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Abstract 

Wear and biological response to wear debris of artificial joints remain the major concerns in 

total hip arthroplasty (THA) [1]. Silicon carbide reinforced alumina, Al2O3-SiCw, can be 

considered as a candidate for hip implants due to its high hardness and toughness, as well as 

chemical inertness. In this study, the wear and friction properties of Al2O3-SiCw are investigated 

by pin-on-disc experiments, with Hank’s Buffered Salt Solution (HBSS) as lubricant. 

Comparisons with BIOLOX®delta, the most commonly used ceramic in THA, under the same 

test conditions are made as well. 

Key words: Total Hip Arthroplasty (THA), pin-on-disc, alumina, ceramic-on-ceramic. 
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Introduction  

This project was carried out at Sandvik Tooling R&D Materials and Processes Research 

Department in Västberga, Stockholm, Sweden, in cooperation with the R&D group at Sandvik 

Materials Technology, SFM, in Sandviken. Also, this project is the Master thesis work for the 

department of Materials Science and Engineering in KTH.  

1 Background information 

1.1) General 

Today, about 0.1% of the population in Europe and North America need total hip 

arthroplasty (THA) [4]. About 200,000 and 80,000 interventions/year are performed in the USA 

and in the UK, respectively, and they are estimated to increase by about 170 % by 2030 [11]. The 

volume and costs associated with these procedures are projected to increase dramatically over the 

next 20 years [10, 13].  

Hip prostheses are used as treatment for hip joint degradation, which can be caused by 

injuries or diseases, most commonly osteoarthosis. In hip prostheses, the surfaces that articulate 

against each other, known as a bearing couple, are manufactured from different materials to 

fulfill the patients’ needs in the best way. A bearing couple consists of a femoral ball head and an 

acetabular cup. Depending on patient age, two different fixation methods are used. The press 

fitted or uncemented method is mostly used on younger patients. The reason for this is that more 

healthy bone can be left for the next implant if the first one has to be revised. The other method, 

which is typically used on older individuals (>80 years) is the cemented method, where the 

implant femoral stem is fixated with polymethyl metha acrylate (PMMA) or hydroxy-apatite (HA) 

bone cement [2, 3, 5, 8]. This gives better primary stability, but also requires the removal of more 

bone. 

The main cause of failure in THA is aseptic loosening due to the cascade of events started 

by the tissue reaction to wear debris. This is a well-established clinical problem [9]. Because of 

this, wear properties have increasingly become the major concern for the materials which can be 

considered as candidates for bearing couples. Meanwhile, for bearing couples, they also require 
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high bending strength, high toughness, high hardness and chemical stability, as well as 

biocompatibility.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

1.2) Materials in use for bearing couples 

The most commonly used materials for wear couples in hip implants are listed as below:                                 

1.2.1 Polymers 

In THA, polymers are used for linings of the acetabular cup. Previously, the most commonly 

used polymer as acetabular cup was Polyethylene (PE). However, as noted above, PE has 

problems with release of wear particles, which have been reported to cause osteolysis [12]. At 

present, the most commonly used polymer for the cup is Ultra High Molecular Weight 

Polyethylene (UHMWPE). Because of its excellent mechanical properties such as high creep 

resistance, high yield stress, and low wear rate, UHMWPE cups produce less debris and wear 

particles than older polymer materials [2]. However, for newer UHMWPE materials, which have 

been designed for increased wear resistance, not enough data are available to reliably assess their 

success rates relative to older models [14]. 

1.2.2 Ceramics 

The biggest disadvantage of ceramic materials is their low fracture toughness. The greatest 

benefit of the ceramic materials compared to both UHMWPE and metal is the low wear rates [2, 

5 and 15]. Alumina (Al2O3) and zirconia (ZrO2) or mixtures of both are the most frequently used 

ceramics for hip implants.  

Silicon nitride (Si3N4) is also a good candidate for wear couples in implants due to its 

relatively high hardness and good toughness. However, the problem of this material is that it is 

subject to oxidation and thus degrades in contact with water and/or moist air, even though the 

process is slow [12, 14, and 25]. 

Zirconia ceramics have better fracture toughness, higher flexural strength [17, 18], and 

lower wear rates than polyethylene in vitro [19]. The superior mechanical properties of zirconia 

ceramics have allowed for the development of a large variety of head designs, ranging from 22.2 

to 32 mm in diameter, and more than 350000 zirconia ceramic heads have been used in THA 
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throughout the world [17]. Low-temperature aging degradation is caused by tetragonal-to-

monoclinic (T-M) phase transformation, and bearing surface deterioration of yttrium stabilized 

tetragonal zirconia polycrystal (Y-TZP) has been observed both in vitro [20, 21] and in vivo [22]. 

It has been reported that the thermal conductivity of Y-TZP is more than 15 times lower than that 

of alumina [23], which might accelerate the T-M phase transformation of Y-TZP heads in vivo 

[24]. The accompanying volume change leads to fracture [14]. 

1.2.3 Metals 

Metals were among the first materials used for implants, because of their high strength, 

fracture toughness, ductility, hardness etc. Three principal metal alloys are used in THA: (1) 

titanium alloys (for stems only, since Ti is too soft for wear applications), and (2) cobalt-based 

alloys [2, 5]. A big concern with metal-on-metal bearings is the release of ionic debris. In 

patients’ serum and urine, elevated levels of metals have been found. And because of this, metal-

on-metal bearings are not recommended for patients with kidney problems, nor fertile women [14, 

16]. 

2 Introduction 

Due to the problems caused by wear debris, ceramic material has increasingly gain more and 

more interests for such application because of their high wear resistance and low friction. Since 

the most commonly used ceramics for wear couples in THA have different drawbacks, as 

mentioned before, it is worth trying to do research on other ceramics that fulfill the requirements 

and can be considered as candidates for implants. 

Silicon carbide whisker reinforced alumina, Al2O3-SiCw, which has been used for cutting 

tools for decades because of its high hardness together with high toughness and chemical stability. 

Meanwhile, it also has a high bending strength. Considering all the required properties for a 

bearing couple, Al2O3-SiCw can be considered as an excellent candidate for such applications 

[14]. 

Today, the market leader in ceramic hip joints is German company Ceramtec, which 

manufactures about 80% of all ceramic implants for hip arthroplasty [25]. The latest product of 

Ceramtec for wear couples is the zirconia toughened alumina (ZTA) material BIOLOX
®
delta, 

which is claimed to be an improvement, when comparing with the previous two generations 
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BIOLOX
®
 and BIOLOX

®
 forte [25]. The main properties comparison of three generations of 

BIOLOX
®
 is shown in the table below: 

 

 
Table 1. Properties comparison of three generations of BIOLOX® 

 

Even though BIOLOX
®
delta has shown better properties over the previous two generations, 

it is not without drawbacks: around 17 vol% of zirconia grains were added to increase toughness, 

and chromium oxide added to increase hardness [25, 26]. As mentioned before, the stabilized 

zirconia in the material is potentially vulnerable to unwanted phase transformation in hip joints, 

and chromium is potentially toxic [14]. Also, the addition of zirconia decreases the hardness of 

the material. 

The main possible drawback of Al2O3-SiCw is that large SiC whiskers may be pulled out 

from the material when it is subjected to the relevant type of wear for hip implants [14]. Release 

of SiCw as wear debris may do harm to the human body. When SiC whiskers are inhaled, they 

may cause cancer. So it is essential to know if such thing may happen under the relevant wear 

conditions, which is one of the aims of this project. Meanwhile, comparisons on the wear rate and 

worn value between Al2O3-SiCw and BIOLOX
®
delta after pin-on-disc test are also of great 

importance. 
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A comparison of material properties between Al2O3-SiCw and BIOLOX
®
delta is made in the 

table below. It should be noted, that the material properties of ceramics are greatly influenced by 

processing and additives used, and can vary widely for each type of material. 

 

Property Ceramtec Biolox 

Delta 

SiC reinforced 

Al2O3 

Composition 75 % Al2O3, 23 % 

ZrO2, 1% SrO, 0.3 % 

Cr2O3, 0.6 % Y2O3 

75 % Al2O3, 25 % 

SiC, 

0.05 % MgO, 

0.05 % Y2O3 

Density (g/cm3) 4,37 3,75 

Grain size (μm) 0,6* 1,5 

Hardness (HV10, 

kg/mm2) 

1730 2000 

Fracture toughness 

K1c (MPam
1/2

) 

5 6 

MOR (Mpa) 1380* 1200 

Weibull modulus 15* 8 

             * = Ceramtec’s own values 

Table 2. Properties comparison of Al2O3-SiCw and BIOLOX® delta. 

 

       Through the comparison, we can see that Al2O3-SiCw has a higher hardness as well as 

fracture toughness value, while BIOLOX
®
delta has a higher bending strength and Weibull 

modulus values. 

     Many examples of pin-on-disc measurements on combination of ceramic-on-ceramic or metal-

on-plastic can be found in the literature. However, due to differences in test conditions like load 
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applied, speed, lubricant, temperature and so on, only a small amount of the test results are 

readily comparable with the tribology tests in this study. 

       3 Sample preparing procedure 

3.1) Pins and discs manufacture process 

For Al2O3-SiCw discs, were cut into the final shape: size of 17.6*17.6* 6.45 mm from the 

sintered materials. The pins were first cut as blocks of 6.5*6.5*12 mm from the sintered materials, 

and then ground to their final cylindrical shape with a half-sphere at one end with a curvature 

radius of 3 mm and height of around 11.1 mm. 

As for BIOLOX
®

delta, the discs have the length and width of around 14mm and thickness 

ranging from 2mm-4mm. The pins have the same size as the samples made from Al2O3-SiCw.  

3.2) Polishing Procedure 

3.2.1 Polishing of discs 

All of the discs were prepared and polished using the following procedure, after fixation in 

Bakelite:  

(1) 20 seconds of surface material removal on an ABRAPLAN from STRUERS, Denmark.  

(2) Polishing on ABRAPOL, STRUERS, Denmark, with a rotation speed of 150 rpm/min, 

first 20 minutes with 9 micron diamond paste which sprays 2 seconds each minute, and then 

another 20 minutes with 1 micron diamond paste, which also sprays for 2 seconds per minute. 

In both of the polishing processes, diamond pastes are stirred throughout the polishing 

process.  Between each step, the samples are cleaned first with running water and detergent, and 

then 5 minutes in ultrasonic cleaner at room temperature. 

After the polishing process, the average Ra value was 0.016 µm and 0.013 µm for Al2O3-

SiCw and BIOLOX
®
delta, respectively. 

3.2.2 Polishing of pins 

The pins were fixed in a rotating claw, diamond paste applied on the tip of sticks and then 

spread on the surface of the pins applying manual force during rotation. The sticks used have 
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different hardness according to the different diamond pastes used. For 6 micron paste, a harder 

stick was used than 3 micron. 

The rotation speed was 2800 U/min and the average polishing time was 40 minutes for each 

diamond paste. After polishing, the average surface roughness value was around 0.028µm for 

Al2O3-SiCw and 0.026 µm for BIOLOX
®
delta. 

4 Experimental procedure 

4.1) Apparatus 

The wear study of Al2O3-SiCw and BIOLOX
®
delta samples were carried out using a CSM 

TRIBOMETER. Hank’s Buffered Salt Solution (HBSS) was used as lubricant, and the 

temperature maintained at 37 °C throughout the tests. The reason why HBSS is chosen as 

lubricant is that it has the same chemical composition as blood serum without cellular and protein 

material. Reference and specification added as appendix. 

The CSM TRIBOMETER is shown below: 

 

Picture 1. CSM TRIBOMETER 

For each test, the pin is fixed in position 1, while the disc is fixed in position 2. The 

equipment with the mark number 3 is used to maintain the temperature to be 37 °C throughout all 

1 

2 

3 
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of the tests. During the test, the pin stays still with a certain angle from the disc, while the disc is 

moving, rotation or back-and-forth, at a certain frequency (1 Hz). 

4.2) Pin-on-disc test procedures 

Prior to each test, the specimens and holders were ultrasonically cleaned, first 5 minutes in 

acetone followed by 5 minutes in ethanol. Finally, they were flushed with distilled water. The 

container of HBSS lubricant was cleaned with ethanol each time before and after the experiment.  

4.2.1 Rotation movement test 

In the rotation movement tests, three different loads were applied: 1 N, 8 N and 16 N. The 

moving frequency of the disc was 1 Hz for all of the tests, and the corresponding speed was 0.023 

m/s. 

For the load of 1 N, the first test was continuous running for 4 days, with several minutes’ 

break for adding distilled water. It was observed that the friction coefficient value changed 

abruptly when the test was started again after that short break. In order to check the 

reproducibility of this phenomenon, a start-and-stop test was performed in order to study the 

changing in friction coefficient after stopping the experiment for a short period of time. The load 

applied for this test was still 1 N, and the test was running for one day, stopped for 1 hour, and 

then continued, giving a total running time of around 2 days.  

For the load of 8 N, except for the running time, which was about 49 hours, all the other test 

condition stays the same with the previous tests. To check the repeatability of these test results, 

one repeat test was made under this load using the same test conditions. 

For 16 N, the test condition was the same with 8 N load tests. 

The detailed information for each test is listed in table 4 of the next chapter. 

4.2.2 Back-and-Forth movement test 

For the back-and-forth movement tests, the loads applied as well as the moving frequency 

stayed the same with rotation movement tests, giving a sine wave speed profile with time. The 

sliding speed at the start and end point were both 0, and reached its maximum value 0.0315 m/s 

in the middle point. The total travelled distance under the same load was very close to that of the 

rotation movement test. There was also one repeat test under the load of 8 N for this movement. 
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5 Results 

5.1) Rotation movement test reaults 

5.1.1 SEM analyses for the filters 

For most of the pin-on-disc tests, the lubricant was collected after the completed tests and 

filtered through 0.025 µm Teflon filters, in order to check for wear debris. The filters were 

analyzed using SEM. The only particle that could be reliably designated as wear debris was one 

small piece of SiC whisker, as shown in the picture below: 

 

Picture 2. SEM photograph of SiC whisker particle found on the filter 

 

Clearly, as e.g. no Al2O3 debris was found on any of the filters, the test method employed is 

not adequate for studying wear particles, and more experiments are needed to determine the size 

and nature of the wear debris. 

5.1.2 Measurements of wear volume of pins 

Since the wear area of the pins after testing is very small, only a small spot with the diameter 

of around 830 µm, it is difficult to estimate the wear volume. The Wyko light interferometer used 

for the wear volumes of the discs as described in section 5.1.3 could not be used for wear volume 

estimation for the pins. Instead, Infinite Focus microscopy (IF) is used to estimate this value.  



14 

 

IF is a fully digital light microscope with 3D Image Analysis, which can be used to get the 

3D image of  the worn and unworn area of the pin. The two images are then aligned, and the 

height and volume deviations between them are expressed in terms of color and measured 

numerical parameters. Depending on the measurements, the deviations can be positive or 

negative. The positive deviations are marked with red in the picture (for example one can have a 

maximum positive devation from measurement 1 to measurement 2 of about 480µm), and the 

negative deviations (that means, if the measurement 1 is smaller than measurement 2). It is also 

possible to get zero difference (magenta color), where the measurements are the same. The 

following picture shows the result of measurement for the pin after the second 8 N rotation 

movement test:  

 
Picture 3. Illustration of one IF measurement on the wear volume of pin 

 

The mean deviation represents an average of all differences between the two models, and the 

volume and the area parameters also express the differences between the two measurements in 

terms of volume and areas where deviations occur. A sample output (belonging to the graphic 

representation in Picture 3) is given in the table below: 
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The wear volume of the pin that has been measured is expressed by the difference between 

the positive and negative volume deviations. 

5.1.3 Wyko measurement and volume estimation on the wear tracks of 

discs 

After wear test, the discs are first analyzed using a Wyko light interferometer to get the 

surface profile of the wear track. Since oxides such as alumina are usually transparent to some 

extent, which may give rise to erroneous measurements when using light interferometry, 

comparisons between the samples with and without gold sputtering (2 nm thickness) treatment 

after polishing was made, and no significant difference was found. In the later tests, the samples 

were not gold sputtered. 

By scanning at particular points of the wear track, a curve profile, which shows the values 

about the width, depth and the area of the track’s cross section, can be measured. The output from 

a measurement is given in the pictures below. 

Table 3. Parameters for deviations between the two measurements in IF 
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(a)                                                                               (b) 

Picture 4. Surface profile of wear track by Wyko measurement (a) 2D (b) 3D 

 

In order to minimize the error, the wear cross-section area was measured at several points 

and the average value was used for further calculation of the wear volume. After the area values 

are known, the wear volume can be estimated by the formula:  

Vw = A*C                                                                                                                               (1)  

Where A is the area value and C is the circumference of the wear track.  

The average specific wear rate, kw, is calculated by using the following formula: 

kw = Vw/ (F*s) [mm
3
/(N m)]                                                                                                  (2) 

Here, Vw is the wear volume, F is the load applied, and s is the travelled distance. 

The value of kw is set to a limit of 10
 -6

 mm
3
 / (N m) for unlubricated tribological 

applications, above which a material is no longer considered wear-resistant [7, 27, and 28].  

The travelled distance, s, is calculated by the following equation: 

s = (X* L)/1000 [m]                                                                                                               (3) 

where X is the total amount of revolution (345600 for tests with 1 N load continuous test 

and 172800 for all of the rest), L is the length of the wear track (circumference value for the 

rotation movement tests), which is usually expressed in [mm], and that is why the value is 

divided by 1000. 
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With the given materials properties and geometry, the mean Hertzian contact pressure values 

are calculated from the equation below: 

PHertz = [1/ (3*π)]*(3*F*E r
2
/R r

2
)
1/3 

                                                                                       (4)                                                                                              

where F is the applied normal forth, Er is the reduced elastic modulus, Rr is the reduced 

radius. Er and Rr are defined by: 

Er = 2/ [(1-v1
2
)/E1 + (1-v2

2
)/E2]                                                                                               (5)                                                                                                       

where E1 and E2 are the elastic modulus and v1 and v2 are Possion’s ratios of pin and disc 

material, respectively. 

Rr = R/2                                                                                                                                   (6) 

where R is the radius of curvature of the pin [7]. 

The wear volume and average wear rate values for different samples after rotation 

movement tests are listed in the table below: 

 

 

 

Material 

 

 

Mean Contact 

Pressure 

[MPa] (Load 

[N]) 

 

 

Wear 

Volum

e of 

pin, 

[mm
3
] 

 

Wear 

Volume 

of disc 

(by 

Wyko), 

[mm
3
] 

 

 

Average 

wear rate 

of pin, kwp, 

[mm
3
/(N 

m)] 

 

Average 

wear rate 

of disc (by 

Wyko), 

kwd, 

[mm
3
/(N 

m)] 

 

 

 

Travelled 

Distance 

[m] 

 

Al2O3-SiCw 

650 

(1) 

start-and-stop 

 

0.0013 

 

0.00084 

 

3.28*10
 -7

 

 

2.27*10
 -7

 

 

3691.49 

 

Al2O3-SiCw 

650 

(1)  

continuous 

 

0.0025 

 

0.0016 

 

3.33*10
 -7

 

 

2.09*10 
-7

 

 

7600.13 

Al2O3-SiCw 1300 (8) test 1 0.0043 0.0047 1.22*10 
-7

 1.44*10
 -7

 4082.36 
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Al2O3-SiCw 1300 (8) test 2 0.0041 0.0022 1.35*10 
-7

 7.33*10 
-8

 3800.67 

Al2O3-SiCw 1640 (16) 0.0079 0.0077 1.23*10 
-7

 1.19*10
 -7

 4017.21 

BIOLOX
®
delta 1200 (8) N/A 0.0007 N/A 2.27*10

-8
 3854.35 

BIOLOX
®
delta 1510 (16) N/A 0.0014 N/A 2.15*10

-8
 4017.21 

Rotation movement, frequency: 1 HZ, radius: 3.6 ± 0.2 mm. N/A = could not be measured 

Table 4. Wear volume and wear rate calculation results for rotation movement tests 

  

An alternative wear rate, known as volumetric wear rate, is expressed as below: 

WRv = wear volume (mm
-3

) / L (m)                                                                                        (7) 

where L is the total travel distance [30]. 

The wear volume of Al2O3-SiCw discs has also been measured by IF. For samples of 

BIOLOX
®
delta, the IF method failed to work.  

One IF measurement on the wear track of Al2O3-SiCw disc after 8 N test 2 is shown below: 

 

                
 

               
Picture 5. Illustration of one IF measurement on the wear volume of disc 

 

From the values under the pictures, we can read the volume of that wear track is about 

0.0041 mm
3
. 
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The wear volumes from IF measurements, as well as the volumetric wear rate (WRv) values 

calculated based on IF as well as Wyko measurements are listed in the table below: 

 

Test name Wear volume of 

disc by IF (mm
3
) 

WRv of disc by 

IF (mm
3
/m) 

WRv of disc by 

Wyko (mm
3
/m) 

WRv of pin by IF 

(mm
3
/m) 

Al2O3-SiCw 1 N 

start-and-stop 

0.0029 7.86*10 
-7

 2.27*10 
-7

 3.28*10 
-7

 

Al2O3-SiCw 1 N 

continuous 

0.0042 5.23*10 
-7

 2.09*10 
-7

 3.33*10 
-7

 

Al2O3-SiCw 8 N 

test 1 

0.0041 1.00*10 
-6

 1.16*10 
-6

 1.14*10 
-6

 

Al2O3-SiCw 8 N 

test 2 

0.0041 1.07*10 
-6

 5.86*10 
-7

 1.08*10 
-6

 

Al2O3-SiCw 16 N  0.0077 1.92*10 
-6

 1.91*10 
-6

 1.96*10 
-6

 

BIOLOX
®
delta 

8N 

N/A N/A 1.82*10 
-7

 N/A 

BIOLOX
®
delta 

16N 

N/A N/A 3.44*10 
-7

 N/A 

Table 5. Wear volume values measured by IF and volumetric wear rate calculation results 

  

The relationship between volumetric wear rate and load applied for all of the rotation 

movement tests is plotted below:   
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Load applied & volumetric wear rate in rotation movement
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Graph 1. Relationship between volumetric wear rate and load applied in rotation tests 

 

As is shown in the graph, the volumetric wear rate increased linearly with the increasing of 

the load applied for the Al2O3-SiCw material.  At higher load, the difference in WRv values 

between two measurement methods and the pin and disc is much smaller. BIOLOX
®
delta shows 

a much lower wear rate under the same test condition. 

Similar tribology tests on the F75 Co-Cr-Mo alloy, one of the most commonly used material 

in THA, have been performed in separate investigations, using the same test machine, the same 

lubricant as well as the same temperature, meaning that the wear rate data should be readily 

comparable. The comparison of volumetric wear rates of these three materials is shown in the 

figure below: 
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Graph 2. Comparison of volumetric wear rate between different materials 

 

From the figure, it is clear that F75 Co-Cr-Mo alloy has a much higher wear rate than the 

ceramic materials tested, with a steeper increase in volumetric wear rate with applied load. The 

WRv values used for Al2O3-SiCw are the average values under the same load shown in the 

previous figure. For the Al2O3-SiCw material, the wear rate is at least one order of magnitude 

lower than the value for the Co-Cr-Mo alloy. 

5.1.4 SEM analyses on the pins and discs after test 

Then SEM analyses were performed on both pins and discs after the test to study the worn 

area. All of the samples were gold sputtered for 20 seconds, giving a layer of 2 nm. The results 

are shown below: 
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Picture 6 and 7. Al2O3-SiCw disc after rotation test, 1 N continuous, unworn area (left) and worn 

area (right) 

 

                                                                                     

Picture 8 and 9. Al2O3-SiCw disc after rotation test, 8 N test 2, unworn area (left) and worn area 

(right) 
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Picture 10, 11. Al2O3-SiCw disc after rotation test, 16 N, unworn area (left) and worn area (right) 

 

 

 

 

 

Picture 12. Al2O3-SiCw disc after rotation test, 16 N, boundary (up: worn, down: unworn area) 

 

In the picture of unworn area, what looks like whisker-shaped vacancies are found. The 

white particles are thought to be precipitations from the lubricant. In the boundary area, the 

continuity of whiskers can be observed from unworn to worn area, which suggests that the 

vacancies observed are not whiskers pulled out during the test.  

The formation of whisker-shaped vacancies was first thought to be due to the removal of 

Al2O3 particles in the vicinity of SiC whiskers during polishing, since the bonding between Al2O3 

particles and SiC whiskers is not strong due to the difference in thermal expansion coefficient, 

which disrupts chemical bonds during cooling after sintering. However, later experimental results 

suggest that there is a thin layer of precipitation from the lubricant in the unworn area during test, 

and whisker-shaped vacancies are formed because of the preferential precipitation on Al2O3 

grains. The test result is presented in a later section. 

From the comparison of the worn and unworn area, small pores are found. This may be due 

to the pulling out of parts of vertically oriented whiskers, as well as the removal of Al2O3 grains. 
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Some porosity, however, is present in the sintered material before wear, and may give rise to 

some of the porosity seen in the SEM micrographs of used material.  

SEM results for BIOLOX
®
delta samples after rotation movement tests are given as below: 

 

      

Picture 13, 14. BIOLOX
®

delta disc after rotation test, 8 N, unworn (left), worn area (right) 

 

      

Picture 15, 16. BIOLOX
®

delta pin after rotation test, 8 N, unworn area (left), worn area (right) 
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Picture 17, 18. BIOLOX
®

delta pin after rotation test, 16N, unworn area (left), worn area (right) 

 

     From the comparison of unworn and worn area of BIOLOX
®
delta, it is clear that in the 

worn area, some particles have been ripped out, leaving pores. In the worn area picture after 16 N, 

some precipitations exist. This suggests that the depth of pores is larger. It may also indicate that 

the temperature change under this test condition is larger, which had accelerated the precipitation 

procedure. 

5.1.5 Chemical composition test results for filtered lubricant 

The collected lubricant after filter is sent to the chemical lab to analyze the chemical 

composition, aiming to detect if there are any wear particles that dissolved into the lubricant. The 

result is listed int the table below: 

 

Sample name 

 

Al (ICP) 

(ppm) 

 

Si (ICP) 

(ppm) 

 

Zr (ICP) 

(ppm) 

Rotation test, 16 N, 

BIOLOX
®
delta 

 

<1 

 

<1 

 

<1 

Rotation test, 16 N, 

Al2O3-SiCw 

 

<1 

 

<1 

 

<1 

B-A-F test, 8 N, 

Al2O3-SiCw 

 

<1 

 

<1 

 

<1 

 

HBSS, unused 

 

<1 

 

<1 

 

<1 
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Table 6. Chemical composition test result for lubricant after P-O-D tests 

 

As illustrated by the result, the content of Al, Si and Zr in the lubricant after test is all less 

than 1 ppm, which is the lower detection limit for the this ICP analysis method used. Unused 

HBSS solution is also analyzed as a reference, which shows exactly the same result. Since the 

wear volume in each test is very small, the dissolution of wear particles would not be detectable 

by this method, but the results show, that there is no general dissolution of the materials used in 

the wear tests under the conditions imposed. 

5.2) Back-and-forth (B-A-F) movement test results 

5.2.1 Wyko measurement and volume estimation of the wear tracks 

For back-and-forth movement tests, 5 different points on the wear track were chosen for 

wear area measurements. At each point, 3 measurements were taken in a distance of around 0.1 

mm from each other. The average value of these three measurements is used as the wear area for 

that point.  

Since the value of the wear area differs significantly from point to point, it is not precise any 

more to use the average value do the calculation for the whole track. So the wear track is divided 

into four equally long parts, the volume of which is calculated separately, and the sum of these 

four parts is taken as the wear volume of that test. As expressed by the formula below:  

Vi = ((Ai + Ai+1)/2)*l                                                                                                              (8)  

where Ai and Ai+1 are the wear area value of the start and end point of part i, and l equals to 

one fourth of the total length of the wear track.  

So we can get the total wear volume  

Vtot = ∑ (Vi, i = 1, 2, 3, 4)                                                                                                     (9)                   

 The wear volume and average wear rate values measured from Wyko (for disc) and IF (for 

pin) are listed in the table below: 
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Material  

 

 

Mean 

Contact 

Pressure 

[MPa] (Load 

[N]) 

 

 

Wear 

Volume 

of pin, 

[mm
3
] 

 

Wear 

Volume 

of disc 

(by 

Wyko), 

[mm
3
] 

 

 

Average 

wear rate 

of pin, 

kwp, 

[mm
3
/(N 

m)] 

 

Average 

wear rate 

of disc (by 

Wyko), 

kwd, 

[mm
3
/(N 

m)] 

 

 

 

Travelled 

Distance 

[m] 

 

Al2O3-SiCw 

 

650 (1) 

 

 

0.0101 

 

0.0022 

 

1.28*10
 -6

 

 

2.85*10
 -7

 

 

7879.68 

Al2O3-SiCw 1300 (8) test 1 0.0049 0.0037 1.57*10 
-7

 1.20*10
 -7

 3905.28 

Al2O3-SiCw 1300 (8) test 2 0.0052 0.0032 1.70*10 
-7

 1.03*10 
-8

 3905.28 

Al2O3-SiCw 1640 (16) 0.0071 0.0070 1.14*10 
-7

 1.12*10
 -7

 3905.28 

BIOLOX
®
delta 1200 (8) N/A 0.0036 N/A 1.15*10

-7
 3836.16 

BIOLOX
®
delta 1510 (16) N/A 0.0031 N/A 5.05*10

-8
 3870.72 

Back-and-Forth movement, frequency: 1HZ, sliding distance: 11.2 ± 0.2 mm. 

Table 7. Wear volume and wear rate calculation results for B-A-F movement tests 

 

The wear volume from IF measurement for Al2O3-SiCw samples, as well as the volumetric 

wear rate (WRv) values calculated based on this measurement for B-A-F movement are listed in 

the table below: 
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Test name Wear volume 

of disc by IF 

(mm
3
) 

WRv of disc by 

IF (mm
3
/m) 

WRv of disc by 

Wyko (mm
3
/m) 

WRv of pin by 

IF (mm
3
/m) 

Al2O3-SiCw 1 N  0.0017 2.16*10 
-7

 2.57*10 
-7*

 1.28*10 
-6

 

Al2O3-SiCw 8 N test 

1 

0.0049 1.25*10 
-6

 9.58*10 
-7

 1.25*10 
-6

 

Al2O3-SiCw 8 N test 

2 

N/A N/A 8.27*10 
-7

 1.34*10 
-6

 

Al2O3-SiCw 16 N  0.0070 1.79*10 
-6

 1.80*10 
-6

 1.82*10 
-6

 

BIOLOX
®
delta 8N N/A N/A 9.27*10 

-7
 N/A 

BIOLOX
®
delta16N N/A N/A 8.15*10 

-7*
 N/A 

* = The average values of the two Wyko measurements 

Table 8. Wear volume values measured by IF and volumetric wear rate calculation results 

for B-A-F movement tests 

 

The relationship between volumetric wear rate and load applied for all of the B-A-F 

movement tests is plotted below:   
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Graph 3. Relationship between volumetric wear rate and load applied in B-A-F movement tests 

 

It can be observed that the result for the Al2O3-SiCw pin after 1 N test is abnormal, because 

is much larger than for the disc measurements for the same load and material. The reason for this 

is not known. As for Al2O3-SiCw samples, the volumetric wear rate increases with increasing load 

applied, and also, the deviation becomes smaller at higher load. However, for BIOLOX
®
delta, 

the trend is opposite. This seems unlikely, and could be due to measurement errors, as the 

difference is rather small, or due to a mistake such as mix up of the samples.   

5.2.2 SEM analyses on the pins and disc after test 

The results of SEM analyses on both pins and discs after tests are shown in the pictures 

below: 
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Picture 19, 20. Al2O3-SiCw disc after B-A-F test, 1 N, unworn (left) and worn (right) 

 

      

Picture 21, 22. Al2O3-SiCw disc after B-A-F test, 8 N, unworn (left) and worn (right) 

  

      

Picture 23, 24. Al2O3-SiCw disc after B-A-F test, 16 N, unworn (left) and worn (right) 
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The SEM results of Al2O3-SiCw samples after B-A-F movement tests also show a thin 

precipitation layer on the surface of unworn area. Meanwhile, small parts of SiC whiskers and 

Al2O3 grains are found to be ripped out due to wear. In comparison with the results from the 

rotation movement tests, no big differences have been observed. 

In order to figure out the chemical composition of the precipitation layer on the surface of 

the unworn area, a chemical point analysis has been made using EDS in the SEM at three 

different points: 

 

Picture 25. EDS result for precipitation layer analysis 

 

Spectrum 1 and 2 has a higher percentage of Si, which indicate that they represent an area 

where SiCw are present. The composition in spectrum 3 illustrates the base material and the 

presence of Ca and P indicates the chemical composition of this precipitation layer from the 

lubricant, which is probably some form of calcium phosphate. Hank’s solution is 

thermodynamically oversaturated with respect to hydroxy apatite (HA) at the pH used. 

Aiming to remove the precipitation layer, the same sample was immersed into 50 vol% HCl 

for 5 minutes at room temperature, then ultrasonically cleaned and made the analysis again. The 

result is shown below: 
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Picture 26. EDS result for the same sample after HCl treatment 

 

From the SEM result of the sample after HCl treatment, it is clear that the thin precipitation 

layer on the surface has been removed, and the absence of Ca and P in the composition table also 

proves this conclusion. 

 SEM results for BIOLOX
®
delta after back-and-forth movement tests are shown below: 
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Picture 27, 28. BIOLOX
®
delta disc after B-A-F test, 8 N, unworn (left) and worn (right) 

 

      

Picture 29, 30. BIOLOX
®
delta disc after B-A-F test, 16 N, unworn (left) and worn (right) 

 

It is clear, that BIOLOX delta also has a thin precipitation layer in the unworn parts of the 

material. Through the comparison between unworn and worn area, pores made by wear are found 

as well, just like the results in rotation movement tests. No big difference in the appearance of 

worn area between these two different movements can be observed. It is not possible to say 

whether ZrO2 or Al2O3 has been preferentially worn away from the material. 

5.2.3 Wear area difference on different points on the same wear track 

The illustration of the five points taken on the B-A-F test wear track is shown in the picture 

below:                                                       

  

  
Picture 31. Illustration of points taken for B-A-F wear track study 

 

Point 1, start point (SP) 

Point 2, distance from SP: L/4 

Point 3, distance from SP: L/2 

Point 4, distance from SP: 3L/4 

Point 5, distance from SP: L 
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Then, the relationship between distance from start point and wear area value at 

corresponding point is plotted, the result is illustrated in the diagram below: 

 

 

 
Graph 4. Distance from the start point and related wear area profile 

As shown in the diagram, for most of the tests, the trend is that the wear area value goes up 

towards the middle point, reaches the maximum value there and then decrease towards the end 

point. At the start and end point, the wear area value is very close. However, there are two 

exceptions: 1N of Al2O3-SiCw sample and 16 N of BIOLOX
® 

delta sample, the trend is just on 

the contrary. Apart from possible measurement errors for the 1 N test sample, where the wear 

volume is small, we could not give a reasonable explanation for this. 

A larger wear area in the middle means that the wear rate increases with speed, as the pin 

has a maximum speed at that point. The speed is 0 at start and end points. 
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Similar conclusions were reached for previous measurements on alumina samples done by B. 

Kerkwijk, H. Verweij, et al. they found that the specific wear rate does increase significantly with 

increasing sliding velocity [7].  

5.3) Repeatability tests result 

The differences in volumetric wear rate where two different test runs were made under the 

same conditions (same type of wear, i.e. back-and-forth or rotation, load and material) are shown 

below:  

 

Test Name Difference in WRv by 

Wyko measurement 

on disc (%) 

Difference in WRv by 

IF measurement on 

disc (%) 

Difference in WRv by 

IF measurement on 

pin (%) 

1 N (continuous, start-

and-stop) rotation  

8.26 40.18 1.51 

8 N rotation 65.75 6.76 5.41 

8 N B-A-F 14.68 N/A 6.95 

Table 9. Differences in volumetric wear rate for the tests under the same load 

 

As shown in the table, for the differences in volumetric wear rate of the discs calculated by 

the help of Wyko measurement, the results are ranging from 8.26% to 65.75%. Aiming to check 

the error for the Wyko measurement, two repeat measurements had been accomplished on the 

wear track of 1 N on Al2O3-SiCw and 16 N on BIOLOX
® 

delta after back-and-forth movement 

tests. The differences were 21.65% and 1.71% respectively. So the error in the Wyko 

measurement would also influence the differences in the wear rate of the tests under the same 

load. 

 For IF measurement, the differences are in the range of 6.76% to 40.18% and 1.51% to 6.95 

for the discs and pins, respectively.  

Although most differences are smaller, the possibility of errors around 50 % in the 

volumetric wear rate cannot be excluded. 
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 5.4) Friction coefficient data 

During each test, the changing on friction coefficient value with time is recorded. For back-

and-forth movement, due to the low acquisition rate in the program, the data could not be used. 

As for rotation movement, the result data is collected, plotted and shown below: 

   

 

 

 

For 1 N continuous test, the friction coefficient value shows a sudden drop when the test is 

started again from the short break. However, for the start-and-stop test, the value shows a sudden 

jump. The most likely explanation for this change is that the machine recalibrates the friction 

coefficient value when it is stopped and started again, meaning the sudden drops and jumps are 

measurement artifacts rather than real changes in the friction coefficient.   

For the 8 N load test, the trend of friction coefficient value for Al2O3-SiCw is that it initially 

decreases and then fluctuates around a stable value, while for BIOLOX
®
delta, the value increases 

continuously during the measurement. The problems with the friction coefficient measurements 

mentioned above make it difficult to determine an exact value for the average friction coefficient. 

However, it is clear that the Al2O3-SiCw material has a lower friction coefficient value than 

BIOLOX
®
delta. 

For 16 N, the trend is similar with the result in 8 N, and there is also a sudden increase in the 

friction coefficient value due to the short break in the test process. 

Graph 5. Friction coefficient 

& time 1 N, Al2O3-SiCw  

 

Graph 6. Friction coefficient 

& time 8 N, Al2O3-SiCw and 

BIOLOX
®
delta 

 

Graph 7. Friction coefficient 

& time 16 N, Al2O3-SiCw 

and BIOLOX
®
delta 

 



37 

 

6 Discussion 

From table 4, the average wear rate values of both pins and disc show a decrease with 

increase of load applied. This is because the wear volume does not increase at the same rate as 

the load applied when the load is increased. For example, the wear volume does not double when 

the load applied is doubled.  

The wear mechanism for both tested materials seems to be removal of ceramic grains from 

the material matrix, complemented by polishing/grinding during the test, possibly aided by the 

wear particles. There are few or no signs of cracking in the tested materials, and during the 

testing period, no “material breakdown” as indicated by sudden increases in the friction 

coefficient was observed, apart from artifacts caused by brief stops for lubricant refills. 

BIOLOX
®
delta shows a much lower average wear rate than the Al2O3-SiCw material. 

Some possible reasons for this are given below. 

1) SiCw debris acts as third body which accelerates the wear 

Small parts of SiC whiskers can be ripped out during the test, and since SiCw has a higher 

hardness than alumina, the presence of SiC particles as a third body between Al2O3-SiCw pin and 

disc can accelerate the wear in the tests. 

2) Less efficient bonding between Al2O3 and SiCw particles 

As mentioned before, the bonding between Al2O3 and SiC whiskers is not very strong 

comparing to the bonding between Al2O3 and Al2O3 particles. So during the test, Al2O3  grains at 

the boundary area between whiskers and alumina can be ripped out due to this less-efficient 

bonding. This is consistent with the SEM pictures, but it is not possible to confirm this hypothesis 

with any great certainty. 

In the pin-on-disc experiment results done by Vesa Saikko and Jaakko Keränen by using 

BIOLOX forte against itself and serum as lubricant, the ranges for wear rates were 0.9*10
-8  

- 

6.2*10
-8 

(mm
3
/ (N*m)) [31], which is in the same order of magnitude as  for the results in this 

study for BIOLOX
®
delta. 

The Al2O3-SiCw material has a higher hardness and fracture toughness value, as well as a 

lower friction coefficient, but still possesses a higher wear rate than BIOLOX
®
delta. It is possible 

that the grain size and size distribution plays an important role for the wear resistance, but as 

discussed above, the presence of hard SiC particles may also explain the higher wear rate. 
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Higher fracture toughness, as well as lower friction coefficient values may benefit Al2O3-

SiCw material in tests in e.g. a hip simulator, but this remains to be tried.  

The wear rate on the order of 10
-7

 is still at least ten times smaller than F75 Co-Cr-Mo alloy 

under comparable test conditions.    

 Also, when compared with metal-on-plastic wear rates measured for acetabular cups made 

from conventional ultrahigh molecular weight polyethylene, which are approximately 2*10
-6

 

[mm
3
/ (N*m)], the wear rate value of Al2O3-SiCw material in ceramic-on-ceramic test is also one 

order of magnitude lower[32, 33]. 

What should also be taken in to consideration is that even for the load of 1 N, the 

corresponding mean contact pressure is 650 MPa. This is still hundreds of times larger than the 

value in real application. In a study on pressure distribution during simulated gait (movement) 

pattern in human hip joint, an average maximum pressure of 7.7 ± 2.0 MPa is found [33]. This 

may affect the relation between wear rates of metal-on-plastic, metal-on-metal and ceramic-on-

ceramic. 
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Appendix 

Specification of Hank’s Buffered Salt Solution (HBSS) (Full Strength with carbonate) 

0.137 M NaCl 

5.4 mM KCl 

0.25 mM Na2HPO4 

0.44 mM KH2PO4 

1.3 mM CaCl2 

1.0 mM MgSO4 

4.2 mM NaHCO3 


