts with higher values but after a period of time the
COF decreases to 0.07 this could be due to the formation of this graphite layer
that protects the surface. It is remarkable to say that it happens the same with
different thickness of a-C:H coatings (high values at the beginning followed by a
decrease).

The creation or not of this layer could be due to several factors such as the
deposition method, its characteristics (like bias voltage, pressure deposition,
etc.), hydrogen content, roughness, etc. More research on the creation of this
layer should be carried out.

Ti-a-C:H show variable values, from 0.1 to 0.02 (during the same test), which
are very good values, taking into account that it was expected to increase
considerably the COF. Actually it has better values than ta-C (PVD) coating.
Si-a-C:H coating shows the same variability as the a-C:H (PECVD) which
suggests that the formation of the protective layer is not always possible. If this
layer is not created then the improvement, compared to the CoCrMo alloy, is
negligible.

e TRIBOCORROSION

Under corrosion and tribology processes occurring at the same time, the
material whose response is better is the ta-C (PVD). It is going to be compared
gathering results by electrolyte.

¢ NaCl Electrolyte

For the OCP tests, comparing with the dry tests:

CoCrMo improves its COF from 0.45 to 0.35

a-C:H (PECVD, smallest thickness) goes from 0.05 to 0.11

ta-C (PVD) goes from 0.11 to 0.07

a-C:H (PECVD, 6um) goes from 0.07 (if the protective layer is created) to 0.18
a-C:H (PECVD, 17.4um) from 0.06 (if the protective layer is created to 0.21

Under tribocorrosion effects, responses are diverse, while CoCrMo and ta-C
improves their behaviour, the rest worsen it.

This could be because in presence of the electrolyte, the graphite debris
mentioned before is not able to form this protective layer, for the hydrogenated
coatings. In the case of the ta-C, the content of sp? bonds (related to graphite)
are lower that is why this protective layer was not created or not so strong in the
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dry tests and thus in presence of the electrolyte the missing of this layer is not
So decisive.

At the beginning of the tribocorrosion tests, it is observed higher values of COF,
it is normal that the statistic friction coefficient is higher than the dynamic but it
is important to control how the protective layer is created, otherwise the
improvement is negligible.

Si-doped tests have COF around 0.2, which is close to the results obtained for
the hydrogenated coatings created by PECVD, same as Ti-doped; thus the high
values of COF (compared to the other deposition methods) it is not clear if they
are that high due to the deposition method or the doped effect.

For the anodic tests, the results are almost the same obtained at OCP. It is
important to say that during this test the current measured was practically zero,
with three orders of magnitude lower in the case of a-C:H (PECVD) and one in
the case of ta-C (PVD) compared to the CoCrMo.

The measurement of the current density against the time was not very helpful
because the current does not show any effect when the rub starts, in opposition
to the CoCrMo tests.

e PBS Electrolyte

PBS solution gives more diverse results because of the phosphate ions that are
more unpredictable.

- For the OCP tests:

In the CoCrMo tests, where the NaCl is the electrolyte when the rubbing starts
the potential decreases until -0.3V with a COF of 0.35, in the PBS tests, the
potential goes to -0.25V or -0.4V and the COF increases until 0.47, with peaks
up to 0.6.

For the ta-C (PVD) and the a-C:H (PECVD) this worsen is not that obvious, the
ta-C COF remains almost steady (compared to NaCl electrolyte) while the a-
C:H has more problems to maintain the protective layer healthy, that is why
there are peaks up to 0.2 and other values of 0.1.

- For the anodic tests:

The difficulty to create a passive layer increases at anodic potentials, there are
peaks of 0.7 (COF) for the CoCrMo, the a-C:H (PECVD) shows also problems
to maintain this layer but if it does, the COF is below 0.1 and the ta-C increases
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its COF to 0.15, which could be due to its inability to create it, because of the
higher corrosion that and the rubbing that destroys or doesn’t allow its creation.

Again, the resistance to allow the current go through them, a-C:H and ta-C
coatings, is very high, having current values of almost zero.

e Albumin Electrolyte

The adsorption of the protein, present in the albumin solution, is very complex
that is why it is hard to predict and to understand.

- For the OCP tests:

CoCrMo COF decreases until 0.3 and the potential when rubbing starts
stabilizes at -0.4V, this decrease of the friction coefficient is because of the
adsorption of the protein that protects the surface.

The a-C:H (PECVD) has almost half the COF value of the CoCrMo while the ta-
C (PVD) has even lower.

It is remarkable than during this tests, ta-C showed the beginning of the
rubbing by decreasing its potential when it started, this is the only OCP DLC
test that did it.

- For the anodic tests:

The a-C:H (PECVD) and the ta-C (PVD) increase their COF while their current
is practically zero.

Analysing the hardness Vickers tests, un-coated sample has an increase of the
hardness inside the wear track due to the plastic deformation suffered during
the rub; by scanning electron microscope it is clear to see abrasion. This
behaviour can be observed for every single test, dry and in presence with the
electrolyte.

For the DLC coated samples, this fact is not so clear; no patterns are observed,
that is why it is not possible to say that one coating always suffers plastic
deformation besides there is the additional problem of finding the wear track to
analyse it, and because of that there is a lack of information at this point.

Hydrogen free coatings have clearer tendency at this point, in spite of being the
coating that worst behaves under dry tests (highest COF values), in presence of
an electrolyte it is the one that best behaves, with an enhancement of its
properties after the deformation.

78



6. CONCLUSION

A comparison between un-coated CoCrMo and coated, with different types of
DLC coatings and deposition methods, samples behaviour under tribocorrosion
environment were carried out in simulated body fluids. For this aim, polarization
curves, electrochemical and hardness tests were done, as well as scanning
electron microscope for analysing the results.

The outstanding properties of DLC coatings remain under tribocorrosion
processes, with remarkable differences between hydrogenated or not coatings,
or doped ones, apart from the deposition method, and all of them improve the
behaviour than the CoCrMo.

Tetragonal DLC coatings (PVD) show the best response, with friction
coefficients from 0.35 (CoCrMo, 0.9 WT% NaCl at OCP) to 0.0.7 (ta-C, 0.9
WT% NaCl at OCP) or 0.12 (ta-C, Albumin, anodic potential). This is because
either the sp* bonds or deposition method advantages, to tribocorrosion
processes, but it was impossible to compare different methods of deposition for
the tetragonal coatings.

Hydrogenated coatings show worse results than ta-C (PVD) but still a good
improvement compared to CoCrMo.

With worse response from thicker coatings; with friction coefficient, in 0.9 WT%
NaCl at OCP potential, of 0.35 (CoCrMo) 0.012 (a-C:H smallest thickness)
0.175 (a-C:H 6um thickness) and 0.23 (a-C:H 17um thickness).

Remembering that the one that show better results was deposited in a different
laboratory with different characteristics (same deposition method). That is why
the difference has to be the way it was deposited, characteristics like bias
voltage, pressure, etc. since no influence of the thickness has been observed
before, apart from the fact than a minimum thickness has to be created in order
to be able to form sp® bonds.

Doped a-C:H coatings with Ti and Si shows similar results but with higher
difficulties from the Si-doped coatings to form a protective layer, difficulties also
noticed at thicker a-C:H.

With all the results, to sum up, the tetragonal coatings deposited by PVD
method show the best behaviour under tribocorrosion processes; a-C:H
coatings show big differences depending on the characteristics of the deposition
method (being for all of them, PECVD) and this differences on the behaviour
were also observed with Ti and Si doped which could be due to the metal used
to dope or due to the characteristics as said before.
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