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Biocompatibility and characterization
of a Kolsterised” medical grade
cobalt-chromium-molybdenum alloy

Malcolm Caligari Conti', Andreas Karl?, Pierre Schembri Wismayer®, and Joseph Buhagiar'*

'Department of Metallurgy and Materials Engineering; University of Malta; Msida, Malta; 2Bodycote Hardiff GmbH; Landsberg, Germany;
3Department of Anatomy; University of Malta; Msida, Malta
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High failure rates of cobalt-chromium-molybdenum (Co-Cr-Mo) metal-on-metal hip prosthesis were reported by
various authors, probably due to the alloy’s limited hardness and tribological properties. This thus caused the popularity
of the alloy in metal-on-metal hip replacements to decrease due to its poor wear properties when compared with
other systems such as ceramic-on-ceramic. S-phase surface engineering has become an industry standard when citing
surface hardening of austenitic stainless steels. This hardening process allows the austenitic stainless steel to retain its
corrosion resistance, while at the same time also improving its hardness and wear resistance. By coupling S-phase surface
engineering, using the proprietary Kolsterising® treatment from Bodycote Hardiff GmbH, that is currently being used
mainly on stainless steel, with Co-Cr-Mo alloys, an improvement in hardness and tribological characteristics is predicted.
The objective of this paper is to analyze the biocompatibility of a Kolsterised® Co-Cr-Mo alloy, and to characterize the
material surface in order to show the advantages gained by using the Kolsterised® material relative to the original
untreated alloy, and other materials. This work has been performed on 3 fronts including: material characterization,
“in-vitro” corrosion testing, and biological testing conforming to BS EN ISO 10993-18:2009—Biological evaluation of
medical devices. Using these techniques, the Kolsterised® cobalt-chromium-molybdenum alloys were found to have good
biocompatibility and an augmented corrosion resistance when compared with the untreated alloy. The Kolsterised®
samples also showed a 150% increase in surface hardness over the untreated material thus predicting better wear

properties.

Introduction

Orthopedic applications to material science is increasingly
becoming one of the most important areas of research,
especially during the past 50 years “where materials intended
for biomedical purposes have evolved through three different
generations.”’ Materials used for making load-bearing implants
must be mechanically strong and have a high impact resistance.?
They must possess high resistance to corrosion and wear to
prevent weakening of the mechanical strength and the release
of potentially dangerous metallic ions or debris in the human
body. Importantly, implantable materials must exhibit natural
biocompatibility to minimize allergic immune reactions, which
could eventually compromise fixation of the implant and reduce
its load-bearing capacity.® Smith et al.* prove that current metal-
on-metal total hip replacements (THR) have poorer implant
survival in the medium term than other bearing surfaces. Other
authors® have also commented regarding the problems associated
with ion release from Co-Cr-Mo implants. Our hypothesis

*Correspondence to: Joseph Buhagiar; Email: joseph.p.buhagiar@um.edu.mt

suggests that by increasing the surface hardness of the alloy,
mimicking the properties of ceramic-on-ceramic systems, a lower
number of failures of metal-on-metal (MoM) hip replacements
will be reported.

Cobalt based MoM bearings were first used in 1938 and then
re-introduced in the 1950s and 1960s.° The implants during
this time period had very unstable survivability, but those which
survived showed very low wear. The second generation of Co alloy
MoM prosthesis were re-introduced in the early 1990s. These
prosthesis performed well and had lower wear than the previous
generation implants. The final, third generation implants, were
then designed with larger acetabular cups and femoral heads,
and word of their early success was widely accepted.® These days
however, Smith et al.* shed doubt on the actual survivability of
these third generation MoM implants. Pandit et al.” along with
other authors® claim that the wear particles from the bearing
surfaces of the implants lead to bone necrosis and bone loss.
The reason cited is because particles released from the hip
joint are absorbed into the cell through the cell membrane,
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and are addressed by lysosomes as cell debris. On contact with
these acidic lysosomes, particles corrode releasing high levels
of ions and toxic products, such as IL-6. IL-6 itself stimulates
osteoclast formation which then destroys the bone by removing
its mineralized matrix, thus leading to bone decay and eventual
loss.®?

By introducing a carbon diffusion layer into the surface
of the untreated sample while using parameters such that
sensitization does not occur; an increased surface hardness is
obtained while retaining/improving the corrosion resistance and
biocompatibility. This diffusion layer is often termed S-phase or
expanded austenite phase. It seems that only three studies exist
on the in-vitro biocompatibility of S-phase. Buhagiar et al.’’
and Bordji et al." use osteoblasts and test the biocompatibility
of S-phase produced on austenitic stainless steels. Martinesi
et al.'”> use human umbilical vein endothelial cell (HUVEC)
and peripheral blood mononuclear cells (PBMC) to carry out
in-vitro biocompatibility on S-phase produced on an austenitic
stainless steel. Marinesi et al.'* have shown that a significant
decrease in proliferation and an increase in apoptosis only in
the case when evaluating nitrided and oxidised (sequential)
samples. This was observed both on the HUVEC and PBMC
cell lines."

Buhagiar et al.' used the MC3T3-E1 cell line while Bordji
et al.' used primary human cells (osteoblasts and fibroblasts)
derived directly from patients during prosthetic operations.
Buhagiar et al.'® show excellent in-vitro biocompatibility
of S-phase formed by low temperature plasma-nitriding,
-carburising and -carbonitriding. They also manage to prove
that cell attachment on the treated samples is better than cell
attachment on the untreated samples. Reasons for this were
speculated to be the concentration of interstitial elements
present in the S-phase, which were therefore not present in the
untreated material.

On the other hand, Bordji et al."! comment that both the
osteoblast and fibroblast cells were shown to have given good
results, as regards to cell proliferation on nitrogen implanted and
carbon doped stainless steel surfaces. This is contrary to what
the same authors' observed when the surface of the stainless
steel was plasma nitrided at 410 °C. This treatment seemed to
be cytoincompatible to the cells being tested, especially when
considering (1) lack of cell attachment, which was evaluated by
considering the production of collagen I and (2) the decrease in
cell viability after day 6."

In general all three studies have shown encouraging results
as to the cytocompatibility of S-phase produced on austenitic
stainless steel. The biocompatibility of Co-Cr and Co-Cr-Mo
alloys was often evaluated by other authors, and this was
found to be satisfactory."*'* However, the biocompatibility and
cytocompatibility of S-phase on Co-Cr-Mo alloys has never
been investigated and for this reason forms part of the aim of
the present work.

Kolsterising® is a surface treatment process which induces
S-phase in stainless steel parts. This paper aims to apply
Kolsterising® to Co-Cr-Mo alloys, in order to induce a similar
S-phase layer. This layer would then be analyzed in order to
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characterize the: surface hardness, thickness, composition,
phase, corrosion resistance and cytocompatibility.

Results

Mechanical properties

Figure 1 shows scanning electron microscope (SEM) images
of the etched cross section, of the Kolsterised® ESR (Electro Slag
Remelted) sample. An S-phase layer is present, where an un-etched
region is present in the first 14 pm from the surface. The failure
of the grains to etch in this region gives a good indication of the
high corrosion resistance of the S-phase. In Figure 1 dark areas
are present toward the surface of the S-phase, i.e., within the first
5 pm. The S-phase in this region can be seen to have etched more
than the rest of the remaining S-phase.

A glow discharge optical emission spectroscopy (GDOES)
profile, can be seen in Figure 2. The depth of the S-phase layer,
as produced by cross-sectional imaging, is approximately 39%
greater than that which is suggested by the carbon depth profile
in Figure 2, which shows that beyond 10 pm below the surface,
the amount of carbon is reduced to 0%. The maximum carbon
lies at 25 at% (6 wt%) at the surface, and the total amount of
carbon dissolved in the material is 2.6 g/m?.

Figure 3 shows that the micro hardness of the untreated
material remains nearly constant. On the other hand, on the
Kolsterised® samples; as the load increases the hardness decreases.
For the Kolsterised® samples, at 0.2 kgf the hardness decreased
drastically, and continued to do so till a load of 1 kgf was applied.
The hardness of the Kolsterised® samples however never reached
the level of the untreated sample, meaning that the Kolsterised®
sample always remained harder, regardless at what force the
surface was indented.

Surface nano indentation at loads from 1 mN to 50 mN are
presented in Figure 4. As can be seen, the maximum value of
hardness obtained from BS EN ISO 14577-4:2007: Metallic
materials—Instrumented indentation test for hardness and materials
parameters was achieved at a load of 12.45 mN indentation force,
where the graph produces a hardness peak. Figure 5 shows the
nano hardness results when the samples were indented at the
surface. The hardness of the Kolsterised® alloy at each load is
significantly higher than the hardness of the untreated alloy
at the same load. At each load, the micromelt sample is always
significantly harder than the ESR sample. This difference is also
reflected in the treated samples when indented at a load below
200 mN. When the samples are indented at a load of 12.45 mN,
the average hardness is significantly larger than the hardness
reported at any other load. This result was expected, since as can
be seen in Figure 4 at a load of 12.45 mN, a peak is given for the
hardness obtained from nano indentation.

Preliminary tribocorrosion testing has given promising
results with regards to corrosion-wear. These results, which are
not within the scope of this paper, correlate very well with the
hardness and corrosion results presented in this paper.

XRD analysis (Fig. 6) shows that all the peaks have shifted
toward lower angles, showing a lattice expansion has taken
place in accordance with Bragg’s Law. It can be observed that
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which resides the etched substrate Co-Cr-Mo alloy.

Figure 1. In-lens SEM image of etched S-phase layer, showing mild etching close to the surface in the first 14 pm of the sample cross section, below

the Hexagonal Close Packed (HCP) phase has completely been
replaced by FCC phase in the Kolsterised® material XRD plots.
This can be deduced from the absence of HCP peaks. Several
peaks, most probably associated with carbides, can be also seen
between 26 of 42° and 47°.

Corrosion behavior

Figure 7 shows the OCP plots of the Kolsterised® and
untreated samples. In the latter mentioned figure, it can be seen
that in both plots the OCP rises gently and then retains a quasi
constant value. At certain points, the voltage dips and then is
restored to the “voltage trend.”

The potentiodynamic curves for the ESR and Kolsterised®
ESR samples, when exposed to Ringer’s Solution, were plotted
and can be seen in Figure 8. The current then continues to rise
gently in the passive region till it reaches a potential of 750 mV,
when abruptly, the current increases drastically and the material
enters the transpassive region. Interestingly, the material never
attains a stable current value in the passive region, but rises at
a quasi constant gradient throughout the region. No metastable
pits could be observed in the Kolsterised® material, even though
3 metastable pitting events were noticed in one repeat of the
potentiodynamic scan on the ESR untreated sample. Once again
the current in the passive region rises gently but with a steeper
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gradient compared with the untreated material. At a potential
of 750 to 800 mV, a change in the gradient of the slope can be
observed, as the material once again passes from the passive to
the transpassive region. The change in gradient is however less
pronounced than in the untreated material.

Figure 8 shows the most representative plots of the untreated
and Kolsterised® samples plotted on the same axis. From Figure 8
it can immediately be deduced that throughout the scanning
potential, the current density of the Kolsterised® material is
significantly lower than that of the untreated material. This
is especially true within the passive region up to a voltage of
approximately 400 mV/SCE. At this point, the current of the
treated material becomes nearly equivalent to that of the untreated
material, although at every point this remains slightly lower.

Another difference which can be noticed, is the open circuit
potential (OCP) of the Kolsterised® and untreated Co-Cr-Mo
alloy. The Kolsterised® Co-Cr-Mo has a much higher OCP than
the untreated material. This can be confirmed by the OCP plots
for the same two materials shown in Figure 7.

A number of interesting features were observed in the
potentiodynamic scan plot for the Kolsterised® sample shown in
Figure 8. When the potentiodynamic scan was stopped at each of
these features, and the sample surface examined, it was noticed
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that; as the potential increased, the sample surface became etched
to higher degrees. This can be represented graphically as shown
in Figure 9.

Plotting the current against the potential over a very small
range + 5.5 x 10° A/cm? about the 0 A/cm? current density,
produces a linear plot, the gradient of which is known as the
polarization resistance. The polarization resistance of the
untreated and Kolsterised® plots are shown in Table 1. One
can immediately notice that the polarization resistance for the
untreated ESR sample is significantly lower than the polarization
resistance for the Kolsterised® ESR sample.

The polarization resistance along with the gradient of the
tafel slopes can then be used to determine the actual corrosion
current (i ). The corrosion current was then calculated using
Equation 1 as per standard: ASTM G102-89: Standard Practice
Jfor Calculation of Corrosion Rates and Related Information from
electrochemical measurements.

i, = _ bb Equation 1
2.303R (b, +b,)

where: R is the Polarization Resistance, b_and b_ are the
gradients of the anodic and cathodic  tafel  slopes
respectively.

This current is equivalent to the current achieved in Ringer’s
solution when no potential is applied to the material. The
current signifies the number of metal ions being released into the
solution when the material is exposed to full strength Ringer’s
solution at 37 °C. Thus a higher current would reflect a higher
corrosion rate. The corrosion current was determined for the
untreated and Kolsterised® ESR sample which can be seen stated
in Table 1. The Kolsterised® ESR sample has a much lower i
when compared with the untreated material and therefore loses
approximately half as much ions per unit time when exposed to
Ringer’s solution at 37 °C.

Cytocompatibility using a human fetal osteoblast cell line

The results from XTT testing in Figure 10, shows that the
number of cells increases with incubation time with all the
materials tested. The only exception to the rule is the Thermanox®
coverslips on the third and fourth days in which a drop in “cell
count” can be seen.

When testing using human fetal osteoblasts (Fig. 10),
the number of cells increases in a very similar fashion in the
Kolsterised® and untreated material. On the other hand the
Thermanox® gives a spike on the second day and then, the cell
metabolic rate decreases on the third and fourth day.

Discussion

Effect of Kolsterising® on the mechanical aspects of a
Co-Cr-Mo alloy

Both the SEM cross-sectional image in Figure 1 and the
GDOES plot in Figure 2 show that the thickness of the S-phase
layer produced is thinner than 15 pm. This thickness is quite
thin when compared with other carbon S-phase layers produced
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Figure 2. GDOES result showing the carbon at% (left axis) and the
carbon wt% (right axis) against depth from the surface (depth = 0 um)
through the S-phase and the substrate.

by low temperature plasma carburising on stainless steels. On
stainless steels, conventional low temperature plasma carburising
techniques give a maximum S-phase thickness of up to 50 pm"
while Kolsterising® (K33) guarantees a diffusion depth of 33 pm
when applied on 316LVM stainless steel. This implies that the
S-phase produced on the ASTM F1537 alloy makes up for less than
half that produced on the stainless steel. However, this result was
expected, since the low temperature plasma carburising treatment
performed by Li et al.' on a similar Co-Cr-Mo alloy only yielded
an 8 pm thickness of S-phase. This difference in response can be
actributed to the two main differences in composition: Cobalt
and Nickel. Cobalt-based alloys as their name suggest have a
matrix composed of Cobalt and this could be a primary reason
for this difference. The lack of Ni in the ASTM F1537 alloy may
also have played an important role in determining the thickness
of the S-phase produced, since as observed by Buhagiar et al."”
and Formosa et al.,’ Ni-free stainless steels tend to produce a
thinner S-phase layer than their Ni-containing counterparts.
The carbon depth profile shown in Figure 2 resembles that
obtained by Li et al.' in that; it has no plateau toward the
surface and that it is a quasi linear plot to a carbon concentration
equivalent to that found in the alloy. This profile is similar to
models by Galdikas et al.” who model the diffusion of nitrogen
into the S-phase layer under the influence of internal stresses, and
thus considering a non-Fickian model. This may thus suggest
that even in the S-phase produced in Co-Cr-Mo alloys by
Kolsterising®, the method by which the carbon diffuses through

20 is determined

the S-phase, in order to occupy the interstitial sites
by a non-Fickian law, and is helped by internal residual stresses
in the Co-Cr-Mo alloy created by the S-phase itself. The initial
carbon concentration is shown to be approximately 4 wt% for
the S-phase produced by Li et al.,' and this therefore differs from
the 7 wt% carbon for the S-phase produced by Kolsterising® in
Figure 2. In comparison, stainless steels have a surface carbon
atomic percentage of approximately 12 at%,?' whereas the
Kolsterised Co-Cr-Mo has shown a surface carbon concentration
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of close to 25 at%. Both values are above the
equilibrium carbon content which could be taken up
1162122 a5 expected
in the formation of S-phase. The interstitial carbon

by their respective substrate materia

uptake lies at 2.6 g/m? which is very close to the
interstitial carbon uptake for Ni-free stainless steels
(3 g/m?) reported by Buhagiar et al.”

Glancing angle XRD is a final confirmation that
the S-phase is in-fact present on the sample. The
peak shift signifies an expansion of the FCC matrix,
which is brought about through diffusion of the
carbon atom into the surface during the Kolsterising®
process. As with low temperature plasma carburising
of stainless steels, the (200)y peak has shifted more
than the (111)y peak.? This once again suggests that
the diffusion of carbon into a grain which has its
[100] direction parallel to the surface is greater than
any other orientation.?** As suggested by Borgioli
et al.,”® the abnormal (200)y peak shift may also be
due to a high stacking fault density. The HCP & peaks
present in the untreated XRD data plot are not further
present in the XRD data plots for the Kolsterised®
ESR and micromelt samples. This was expected since
the carbon introduced into the S-phase acts as a FCC
stabilizer.?”’

Figure 5 shows the major benefit which is gained
when a Co-Cr-Mo alloy is Kolsterised®, i.e., the gain
in surface hardness, which can be seen to rise from
a mere 5.5 GPa to 14.2 GPa for the ESR sample and
from 5.8 GPa to 15.2 GPa for the micromelt sample
at an indentation load of 50 mN. A rise in hardness is
also recorded for low temperature plasma carburised
stainless steels by Garcia Molleja et al.?® using similar
nano testing equipment.

Effect of Kolsterising® on the corrosion resistance
of the Co-Cr-Mo alloy

As described in Figure 7 and 8; the OCP of the
Kolsterised® sample is higher than the OCP of the
untreated sample, and the current density of the
Kolsterised® sample is constantly lower than that of
the untreated sample as shown in Figure 8. Having
a higher OCP shows that the Kolsterised® sample
is more noble than the untreated sample making it
the more corrosion resistant alloy, in agreement with
similar results on low temperature plasma carburised
austenitic stainless steels.!”!

Thelower current throughout the potentiodynamic
plot is also significant, since this indicates a lower
number of ions being released into the solution per
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Figure 3. Surface hardness of the untreated ESR sample, the treated ESR sample and
the treated micromelt sample when indented using a microhardness tester at differ-
ent loads ranging from 0.1 kgf to 1 kgf. (n =10, P=0.99).
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Figure 4. Plot showing variation in nanohardness with indenter load and a maximum
hardness at a load of 12.45 mN for a Kolsterised® ESR sample.

The effects observed in Figure 9 are probably due to the

second, which thus implies a lower corrosion rate. The “bumps”
in the quasi-passive region are referred to by Pound® and are
related to two solid state oxidation reactions namely; Cr(III)
to Cr(IV) and Co(II) to Co(III), which release electrons into
the system, thus increasing the current artificially. This is then
followed by transpassive dissolution.*

www.landesbioscience.com

Biomatter

etching of the S-phase layer. Due to the fact that Co-Cr-Mo
does not form pits, but is rather characterized by transpassive
dissolution,®? it is probable that the grains are revealed by means
of etching through the potential applied along with the testing
solution. The untreated sample was seen to be unaffected by
the potentiodynamic corrosion testing, and no visible signs of
corrosion or etching could be seen on the surface. From Figure 9,
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one can also notice that no pitting has occurred even
when the biasing potential reached 1200 mV/SCE.

The polarization resistance for the Kolsterised®
material plotted in Table 1 is higher for the Kolsterised®
material than for the untreated material. This means
that the rise in current for the Kolsterised® material is
lower than the rise in current for the untreated material
for the same potential change. One can also notice that
the Kolsterised® alloy shows an OCP corrosion current
which is equal to half that of the untreated material.
Thus, at OCP, in Ringer’s solution, the number of ions
released by the Kolsterised® alloy is half that which is
released by the untreated alloy.

Effect of Kolsterising® on the biocompatibility of
the Co-Cr-Mo alloy

The rising trend in cell count numbers on all
three materials shown in Figure 10 shows that the
materials being tested are in fact cytocompatible. The
Kolsterised® micromelt samples behave very much like
the untreated micromelt samples, which thus shows
that the Kolsterised® samples are as cytocompatible
as the untreated samples. By reason, this implies that
the Kolsterised® samples, and thus the S-phase, have
and has retained the excellent cytocompatibility of the
untreated Co-Cr-Mo alloy.!*"

The trend on the Thermanox® positive control
displays extremely good biocompatibility during the
first two days. On the third and fourth day, the cell
numbers drop abruptly. This phenomenon is probably
due to over confluency of the cells within the same
well. Between day 2 to day 3, and then further on into
day 4, the cells multiplied in excess of what could be
supported by the medium, thus some cells moved into
the dormant state while others entered into a necrotic/
apoptotic state.

The methodological problems faced by Borji et al.,"!
in which the author recorded good proliferation but low
cell viability, have been rectified by the current methods
being used. Rather than using a haemocytometer, as
in the case with Borji et al."! to count the cells present
on the surface, the XTT method is based on cell
metabolism. This implies that the reading obtained
from XTT for the number of cells actually represents
the number of live, metabolically functioning cells.* It
is for this reason that the researcher can confirm that
from these preliminary results, the biocompatibility of
the Kolsterised® Co-Cr-Mo alloy is remarkably good.

Conclusions to the Discussion

Kolsterising® has enhanced the surface properties
of the untreated Co-Cr-Mo alloys by inducing a
carbon S-phase layer, which is thicker than carbon
S-phase layers developed by other methods on similar

Co-Cr-Mo alloys. The amount of carbon uptake, as in other
S-phase systems is much greater than the equilibrium carbon
content allowed to dissolve naturally in the Co-Cr-Mo alloy.
The Co-Cr-Mo S-phase was seen to be made up predominantly
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Figure 6. Grazing angle XRD scans of untreated ESR and Kolsterised” ESR and
Micromelt samples. Cu-Ka radiation (A = 0.154 nm).

from an expanded austenite structure with the HCP grains in
the untreated material being transformed into FCC. The main
advantages of Kolsterising® on Co-Cr-Mo include a very high
hardness at the surface of the material. This is nearly a 150%
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increase in the surface hardness of the untreated
material.

Improved corrosion resistance was obtained
due to increased nobility of the alloy, decreased
corrosion current (i ), decreased passivation
current and increased polarization resistance.

Kolsterised® Co-Cr-Mo alloys have also
retained the cytocompatibility of the untreated
alloy, thus providing for good cytotoxicity.

Materials and Methods

Two Co-Cr-Mo bars of different diameter
were purchased from L. Klein SA (htep://www.
kleinmetals.ch/steel/cobalt-bc-cobalt-chrome.
htm). Therodswerespecified asbeingin conformity
to standard ASTM F1537:2000 - Standard
Specification for Wrought Cobalt - 28Chromium -
6Molybdenum Alloys for Surgical Implants (UNS
R31537, UNS R31538, and UNS R31539). The
composition of the @ = 9.52 mm micromelt rod
was  0.04C-27.36Cr-0.03Ni-5.52Mo-0.18N-Bal.
Co (wt%), while that of the @ = 25.4 mm rod
was  0.05C-27.64Cr-0.07Ni-5.46Mo-0.17N-Bal.
Co (wt%). These samples will be referred to as
the micromelt sample and the ESR (electro slag
remelted) sample respectively throughout this
paper. Flat disks were wire cut from two rods of
diameter @ = 254 mm and @ = 9.52 mm to a
thickness of 7 mm and 3 mm respectively. The
micromelt and ESR disks were surface ground,
to remove the heat affected zone which developed
due to the wire cutting procedure, to a thickness
of 2 mm and 6 mm respectively by removing
0.5 mm of material from each surface. Surface
grinding was performed using a grade 60 silicon
carbide disk submerged in coolant (Mac Dermid,
Relubro GP10, http://industrial. macdermid.com/
ebooks/RelubroCoolants_Metal WorkingFluids/
data/search.xml). The disks were then ground
using 800 and 1200 grit silicon carbide paper
(Metprep, 139913 and 139915) and polished to
a final finish of 3 pm polycrystalline diamond
paste (Metprep, 154243) and a roughness (R)
of 0.01 pm. The samples were then Kolsterised®
at Bodycote Hardiff GmbH. Kolsterising® is
an S-phase forming, low temperature diffusion
process performed at a temperature below 500 °C
for several days at a very high carbon potential.*®
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Figure 7. OCP plots of Kolsterised” and untreated ESR material. Three repeatable plots are
shown for each sample.
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Figure 8. Potentiodynamic plots representative of the untreated and Kolsterised” ESR

samples. The:
sample.

se plots are the most representative from three repeatable plots for each

A cross section of the sample was etched using an electroetching
procedure with a stainless steel (AISI316) cathode. The etchant
used contained 100 mL, 37% HCl(aq) (Sigma Aldrich) with
0.5 mL, 30% H,0O,  (Sigma Aldrich). A voltage of 4V with
a limiting current of 0.75 A/cm? for 4.5 to 5 s were then used
to etch the sample. Composition depth profiling analysis was
performed using a LECO GDS-750 QDP Glow Discharge

www.landesbioscience.com
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Optical Emission Spectroscopy (GDOES). This was performed
to accurately measure the carbon content in the Kolsterised® ESR
sample, with respect to depth (um) in the surface of the sample.
Phase data was then obtained using Grazing angle XRD analysis
was performed using a X-ray diffractometer (Rigaku Ultima IV).
The parameters used were a scan range between 20° and 95°,
scan speed 0.8°/min and a step size of 0.05°.

tter e27713-7



showing etching to different degrees.

Figure 9. SEM images of Kolsterised” ESR sample stopped at (A) PD1 +500 mV, (B) PD2 +750 mV and (C) PD3 +1200 mV during potentiodynamic testing

Table 1. Comparison of polarization resistance and corrosion current for the Untreated and Kolsterised” samples.

Polarization Resistance (Rp) Errorin RP Corrosion Current (I ) Errorinl
Material
(mQcm?) (mQcm?) (A/cm?) (A/cm?)
Untreated 1.57x10° 5.57 x 10° 14.49x 10° 5.14x 10"
Kolsterised” 2.79x10° 8.94 x 10° 8.55x 10° 2.74x10M

Microhardness indentations were performed using a
Multitoyo MVK-H2 (Japan) with a Vickers hardness indentor.
Indentations were made on the surface at loads varying from 0.1
kgf to 1 kgf on an untreated ESR sample, a Kolsterised® ESR
Sample and a Kolsterised® micromelt sample. Ten hardness
readings were taken at each load on the different samples. Nano
hardness indentations were performed using a Nano Hardness
P3 platform (Micromaterials, UK) with a Berkovich indentor.
Indentations were made on the surface of the material at loads
varying from 1 mN to 50 mN, in order to determine the load
at which the material gives maximum hardness in accordance
with BS EN ISO 14577: 2007 - Metallic materials - Instrumented
indentation test for hardness and materials parameters parts 1 to 4.

e27713-8
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This standard was adapted for use with diffusion coatings,
by effectively treating the S-phase as a very thick coating layer.
Indentations were then made at the load of 12.45 mN, which gave
maximum hardness, and at loads of 50 mN, 100 mN and 200
mN respectively, which gave a quasi-plateau hardness value at
each load.

Potentiodynamic testing was performed following BS EN ISO
17475:2008 - Corrosion of metals and alloys — Electrochemical
test methods — Guidelines for conducting potentiostatic and
potentiodynamic polarization measurements. The exposed working
electrode area was adjusted to 177 mm?. Ringer’s solution tablets
(LabM, LABI00Z, http://www.labm.com/products/ringers-
solution-(1-4-strength)-tablets/) were added to de-ionised water

Volume 4
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Scientific, 150067, http://www.thermoscientific.
com/ecomm/servlet/productsdetail _11152 _
L10872_82235_11953124_-1), positive
control samples in this experiment, were punched to
a diameter of 9.52 mm and sterlised in 70% ethanol
under UV light. Both the Thermanox® and the metal
were then placed in 48 well plates (Life Technologies,
Greiner Bio-One, 677180, http://www.greinerbioone.
com/en/row/articles/catalogue/articles/36_11/)

used as

using sterile tweezers.

One milliliter of cell suspension (70000 cells/mL)
was added to each well, except the ‘blank’ wells. The
remaining wells were filled with sterile water in order to
reduce evaporation. The “blank” wells were filled with
complete medium with no cells as a negative control.
The well plates were then placed in the incubator, and
incubated for 1, 2, 3, and 4 days respectively. After
each time period, a well plate set was removed from

the incubator, while the others were left to continue
the incubation period. Five of the Thermanox®

90% confidence interval).

Figure 10. XTT results for human fetal osteoblast cell line on the Kolsterised®
micromelt, untreated micromelt and Thermanox” samples. (Average of 10 samples,

coverslips were then removed from the well plate and
discarded. New complete medium was then added

with a conductivity of 0.082 pS/cm in order to get a corrosion
electrolyte of the following concentration: 9 g/L NaCl, 0.42
g/L KCl, 0.48 g/L CaCl and 0.2 g/l NaHCO,. A potentiostat
(Gamry Reference 600, USA) was then used to carry out the
measurement. The solution of degassed for 1 h using nitrogen gas
at a flow rate of 2.5 L/min This was followed by the monitoring
of the open circuit potential for another 1 h. At termination of the
OCP test a potentiodynamic test which was performed between
a voltage of -100 mV vs OCP and 1200 mV vs. V,  at a scan
rate of 0.17 mV/s. The test was repeated until 3 overlapping plots
were obtained for each of the Kolsterised® and untreated samples.
After all the repeats had been obtained, certain features on the
potentiodynamic scan were noted. The potentials at which these
interesting features were recorded were then used in a subsequent
experiment, where similar samples were tested and stopped at
those particular potentials, namely 500 mV, 1000 mV and 1200
mV. These samples were subsequently transferred to a Scanning
Electron Microscope (Zeiss Merlin) for imaging.

XTT testing was performed on hFOB 1.19 (LGC Ldd., UK,
via ATCC, CRL-11372, http://www.lgcstandards-atcc.org/
products/all/CRL-11372.aspx?geo_country=mt) human fetal
osseoblasts. hFOB 1.19 cells were cultured in T75 flasks (Life
Technologies, Greiner Bio One, http://us.gbo.com/bioscience/
documents/flyers/243_cellcoat%20collagen%20type%20i.pdf)
and grown to approximately 90% confluency. At this point the
cells were tripsinised using Tyripsin with 10% EDTA (EDTA)
(Life Technologies Gibco, http://www.lifetechnologies.com/
order/catalog/product/15090046). The cells were then counted
using a haemocytometer and diluted to a concentration of 70000
cells per mL of medium.

The untreated and Kolsterised® micromelt disks were autoclaved
to ensure sterility. The Nunc® Thermanox® coverslips (Thermo

www.landesbioscience.com
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to each well vacated of the Thermanox® coverslips.
At this point 2 mL of 2,3-Bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT) at
a concentration of 1 mg XTT per mL of PBS (Sigma Aldrich,
TOX2 SIGMA) was added to 35 pL of PMS (concentration: 1.55
mg of PMS per mL of PBS) and 8 mL of complete medium. 200
pL of this solution was then added to each well and the well plates
incubated for 2 h. After incubation, the well plates were placed
on a plate shaker (Eppendorf Thermomixer Comfort) and mixed
for 5 min at 300 rpm and 21 °C. 300 pL from each well was
then taken and transferred to a 96 well plate (Life Technologies,
Greiner Bio-One, 650180, http://www.greinerbioone.com/en/
row/articles/catalogue/articles/37_11/). The 96 well plate was
then placed in an Elisa plate reader (Biotek Instruments), and
absorbance was read at 450 to 630 nm wavelengths. The average
absorbance of the well from which the Thermanox® coverslips
were extracted was then computed and subtracted from the value
of absorbance given by each well. This ensured that the number
of cells, presented in the results graph, was reflective of those cells
which adhered to the surface of the experimental article, and did
not include those which attached to the walls of the well.

All research within this study has been done in-vitro. No
section or portion of the work has yet been tested in vivo. This
thus allows the work to conform to the ethical principles presented
in the Helsinki Declaration of 1975, placing the patient’s health
in topmost priority, by performing initial testing on in-vitro
specimen.
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