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Total hip replacement is a common orthopedic surgery today with a population with
an increasing life expectancy and a more active lifestyle. Most implants have a life
expectancy of 10 years or longer, however after 25 years one out of four implants has
been revised. This means that the risk of a secondary surgery is high for young
patients. In many cases the reason for revision is the formation of nanometer to
micrometer sized particles that activate the immune system to resorb bone.
The implants today usually consist of a femoral head of a cobalt chromium alloy and a
cup of polyethylene. Replacing these materials with a cobalt chromium alloy with a
silicon nitride coating is hoped to generate less and smaller wear particles that will
not activate the immune system to resorb bone. This study compares wear particles
from three different silicon nitride coatings with wear particles from polyethylene and
a cobalt chromium alloy. The first was a standard coating, the second had a layered
structure and the third had a nitrogen content gradient.
This study uses a reciprocating motion with an alumina ball that slides against a sample
of cobalt chromium with a silicon nitride coating in a serum solution to generate wear
particles. The particles are then analyzed with a scanning electron microscope. In
order to separate the particles from the serum solution two different methods were
used. The first one used hydrochloric acid and the second used the enzyme
proteinase K. Apart from the particles the wear tracks were investigated with vertical
scanning interferometry and the adhesion was studied with scratch tests and light
microscopy.
The results show that the wear particles do not differ between the coatings. All
coatings show a high wear volume, which is believed to be a consequence of the
material combination, movement pattern or surface roughness of the counter surface.
In conclusion the test set up generates particles of a relevant size and both methods
for serum digestion were successful.
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Modelltest för framställning och separation av
nötningspartiklar från höftledsimplantat
Charlotte Skjöldebrand

Att operera in höftledsimplantat blir allt vanligare i dagens samhälle med en befolkning som
lever ett längre och aktivare liv. De allra flesta implantaten är välfungerande i 10 år men bara
ca en fjärdedel överlever 25 år, vilket innebär att risken att behöva byta ut implantatet är stor
för unga patienter. I många fall är anledningen till att implantatet måste bytas ut att det bildas
partiklar i storleken nanometer till mikrometer. Partiklarna aktiverar immunförsvaret som i sin
tur bryter ner ben.
Dagens implantat består ofta av en höftkula av en koboltkromlegering och en kopp av
polymeren polyeten. Genom att istället använda en koboltkromlegering belagd med kiselnitrid
hoppas man att mindre och färre partiklar ska genereras, som kroppen kan ta hand om.
Dessutom förväntas de partiklar som genereras sakta lösas upp och därmed ge en mindre
negativ immunrespons. I den här studien jämförs nötningspartiklarna som bildas vid nötning
av polyeten med de som bildas vid nötning av en koboltkromlegering belagd med olika typer
av kiselnitrid.
I studien används ett fram och återgående nötningstest med en aluminiumkula mot en platta
av koboltkrom belagd med kiselnitrid för att generera nötningspartiklar. Testerna utförs i en
serumlösning och partiklarna som genereras analyseras med hjälp av elektronmikroskop. För
att separera partiklarna från serumlösningen används två olika metoder, en som använder
saltsyra och en som använder enzymet proteinase K. Förutom partiklarna undersöks
nötningsspåren med vitljusinterferometri och adhesionen studeras genom reptest och
ljusmikroskopi.
Resultaten visar att nötningspartiklarna inte skiljer sig märkbart mellan de olika
beläggningarna men adhesionen är något sämre för gradient strukturen. Samtliga
beläggningar uppvisar stor nötningsvolym jämfört med referensmaterialen och tidigare
studier. Detta kan bero på materialkombinationen, rörelsemönstret eller ytojämnheter i
motytan.
Sammanfattningsvis genereras partiklar av en rimlig storlek vid nötningstesterna och
metoderna för att separera partiklarna från serumet har varit framgångsrika.
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Uppsala universitet, juni 2013
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1

Introduction

One of the most common orthopedic surgeries performed today is total hip
replacement [1]; in Sweden alone 16000 primary procedures are performed
each year and the number has steadily increased for the past 40 years [2].
Currently more than 95% of the implants have a life expectancy of 10 years
or longer. However around 40% of patients are 70 years or younger and with
a life expectancy of 80 years [3] the risk of a secondary operation is quite
large [2].
One of the most important factors in determining the longevity of the implants is the particles generated by wear. The particles will give rise to
different biological responses depending on the size, shape and chemical composition [4]. The wear particles can lead to aseptic loosening, bone resorption without infection, which leads to implant failure. Particles between
0.3 - 10 µm are believed to activate macrophages, the part of the immune
response that digests foreign substances. When the macrophages are unable
to digest polyethylene particles, they release signal substances, or cytokines,
which lead to bone resorption.
The majority of implants consist of a metal femoral head and an ultra-high
molecular weight polyethylene (UHMWPE) cup [4]. There are however other
material combinations like metal-on-metal and ceramic-on-ceramic. The different material properties will cause different wear behavior and consequently
generate particles of different character. An alternative to the most widely
used materials might be a metal implant with a ceramic coating. By coating
the metal implant the surface properties, like wear resistance, could be improved while maintaining a tough bulk material [5]. A promising alternative
as a ceramic coating is silicon nitride. Silicon nitride particles have been
shown to slowly dissolve in water due to hydrolysis [6, 7], this would hopefully diminish the undesired immune response. The coating is not believed
to dissolve until it forms particles since the particles have a higher specific
surface area [7]. Previous studies by Olofsson et al. have shown bulk Si3 N4
to have low friction when sliding against itself, Si3 N4 particles to be soluble
in phosphate buffer solution (PBS) and an expected low immune response
to Si3 N4 compared with other conventional materials used in hip implants.
They also showed a presence of a tribofilm affecting the coefficient of friction.
However one of the problems with Six Ny coatings was the coating adhesion
which needed to be improved [8–10].
Further work has been performed on developing these coatings and this study
aims to separate and characterize wear particles from novel coatings gener1

ated by a reciprocating wear model test. The Six Ny particles will be compared with particles from implant materials used today, i.e. UHMWPE and
cobalt chromium alloy. In addition to the wear tests scratch test will be
performed to assess the adhesion.

2

2

The natural hip and hip implants

In order to fabricate a successful hip implant it is important to understand the
properties of the materials used and the biological reaction to them. When
working with joint implants that are exposed to wear it is also important to
establish the impact of the wear debris.

2.1

Anatomy of the hip

The human hip joint consists of a ball and socket joint located between the
femur and pelvis and its function is to support the body weight and enable
movement. An image of the hip joint can be seen in figure 1. The head
of the femur, the ball, as well as
the the acetabulum, or the cup,
are covered with a 2 to 4 mm
thick layer of cartilage [12].
An external fibrous layer forms a
capsule around the joint and the
cavity that is formed contains a
small amount of synovial fluid
that serves to nourish the cartilage and lubricate the the contact surfaces [13].
Cartilage can withstand high
cyclic loads and in combination Figure 1: An image of the hip joint [11]. Both
with synovial fluid it gives a low the femoral head and the cup are covered with
cartilage.
friction surface.

2.2 Total hip arthroplasty
Total hip arthroplasty (THA) is one of the most common and successful
orthopedic surgeries. During the procedure the damaged femoral head and
acetabular cup are removed and replaced with a prosthesis. The implant
and its placement can be seen in figure 2. Depending on the function of the
implant module the demands differ, while it is important for the stem to be
3

firmly integrated with the bone, the articulating surfaces have to provide low
friction and be resistant to wear.
The most common cause of implant failure is aseptic loosening, which is
loosening without an infection. However distortions, infections and fractures
are also less common causes of revision [2].

Figure 2: A hip implant with a stem, ball and cup and its placement in the body [14].

2.3

The tribological system

In vivo loads on implants have been measured during several different activities like walking, standing on one leg, sitting down etc. The average
load during walking at 4 km/h has been measured to 238% bodyweight by
Bergmann et al. [15]. Some activities have higher peak loads and are hence
more strenuous, they are often referred to as high impact activities and include walking and going up and down stairs [16]. Stumbling is by far the
most strenuous activity with loads up to 870% body weight [15]. Harris et al.
predicted the contact pressure to 7.52 ± 2.11 MPa for heel-strike when walking [17]. The hertzian contact pressure can be approximated with equation
2.3.1 for a ball in contact with a planar surface or spherical pit [18].

pO = 0.578

FN E ∗2
R∗2
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(2.3.1)

where FN is the applied force, E* is the effective Young’s modulus and R*
is the effective radius. R* and E* are calculated according to equation 2.3.2
and equation 2.3.3.
4

1
1
1
+
=
R∗
R1 R2

(2.3.2)

where R1 is the radius of the ball and R2 the radius of the cup. R2 is infinite
in the case of a planar surface.
1
1 − ν12 1 − ν22
+
=
E∗
E1
E2

(2.3.3)

where E1 is Young’s modulus for the ball and E2 Young’s modulus for the cup
while ν1 is Poissons ratio for the ball and ν2 Poissons ratio for the cup.
For an implant with a diameter of 32 mm and 32.1 mm, Young’s modulus
220 GPa and 700 MPa and Poissons ratio 0.3 and 0.46, for the femoral head
and cup respectively, and a patient with a body load of 750 N, this would
mean a contact pressure of 1.6 MPa. The values are representative for a
metal on polymer implant [19]. For a ceramic on ceramic implant with the
same radii and a Young’s modulus of 375 GPa and a Poissons ratio of 0.22
the contact pressure is calculated to be 60 MPa.
There are also articles attempting to survey the frequency of several activities. For a normal patient with a hip implant the most common activity is
walking with about 1.37 million cycles a year [16].
There are three different ways for a hip implant to be lubricated, boundary lubrication, mixed lubrication and fluid film lubrication. Which lubrication regime, or combination of regimes, is present depends on sliding
speed, viscosity of the lubricant, radius and surface roughness of the components [20].
Fetal bovine serum (FBS) originates from blood collected from fetal bovine.
Solutions of bovine serum are often used to simulate synovial fluid in wear
tests for total hip replacement.

2.4

Materials

There are several different material combinations of bearing surfaces in a hip
implant. The common notations, metal-on-polymer (M-o-P), metal-on-metal
(M-o-M) and ceramic-on-ceramic (C-o-C), refer to the implant materials in
a specific order, namely femoral head on acetabular cup.
5

2.4.1

Metal-on-polymer

One of most commonly used material combinations in hip implants is a metal
stem and ball with a UHMWPE cup. As a bulk material UHMWPE is
considered bioinert, however the wear particles are not. UHMWPE has a
comparatively high wear rate but due to its viscoelasticity the material can
compensate for slight misalignment. The metals used are described in section
2.4.2.
2.4.2

Metal-on-metal

There are two main alloys used for the femoral head of a hip implant, stainless
steel and cobalt-chromium alloys [21]. This report will focus on the cobaltchromium alloys, which are the most commonly used. The wear particles
created are smaller in size compared with UHMWPE particles, which could
lead to another immune response. More on the biological response in section
2.5.3.
2.4.3

Ceramic-on-ceramic

There are two main groups of ceramics used today for THA namely alumina
and alumina-zirconia composites [21]. The advantages of ceramics are the
low wear rate as well as the small size of the wear debris. They are often considered a good alternative for young active patients. Disadvantages include
a risk of catastrophic failure as with all ceramics. Another problem with
C-o-C implants is a phenomena called hip squeak where the micromovement
between articulating surfaces gives rise to a screeching sound [22].
2.4.4

Ceramic coatings on metal substrates

A new alternative for hip implants is a metal substrate with a ceramic coating [5]. The expectation is an implant with improved wear and corrosion
properties and maintained tough substrate.
This report will investigate a coating of Six Ny on a substrate of cobalt
chromium. Previous studies have shown silicon nitride to be a promising
material for coating hip implants. Silicon nitride and Six Ny coatings have
shown to have low wear rates [8–10], in addition the silicon nitride particles
slowly dissolve in polar liquids [6]. When sliding silicon nitride against itself
6

in PBS or FBS a tribofilm is formed, which drastically lowered the coefficient
of friction. By coating the traditional material CoCr the implant would likely
still be functional even if the coating gets worn off [8].

2.5

Wear debris

Shape, morphology, agglomeration, surface charge and chemistry are important in determining the cellular response to the wear debris [23].
2.5.1

Size, amount and composition

The size of the generated wear debris depends largely on the type of material. Typical sizes for particles from different materials can be seen in table 1.
PE debris are the largest and has a wide distribution while CoCr debris are
smaller and has a more narrow distribution. Alumina debris are generally the
smallest with the exception of a few larger particles that are believed to originate from the wear stripe and be caused by grain boundary fractures [24].
Previous studies have investigated the particles with scanning electron microscopy (SEM) and transmission electron microscopy (TEM) [25, 26].
Table 1: Particle sizes in different implant materials.

Bearing surfaces
M-o-P

Material
PE

M-o-M

CoCr

C-o-C

Al2 O3

Particles
Shape
Expected size
Round, occa- • 0.1 - 0.5 µm (with
sionally fibril occasional particles as
large as 1000 µm) [27]
• 30 nm - 0.52 mm [28]
• 0.1 - 0.5 µm [29]
oval to round • 50 - 90 nm [30]
[31] [32]
• 30.7 ± 2.25 nm [31]
• 6 - 744 nm [26]
n.a.
• 6.4 ± 0.8 nm [24]
• 0.19 ± 0.07 µm [24]
• 0.44 ± 0.25 µm [33]

7

2.5.2

Polyethylene debris

Wear particles generated have different sizes and will thus activate different
immune responses. Particles with a diameter of 0.1-10 µm are believed to
activate macrophages [34], which in turn produce cytokines and growth factors that lead to bone resorption [35]. Aseptic loosening, loosening without
infection, is one of the major causes of implant failure. Green et al. showed
that polyethylene particles between 0.3-10 µm activated macrophages while
the smallest and largest particles in the experiment, 0.21 ± 0.07 µm and 88 ±
29 µm, failed to activate the macrophages to produce the cytokines that are
believed to be connected to bone resorption [35]. Polyethylene debris have a
large span of sizes as small as 30 nm and as large as 0.52 mm [28].

2.5.3

Metal debris

Metal particles can be digested by macrophages or taken up by the mononuclear phagocyte system. The mononuclear phagocyte system is a part of the
immune system that consists of phagocytic cells in connective tissue called
reticular connective tissue. The particles then corrode and metal ions are
released. Due to the small size of the generated metal particles they are
believed to be able to enter many different types of cells [23]. In M-o-M implants a condition known as metallosis is known to occur, it can be described
as an accumulation of metal debris in the surrounding tissue, which could be
associated with pain or loosening of the implant [36].

2.5.4

Ceramic debris

Ceramic wear particles are generally smaller in size than debris generated
in M-o-P implants. The generated particles from the most commonly used
material, alumina, are considered bioinert after an initial inflammatory response. Implant failure in C-o-C implants are often associated with problems
regarding fixation of the implant. There is also a risk of brittle fracture, which
is considered to have decreased to an acceptable level in the new generation
C-o-C implants [22].
8

3

Materials and methods

The materials in this study were exposed to reciprocating wear in a serum
solution. The serum solution containing particles was collected and the particles were isolated and characterized. All tests were performed by myself with
the exception of the vertical scanning interferometry images and the SEM
1550 images, which were performed by my supervisor Maria Pettersson. The
statistical analysis was performed by Cecilia Persson.

3.1

Materials

The investigated materials were three different types of silicon nitride, Six Ny ,
coatings on a cobalt chromium alloy, CoCr. All of the coatings were deposited with high power impulse magnetron sputtering (HiPIMS) and were
approximately 8 ± 0.2 µm thick. The first of the silicon nitride coatings
was a standard coating (SiN(std)), while the second had a layered structure
(SiN(lay)) and the third a gradient of nitrogen content (SiN(grad)). As reference, both UHMWPE (PE) and CoCr alloy (ASTM F-75) from Sandvik,
were used.

3.2

Wear testing

The materials were worn with a ball on disc reciprocating motion, the ball
slides against the sample. The setup can be seen in figure 3. The ball was
a solid alumina sphere from Spekuma with a diameter of ∼19 mm and a
purity of 99.5%. The load applied was 1.5 N, the stroke length was 10 mm,
the frequency 3 Hz and each run was performed with 21600 cycles, which
corresponds to a time of 2 hours. This gave a total wear length of 432 m
and a contact pressure of ∼ 0.5 GPa calculated according to equation 2.3.1.
The high contact pressure was a limitation of the wear test set up. Each SiN
sample was worn three times while the PE and CoCr were worn two times
each. Each time consisted of three separate wear tracks where the position
of the ball and sample were changed to wear an unused surface. The serum
and setup remained the same for the three tracks, giving each time similar
conditions.
The wear tests were performed in 25% fetal bovine serum diluted with deionized water. The serum solution also contained 0.075 wt% sodium azide
(SA) and 18.75 mM ethylenediaminetetraacetic acid (EDTA) according to
9

Figure 3: A schematic picture of the wear equipment. The lower part is moving while the
ball stays still. The image does not include the container that makes it possible to perform
the wear tests in serum nor the heater making it possible to perform the tests at 37 .



the ASTM standard for wear testing of polymeric total joint
prosthesis [37]. Sodium azide inhibited bacterial degradation while EDTA
bound calcium and prohibited the settlement of calcium phosphates on the
surface.
The samples were placed in a Teflon container filled with the serum solution.
The container, in turn, was placed in a heater, which kept the bath at 37 ±
3 . The bath was then attached to the moving arm in the wear equipment.
The SiN and PE samples required approximately 20 ml serum solution while
the CoCr sample required 40 ml. This was a consequence of the size of the
samples, the CoCr sample was roughly twice as high as the other samples.
A thermometer was used to monitor the temperature of the serum during
the tests. The entire setup was covered with a hood to minimize evaporation
and contamination. The serum was collected after each test and stored at
-30 until the serum was digested.





3.3

Serum digestion

Two different methods of serum digestion were used and the appropriate
method was chosen depending on what materials the wear particles consisted
of. Both methods originates from ISO17853:2011. While the hydrochloric
acid method comport with the standard the proteinase K method was somewhat simplified [38]. Six Ny particles were exposed to both methods and the
particles were compared to establish whether or not the methods affected the
particles.
10

3.3.1

Serum digestion with hydrochloric acid

The hydrochloric acid method was developed to digest serum containing
polyethylene particles. In order to optimize the procedure the serum was
centrifuged and only a few milliliters containing a high amount of particles
were digested. It was a simple method where four parts hydrochloric acid
was added to one part serum and then stirred while heated to 50 for one
hour. The hydrochloric acid broke down proteins and the reaction was terminated by adding 200 parts methanol to one part serum and hydrochloric
acid solution [38].



3.3.2

Serum digestion with proteinase K

The proteinase K method had been developed for digesting serum with metal
particles. The proteins in the serum were cleaved with the enzyme proteinase
K. The serum was first centrifuged which collected the particles in the bottom
of a tube. The liquid was then removed and the particles were soaked in
2.5 wt% sodium dodecyl sulfate (SDS) in distilled water and the tube was
submerged in boiling water for 10 min. The tube was then left to cool in
room temperature for 10 min and centrifuged for another 10 min before the
liquid was removed and the particles were washed in 80% acetone diluted in
distilled water. The particles were then suspended in 1 ml of 50 mM TRISHCl, pH 7.6 and sonicated for 30 min. Proteinase K was then added and the
tube was placed in an agitated water bath at 55 for 24 hours. The tube was
then centrifuged for 15 min and the liquid was removed and the particles were
resuspended in SDS and submerged in boiling water for 10 min. The tube
was then cooled at room temperature for 10 min and centrifuged again for
15 min. The particles were then washed in TRIS-HCl with pH 7.6, acetone
and distilled water before they were resuspended in ethanol and stored at
4 [38].





Several steps from the ISO standard were excluded and in this study only
one enzyme, proteinase K, was used. In the standard two enzymes were used,
namely proteinase K and papain. By excluding papain several washing steps
could be removed. A complete protocol of the method used in this study can
be found in appendix A.
11

3.4

Wear analysis

Analyses were performed using a scanning electron microscopy SEM (Leo
1550 Carl Ziess), in combination with energy dispersive x-ray spectroscopy
(EDS). The acceleration voltage used was 10 keV. An initial analysis was
performed with a tabletop SEM (Hitachi Tabletop Microscope TM-1000).
The SEM samples were prepared by sonicating the digested solution containing particles for 5 min and dropped on a silicon wafer with the help of a
micropipette. The samples were dried in a 60 oven in order to evaporate
the liquid.



The SEM images were processed with a MATLAB-script that identifies the
particles and calculates their size. The script originates from the work of
Cervera Gontard et al. [39]. It was a simple algorithm that divided the
images in to sections and identified the particles by defining a threshhold
value that separated the particles from the background. Dividing the images
into sections minimizes the influence of an irregular background. In order to
be useful in this project slight adjustments were made to the script. It was
changed to make it possible for the users to choose the region of interest and
it created a scale bar, which was to be placed and fitted to the scale bar of the
SEM image which enabled the sizes to be calculated in micrometers instead
of pixels. It also gave the users the option to save the size data in a text
file for further use. The script put high demands on the SEM images, the
particles had to be easily distinguishable and even in intensity. The script
can be seen in appendix B.
Another series digested with hydrochloric acid was filtered in three steps
through polycarbonate filters with a pore size of 5 µm (Millipore track-etched
polycarbonate filter), 1 µm and 0.1 µm (Whatman cyclopore track etched
membranes). The filters were coated with a less than 5 nm thick layer of gold
palladium and analyzed with SEM (Zeiss 1550). Their sizes were determined
by manual measurement.
Another MATLAB script was created to handle the text files with size data.
It plots the size distribution and lets the user fit the distribution with MATLAB:s distribution fitting tool. It calculates the mean, median and the size
where 10% and 90% of the sizes are smaller.
The wear tracks were analyzed using white light interferometry (WYKO NT110 in VSI mode).
12

3.5

Adhesion testing

The adhesion of the SiN coatings was investigated with a scratch tests. As
a reference a titanium nitride (TiN) coating with a good adhesion was used.
The scratch tests were performed in progressive load mode with a load ranging from 0 N to 50 N. In accordance with the ASTM standard for adhesion
testing [40] the loading rate was 100 N/s and the horizontal displacement rate
was 10 mm/s. This gave a total scratch length of 5 mm and each sample
was scratched five times. The scratches from adhesion tests were analyzed in
an optical microscope to determine the cohesive (LC1 ) and adhesive failure
(LC2 ). Cohesive failure was defined as the load at which cracks started appearing in the coating and adhesive failure was defined as the load at which
the coating stared flaking off.

3.6

Statistical analysis

IBM SPSS Statistics v 21 was used to do a statistical analysis of the results.
A one-way analysis of variance (ANOVA) between groups was performed
followed by a post-hoc test – where Levene’s test indicated homogeneity of
variances Scheffe’s post-hoc test was used, otherwise Tamhane’s post-hoc test
was used. A significance level of 0.05 was used.
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4
4.1

Results
Wear debris

The size distributions for the SiN and PE particles can be seen in figure 4.
The characterized wear debris from the different SiN coatings have a similar
distribution with a median value of about 0.3 µm for the SiN(grad) and
SiN(lay) coatings. The inadequate material for the standard coating makes
it difficult to, with certainty, say anything about the distribution. The reason
behind the low number of particles was a high presence of serum residues.

(a)

(c)

(b)

(d)

Figure 4: Sizes distributions of debris investigated on Si-wafer in MATLAB. (a) shows
the size distribution for the particles from SiN(std), (b) shows the size distribution for
SiN(grad), (c) shows the distribution for SiN(lay) and (d) shows the size distribution for
the reference sample PE.

The values were calculated with the MATLAB script that can be seen in
appendix 6 and an example of the identification of the particles can be seen
14

in figure 5. For the PE particles some of the sizes were calculated manually
with the distance tool in MATLAB due to heavy agglomeration. An example
of the agglomerates can be seen in figure 6.

Figure 5: An example of the identification of the particles from the SiN(grad) with MATLAB on Si-wafer. The red square marks the area that was processed by the MATLAB
script and the red borders marks the identified particles.

Figure 6: An example of the PE agglomerates on Si-wafer.
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The EDS analysis of the particles from the SiN samples shows an elevated
oxygen content and a presence of silicon, it can be seen in figure 7. The
EDS analysis were performed on a silicon wafer which makes it difficult to
analyze. The EDS analysis of the PE particles shows a high silicon content,
likely from the Si-wafer, and the presence of carbon. The EDS spectrum for
PE can be seen in figure 8.

Figure 7: An example of the an EDS spectra on a SiN sample. The red line is the signal
from the background, in this case the silicon wafer. The gray area shows the signal from
the particle. The particle has an elevated oxygen signal and slightly elevated signal from
carbon and nitrogen.
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Figure 8: An example of the identification of an EDS spectra from the PE sample. It
shows a high silicon signal and a slightly elevated carbon signal.
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The filtered series of the SiN particles showed a different behavior with, what
looked like, flakes of compressed particles, the sizes of the flakes varied from
0.1 - 12.8 µm. This can be seen in figure 9.

Figure 9: An example of the agglomerates generated from SiN(std) on filter paper. The
image to the left shows a particle on a 5 µm filter. The image to the right shows a zoomed
in image of the particle.
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4.2

Wear tracks

Figure 10 shows the calculated wear volume and figure 11 shows VSI images
of the wear tracks. It was not possible to obtain VSI images for the PE
samples due to its optical properties. The wear tracks for the SiN coatings
are similar. As previously mentioned all SiN samples have three series and
CoCr has two. Each series consists of three tracks. The SiN samples showed
a variation in wear volumes between series and had a substantially larger
wear volume than CoCr. Tamhane’s post-hoc test showed a statistically
significant difference between CoCr and the SiN coatings (p < 0.05). There
was no difference between the different coatings.

Figure 10: The wear volume and standard deviation for the three SiN coatings and the
CoCr sample. Each series consists of of three wear tracks.

One series that stands out is the third series of the gradient coating, SiN(grad)
due to the higher wear rates. It is higher both compared with other coatings
and other series of the same coating.
19

(a)

(c)

(b)

(d)

Figure 11: VSI images of the wear tracks. (a) shows a wear track for SiN(std), (b) shows
a wear track for SiN(lay), (c) shows a wear track for SiN(grad) and (d) shows a wear track
for the reference sample CoCr. All the wear tracks are from the second series.
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4.3

Friction

From the wear test root mean square (RMS) graphs for the coefficient of
friction (CoF) were obtained. An example of the CoF for each sample can
be seen in figure 12. For all SiN samples a similar behavior could be seen
were the CoF started at a high value, around 0.6, slowly decreased and
eventually entered a region of a relatively low CoF of 0.3. For SiN(std) this
regime change occurred from anywhere between approximately 12000 strokes
to not at all. For the SiN(lay) the change occurs between 6000 and 17000
strokes and the SiN(grad), experiences the change between 6000 and 19000
strokes.
The reference samples CoCr and PE have lower CoF than the SiN coatings.
The CoCr sample generally started at a value of 0.3 to quickly decrease to
about 0.2 and then slowly increase to a value of 0.25. The PE samples had
a stable and low CoF of about 0.12.

Figure 12: Examples of CoF for SiN(std), SiN(lay), SiN(grad),CoCr and PE.
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The third series in SiN(grad), which had a high wear rate, generally had high
CoFs, they can be seen in figure 13.

Figure 13: CoFs for the three tracks of the third series of SiN(grad). The CoF remains
high for a relatively long time.
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4.4

Adhesion tests

Figure 14 shows the loads for failures for the different coatings, figure 15
shows the scratches and figure 17 shows magnified images of the scratches.
From figure 14 and figures 15 and 17 it can be seen that the gradient coating
seem to detach from the substrate at lower loads than both the standard and
layered coating. The reference sample of TiN did not fail when the prescribed
load was applied. The ANOVA showed no difference regarding cohesive failure. There was a statistically significant difference between gradient coating
and the standard and layered coating (p < 0.05).

Figure 14: Critical loads for cohesive and adhesive failure for the three SiN coatings
obtained from a scratch test.

23

(a) SiN(std)

(b) SiN(lay)

(c) SiN(grad)

(d) A reference sample of TiN
Figure 15: Light optical images of the scratches fram an adhesion test of three SiN coatings
and a TiN referance. The scratches are 5 mm and the load was increased from 0 N to
50 N.

The scratches show cracks with a circular pattern and flakes which compile
with arc tensile cracks and wedging spallation according to the standard
[40]. Images from the standard can be seen in figure 16. Tensile cracks and
spallation are indications of a brittle coating on a ductile substrate, wedging
spallation is also an indication of a thick coating [40]. The cohesive failure
(LC1 ) and adhesive failure (LC2 ) are marked in figure 17.
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(a) Arc tensile cracking accord- (b) Wedging spallation accordning to standard [40].
ning to standard [40].
Figure 16: Images from the ASTM standard for adhesion testing.

(a)

(b)

(c)
Figure 17: A close up of the adhesion test on the SiN coatings. The images show (a) a
typical scratch for SiN(std), (b) a typical scratch for SiN(lay) and (c) a typical scratch for
SiN(grad).
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5

Discussion

The two different methods used for digesting serum were both successful in
breaking down serum. However, both methods showed serum residues. The
problem with the residues could be solved by filtering the particle solution.
If possible, the hydrochloric method is preferred since it is simpler, faster
and has a smaller risk of losing particles. The proteinase K samples were not
filtered but, it is likely that filtering would be as successful in separating the
particles from the serum residues as the hydrochloric acid digestion, due to
the similarities of the unfiltered samples.
The serum residues in the unfiltered samples made it difficult to distinguish
particles from the serum on a silicon wafer. For this reason the analysis is
based on a relatively low number of particles, which makes it difficult to draw
any conclusions with certainty. The analysis performed shows that the SiN
particles were similar in size regardless of type of coating, the SiN(std) coating size distribution is based on only four particles and hence no conclusions
will be made on such a poor outcome. The SiN particles had a mean size of
0.44 µm with 90% having a size larger than 0.16 µm and 90% having a size
smaller than 0.69 µm.
The EDS analysis indicates that the particles have a higher content of oxygen
than the silicon wafer and thus might be silica particles. This might be
because the coating contains an abundance of silicon, which favors forming
silica. Oxygen might come from the serum or be introduced to the serum from
air during the reciprocating motion. There is a very small nitrogen signal,
which might be a consequence of a low probability of excitation of electrons
in the inner shell. The probability for excitation of an electron from a inner
shell will be different for different elements and depend on the acceleration
voltage. EDS measures the x-rays that originates from an electron from an
outer shell filling the hole of an excited inner shell electron. If it is unlikely to
excite a certain element the signal will be low. In the case of an acceleration
voltage of 10 keV which was used in these analyses silicon is likely to excite
while nitrogen is less likely. This does however not fully explain the low
nitrogen signal. However both carbon and oxygen were detected despite the
low acceleration voltage. This indicates that nitrogen should be detected
if present. The reference sample, PE, showed that the main part of the
particles have a size between 0.2 µm and 1 µm. This corresponds well to
other studies [27, 29], which validates the test method.
The problem with serum residues was handled by filtering the particle solution and an analysis of the filtered samples showed sheets of compressed
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particles. The individual particles in the sheet were nanometer sized. The
particles are expected to have a size in the nanometer range, similar to the
particles in C-o-C implants. The MATLAB script could still be useful for
analyzing particles on a filter if it is adapted to take the holes in to consideration.
The reason for the sheet formation might be the reciprocating motion in the
wear test were the ball shoves the debris to the endpoint where it is compressed. However this simplified motion is not what occurs in vivo, since
the hip has more complicated movement pattern that do not have abrupt
endpoints. It is uncertain if the same type of sheet formation would occur
in vivo. The nanometer size is believed to be preferred since it is not likely
to activate the immune system to resorb bone. However if the sheet formation occurs the sheets are large enough to activate macrophages and lead to
aseptic loosening similar to PE particles.
The CoF shows a similar behavior for all SiN coatings where the friction
is initially high and slowly decreases and eventually enters a lower friction
region. It is unlikely that there is a shift in lubrication regime because of the
high contact pressure and the CoF is still high enough to imply the system
is in the boundary lubrication regime. There seem to be a difference in how
early the different coatings enter the lower friction region, the layered coating
seems to promote an earlier shift. The CoF is high compared to the reference
materials PE and CoCr. The CoF can be compared with previous work from
Pettersson et al. where they used a circulating ball on disc set up. They
found the CoF to be around 0.3 and the initial friction could be as high as
0.5 [10]. This corresponds fairly well to the findings in this study.
The VSI analyses of the wear tracks showed a higher wear volume for the SiN
coatings than the reference CoCr sample. There was no statistically significant differance between the coatings. However the third series of the gradient
coating that showed a high wear volume also showed higher CoFs. The the
wear volume in figure 10 and friction curves can be seen in figure 13. The
other series and materials were investigated in order to determine whether or
not there was a correlation between friction and wear. The other data does
not show the same tendencies and from this no evident correlation between
the CoF and wear volume can seen. The coatings also showed an increase in
wear volume for each series, the reason for this behavior is uncertain.
The specific wear rate for the Six Ny coatings is calculated as volume/(Load*
Sliding distance), for SiN(std) it is calculated to approximately 3∗10−5 mm3 /
N m. For SiN(lay) and SiN(grad) the specific wear rate is approximately
3∗10−5 mm3 /N m and 4∗10−5 mm3 /N m. For the CoCr sample the specific
27

wear rate was 3∗10−6 mm3 /N m. This can be compared with previous studies by Olofsson et al. [9] with specific wear rates of about 1∗10−7 mm3 /N m
for SiN coatings and 6∗10−6 mm3 /N m for CoCr. A more recent study by Pettersson et al. showed wear rates of Six Ny coatings between 1∗10−7 mm3 /N m
and 2∗10−5 mm3 /N m. The reason for the high wear rates in the SiN coatings in this study are not fully understood, it might be related to the surface
roughness of the ball. It might also be related to a difference in material,
in this study it is an alumina ball against a SiN coating sample whereas
Olofsson used a Si3 N4 (crystalline) ball against SiN coating. The wear rate
might also be related to the difference in movement pattern, Olofsson used
a circular motion while this study has used a reciprocating motion. Both
this study and above mentioned studies have used ball on disc setups with
similar contact pressures.

The SiN coatings have both a higher CoF as well as a higher wear volume than
the CoCr reference sample. Despite these results the SiN coatings should
not be discarded as an alternative for hip implants. The contact pressure in
the model test is very high, approximately 300 times higher than a C-o-C
implant, and the lubrication regime in the model test is likely boundary. By
shifting to the fluid film lubrication regime, the CoF is expected to decrease
[18]. The high pressure also increases the risk of microcracks and tearing of
large particles from the wear track.

The adhesion properties were tested with scratch tests. The result comply
with a brittle coating on a ductile substrate and also indicate the presence of
tensile stresses [40]. Tensile stresses can have a negative effect on the coating
adhesion and might affect corrosion and fatigue properties since cracks are
more easily formed [41]. All the coatings showed a similar behavior but at
different loads. By dividing the coating in to layers the stresses could be
decreased. This should mean that the coating can withstand higher loads
before failure. However no statistically significant differences could be seen
regarding the cohesive failure. The gradient coating had the worst adhesion
properties. The gradient of nitrogen content probably does not releave the
stresses in the coating. Previous studies of Six Ny coatings have shown early
failures when scratch tested, the coating flaked of at a load between 0 N
and 7 N [9]. The results in this study have shown improved resistance when
exposed to scratch test, with loads of between 20 N and 30 N.
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5.1

Limitations

One of the major limitations in this study is the high contact pressure in the
wear test setup. In order to make a model test that generate wear particles
within a couple of hours, the test is strongly accelerated. This test set up has
a high contact pressure, a continuous load and motion compared to the real
situation. This means that this model test will differ from the real situation
and can not be directly compared.
Another limitation is the fact that only one of each Six Ny coatings was
investigated, by not examining several samples it is not possible to say, with
certainty, that the results are reproducible. However only one of each sample
was available.

5.2

Future studies

The ball has to be analyzed to determine the wear on the counter surface for
the different material combinations.
Future studies include investigating why the SiN samples showed a high
wear rate compared to previous studies. This can be done by using the
same parameters and a different material combination or a different movement pattern since they are the most likely reasons behind the high wear
volume.
The friction behavior of the SiN coatings with an initially high friction that
declines should be investigated. This study only shows a trend in the behavior, it does not offer an explanation to why it occurs. In order to understand
the behavior the wear tracks might have to be investigated in different instances during the wear test.
In the long, term a test model with lower contact pressure and a more realistic
movement pattern i.e., a hip simulator, should be used.
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6

Conclusions

The model test generated particles of a relevant size despite the high contact
pressure. The generated particles from the investigated Six Ny coatings were
nanometer sized but formed sheets in the micrometer range. Further studies
should investigate whether or not these sheets will occur in other test setups
or if it is reasonable to believe it to be a consequence of the reciprocating
motion.
Both methods used for serum digestion were successful but should be combined with filtration to simplify analysis. If given a choice the hydrochloric
acid method is preferred since it is easier and less particles are lost. The
MATLAB script is a useful tool in determining the particles sizes but it
needs to be adapted for identifying the holes in a filter.
The Six Ny coatings show a high wear rate, which might be a consequence
of the surface roughness of the counter surface, high contact pressure or
movement pattern.
The coatings did not show a significant difference in particle size or shape,
however the wear volumes and scratch tests imply that the layered coating
has slightly superior properties.
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Appendix A: Serum digestion with proteinase
K
a) Centrifuge at 16 000 g for 10 min. Carefully remove the liquid using a
micropipette. Do not touch the pellet at the bottom of the tube.
b) Resuspend the pellet in SDS (2,5 g/100 ml solution in distilled water).
c) Boil the tubes for 10 min.
d) Cool at room temperature for 10 min.
e) Centrifuge the tubes at 16 000 g for 10 min.
f ) Carefully remove the liquid using a micropipette without touching the
pellet at the bottom of the tubes.
g) Wash the pellet with 1 ml of acetone, diluted with distilled water with a
volume fraction of 80% acetone. Centrifuge the tubes at 16 000 g for 10 min.
Carefully remove the liquid using a micropipette without touching the pellet
at the bottom of the tubes.
h) Wash the pellet with 1 ml of 50 mM TRIS-HCl, pH 7,6. Centrifuge
the tubes at 16 000 g for 10 min. Carefully remove the liquid using a micropipette without touching the pellet at the bottom of the tubes.
i) Repeat step h).
j) Resuspend the pellet in 1 ml of 50 mM TRIS-HCl and sonicate for up
to 5 s using an ultrasonic cell disrupter equipped with a microprobe, or a
sonicating water bath for 30 min.
k) Add proteinase K (0,9 g/ml of TRIS-HCl for an initial serum volume
of 15 ml; concentration should be adjusted depending on the initial volume
of serum) and incubate for 24 h at 55 C in an agitated water bath.

°

l) Centrifuge the tubes at 16 000 g for 15 min.
m) Carefully remove the liquid using a micropipette without touching the
pellet at the bottom of the tubes.
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n) Add 1 ml of SDS (2,5 g/100 ml solution in distilled water).
o) Boil for 10 min.
p) Cool at room temperature for 10 min.
q) Centrifuge the tubes at 16 000 g for 15 min.
r) Carefully remove the liquid using a micropipette without touching the
pellet at the bottom of the tubes.
Wash in Tris-HCl, acetone, distilled water and ethanol
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Appendix B: MATLAB scripts
Particles imports an image and uses the function findParticles to find the
particles and calculates their size.
% particles
%
% A script calculating the size of particles from SEM or TEM
% images.
clearvars -except SIZE*
originalFolder=pwd;
[file,path]=uigetfile({’*.*’},’Select a SEM-image’);

sizes=findParticles(file, path);
cd(originalFolder);
pause();
choiceSave = questdlg(’Would you like to save the data?’, ...
’Data saving’, ...
’Yes’,’No’,’Yes’);
switch choiceSave
case ’Yes’
materialchoice = menu([’Choose material’,’321’,’331’,...
’341’,’PE’,’CoCr’]);
switch materialchoice
case 1 %’321’
if exist(’SIZE321.txt’, ’file’)
dlmwrite(’SIZE321’, sizes’, ’delimiter’, ’\t’)
else
dlmwrite(’SIZE321’, sizes’, ’-append’,...
’delimiter’, ’\t’)
end
case 2 %’331’
if exist(’SIZE331.txt’, ’file’)
dlmwrite(’SIZE331’, sizes’, ’delimiter’, ’\t’)
else
dlmwrite(’SIZE331’, sizes’, ’-append’,...
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’delimiter’, ’\t’)
end
case 3 %’341’
if exist(’SIZE341.txt’, ’file’)
dlmwrite(’SIZE341’, sizes’, ’delimiter’, ’\t’)
else
dlmwrite(’SIZE341’, sizes’, ’-append’,...
’delimiter’, ’\t’)
end
case 4 %’PE’
if exist(’SIZEPE.txt’, ’file’)
dlmwrite(’SIZEPE’, sizes’, ’delimiter’, ’\t’)
else
dlmwrite(’SIZEPE’, sizes’, ’-append’,...
’delimiter’, ’\t’)
end
case 5 %’CoCr’
if exist(’SIZECoCr.txt’, ’file’)
dlmwrite(’SIZECoCr’, sizes’,...
’delimiter’, ’\t’)
else
dlmwrite(’SIZECoCr’, sizes’, ’-append’,...
’delimiter’, ’\t’)
end
end
end
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function sizes=findParticles(file,path)
cd(path);
I=imread(file(:,:,1));
[fc, rect]=imcrop(I);

%Selecting subimages
[N,M,K]=size(fc);
% inputdata for the image
prompt={’Number of divisions?’,...
’Minimum size?’,’Length of scale bar (\mu m)?’};
name=’Input for image analysis’;
numlines=1;
answer=inputdlg(prompt,name,numlines);
ns=str2double(answer{1});
or=str2double(answer{2});
x=fix(N/ns); % numer of pixles in a square (x)
y=fix(M/ns); % numer of pixles in a square (y)

if mod(N,ns)==0
N=N+1;
end
if mod(M,ns)==0
M=M+1;
end
for sx=1:x:N-x
for sy=1:y:M-y
sp=fc(sx:sx+x-1,sy:sy+y-1);
%Thresholding
T=graythresh(sp);
spT=im2bw(sp,T); % converts the image to a binary image
% for absolut contrast
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g(sx:sx+x-1,sy:sy+y-1)=spT;
end
end
choice = questdlg([’Are the particles brighter or darker than’...
’the background?’], ’Particles’, ’Brighter’,’Darker’,...
’Brighter’);
switch choice
case ’Brighter’
g2=imopen(g, strel(’disk’,or));
case ’Darker’
g2=imopen(imcomplement(g),strel(’disk’,or));
end
% imcomplement skapar ett
%komplenent till bilden? strel
%skapar ett "structuring element"
[labeled,a]=bwlabel(g2,8); % locates the ’connected’ pixles,
% a is the numer of particles and
% labled is a matrix the size of the
% image with ’lables’ for each particles
points=regionprops(labeled,’Centroid’,’PixelList’);
[B,L2,N2]=bwboundaries(labeled,8,’noholes’);

%Draw segmentedparticles
imHandle=imshow(I);
hold on;
scaleBar=imdistline(gca);
api = iptgetapi(scaleBar);
pause();
dist = api.getDistance();
length=str2double(answer{3});

%r in case of holes (s>a)
for s=1:numel(points)
boundary=B{s};
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boundary(:,2)=boundary(:,2)+rect(1); %adjust for crop
boundary(:,1)=boundary(:,1)+rect(2);
if(s>a)
boundHandle = plot(boundary(:,2),boundary(:,1),’g’,’LineWidth’,1);
else
boundHandle = plot(boundary(:,2),boundary(:,1),’r’,’LineWidth’,1);
end
boundaries(s)=boundHandle;
end
plot(rect(1),rect(2):rect(2)+rect(4),’r’, ...
rect(1)+rect(3),rect(2):rect(2)+rect(4),’r’);
plot(rect(1):rect(1)+rect(3),rect(2),’r’, ...
rect(1):rect(1)+rect(3),rect(4)+rect(2),’r’);
hold off
muperpixel=length/dist;
%Histogram
graindata=regionprops(labeled,’basic’);
areap=[graindata.Area];
t=0;
for s=1:numel(points)
t=t+1;
sizes(t)=2*sqrt(areap(s)/pi)*muperpixel;
end
figure; hist(sizes,30);
xlabel(’Diameter ( \mu m)’);
ylabel(’Number of particles’);
Mean=mean(sizes)
Standard_deviation=std(sizes)
Median=median(sizes)

40

