Rolling contact fatigue performance of HIPed

Si;N,4 with different surface roughness
2]. Kang, *M. Hadfield and "R. T. Cundill

*Bournemouth University, School of Design, Engineering & Computing,
Tribology Design Research Unit, Studland House, 12 Christchurch Road,
Bournemouth, Dorset, BH1 3NA, United Kingdom.

"SKF Engineering and Research Centre BV, Nieuwegein, The Netherlands
(Tel. +44 (0)1202 503750 Fax +44 (0) 1202 503751
E-mail: jkang@bournemouth.ac.uk mhadfiel @bournemouth.ac.uk)

Abstract: Accelerated rolling contact fatigue four-ball tests were performed on Hot
Isostatically Pressed (HIPed) silicon nitride/steel contacts under lubricated condition
using a PLINT TE92/HS Microprocessor Controlled Rotary Tribometer at a
maximum compressive stress of 6.58GPa and at a speed of 10,000 rpm for 135~200
million stress cycles. Rolling track surfaces were examined by optical microscopy,
SEM, 3-D surface analysis, atomic force microscopy and interference profilometry.
Experimental results show that with a initial roughness value R, from 0.016 to 0.094
um, the surfaces became smoother during testing and surface pitting (10~20um)
occurred. For the surfaces with a roughness value R, from 0.002 to 0.008 pm, the
surfaces became rougher and lubricant oil residues were deposited at the edges of
rolling track. Some small and shallow surface pitting 2~3um in size was also
observed. Some scratch marks left on the surface by the previous lapping process
were further extended during testing. R, and Ry are still most important roughness
parameters in relation to rolling contact behaviour. The effects of other surface
roughness parameters, such as the shape of the valley, Ry and Ry, are not obvious in

this study.
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1. Introduction

Hot isostatically pressed (HIPed) silicon nitride balls are extensively used in precision
ball bearings for their optimum combination of properties — low density, high elastic
modulus, corrosion resistance and temperature resistance, which give significant
performance advantages in hybrid bearings and all-ceramic bearings [1]. The only
restriction, which hinders the widespread application is the high manufacturing cost
of these balls. It is estimated the final finishing process of these balls constitutes up to
one half of the total manufacturing cost. Because these balls are subjected to high
cyclic contact stresses, currently they are finished to the best possible surface
roughness value in order to reduce the risk of rolling contact fatigue failure according
to experience with steel balls. The material properties of ceramics are very different
from steel, especially with the technological advances of powder manufacture and
material densification. This philosophy of obtaining the best possible surface
roughness may lead to over-engineering of ceramic balls. The surface roughness
parameters which are the most influential in rolling contact fatigue are therefore
interests and concerns for both industry and academia.

The role of surface roughness and asperities was recognised very early by
consideration of the real area of contact and the number, size, and spacing of
asperities which will affect the contact resistance or the local temperature caused by
frictional heating during sliding. It was assumed that an increase in contact load

increases both the number of contacts and the size of the contact area [2]. In the late



1960’s R. Van Hasselt [3] showed that for metals the roughness of the surface
presents a pattern of irregularities and scratches each being a potential starting point
for a fatigue crack. Recently, a data-fitted rolling bearing life prediction model [4]
revealed that the rolling bearing life tests showed a consistent downwards trend with
increasing composite RMS roughness height. This indicated that the mathematical
life prediction model, which does take the surface roughness into account,
underestimated the life shortening effect of rougher surfaces.

In the late 1970’s, it was reported that on hot pressed silicon nitride, coarser grinding
media introduced larger flaws and reduced strength [S5], and that finer grit size
abrasives gave higher as-ground strengths [6]. Recently, Lakshminarayanan and Chao
studied the lubricated rolling contact of steel/silicon nitride using a ball-on-rod
rolling-contact-fatigue (RCF) tester. The as-ground silicon nitride rods (R,=0.18u)
exhibited neither wear nor spalling in the RCF tests, while the ground-and-lapped
silicon nitride rods (R,=0.081) showed no wear but occasional spalling failure [7].
Rolling contact fatigue tests with silicon nitride balls on silicon nitride rods showed
bearing-grade balls (R,= 0.005n) rolling on as-ground (R,=0.18w) rods produced a
high initial wear rate in both elements which decreased exponentially with time or the
number of loading cycles. Improving the surface finish on the rods by lapping
(R,=0.05u) produced delayed wear in both elements; i.e., the wear rate was initially
zero during an incubation period, then increased and finally decreased [8]. U. Effner
and M. Woydt conducted slip-rolling tests on a twin disk tribometer and found
spherical samples of Si3N4 and Si3N4-TiN showed a minimum in the wear coefficient

for surface roughness values Ry (reduced valley depth) in the range of 0.5 pm < Ryg



< 0.9 pm. With cylindrical Si3N4 and Si3N4-TiN samples, the wear coefficient was

proportional to Ryk [9-10]. It was observed that for HIP-Si3N4 and Si3N4-TiN with an
initial roughness of R,>0.5um, running-in could act as cost-free “surface finishing”

process. It was found also that under conditions of slip-rolling in oil for the ceramic
couples at room temperature, there was no correlation between friction coefficient
and machining process or initial surface roughness [11-12]. Westkaemper et al. [13]
carried out similar tests and also found that if Ryx was below 0.3 pm then rolling
wear increased considerably. The upper limit of Rykx was 2 pm; above that the rolling
wear rose strongly again. During rolling contact, the initial roughness peaks are cut
off very quickly in the running-in period and thus have a very small influence on the
rolling wear. The shapes of the valleys in surface topography will have most effect on
the rolling contact fatigue life. A wear model for HIP-Si3Ny in rolling contact was
established and a new surface characteristic value “valley sharpness Rg” was
proposed. Rolling wear test results showed a better correlation with valley sharpness
Rgs than the conventional roughness parameter “average roughness height R,py”. It
was found that different materials may need different surface characteristic values.
For HIP-Si3N4-TiN and HIP-Y-PSZ-A, unfiltered reduced valley depth Py showed a
good correlation with rolling wear [14].

This paper reports the details of a recent experimental study, which focuses on the
correlation between surface roughness and the rolling contact fatigue performance of

HIPed silicon nitride.



2. Experimental Details

2.1 Test Machine

Accelerated rolling contact fatigue tests were performed on a PLINT TE92/HS
Microprocessor Controlled Rotary Tribometer. This tribometer is suitable for a
variety of tribological tests. In this study, it was configured as a high-speed rolling
four-ball machine according to the Institute of Petroleum (UK) IP 300 procedure and
Fig 1 is an outline of the modified rolling 4-ball configuration. The contact angle is
35.3°. The upper ball (3) is held in the collet (2) and rotates at the spindle (1) speed.
The retainer cup (7) has a race with slightly larger radius than a %2” ball to
accommodate three lower balls (4). The cup can be filled with oil before testing and
during the testing period more oil can be added through a hole in the cup cover (8) to
maintain fully lubricated conditions. The heater pad (5) in conjunction with a
thermocouple ensures the temperature is above the specified value, when temperature
is lower than this specified value, the heater pad will be on. The four-ball rolling
kinematics are described in reference [15]. The current configuration was categorised

as a type II machine. The upper ball stress cycle factor L is:

{Ra +2Rp }
L=7 —— (D
2(Ra + Rp)

Where Z is the number of lower balls, Ra is the upper ball radius and Rp is the lower
ball radius. In this case, Ra= Rp= 6.35mm, Z=3, this gives L=2.25. This means that

when the spindle rotates one revolution, the upper ball will endure 2.25 stress cycles.



In this study, the upper ball is the specimen ball and three lower balls are standard
bearing steel balls (specification: 0.5” ball Reference RB12.7/310995A, material:
AISI 52100 bearing steel). The measured geometric and physical properties of the
lower balls are listed in Table 1. The test speed, load and temperature are controlled
by editing values, ramps and steps in the menu of a computer interface file. The test
will be stopped at a pre-set number of revolutions of the driving-shaft measured by a
counter. In the event of a ball failure, a vibration sensor will automatically stop the
test at a pre-determined vibration level. All of the present tests were conducted at a

shaft speed of 10,000 rev/min.

2.2 Test Samples

Four kinds of HIPed silicon nitride balls with diameters 12.7 mm (¥2”), commercially
finished to grade 5, were procured from different manufacturers and were designated
as A, B, C and D. Two different kinds of HIPed silicon nitride ball blanks were
lapped and polished to 12.7 mm by the authors using an eccentric lapping machine,
and were designated as E, F and G. The same ball blank material was used for balls F
and G; F being rough lapped only and G lapped and then polished. E represents balls
lapped from another ball blank material. Detailed description about this eccentric
lapping machine and the lapping and polishing processes can be found in earlier
publications [16-17]. Table 2 summarises the measured geometric and material
properties of test samples A to G. Surface hardness was measured using a Buehler
Hardness Indenter, at a load 10kg, loading time 10 sec and loading speed of

100pm/sec. Fig. 2 gives surface topography details of samples A through G measured



by a Zygo New View three dimensional imaging surface structure analyzer. Fig. 3 is
the optical microscopy observation on the surfaces of sample A ~ G before the RCF
tests.

The different surface roughness R, values are well reflected by the microscopy
images (Fig. 3), with higher R, values corresponding to more dark phases in the
pictures in the sequence of E, F, B, G, A, C then D. The microscopy images of
samples A, C and D are close, with D the brightest. But the 3D surface analysis
reveals that although its R, and Ry (rms) values are the smallest in all of the samples,
it has a positive skewness value Ry of 2.64 and a very high kurtosis value Ry, of 47.8
which means that the surface of D is “spiky”. In contrast, both A and C balls have a
negative skewness value Ry, which implies that the bulk material is above the mean
line (the surface has more valleys than peaks). Many scratches left by the previous
lapping process can be observed on surface of sample G and these scratches are also
revealed by 3D topography profiles and a negative skewness value Ry of —0.868 (Fig.
2G). Whether these parameters would affect the rolling contact fatigue life is
therefore of interest. Samples A, B, C and D were also measured by a Talysurf 2D
surface profiler, in each case with three measurements on three balls. The statistical
analysis values for different roughness parameters (R, Rq, R, etc.) are very close to

the values measured by the 3D surface structure analyzer.

2.3 Testing Programme
Before each test, the sample ball was cleaned by acetone in an ultrasonic bath.

Surface roughness and surface hardness of each test ball were measured and the



surfaces were examined by optical microscopy. The lubricant oil for all tests was
Shell Talpa 20 with a kinematic viscosity of 94.6 cSt at 40 °C and 8.8 at 100 °C. The
oil was added every 24 hours during the test to maintain the silicon nitride/steel
rolling contact under fully lubricated condition. During the test, the load, speed and
temperature etc. were recorded in a computer file at pre-set sampling rate. In all tests,
temperature was set to 50 °C. A typical temperature change during the test period is
shown in Fig. 4, in this case the oil was added at time 4 hours, 26 hours and 49 hours.
Since the measurement of the temperature at the upper/lower ball contact region was
not possible, the actual temperature measured was that of the bulk lubricant oil inside
the retainer cup which to some extent to reflect the contact region temperature.
Normally, tests were stopped before reaching the set time due to the failure of one of
the lower steel balls. In this case the retainer cup assembly was taken out and cleaned
and then the test was continued with three new steel balls and fresh oil. The failure of
the lower steel ball was normally a fatigue spall on the rolling track as shown in Fig.
5. By changing the lower steel balls, the upper silicon nitride ball could exceed
135million contact stress cycles. After each test, the upper silicon nitride ball was
cleaned in an ultrasonic bath by acetone and examined by optical microscopy, SEM,

interference profilometry, 3D surface analysis and atomic force microscopy.



3. Results and Discussion

A summary of the rolling contact fatigue test records is given in Table 3. The
calculated Hertz contact stresses [18] is shown in Table 4. In all of the tests, no
typical fatigue spall of comparable dimensions to the rolling track was found on any
of the silicon nitride balls. Fig. 6 and Fig. 7 show the microscopy observations and
the profilometry images respectively, of the rolling tracks of sample A to G after
testing.

An analytical balance was used to measure the mass of the sample balls before and
after RCF test. The mass loss of each of the sample balls after testing were in the
range of 0.1 mg ~ 1mg. If this is converted to volume loss, it would be in the range of
0.3 ~ 3x10"° m’. Although the readability of this balance is 0.1/0.0lmg, the
repeatability of the measurement result is within a few tenths of 1 mg. In addition, oil
residues can be deposited on to the rolling track in some cases to influence the
accuracy of mass loss. So in this study the mass loss or volume loss was not used to
quantify the rolling contact performance of the sample balls. Instead the change of the

surface topography on the rolling track was the major factor used in this study.

3.1 Surface Examination Results for Each Sample

Sample A is a commercially finished ball with a R, value 0.005 pum and a negative
skewness value —1.38. After 134.35 hours RCF test (181 million stress cycles), no
difference can be observed on the rolling track under optical microscopy (Fig. 6A)

except for the oil stain deposited on the outer edge of the rolling track which could



not be removed by ultrasonic cleaning. Fig. 8 shows the oil stain on the outer edge of
the rolling track under higher magnification. Fig. 9 is the analysis of the rolling track
by the 3D surface analyzer. From the oblique plot of Fig. 9, slight wear on the rolling
track can be seen. This wear on the rolling track is not evenly distributed, featuring
less wear in the middle of rolling track. This is a common characteristic, and will be
discussed in detail later on. From the “Surface Profile” of Fig. 9, it can be seen that
the wear on the rolling track is very small — in the range of 0.05~0.1um; the height
of the oil stain is in the region of 0.15um. The values of surface roughness
parameters are increased nearly 10 times compared to the values in Fig. 2A before
testing, with R, increased from 0.005um to 0.67um, Ry (rms) from 0.007 to 0.090 and
R, from 108.35nm to 799.76nm. Although these roughness values in Fig. 9 are the
average values from the measured area which includes the oil stain at the edge of
rolling track and some area outside the rolling track, most of the measured area is the
rolling track. In addition, the roughness parameter R, is an arithmetic average so that
occasional higher values, such as those caused by oil deposits, will have less effect
than vast majority values inside the rolling track. These results reflect the tendency of
the surface in the rolling track to become rougher due to wear. The skewness value
changed from —1.38 before the RCF test to —0.465, which means the bulk material is
still above mean line but there may be more peaks than before. The surface
topographic change and wear on the rolling track cannot be observed in the
interference profilometry image in Fig. 7A; only the oil stain on the outer edge of the

track can be seen.



Sample B is also a commercially finished ball but with a R, value 0.016 um and a
small positive skewness value of 0.077 before testing. After 100.72 hours RCF test
(135 million stress cycles), under optical microscopy observation (Fig. 6B) the
surface pitting appears on the rolling track and the sides of the rolling track have
become smoother. To verify this, a Scanning Electron Microscopy investigation was
carried out. Fig. 10 shows the SEM micrographs of sample B, (a) and (b) outside the
rolling track, (c) and (d) inside the rolling track. The SEM investigation leads to an
assumption that during the rolling contact test, the vast majority of the small and
shallow pits disappeared due to the “running in” wear process and the surface
became smoother. However, some of the larger and deeper pits developed into
surface pitting due to microcracking. To further confirm the smoothing of the rolling
track, an area at one edge of the rolling track without surface pitting was examined
using an atomic force microscopy. The result of the AFM examination (Fig. 11) did
show the decrease of the roughness parameter values. Compared with Fig. 3B, PV
(Roughness peak to valley) is decreased from 0.529um to 0.248um, R, from 0.021um
to 0.018um, R, from 0.016 to 0.014 um and R, from 403nm to248 nm. The
interference profilometry image in Fig. 7B shows two surface pits near the middle of
the rolling track.

Sample C is a commercially finished ball with a R, value 0.003 um and a negative
skewness value of —0.597 before RCF test. After 110.48 hours RCF test (149 million
stress cycles), the surface of the rolling track became rougher under optical
microscopy observation (Fig. 6C). Fig. 12 shows the result of the rolling track of

sample C examined by the 3D surface analyzer. Compared with the 3D roughness



parameters measured before the test in Fig. 2C, the values of PV, R, R, and R, have
increased 30 times. Taking the factors influencing the 3D measurement result into
account as described with sample A, the surface of the rolling track definitely
becomes rougher. The amount of wear and the height of the oil deposits are similar to
sample A. The oil stains at the two edges of the rolling track showed in the “Oblique
Plot” of Fig. 12 are similar to those as observed in the interference profilometry
image in Fig. 7C.

Sample D is a commercially finished ball with a R, value 0.002um and a Ry value
0.003um which are the smallest values of all of the 7 samples, but PV and R, values
are higher than those of Sample C, and with a high positive skewness value Ry of
2.64 and a very high kurtosis value Ry, of 47.8 before the RCF test. After 131.85
hours (177 million stress cycles), no difference can be observed on the rolling track
except for oil stains at the track edges under optical microscopy (Fig. 6D). The high
skewness and kurtosis values did not make any difference. The interference
profilometry image in Fig. 7D shows the oil stain at the outer edge of the track. Small
and shallow pitting around 2um in size was observed with the SEM. Fig. 13 shows
the SEM micrograph of small pits on the rolling track of sample D.

Sample E is a ball with a R, value 0.094um, rough lapped by the authors from ball
blanks. After 146.19 hours RCF test (197 million stress cycles), the surface of the
rolling track has the same features as Sample B; the rolling track becoming smoother
and surface pitting (Fig. 6E). SEM micrographs of sample E are shown in Fig. 14, (a)

and (b) outside the rolling track, (c) and (d) inside the rolling track. As with Sample



B, the size of the surface pitting was 10~20um. The interference profilometry image
shows the smoother nature of the rolling track (Fig. 7E).

Sample F is also a ball rough lapped by authors, but with a R, value 0.080um. After
running for 136.37 hours (184 million stress cycles), the surface of the rolling track
appears smoother under optical microscopy (Fig. 6F) and interference profilometry
(Fig. 7F) examination. Occasional surface pitting was found on the rolling track (Fig.
6F). The characteristic of this sample was many small arc cracks parallel to the
rolling direction at the two edges of the rolling track as illustrated Fig. 15.

Sample G is a ball firstly lapped then polished by authors to an R, value 0.008pum and
featured surface scratches left over from the rough lapping process, forming some
large valleys on the surface (Fig. 2G). After 137.82 hours RCF test (186 million
stress cycles), some scratches were further developed becoming larger, but did not
lead to surface failure (Fig.16). Some small arc cracks parallel to the rolling direction
can also be seen (Fig. 16). These small arc cracks are common features for samples G
and F and will be discussed later. The extraordinary feature of this sample is a
continuous groove formed on the outer edge of the rolling track. This can be clearly
seen by interference profilometry image (Fig. 7G) and by the AFM image (Fig.17).
The depth of this groove is about 1~1.5um from the section view of the AFM image
(lower right in Fig. 17). The cause of this groove is unclear, it maybe related to the

Hertzian maximum tensile stress which is near to the edge of contact zone.



3.2 Discussions on Common Characteristics

There are some common characteristics in the tests. In all of the three rougher
surfaces — sample B, E and F with roughness values R, ranging from 0.016 to 0.094,
surface pitting occurred and the size of a typical pit was 10~20um. Also there was
the tendency for those surfaces to become smoother due to “running in” polishing
wear. In all of the four smoother surfaces — samples A, C, D, and G with roughness
values R, from 0.002~0.008, there was a tendency for these surfaces to become
rougher during the RCF tests, with oil residues deposited on the edges of rolling
tracks.

The film thickness between the contact surfaces and the lubrication regime are
calculated using the classical Elastohydrodynamic (EHD) equations [19] and are
listed in Table 5. Calculated minimum film thickness is 0.12um, and the lambda
ratios for A, C, D, G are 3.26, 3.29, 3.3 and 3.2 respectively. This means that with
samples A, C, D and G, (smoother surfaces), a full fluid film will separate the
ceramic/steel contact surfaces initially. This may be also related to the common
characteristics of the oil residues deposited on the edges of rolling tracks and the less
of surface pitting. As the rolling contact process continuing, the ceramic/steel contact
surfaces will become rougher as a result of rolling wear and the lambda ratios will
probably fall down. The lambda ratios for B, E, F (rougher surfaces) are 2.89, 0.91
and 1.0 respectively, and this may be related the common characteristics of larger
surface pitting. For sample B, the lubrication regime will be partial or mixed EHD
throughout testing based on the Ry of 0.019um (Fig 11) on the rolling track after

testing giving a lambda ratio of 2.96. For samples E and F, the lubrication regime will



be initially in between mixed EHD and boundary lubrication, then as a result of
“polishing wear” the ceramic surfaces become smoother and the lubrication regime
will be within the mixed EHD region.

The phenomena of wear or contact marks at the two edges of rolling track being
different from the middle of the rolling track, which can be seen in Figs. 6B, 6C, 6E
and 6F, could be related to the distribution of Hertz contact shear stress. It is well
known that the contact shear stresses are concentrated on the two sides of the contact
zone although the maximum shear stresses are located a few tens of tm underneath
the surface. It is believed that shear loading drives plastic deformation and this mode
of deformation is prompted by the presence of normal compressive stresses during
wear [21].

It seems that R, or Ry (rms) are still most important roughness parameters. The R, and
R4 values for samples A, C and D are of the same order and after testing the
appearances of the rolling tracks are similar. Although sample D initially had a high
positive skewness value Ry of 2.64 and a very high kurtosis value Ry, of 47.8, this
did not make any differences to the rolling track. The surface of sample G initially
contained many large valleys left by the previous rough lapping process (Fig. 2G) and
only occasional valleys were developed further. In this case most of the roughness
valleys produced by previous lapping process are bigger and deeper than normally
would found else where, and most of them did not further develop, nor fail during
RCEF test. This implies that some deeper lapping marks on the surface can be further

developed during RCF, but in general the shape of the valley does not have a



significant effect on RCF life. Therefore, the wear model based on surface valleys
established by Westkamper [13-14] could not be proved by this study.

Small ring cracks were found on samples F and G. The shape and the orientation of
these cracks along the rolling track are the same for both samples. As samples G and
F were from the same batch of ball blanks and had both been rough lapped using the
eccentric lapping method, it is possible that the arc cracks were small Hertzian cracks
formed by asperity contacts. These asperities maybe formed during rough lapping
process. Further polishing removed some of these asperities, and some asperities still
left with their peaks removed. There are many asperities lying within the contact
zone, the true contact only occurred at the tips of these asperities, which are
compressed as elastic solids in normal contact and their deformations are given by the
classic Hertz theory [20]. It maybe also related to the material properties. On the
“rougher” surface (sample F), more small cracks were found on the edges of rolling
track. On the “smoother” surface (sample G), a groove was observed on the outer
edge of the rolling track. Whether this groove is a result from the further development
of these small cracks at the edge of rolling track is not clear. If it does, then a
“rougher” surface has some advantages over “smoother” surface. Further studies are

needed on this issue.



4. Conclusion

Seven HIPed silicon nitride ball samples with different surface roughness values were
tested in rolling contact against steel balls under lubricated condition at a maximum
compressive stress of 6.58GPa and at a speed of 10,000 rpm for 135~200 million
stress cycles. No typical fatigue spalls occurred on any of silicon nitride samples and

3. Based on the test

the wear was also very small, in the range of 0.3~3x10"" m

results, the following conclusions were made:

(1) For HIPed silicon nitride balls with a rough surface (0.016 to 0.094 um R,) it is
more likely for the surface to become smoother due to polishing wear and surface
pits in the sizes of 10~20pum may occur.

(2) For HIPed silicon nitride balls with a smooth or highly polished surface (0.002 to
0.008 um R,) it is more likely for the surface to become rougher and for oil
residues to be deposited at the edges of rolling track. Small, shallow surface
pitting about 2um in extent may also occur.

(3) Scratch marks left on HIPed silicon nitride ball surfaces by previous lapping
processes can be further extended during RCF, although no failure from these has
been observed.

(4) It appears that R, and R, remain the most important surface parameters in relation

to RCF life. The effects of other surface roughness parameters such as the shape

of the valley, Ry and Ry, were not obvious in this study.
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Table 1

The measured geometric and material properties of lower steel balls

Diameter 12.699 mm
Density 7789 (kg/m’)
Surface roughness R, 0.024 um
Surface roughness R 0.037 um

Surface Hardness 907 (HV10)
Surface Hardness 65.2 HRC-150kg
Table 2

The measured geometric and material properties of samples A to G

Samples Diameter Surface roughness Density Surface Hardness
mm R, um (3D) (kg/m”) (HV10)
A 12.7004 0.005 3214 1505
B 12.7007 0.016 3238 1560
C 12.6994 0.003 3226 1478
D 12.6998 0.002 3166 1619
E 12.701 0.094 3338 1532
F 12.698 0.080 3160 1682
G 12.703 0.008 3160 1682




Table 3

Rolling contact fatigue test records

Sample Total RCF test Total contact stress Lower balls changed Final temperature =~ Test termination and observations
duration (hours) cycles (million) after (hours) (°C)

A 134.35 181.3725 17.083, 49.867, 67.4  63.8 Oil residues on upper ball

B 100.72 135.972 39.68, 10.2, 50.84 62.2 One lower ball small spall,
small amount of dark debris in oil

C 110.48 149.148 8.07, 102.41 65.6 Oil residues on upper ball

D 131.85 177.9975 22.57, 891, 100.37 64.2 Oil residues on upper ball, Some rust-like debris
in the oil at the bottom of the retainer cup

E 146.19 197.3565 4348, 1.74, 100.97 59 Terminated (without incident)

F 136.37 184.1 22.6, 67.02, 46.75 61.3 Terminated (without incident)

G 137.82 186.057 25.77, 62.37, 49.68 60.1 Terminated (without incident)

small amount of dark debris in oil



Table 4 The calculated Hertz contact stresses

PLINT Machine Load (KN) 1.96
Contact Load (N) 800
Max. Compressive Stress (GPa) 6.58
Radius of Contact Circle (mm) 0.24
Max. Shear Stress (GPa) 2.04
Max. Tensile Stress (GPa) 1.01

Table 5 The calculated minimum film thickness and lambda ratio

Samples Rq1 (um) | R (um) hmin A
ceramic steel (um)

A 0.007 0.0376 0.125 3.26
B 0.021 0.0376 0.125 2.89
C 0.004 0.0376 0.125 3.29
D 0.003 0.0376 0.125 3.30
E 0.132 0.0376 0.125 0.91
F 0.118 0.0376 0.125 1.00
G 0.010 0.0376 0.125 3.20
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Fig. 2 3D surface topography details of samples A to G before testing
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Fig. 6 Photomicrographs of the rolling tracks of samples
A to G after testing.




Fig. 7 The interference profilometry images of the

rolling tracks of samples A to G after testing.
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Fig. 4 A typical temperature plot during the test period

Fig. 5 A typical fatigue spall on a lower steel ball
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Fig. 8 The outer edge of the rolling track of sample A
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Fig. 9 Rolling wear track of sample A observed by 3D surface analysis



Fig. 10 SEM micrographs of sample B,
(a) and (b) outside the rolling track, (c) and (d) inside the rolling track.
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Fig. 11 AFM image of the rolling track of sample B after testing.
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Fig. 12 Rolling track of sample C observed by 3D surface analysis
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Fig. 13. Small pitting on the rolling track of sample D.



Fig. 14 SEM micrographs of sample E,
(a) and (b) outside the rolling track, (c) and (d) inside the rolling track.



Fig. 16 A further developed scratch and small arc cracks on the rolling track of sample

G
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Fig. 17 AFM image of sample G after running for 146 hours.
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