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Abstract: Lubricated rolling fatigue tests on silicon nitride rods are discussed. 
Fully densified micro-porous and porous silicon nitride rods are tested using a 
disc-on-rod method. Failure modes and surface fatigue spalls are examined 
using scanning electron and light microscopy. The degree of porosity in silicon 
nitride and its influence on manufacture and quality is discussed. 

1 INTRODUCTION rolling contact fatigue resistance was micro- 
structure porosity. Since then, hot isostatic pressed 

The use of ceramics for rolling contact element (HIP) pre-sintered silicon nitride preforms, and 
bearing applications has become a reality for some enhanced additive technology have enabled a fully 
specialist applications. Three rolling element bear- densified material to be produced. This material 
ing applications where ceramics are considered as can achieve a fully densified, high quality micro- 
a replacement for traditional steels are gas-turbine structure with suitable mechanical properties that 
engines, grinding machine tools and milling ma- is challenging traditional bearing steels in rolling 
chine tools. The two principal reasons why ceram- contact applications. Substantial rolling contact 
ics are considered for these applications are that testing is still required to enable the material to 
low density reduces centrifugal force effects (high reach its potential in this application. 
speed machinery such as gas turbine engines and This present study reviews previous experimen- 
grinding applications) and a moderate increase in tal studies of rolling contact fatigue of silicon ni- 
elastic modulus increases the dynamic stiffness tride rods. Present tests are conducted on fully 
(milling applications). densified, micro-porous and porous silicon nitride. 

In the case of gas turbine engines, the thermal Results are presented and surfaces are examined 
efficiency increases as shaft speed increases but by scanning electron and light microscopy. 
centrifugal loads also increase. The contact stress 
acting on the outer race of the rolling element 1.1 Some previous experimental studies 
shaft bearings can cause premature failure because 
of the increased rotational speed. One option to Comparative rolling fatigue studies of hot-pressed 
reduce the contact stress is to replace the rolling silicon nitride, hot isostatically pressed silicon ni- 
element balls or rollers within shaft bearings with tride, sialon and M50 bearing steel were reported 
lower density ceramics. Silicon nitride is usually by Lucek.3 A rod type fatigue testing machine in 
chosen for this type of application due to its over- which three 12.7 mm diameter steel balls orbit a 
all suitability of physical properties, i.e. low den- rotating 9.53 mm diameter cylindrical test speci- 
sity and moderate elasticity modulus, with good men was used. Results showed that the predomi- 
toughness and fatigue life. nant fatigue failure mechanism of silicon nitride 

Preliminary rolling contact tests by Scott and involves the slow growth of circumferential cracks 
Blackwell’ and Scott et al2 on reaction bonded sil- from the edges of the contact path driven by ten- 
icon nitride gave poor results compared to bearing sile stresses. Spalling occurred when material in 
steel. A factor thought to influence the poor the compressive zone was insufficiently supported. 
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Rolling contact fatigue data4 of good quality 
silicon nitride produced by the HIP technique was 
compared with poor quality silicon nitride and 
M50 steel. This was conducted to compare silicon 
nitride with a traditional bearing steel which is 
used in gas turbine aircraft engine applications. It 
is important to study the effects of ceramic mate- 
rial quality on its rolling contact fatigue perfor- 
mance, poor quality silicon nitride being defined 
as material of high porosity and containing inclu- 
sions. These materials were tested using a disc-on- 
rod machine. The results showed that under cer- 
tain conditions good quality silicon nitride could 
outperform M50 steel. The surface fatigue mode 
of the silicon nitride for all cases was spalling. 
Edge cracks as found by Lucek3 were not re- 
ported, confirming that this may not be the only 
failure mechanism. 

Earlier work using the disc-on-rod machine was 
done by Lucek and Cowley’ with a hot-pressed 
silicon nitride test specimen. All failures were of a 
spalling, non-catastrophic nature and test loads 
varied from 4.1 to 5.5 GPa. Reduced fatigue life 
was caused by cone cracks found on the ceramic 
surfaces. Surface quality was studied as a function 
of fatigue life, in particular, the method of speci- 
men finishing. It was found that test specimen 
finishing by different honing and lapping tech- 
niques influenced rolling contact fatigue results. 
The fact that finishing techniques were influential 
on test results is not surprising. The shape of 
asperities varies with finishing technique and 
silicon nitride materials may be sensitive to this 
parameter. 

Baumgartner6 studied the rolling contact fatigue 
resistance of hot-pressed silicon nitride using the 
disc-on-rod machine. At these conditions and 
under various loads the silicon nitride could out- 
perform M50 steel. A spalling, non-catastrophic 
failure mechanism was again reported. 

2 TEST CONDITIONS FOR PRESENT STUDIES 

2. I The disc-on-rod machine 

The disc-on-rod machine (Fig. 1) was adopted for 
the rolling contact fatigue tests. Test rods of 9.53 
mm diameter were clamped to the motor drive 
spindle. Rod eccentricity was checked by a dial 
test indicator clamped to the machine. Two 200 
mm diameter discs with end radius ground to 12.7 
mm diameter were rested on the test rod. A force 
of 2.9 kN was then applied to the contact area by 
a turnbuckle and measured with a calibrated load 
cell. 

The lubricant was dripped onto the contact 
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Fig. 1. Schematic diagram of the disc-on-rod machine. 

area, the rod driven by an electric motor at 12,500 
rpm. This rotation turns the contacting steel discs. 
Slip between the steel discs and ceramic test rod 
was 4.6 % and measured by a stroboscope. Disc 
and rod alignment was adjusted after viewing the 
lubricant spray from the contact ellipse edges. 
Testing was stopped automatically when excessive 
vibration was measured at a set sensitivity. 

Table 1 shows the standard test parameters and 
contact conditions. The maximum compressive 
contact stress is 5.4 GPa which is calculated using 
Hertz theory.7 When a steel rod is used, the con- 
tact stress reduces to 4.8 GPa under the same force 
and this reflects the difference of silicon nitride 
elastic modulus. The lambda ratio* is found by 
calculating the oil film thickness using a dimen- 
sional analysis technique and comparing it with 
the surface roughness. A lambda ratio of 1.6 is 
within the operating region for most industrial 
rolling element bearing applications and means 
that some asperity contact will occur during tests. 
Rolling contact fatigue resistance is reduced under 
these conditions compared with tests at lambda 
values above three. 

2.2 Materials tested 

Material quality was monitored for all test materi- 
als to identify possible failure causes and to insure 
test consistency. A sample rod from each test 
batch was sectioned, polished and visually ana- 

Table 1. Standard test parameters and contact condi- 
tions 

Maximum compressive stress (GPa) 4.8 (steel rod) 
5.4 (ceramic rod) 

Surface roughness (Ra, pm1 0.163 (steel disc) 
0.100 (test rod) 

Rod speed (rpm) 12,500 

Lambda ratio l-6 
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Fig. 2. Material section analysis using an optical microscope (X575). (a) Typical microstructure, (b) worst feature. 

lyzed using an optical microscope. Figure 2 shows 
a typical section of a silicon nitride containing 
high porosity levels. The worst area of porosity 
was approximately 10 pm in length, this repre- 
sents poor quality silicon nitride material. Fully 
densified test material quality contains no porosity 
with fine phases within the microstructure result- 
ing from additives. 

3 TEST RESULTS 

3. I Fully densified silicon nitride 

Fully densified silicon nitride material rod tests 
are conducted according to Table 1, i.e. steel con- 
tacting discs and Exxon 2389 lubricant. Tests were 
suspended after thirty million cycles to provide 
adequate screening and to avoid severe wear to 
the steel discs. The reduction in contact stress ex- 
erted on the silicon nitride rod due to steel disc 
wear is monitored and taken into account. 

The material was tested four times and sus- 
pended after thirty six million stress cycles. Here, 
no pitting or spalling damage is observed on the 
silicon nitride rod. Surface edge cracks were not 
visible after surface examination and dye-penetra- 
tion inspection. It was discussed earlier (Section 1) 
that Lucek3 did find edge cracks on silicon nitride 
surfaces. It is generally considered that edge 
cracks are caused by tensile stresses located on the 
contact surface periphery. The significance of this 
fact is that the silicon nitride mode of surface fa- 
tigue failure is influenced by the test configuration. 
Typical wear scars extending to a width of 0.91 

Table 2. Test conditions for micro-porous silicon nitride 

Test Material Test stop reason Lubricant 

5 Bearing steel Spall Exxon 2389 
6 Silicon nitride Spall (disc) Exxon 2389 
7 Silicon nitride Suspend Exxon 2389 

mm were observed on the silicon nitride rod sur- 
face. The scars are expected with a lambda ratio 
of 1.6 (Table 1). This means asperity contact be- 
tween the surfaces is probable, which may subse- 
quently cause adhesive wear. 

3.2 Micro-porous silicon nitride 

The second set of tests considered a standard 
bearing steel, and silicon nitride with a structure 
containing micro-porosity. This test shows how 
well apparently imperfect silicon nitride material 
can compare to steel under identical applied loads. 
It is appreciated that at least 20-100 repeated 
tests are required to statistically verify the results. 
Table 2 shows the test materials. Figure 3 indi- 
cates the time to failure or suspension of these 
tests. 

The bearing steel test rod failed by a conven- 
tional contact fatigue spa11 (Test 5). Wear scars 
were observed on the material extending to a 
width of 0.96 mm. Spa11 depth, width and length 
(rolling direction) were measured as 66 pm, 0.79 
mm and 43 mm, respectively. It should be noted 
that this steel is specified to moderate operating 
temperatures and thus has better contact fatigue 
resistance than a typical high temperature steel, 
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Fig. 3. Ceramic and steel test results. 
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Fig. 4. Substandard ceramic test results. Fig. 5. Substandard ceramic rod test results. 

for example M50. The silicon nitride material 
may, however, be used at moderate or higher tem- 
peratures while maintaining good contact fatigue 
resistance (Hamburg et ~1.~). 

Tests on the silicon nitride material that contain 
a micro-porous structure are shown as 6 and 7 in 
Table 2 and Fig. 3. These tests were suspended 
(Test 7) or stopped due to a steel disc spalling 
(Test 6). Silicon nitride with micro-porosity life 
extends beyond the steel failure probability band, 
thus showing that although it is known that 
porosity is associated with premature contact fa- 
tigue failure, the pore density and pore size may 
have a limiting influence. 

3.3 Porous silicon nitride 

3.3.1 Standard test 
The silicon nitride was designated as poor grade 
due to its high porosity, large porosity size and 
inclusions within the structure. The material 
microstructure is shown as Fig. 2 (Section 2.2), 
porosity size reaches 10 pm in length. Tests 8-l 1 
examined the material fatigue life under standard 
conditions described in Section 2.1, and with pre- 
viously described configurations, i.e. Exxon 2389 
lubricant and rod roughness of 0.1 pm Ra. The 
porous silicon nitride test results are shown in Fig 4. 

It is shown in Fig. 4 that material performance 
is poor when compared with previous tests of 
micro-porous silicon nitride and bearing steel. 
Comparing the present results to the silicon ni- 
tride that contains micro-porosity, the fatigue per- 
formance is reduced by an order of magnitude. 
This implies that a limiting degree of porosity size 
and density within the silicon nitride microstruc- 
ture may be acceptable. The cost of manufactur- 
ing fully dense silicon nitride is high, and specify- 
ing quality standards that accept a degree of 
porosity may be justified both on a technical and 
economic basis. It is, however, appreciated that it 
is difficult to control the pore morphology of a 
porous silicon nitride ceramic. 

3.3.2 Non-standard test 
The rod surface finish was enhanced to 0.05 pm 
Ra, by diamond polishing in water. Test lubricant 
was also changed to Talpa 20 base oil, which has 
greater viscosity (94.6 cs°C at 40°C) than the 
recommended test oil (12.46 cs°C at 40°C). These 
modifications have the effect of increasing the 
lambda value (oil film thickness and surface 
roughness function) to above three. This implies 
little or no asperity contact at the disc/rod inter- 
face. Non-standard test results (12-14) are shown 
in Fig. 5. 

The results from Tests 12-14 show that the 
slight change in tribological conditions affects fa- 
tigue life quite dramatically. Here the rod survived 
at least twice the number of stress cycles. This re- 
sult shows that although material quality is very 
important, the material is also extremely sensitive 
to tribological conditions. 

4 FAILURE ANALYSIS AND DISCUSSION 

4.1 Influence of porosity 

The rolling contact fatigue tests described in Sec- 
tion 3 indicate that the degree of porosity size and 
density may have a limiting influence on silicon 
nitride fatigue life. It was established that the sili- 
con nitride which contained micro-porosity could 
still have a useful fatigue life. The contact path of 
the micro-porous silicon nitride rod was studied 
using a dye penetrant technique to provide some 
explanation to the limiting influence on fatigue 
life. The silicon nitride rod is treated with a dye 
penetrant before optical analysis. The rod is then 
viewed under normal white light and then ultra- 
violet light. Any cracks, porosity or surface defects 
are viewed due to the reaction of the penetrant 
under ultraviolet light. 

Microscopic images of Test 7 contact path 
under white and ultraviolet light are shown in Fig. 
6. Figure 6(a) shows the typical contact path of 
width 0.91 mm, and wear scars are also evident. 
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Fig. 6. Optical analysis of the contact path for test seven (x70). (a) Contact path (rotation J), (b) contact path (ultraviolet). 

Fig. 7. Micrographs of spa11 for test eight. 
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Fig. 8. Micrographs of secondary surface spa11 (Test 8). (a) Small pores, (b) spa11 texture. 

An identical position under ultraviolet light, Fig. 
6(b), shows the contact path edge where the 
micro-porosity is clearly visible. It should be 
noted that the pore size is exaggerated due to the 
illuminance of the dye-penetrant. At the region 
near the contact path centre, the porosity on the 
contact path is no longer visible on the surface. It 
is therefore postulated that limitation of micro- 
porosity influence is due to surface pores becom- 
ing blocked due to specimen wear debris or plastic 
deformation within the contact area. 

4.2 Fatigue spa/l analysis 

Typical rolling contact fatigue spalls are the fail- 
ure mode on the porous silicon nitride. The failure 
dimensions shown in Table 3 agree with the stress 
fields associated with ceramic/steel contacts under 
the test loads and surface geometry. The com- 
parison of spa11 dimensions, standard tests 
(S-11) with non-standard tests (12-14), shows no 
specific differences resulting from varying test 
conditions. Surface cracks were not found after 
extensive surface observations using the dye- 
penetration method. 

Scanning electron microscope observations of 

Table 3. Spall measurement analysis 

Test Spall width- Spall length- Spall depth 
across contact along contact (mm) 

path (mm) path (mm) 

8 0.67 0.46 0.034 
9 0.71 0.46 0.030 

10 0.79 0.64 0.082 (0.117 
maximum) 

11 1.07 0.93 0.040 (0.080 
maximum) 

:z 
0.81 0.57 0.100 
0.53 0.43 0.030 

14 0.50 0.64 0.040 (0.150 
maximum) 

fatigue spalling in Test 8 are shown in Fig. 7. Fig- 
ure 7(a) shows the failure overview of primary and 
secondary spalling, and the contact wear path is 
also evident. The wear path, wear scars and ex- 
posed porosity adjacent to the spa11 are shown in 
Fig. 7(b). Fatigue surface of the large primary 
spa11 is examined in Fig. 7(c) and (d). Surface un- 
dulations are visible and exposed debris in the 
deepest section of the spa11 can also be seen. The 
small secondary spa11 is examined in Fig. 7(e) and 
(f). Again, debris are located within the trailing 
spa11 and undulations are visible. 

The secondary spa11 surface is studied under 
higher magnification, as shown in Fig. 8. Porosity 
reaching 20 pm in length is visible on the fracture 
surface, in Fig. 8(a). Due to material pull-out dur- 
ing fracture, porosity size is greater than twice the 
maximum pre-test section examination. Striation- 
like surface texture is observed in Fig. 8(b), where 
the distance between these markings is between 
one and two microns. This distance is of similar 
order to pre-sintered silicon nitride powder. 

5 CONCLUDING REMARKS 

Silicon nitride tested under standard and non- 
standard disc-on-rod conditions fails by a non- 
catastrophic spalling mode. The rolling contact re- 
sistance of porous silicon nitride is very sensitive 
to tribological variations. 

Repeated tests are required to evaluate statisti- 
cal confidence limits on the test results presented. 
After further tests it may be justified to specify sil- 
icon nitride quality standards for rolling element 
bearing applications that accept a degree of poros- 
ity. 

The mode of silicon nitride failure using the 
disc-on-rod machine differs to that found when 
using the ball-on-disc machine. The influence of 
edge cracks caused by tensile stress near the con- 
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tact region on the rolling contact fatigue mode 
should be investigated further. 
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