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Abstract Wear particles from the bearing surfaces of
joint implants are one of the main limiting factors for total
implant longevity. Si;N, is a potential wear resistant
alternative for total joint replacements. In this study, SixNy-
coatings were deposited on cobalt chromium-discs and
Si-wafers by a physical vapour deposition process. The
tribological properties, as well as surface appearance,
chemical composition, phase composition, structure and
hardness of these coatings were analysed. The coatings
were found to be amorphous or nanocrystalline, with a
hardness and coefficient of friction against Si;N4 similar to
that found for bulk Siz;N,4. The low wear rate of the coatings
indicates that they have a potential as bearing surfaces of
joint replacements. The adhesion to the substrates remains
to be improved.

1 Introduction

Total joint replacements have a longevity of about 15 years
[1]. Due to increasing numbers of younger patients
receiving implants and an aging population, implant lon-
gevity must increase to reduce the number of revisions.
Often, it is the wear particles produced rather than the
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material loss from the joint surfaces that become a limiting
factor. These wear particles may cause inflammation and
osteolysis which leads to degeneration of the bone and
eventually loosening of the implant [1-3].

The bearing surfaces of the total hip joint replacements
of today commonly consist of a cobalt chromium (CoCr)
head that slides against a ultra-high-molecular-weight
polyethylene (UHMWPE) liner. The wear particles pro-
duced in the system consist primarily of UHMWPE [4, 5].
Alternative material combinations are used to reduce par-
ticle generation, for example CoCr against CoCr or against
ceramic materials like alumina (Al,O3) and zirconia
(ZrO,). Also metal and ceramic particles have been shown
to cause osteolysis, however submicron UHMWPE—par-
ticles are considered the biologically most active debris [3].
For metal on metal prostheses, it has been demonstrated
that corrosion of metal wear particles increases the amount
of metal ions in the body. This is a cause for concern
considering Co and Cr ions are known carcinogens [6].
Ceramics, in general, are less prone to corrosion, have
lower wear rates and produce less wear particles [5, 7, 8].
However, a disadvantage of alumina and zirconia in
comparison to metals is that they are relatively brittle in
bulk form, which could lead to catastrophic failure in vivo.
Alternative ceramics that have shown potential include
silicon nitride (SizN4) which has a higher fracture tough-
ness than alumina and also has demonstrated superior
results in rolling contact fatigue tests [9, 10]. Previous
investigations have shown that silicon nitride dissolves in
phosphate buffered saline (PBS) and is predicted to dis-
solve in vivo [11]. Furthermore, the Si** ions that may be
extracted from Si3N,4 eventually excrete in the urine [12].
Tribological tests of silicon nitride sliding against silicon
nitride exhibit low wear and a low coefficient of friction in
water, PBS, or bovine serum solution [11, 13]. It has also
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been reported that silicon nitride dissolves in water during
friction, producing smooth surfaces under the tribochemi-
cal wear and leaving no solid wear particles behind [14].
Other authors claim that the wear particles that are pro-
duced when SizN, slides against Si;N, in water often
consists of silica (SiO,) and are mainly amorphous [13].

One advantage of ceramic coatings on metal substrates
is the good resistance to mechanical stresses offered by the
combination of a ductile substrate and a hard wear-resistant
surface. Ceramic coatings on metal substrates have there-
fore been suggested for the bearing components of joint
replacements, including coatings of titanium nitride (TiN),
diamond like carbon (DLC), chromium nitride (CrN),
chromium carbon nitride (CrCN) and zirconium oxide
(ZrO,) [15-18]. Deposition processes for silicon nitride
coatings for biomedical and other applications outside
human body have also been described [19-22]. These
processes include chemical vapour deposition (CVD) [20],
ion-assisted deposition (IAD) [23], plasma immersion ion
implantation and deposition (MPIID) [19], physical vapour
deposition (PVD) [21, 22] and plasma spray coating tech-
niques [24]. Each technique exhibits advantages and dis-
advantages, for example plasma sprayed coatings present
poor adhesion to the substrate while silicon nitride films
produced with CVD results in hydrogenated films [16, 22].
PVD has limitations when it comes to get an evenly dis-
tributed coating over complex shapes (line-of-sight pro-
cess). The PVD process has been chosen for the present
study due to its ability to produce versatile coating com-
positions while maintaining a relatively low substrate
temperature.

Density functional theory (DFT) calculations have been
applied to provide insight into the optimal composition of
the coating for stability and reactivity in vivo.

Wear resistant bearing surfaces, causing a minimum
amount wear particles and where these particles are
resorbable, are predicted to reduce the risk of implant
loosening, thereby extending the life span of hip joint
implant. The aim of this work was to manufacture and
evaluate such Si;N4 coatings on a CoCr substrate.

2 Experimental
2.1 Theoretical modelling

The effect on particle stability and surface reactivity from
doping C into SizN4 has been theoretically investigated
using DFT calculations under periodic boundary condi-
tions. The Generalized Gradient Approximation (GGA-
PW91) developed by Perdew and Wang [25], was used in
describing the electronic exchange and correlation inter-
actions. The kinetic energy cut off was set to 240 eV in the
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plane wave function description, and a Monkhorst—Pack
generated k-point mesh was used for all calculations [26].
The main goal with these calculations was to find the
optimal C dopant concentration for which possible frag-
ments of Si;N, will be resorbed more rapidly. To be able to
approximate the effect of dopant element on the chemical
stability, the effect of C concentration on the formation
energy of the whole system (i.e. bulk SizN, with substi-
tutional C) has been calculated. We will hereby be able to
identify the effect of C on the energetic stability of the
system. As a measure of Si3N, surface reactivity, we have
calculated the adsorption energy of H and OH, respec-
tively, since water molecules will most often chemisorb
dissociatively to a reactive surface.

2.2 Coating deposition

The Si,Ny-coatings were deposited on a CoCr substrate of
type ASTM F1537 and also on silicon wafers. The CoCr
substrates were polished to a surface roughness (Ra) of
about 8 nm (measured with optical profilometry, Wyko
NT-110). Prior to deposition, the substrates were ultra-
sonically cleaned in acetone and ethanol for 5 min each.
The coatings were deposited with a self-assembled vacuum
deposition unit (Fraunhofer IWM, Halle) by reactive r.f.
sputtering (13.56 kHz) utilising a 4-inch silicon target and
an Ar/N, gas mixture. Several process parameters were
varied in order to optimise the coating composition,
microstructure, etc., see Table 1. Based on the theoretical
results, two of the coatings were doped using C by intro-
ducing ethylene (C,H,4) gas into the chamber as a reactive
agent. All substrates were heated during deposition, except
for coating no. 2. One CoCr substrate sample and one
Si-wafer were coated in each process. In some of the
coating processes, the Si-wafer accidently tilted and these
samples were not further analysed. To avoid overheating of
the target, the coating process alternated between 10 min
sputtering and 3 min breaks. The total deposition time was
2 h, except coating no. 3 which had a deposition time of
3 h.

2.3 Coating characterisation

The coating morphology and thickness were examined on
fracture cross-sections in the scanning electron microscope
(SEM, LEO 1550). To prevent charging in the SEM, a thin
layer of Au/Pd was sputter-coated on top of the PVD
coatings. SEM was also utilised to examine the wear-tracks
and scratches from the tribological experiments. The
coating hardness was measured with an ultra nano hard-
ness tester (CSM Instruments UNHT) equipped with a
Berkovich tip. The indents had a depth of 50 nm and 30
indents were made on each coating. As references,
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Tab.le 1 Parameters during Coating  Substrate Ar flow rate N, flow rate  Process T (°C) C,H, flow rate  Power
coating processes no. (sccm) (sccm) pressure (Pa) (sccm) (W)

1 -  CoCr 10 30 1.0 280 - 300

2 Si  CoCr 10 30 1.0 25 - 300

3 Si  CoCr 10 30 1.0 280 - 150

4 Si  CoCr 10 30 0.5 280 - 300

5 Si  CoCr 10 30 1.5 280 - 300

6 -  CoCr 30 15 1.0 280 - 300

7 - CoCr 20 20 1.0 280 - 300

8 Si  CoCr 20 20 1.5 280 - 300

9 Si - 20 20 0.5 280 - 300

10 Si  CoCr 10 30 1.3 280 1.5 300

11 Si  CoCr 10 30 1.3 280 0.5 300

hardness was also measured on the CoCr substrate surface
and on bulk silicon nitride (Si3N,4). The indentations were
analysed in accordance with the Oliver—Pharr method [27].
The statistical evaluation of the hardness measurements
was done using IBM SPSS 19.1 (SPSS Inc, Chicago, IL), a
one-way ANOVA was used with Scheffe’s test for multiple
comparisons. Probability (P) values were considered sig-
nificant if below 0.05. Chemical analyses were performed
with energy dispersive X-ray spectroscopy (EDS) using an
acceleration voltage of 10 kV. The phase compositions of
the coatings were analysed using grazing incidence X-ray
diffraction (GIXRD) (Siemens D5000), performed with
fixed incident angle at 1° using CuKo radiation. The sur-
face roughness of the coatings as well as the wear-track
cross sectional areas were analysed by light interference
microscopy utilising a Wyko NT-110 in phase shift inter-
ferometry mode (PSI) and vertical scanning interferometry
mode (VSI). The coating microstructure was analysed with
transmission electron microscopy (TEM) by a FEI Tecnai
F30 ST TEM. The TEM-sample was prepared using a dual-
beam FIB/SEM (FEI DB235, FEI Company, The Nether-
lands) using the in situ lift-out technique.

2.4 Tribological testing

The coatings are aimed to be used in metal on metal total
joint replacements. In this paper, the hip joint was simu-
lated using a ball-on-disc apparatus [28]. The coated sub-
strates were slid against a stationary polished ball of Si;Ny
(representing a coated counter surface) with a diameter of
6 mm while the friction was continuously measured. The
sliding speed was held to 0.04 m/s with a track radius of
2.5 mm. The normal load was 1 N. The corresponding
maximum Hertzian pressure [29] can then be estimated to
0.76 GPa, assuming contact between a Si3Ny ball
(320 GPa, Poisson’s ratio 0.27) and CoCr flat (241 GPa,
Poisson’s ratio 0.3), and neglecting the influence from the

coating. This would correspond to a load of 545 kN on a
hip joint with a head diameter of 28 mm and a radial
clearance to the cup of 100 um, assuming both head and
cup are made of the CoCr steel, and again neglecting the
small influence from the thin coating on the contact pres-
sure. All tests were carried out in a bovine serum solution
(25 % serum) which was prepared in accordance with the
ASTM standard [30]. Two tests were performed on each
sample at 1,000 and 10,000 revolutions respectively. Note
that the contact pressure is much higher than the average
pressures in a joint, and that the continuous directional
sliding in the ball-on-disc test is quite far from the complex
motion of a hip joint. The results can therefore only be used
as preliminary indications, rather than for predicting the
performance in vivo. A specific wear rate was determined
according to: Specific wear rate (mm’/Nm) = Wear vol-
ume (mm3)/[Load (N) x Sliding distance (m)]. The wear
rate of the coatings and reference materials, excluding the
ball, was calculated as worn cross-sectional area times the
diameter of the wear track. Note that when comparing wear
rates with other studies, as for all tribological testing, care
needs to be taken, since there are many parameters that can
affect the wear rate.

In order to analyse the fracture mechanisms and adhe-
sion of the coating, scratch tests were performed using a
Rockwell C diamond with a tip radius of 200 pm. Two
10 mm scratches were made on each coated CoCr sample,
with a sliding velocity of 5 mm/min and a load starting
from O N and continuously increasing by 50 N/min.

3 Results
3.1 Theoretical calculations

The effect of substitutional C on the structural stability
of SizN, has been calculated for four different C
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concentrations. Si was replaced by C to 0, 2, 3, and 5 % of
the total number of atoms in the system. The resulting
formation energies were related to the corresponding
energy for pure SizN, (i.e. 0 % C). It was obvious that the
process of replacing Si with C is endothermic, and that this
endothermic value will increase drastically with an
increase in C concentration; +220 (2 %), +471 (3 %)
versus +703 (5) kJ/mol. Hence, the C dopant will desta-
bilize bulk Si3N4. The effect of substitutional C on the
surface reactivity of SizNy4 has also been calculated for four
different C concentrations (0, 1, 3, and 4 %). The adsorp-
tion energy for H (or OH) adsorbed to Si on a non-doped
SisNy surface has been calculated to —408/—621 kJ/mol (it
is as expected an exothermic process). The C incorporation
into the lattice resulted in either an increased, or decreased,
surface reactivity—as measured by the calculated adsorp-
tion energy for H or OH (—439/—477 (1 %), —452/—540
(3 %) vs. —479/—660 (4 %) kJ/mol). As can be seen from
these results, the surface reactivity is affected not only by
the presence of C in the structure, but also of the concen-
tration of this dopant element. It is also apparent that the
adsorption situation depends on the adsorbed species (H or
OH in this case). The general result is that the surface
reactivity will increase with an increased concentration of
C in the structure. However, C will improve the adsorption
of H for all C concentrations. In summary, fragments of
Si3Ny will be largely destabilized by higher concentrations
of dopant C. In addition, these higher concentrations of C
will cause a more pronounced surface reactivity (true for
both the bearing surfaces and the wear particles).

3.2 Coatings

Almost all the Si,Ny-coatings exhibited a fine surface
nanostructure, as exemplified in Fig. 1a. The only excep-
tion was coating no. 2 (deposited with a lower substrate
temperature), which showed thin coating patches, Fig. 1b.
The surface roughness (Ra) of coating no. 2 is about
250 nm, while for the other coatings it is about 5 nm on Si
substrates and 10 nm on CoCr substrates. This corresponds
to an Ra of about 3 and 8 nm for the Si and CoCr sub-
strates, respectively, prior to coating deposition.

The cross sections of the coatings on Si-substrate show
different structures, as shown in Fig. 2. Coatings no. 5 and
8 (Figs. 2a, b) have a columnar structure and a thickness
of approximately 1.4 pm. Coating no. 3 (Fig. 2c) that was
deposited with lower target power has a structure similar
to coatings no. 5 and 8 but with finer columns and coating
thickness about 600 nm. Coating no. 10 (Fig. 2d) depos-
ited with C,Hy, is approximately 1.2 um thick and has a
much coarser but less columnar microstructure than
coatings 3, 5, and 8. All coatings have a typical thickness,
determined from cross-sections, of 1.0-1.7 um and a
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Fig. 1 Surface appearance of coatings at two magnifications. SEM,
67° sample tilt; a coating no. 5 on Si-substrate; b coating no. 2 on
CoCr substrate

deposition rate of 0.2-0.3 nm/s. Coating no. 3 is an
exception and has a deposition rate of 0.07 nm/s. The
thickness also varied within individual samples, due to the
decreasing deposition rate from the centre below the target
towards the periphery.

The quantitative EDS analysis showed that the N/Si
ratio for the coatings was about 1.5 (£0.3), which is
slightly higher than 1.33 for stoichiometric Si3N,4. No clear
correlations were found between the N/Si ratios and the
argon and nitrogen flow during the coating process. Coat-
ing no. 10, which was deposited with C,H, introduced into
the chamber, had about the same carbon content as the rest
of the coatings, i.e. 3-5 %.

No crystalline structure in the coatings was detected by
XRD, Fig. 3. The only observed crystalline reflections
could be indexed to Co, Cr and CosMo [31-33]. However,
a marked amorphous bump was observed originating from
the coating (especially for no. 8) at 20°-35°, see Fig. 3.

Selected area electron diffraction (SAED) in the TEM
produced ring-like patterns with sharp dark speckles,
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200 nm

Fig. 2 Cross sections of coatings on silicon wafers showing the
resulting microstructures. The superficial thin layer on top is the metal
film deposited to avoid charging in the SEM. a Coating no. 5 showing

representing a nanocrystalline structure, Fig. 4a. Via
indexing, it was evident that all rings represented SizN,.
Furthermore, the high resolution TEM images exhibit lat-
tice fringes consistent with a polycrystalline material,
Fig. 4b.

The hardness of the Si,Ny-coatings was in the same
range as the superficial hardness of bulk silicon nitride
(P = 0.08-1), except for coating no. 8§ on both CoCr and
Si, which was significantly softer than bulk silicon nitride
(P < 0.01). All coatings, as well as bulk silicon nitride
were harder than bulk CoCr, see Table 2 (P < 0.001). In
five cases out of six, the coatings on the silicon wafers had
a mean hardness slightly lower than that of the coatings on
the CoCr substrates. However, that difference was
only statistically significant (at a significance level of
alpha = 0.05) for coating no. 2. Coating no. 11 flaked off
before the hardness test.

The scratch tests gave an indication of the relative
adhesion of the coatings. Most of the coatings flaked off
immediately when the scratch tip touched the surface so the
critical load, i.e. the starting point of continuous delami-
nation, was 0 N, see Table 2. Coating no. 5 (Fig. 5a) that
flaked off during the ball-on-disc test also cracked and
flaked off immediately when the scratch tip hit the surface,
while coating no. 8 (Fig. 5b) showed a critical load of
approximately 7 N.

a columnar structure; b coating no. 8 showing a columnar structure;
¢ coating no. 3 showing a fine columnar structure; d coating no. 10
without a distinct columnar structure

3.3 Friction

For most of the ball-on-disc friction measurements, no
distinct friction differences were revealed between the
different types of coatings, and bulk CoCr, Fig. 6. The
major part of the coatings had a coefficient of friction
between 0.12 and 0.22, indicated by the grey area in Fig. 6.
However, for coating no. 5 it increased up to 0.45 when the
coating flaked off. Coating no. 2 with a rougher surface had
a constant coefficient of friction at about 0.31. Almost all
tests started with a relatively fast and short friction
decrease and then a longer increase stabilising after about
1,000 revolutions. The average friction coefficient after the
running-in time is given in Table 2. The test with bulk
SizN, exhibited a slow decrease starting at about 1,000
revolutions which lasted throughout the entire test.

3.4 Wear of coating surfaces

The coating topography was gradually smoothed out during
sliding against the SizN4-ball in the bovine serum solution,
as exemplified by coating no. 8 in Fig. 7a, b. In general, the
same type of wear was demonstrated on the coatings on
CoCr substrates as on the Si substrates. However, some of
the coatings on CoCr substrate (no. 6, 7, and 11) flaked off
before the ball-on-disc tests. Coating no. 5 on CoCr
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Fig. 3 GI-XRD of SiNy-coatings 1-8 on CoCr substrates and
uncoated CoCr substrate with designated peaks

cracked and flaked off in the wear-track during testing,
Fig. 8a, whereas the coating on Si seemed to have better
adhesion and the wear-track was just smoothed out,
Fig. 8b. Further, parts of the wear-track for coating no. 3
flaked off during the 1,000 revolutions test but the
remaining coating then withstood the whole 10,000 revo-
lutions test. The flaking off was probably initiated by the
randomly distributed defects noted on several coatings. The
widths of the wear-tracks that did not flake off were about
90 pm, this holds for coatings both on CoCr and Si sub-
strates. The bulk Si3;Ny, which had an initial roughness (Ra)
of 15 nm, higher than that of the coatings, seemed to be
less worn. The wear-track displayed some grooves, but no
other indications of wear were visible, see Fig. 9. The
wear-track on bulk CoCr was much wider than those of the
coatings and bulk SizNy, it also had distinct groves around
the entire wear-track, Fig. 10.

All coatings that did not flake off showed a good wear
resistance, almost matching that of the bulk SizN, see
Fig. 11. The specific wear rate was approximately
1 x 1077 mm>/Nm for bulk Si;N, and for certain coatings
(no. 1, 3, 4, 8, and 10), about 3 x 10~/ mm?*/Nm,
(Table 2). The uncoated CoCr showed much lower
wear resistance, with a specific wear rate of about 60 x
1077 mm*/Nm.
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(a)

Fig. 4 TEM diffraction pattern and images of coating no. 8; a SAED
pattern indicating SizN4; b high resolution TEM image of Siz;Ny
lattice within the coating

4 Discussion

Despite the variation of several deposition parameters, not
much difference in the chemical composition, phase com-
position, nanostructure, or tribological properties of the
resulting coatings was found. According to EDS, the N/Si
ratio of the coatings was higher than that of SizN,, which
might imply that the Si was saturated with N and that the
nitrogen flow would have to be lowered to achieve stoi-
chiometric SizNy. Further, the carbon content was unaf-
fected for coatings no. 10 and 11, which were deposited
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Table 2 Coatings 1-11 and bulk material (CoCr and Si3;N,) characteristics in terms of microstructural and mechanical properties

Coating no. or Surface Coating Mean Mean Critical load Friction Specific wear rate
reference roughness thickness hardness hardness scratch test coefficient after (mm3 /Nm) (1 N,
material (nm) (pm) (£SD) (GPa) (£SD) (GPa) N) running-in n = 10,000)
Substrate CoCr Si CoCr Si CoCr CoCr CoCr
1 10 ok 21.5 (£2.7) ok 0 0.15 3.0 x 1077
2 250 1.7 24.2 (£3.0) 204 (£2.6) 2 0.31 -
3 10 0.6 21.2 (£2.0) 20.5 (£2.3) 4 0.19 2.7 x 1077
4 10 1.1 22.3 (£2.5) 21.5 (£2.9) 2 0.13 32 x 1077
5 10 1.4 22.1 (£2.5) 19.7 (£2.0) 0 Hokok Hokok
6 10 ok 21.6 (+£4.2) Hok 0 ok Hokok
7 10 Hok 22.5 (£2.9) ok 0 Hokok Hokk
8 10 14 18.0 (£2.2) 19.0 (£1.8) 7 0.17 32 x 1077
9 * * 1.0 * 22.5 (£2.7) * * *
10 10 1.2 21.6 (£3.7) 21.4 (£2.2) 3 0.16 3.0 x 1077
CoCr 8 8.5 (£0.9) 0.18 60 x 1077
SizNy 15 23.4 (£2.6) 0.13 1.0 x 1077
* Only on Si substrate
** Only on CoCr substrate
*#% Flaked off before the test
05 T T
204
c
2
E 03 i
s coatings
§ o2 - JNog
‘© !%ﬁ: : : :—CuCr
E
g 01 —Si;N,
[&]
OD 2000 4000 SGIGO BU;'.)O 110*

500 pm

Fig. 5 Surface appearance after scratch test of coatings on CoCr
substrates. SEM, 0° sample tilt. The start of the scratch is indicated
with an X; a coating no. 5, showing immediate flaking off; b coating
no. 8, showing continuous delamination for loads exceeding approx-
imately 7 N

with a C,H,4 flow in the chamber. This is in agreement with
earlier work by Li et al. [34] who also sputtered Si;N,4 with
ethylene in the chamber. It should be added that coating no.
11 flaked off before any of the tests or analyses were
performed.

Two deposition parameters showed a notable impact on
the coating properties, i.e. target power and substrate
temperature. For a lower target power, 150 W for coating
no. 3, the deposition rate was more than halved (0.07 nm/s)
compared to coatings deposited with 300 W (0.2-0.3 nm/s),
resulting in a thinner coating. A lower substrate temperature,

Number of revolutions

Fig. 6 Coefficient of friction versus number of revolutions for SiyN,-
balls sliding against the different Si\Ny-coatings and bulk CoCr and
bulk Si3N4. The gray area represents the region containing all the
coating curves for no. 1, 3, 4, and 10

as for coating no. 2, resulted in a rougher surface. For all
other coatings the roughness was in the range of that found
on conventional implants [35, 36]. The higher roughness of
coating no. 2 was coupled to the patched character. Within
the individual patches the roughness was similar to the other
coatings. The patches most likely appear due to flaking
during the cyclic deposition process, since individual pat-
ches are approximately 0.2 um thick while the full coating is
1.5 pm thick.

Interestingly, the coatings seemed amorphous in the
XRD, whereas TEM studies revealed nanocrystallinity.
This is in line with the Scherrer equation [37], saying that

@ Springer



1886

J Mater Sci: Mater Med (2012) 23:1879-1889

10 pm

Fig. 7 Surface appearance of the wear-tracks on coating no. 8 after 10,000 revolutions. The coating is smoothed out in the wear-tracks. SEM,
67° sample tilt. Insets show detail at higher magnification; a coating no. 8 deposited on CoCr substrate; b coating no. 8 deposited on Si substrate

diffraction peaks in XRD broaden with decreasing size of
the crystal. Obviously, the TEM is needed to reveal the
structures of the coatings, ranging from amorphous to
nanocrystalline.

The hardness of the coatings was similar to that of bulk
SizNy, except for coating no. 8, which had a hardness
below 20 GPa. The hardness of PVD coatings may be
affected by chemical composition, chemical structure, and
microstructure [38, 39]. However, in this case no such
differences could be found. For all the coatings except no.
8, the hardness on CoCr substrates was higher than on Si
substrates. Si has a low thermal expansion compared to
metals [40] and the difference in thermal expansion is
higher between CoCr and the coating material than
between Si and the coating material. Compressive stresses
of the coatings are induced when the samples are cooled
after deposition due to the higher thermal expansion of the
substrate [38, 41]. Compressive residual stresses contribute
to higher hardness of the coating [38], which might explain
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the higher hardness of the coatings on CoCr. High com-
pressive stresses also weaken the adhesion of coatings [41],
which has been an issue for this coating series. The slightly
lower hardness of coating no. 8 could not be explained by
the deposition parameters nor the microstructure. Harder
coatings with similar microstructure and deposition
parameters do not appear to differ from coating no. 8, see
Fig. 2a, b. Other, slightly different microstructures, for
example those of coating no. 3 and 10 (Fig. 2b, c), do not
appear to affect the hardness.

As in a previous investigation by the present authors
[11], the coefficient of friction was at about the same level
in the serum solution, despite differences in material
combinations and amount of wear of the surfaces. The
previous investigation showed that the friction was strongly
dependent on the carbon tribofilm which often forms on the
sliding surfaces in bovine serum [11]. The friction level
and wear rate found in the present study are comparable to
those of a similar study on a SizN,—TiN composite [42].
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Fig. 8 Surface appearance of the wear-tracks on coating no. 5. SEM,
67° sample tilt; a after 1,000 revolutions the coating deposited on
CoCr substrate has flaked off in the entire wear-track; b after 10,000
revolutions the coating deposited on Si substrate has just been
smoothed out

The wear rate for CoCr in this study is much lower than for
another study, probably since they used a higher contact
pressure [43]. Somewhat contradicting is a hip simulator

Fig. 9 Surface appearance of
the wear-track on bulk SizNy
after 10,000 revolutions
showing some porosity. SEM
at two different magnifications,
67° sample tilt

10 pm

Ay
; P /
it

10 um £ ,'/ : 7

Fig. 10 Surface appearance of the wear-track on bulk CoCr sample
after 10,000 revolutions where distinct grooves follow the entire
wear-track. SEM, 67° sample tilt

study showing wear volumes in a similar range as in the
current study, but slightly lower wear for Si;N, on CoCr
than for Si;N, on SizN, bearing [10]. However, both
bearings still have significantly lower wear than CoCr on
CoCr and CoCr on UHMWPE. Note that a hip simulator
study may differ in many ways from a screening test and
the resulting wear can therefore differ [44]. In perspective
of other coatings (TiN, CrN, and CrCN) tested in a similar
manner, the SiN coatings show promising wear resistance
[18].

The theoretical calculations revealed that the chemical
stability and surface reactivity of a SizNy-coating could be
controlled by the amount of dopant C. The amount of C
should be chosen to get a material that is chemically stable
as a coating but when the surface area to volume ratio
increases (as for small wear particles) the material dis-
solves in vivo. With the present coating processes, it
proved hard to vary the amount of C. However, it is likely
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Fig. 11 Optical profile images of worn surfaces and the cross-
sectional areas of the wear-tracks.The z-scale is magnified 23 times
more than the x and y scales

that control of the chemical stability could be improved by
using co-sputtering with an additional target of C.

The limiting factor of manufactured coatings is the
adhesion to the substrates which could be improved in
future experiments by lowering the substrate temperature,
sputtering of an inter-layer and sputter cleaning of the
substrates prior to deposition.

The low wear rate demonstrates the potential of these
coatings for use on bearing surfaces of joints, since it
translates to a low amount of wear particles that could
cause inflammation leading to bone loss and implant
loosening [1-3]. The risk of implant loosening is further
reduced due to the dissolution of the wear particles. The
system also has the advantage of having a sort of redun-
dancy. If the coatings eventually become worn out or flake
off, the substrates that become exposed should still be able
to give good functionality, since they consist of the tradi-
tional metal on metal combination for joint implants.

5 Conclusions

PVD-coatings of Si,Ny have been reactively deposited and
evaluated as an alternative contact surface for total joint
replacements. The surface appearance, chemical composi-
tion, phase composition, nanostructure, and coating hard-
ness were analysed. The coated samples were tribologically
tested in a ball-on-disc apparatus and compared with bulk
CoCr and bulk Si3Ny.

DFT calculations showed that the solubility and reac-
tivity of SizN,4 could be controlled by the amount of dopant

@ Springer

C. Only two deposition parameters, substrate temperature
and sputtering power, could be linked to the coating
properties. The coatings were amorphous or nanocrystal-
line and exhibited a high hardness, similar to that of bulk
SizNy4. The coefficient of friction of the coatings against
Si3N, in serum solution was similar to that of bulk SisNy
and CoCr. The low wear rates of the Si\N,-coating were
much closer to that of bulk Siz;N, than that of CoCr, which
suggests that a smaller quantity of wear particles would be
produced at the bearing surface of the joint using these
coatings. However, the adhesion of the coating must be
improved.

The above results, in combination with the previously
demonstrated ability of silicon nitride particles to dissolve
in PBS, suggest that these types of coatings could poten-
tially reduce the risk of implant loosening.
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