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Benefits of hybrid 
bearings in severe 
conditions
Hybrid bearings have shown good performance in 

poor lubrication and contaminated conditions, but the 

understanding of the contributing mechanisms and their 

effect on performance is still lacking. SKF has developed 

more insight into the tribology of hybrid bearings through 

both dedicated experiments and modelling. 

HYBRID BEARINGS, i.e., bearings 

with steel rings and bearing grade 

silicon nitride (Si3N4) rolling 

elements, have been increasingly 

used in applications operating in 

challenging environments [1-4] 

such as high-speed, oil-free air 

conditioning and refrigeration com-

pressors, general luid machinery, 

electrical machinery and gearbox-

es. In some of these applications, 

both the boundary or mixed 

lubrication regime and solid 

particle contamination inluence 

the bearing performance. In the 

case of a boundary or mixed 

lubrication regime, the bearing 

raceway surfaces can become 

susceptible to early surface distress 

and surface-initiated fatigue 
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Bearing arrangement for a centrifugal 

compressor, incorporating hybrid bearings.
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Tribology at work
By combining tribological knowledge and 

advanced materials, SKF is offering high- 

performing solutions for severe rolling bearing 

applications.

Added versatility
Many new applications are possible thanks to 

the extension of the SKF Explorer heavy-duty 

RSH sealed deep groove ball bearing range.

TECHNOLOGY
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Max pressure,  

hybrid / all-steel

Bearing 

speed 

Operating 

temperature

Bearing 

designation

Lubrication 

condition

Lubricant Number 

of cycles

GPa r/min °C kappa millions

1.96 / 1.75 500 60 81108 TN 0.46 Mineral oil 

Turbo Shell 

T32

0.5, 1.0, 1.5;

9.25, 15, 24.25

Table 1: Bearing test rig – testing conditions.
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cracks, depending on the operating 

conditions, as well as the boundary 

friction-coeicient and wear 

behaviour acting on the contacting 

surfaces [5,6]. The failure risk on 

the raceway surfaces follows fatigue 

damage accumulation. In the case 

of a contaminated environment, 

solid particles entrapped in the 

rolling contact create dents with 

raised edges that can break through 

the lubrication ilm, even if the 

bearing operates in good full-ilm 

conditions. These larger but local 

surface dents lead to early surface- 

fatigue [7,8]. Dedicated experi-

ments and modelling results are 

shown here to compare the physical 

mechanisms and performance of 

hybrid bearings with all-steel 

bearings for typical bearing 

surfaces in thin-ilm conditions in 

the irst instance, and for larger 

denting features in the second 

instance. 

Surface performance in 
poor lubrication
The experimental evidence shows 

that prominent performance 

beneits can be obtained by using 

hybrid bearings under boundary 

or mixed lubrication [1-4], includ-

ing enhanced surface distress 

performance [3]. The performance 

of hybrid rolling contacts in poor 

lubrication [6] is examined in detail 

by means of rolling bearing fatigue 

experiments and a combined 

surface distress and wear model 

(described in [5]). The research has 

also found that the large improve-

ment in surface-fatigue  resistance 

of hybrid contacts cannot be 

explained solely by normal dif-

ferences in some of the roughness 

parameters existing between the 

all-steel and the hybrid contacts. It 

is necessary to take into account a 

considerable reduction (by a factor 

of two) in the efective boundary 

friction-coeicient of the hybrid 

contact, in comparison with an 

all-steel one, observed in dedicated 

tests [6]. 

The tests were performed on a 

vertical friction rig (ig. 1) under 

testing conditions listed in table 1, 

using cylindrical roller thrust 

bearings with steel rollers (having 

higher cycling and quicker surface 

distress development than the 

washers) and steel or Si3N4 washers 

to represent the all-steel or hybrid 

contact coniguration. To avoid 

wear during the test by using a 

too-rough ceramic lat washer, a 

polished surface was used. This is 

acceptable as the typical surface 

roughness of ceramic rolling 

elem ents in a hybrid bearing is very 

low. The diference in surface 

roughness between the steel and 

ceramic washer was taken into 

account in the numerical simula-

tions. Four tests for the steel 

contact and four tests for the hybrid 

contact were performed for a total 

of six hours (with intermediate 

stops at two and four hours). 

Optical proilo meter (WYKO) 

measurements on the tested rollers 

were taken and software developed 

in-house was applied to quantify 

the surface-distress area. Due to 

the absence of clear surface damage 

of the steel roller in the hybrid 

contact within the six hours of test 

time, longer tests for a period of 97 

hours (with intermediate stops at 

37 and 60 hours) were also 

performed. 

The main result of the correl-

ation between the measurements 

and the numerical simulation 

(using the fatigue-based model [6] 

and combined fatigue-wear model 

[5]) of the surface-distress area for 

hybrid and all-steel contacts under 

the above-mentioned conditions 

is shown in ig. 2. One can easily 

observe a gradual accumulation 

of surface distress in time for the 

all-steel contact, while the hybrid 

one exhibits practically no surface 

distress. One can also see that the 

results of the combined surface dis-

tress/wear model with wear rates 

typical for hybrid contacts (blue 

curves) agree with the experimen-

tal data slightly better than the 

results of the model assuming no 

wear (black curves). 
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1. Test sample:

      cylindrical steel rollers 

      (three in total)

2. Counter bodies:

      ceramic or steel washers

All-steel contact, model versus tests
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Fig. 1: Schematic view of the bearing test rig.

Fig. 2: Experimental data (square dots) versus numerical simulations (solid curves) 

of surface-distress area accumulation with increasing number of cycles, under 

operating conditions listed in table 1. 

Fig. 3: Illustration of an artificial dent on a deep groove ball bearing inner ring, and 

geometry in cross section [9]. 
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e: raised edges
    0.2 – 0.3 μm

d: depth 
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D: diameter 
    200 – 220 μm

The correlation between the 

numerical simulation and the 

measurements of micro-pitted area 

for hybrid and all-steel contacts 

suggests that on average there 

is a ratio of about 2 between the 

friction-coeicient of all-steel ver-

sus hybrid contacts, which partially 

explains the better surface distress 

performance of the latter. This 

average ratio was also obtained in 

previous experiments [7, 8]. Besides 

the lower boundary-lubrication 

friction, the other reasons for the 

better surface distress performance 

of hybrid contacts are the iner 

roughness and the more negative 

roughness skewness (i.e., deep val-

leys prevail over high peaks) of the 

Si3N4 counter bodies, in compari-

son with all-steel ones.

Surface self-healing prop-
erties in a contaminated 
environment
Although much work has been per-

formed for all-steel bearings, a major 

complication in studying mecha-

nisms of damage progression and 

surface-fatigue related to dents is the 

random nature of denting. Control-

ling the number, the geometry and 

the location of the dents is challeng-

ing. This is why many studies have 

introduced artiicial dents. These 

dents, produced by means of a Rock-

well ball indenter on bearing race-

ways, have been used to study fatigue 

life reduction and damage process 

under rolling/sliding conditions for 

all-steel bearings. Spall initiation at 

the trailing edges of a dent relative to 

the rolling direction was observed. 

More slip or high-surface frictional 

traction would promote faster 

Number of loading cycles N [KCyc]
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surface cracks initiation. The cracks 

are driven by maximum orthogo-

nal shear stresses developed at the 

near surface of the trailing edges [7, 

8]. The magnitude of these stresses 

depends on the dent geometries, 

the lubrication quality, the nominal 

contact pressure and the rolling/

sliding magnitude. In addition, lubri-

cating ilm collapse was modelled 

at the leading edge of the dent with 

wear and other surface damage. Lit-

tle work has been published about 

For more clariication and 

quantiication, a direct compari-

son of performance was studied 

through experiments and model-

ling of artiicial dents on the steel 

raceway when overrolled by steel 

or Si3N4 rolling elements [9]. Such 

dents were created on the inner 

ring of all-steel and hybrid deep 

groove ball bearings (ig. 3). The 

 bearings were then tested under 

equal operating conditions. The 

example shown in ig. 4 was for an 

operating condition of very good 

lubrication (full ilm) and medium 

contact pressure. Considering 

the Young’s modulus of the Si3N4 

balls, this means that the hybrid 

contact is operating with a slightly 

higher nominal contact pressure 

(e.g., table 1). Regular interrup-

tion of the tests for inspection and 

measurements showed a noticeable 

diference between the all-steel 

and hybrid bearings in the surface 

aspect and changes of the dent 

raised edges (ig. 4a). 

The all-steel bearing showed 

limited plastic deformation and 

dent shape change of the raised 

dent edges (ig. 4b). This limited 

reconforming maintains a certain 

level of local pressure distribution 

when the raised edge of the dent 

is overrolled (as shown in ig. 5b). 

In addition, the surfaces showed 

clear supericial damage. On the 

leading edges of the dent (ig. 4d), 

where ilm collapse is expected, 

two mechanisms were observed: 

some supericial adhesive wear and 

supericial plastic deformation by 

asperities micro-denting as the 

steel balls’ surface is also rough-

ened when overrolling the dent. 

On the trailing edge of the dent, 

performance of hybrid bearings in a 

contaminated environment. Pion-

eering work [3] has shown excellent 

wear-resistance performance under 

heavily contaminated oil lubrication 

conditions. A “self-healing” mechan-

ism related to the higher Young’s 

modulus and hardness of the Si3N4 

was proposed. It produced plastic 

deformation of raised edges from 

dents on the steel counterpart, thus 

inhibiting surface distress, spalling 

and destructive wear. 

Fig. 4: a) Evolution of artificial dent aspect with operation, b) in the all-steel bear-

ing with associated dents profile measurements, c) in the hybrid bearing with 

associated dents profile measurements. Surface details of the dent edges at  

leading and trailing side respectively for the all-steel bearing, d) and e), and for 

the hybrid bearing, f) and g) [6].

Fig. 4a: Dent aspect evolution with running time.

Fig. 4b: Inner ring raceway 
of all-steel bearing.

Fig. 4d Fig. 4e Fig. 4f  Fig. 4g 

Fig. 4c: Inner ring raceway  
of hybrid bearing.

all-
steel

60 Mrevs 120 Mrevs 240 Mrevs 480 Mrevs

hybrid

Dent shape 
as new

Dent shape 
at end of test
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where higher stress concentration 

is expected, the all-steel bearing 

showed supericial plastic deforma-

tion by asperities, micro-denting 

the raised dent edges. With running 

time the material is deformed and 

pushed into the dent (ig. 4e), and 

a small surface crack is initiated 

and slowly propagates upon further 

operation. Surface distress model-

ling [6, 7] indicates a local ring of 

high surface traction stresses and 

distress (ig. 6a) and crack initiation 

risk corresponding to the speciic 

location observed in the tests (ig. 

4b and ig. 4e).

At an early stage of operation 

the hybrid bearing developed 

larger and latter dent edges (ig. 

4a and ig. 4c). Mild wear erasing 

the inishing marks and maintain-

ing a very smooth surface (ig. 4f) 

was observed on the leading edge 

from the very beginning. The Si3N4 

ball surface also remained in good 

condition and maintained its initial 

roughness. The earlier shakedown 

(plastic stabilization) with material 

pushed into the dent was explained 

with elastoplastic inite element 

simulation (ig. 5a) showing higher 

stress and therefore higher local 

deformation for the hybrid contact. 

With further running time, mild 

wear (ig. 4g) was also observed 

on the trailing edge. This fast mild 

wear reconforming the dent edges 

and changing their slopes (ig. 4a) 

stabilizes over running time, and 

the dent shape no longer evolves. 

The pressures are suiciently 

reduced to stop the mild wear 

mechanism.

Although the local pressures 

were higher for the hybrid bearing 

to start with, the reconforming 

Fig. 5: a) Dry contact 2D plain strain elastoplastic model with zone of high von  

Mises stresses below raised edges. b) Comparison of local elastic pressure distribu-

tion over raised edge when overrolled for all-steel and hybrid bearings for the dent 

shape as new and after operation [6].

Fig. 6: Surface distress modelling of the new dent and simulated to 250 Mrevs for 

accumulated fatigue. The leading side is on the right of each picture, the trailing 

side on the left [6].

Fig. 7: Relative dent life for all-steel and hybrid bearings under same load condition, the 

lubrication quality (kappa condition) was 4 for all-steel and 1 for hybrid bearings [6]. 
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Summary

Hybrid bearings are much less prone to surface distress than all-

steel ones due to the reduced boundary friction and favourable 

roughness topography of bearing grade silicon nitride.

In a hybrid bearing, only the steel counterpart undergoes mild 

wear, while the ceramic component remains nearly unaltered.

In contaminated conditions, mild wear, plastic deformation and 

maintaining of smooth surfaces on the dent edges in the hybrid 

bearing contribute to reducing local stresses. 

The good resistance to surface distress and boundary lubricat-

ed condition-related damage around the dent where the ilm col-

lapses was shown to lead to longer dent life for hybrid bearings.

of the dent shape reduced the local 

pressure to a similar level as the 

all-steel bearing (ig. 5b) for this 

test condition. In addition to this 

reduction of local pressure, surface 

distress modelling [9, 10] indicated 

a reduction of pressure gradient at 

the dent edges. More importantly, 

and especially for the local dent 

edge thin lubricating ilm condition, 

surface distress modelling indicates 

lower surface traction stresses and 

lower fatigue accumulation or crack 

initiation risk (ig. 6b). This is due to 

the lower boundary friction-coei-

cient in the hybrid contact [6].

A dent life was determined under 

equal load conditions for all-steel 

and hybrid bearings (ig. 3). The 

hybrid bearing operating at higher 

maximum contact pressure and 

thinner ilm condition still gave a 

better dent life than the all-steel 

bearing operating at lower max-

imum contact pressure in full ilm 

(ig. 7). 

These indings can be seen as 

counterintuitive, but they illus-

trate the beneits of hybrid bearings 

when poor lubrication and surface 

asperities and frictional stresses are 

experienced, whether they are from 

denting or general poor lubrication. 

The presented mechanisms will 

compensate for eventual deeper dent 

created in the hybrid contact during 

particle entrapment and  overrolling 

that have been reported for pure 

rolling conditions [11]. These bene-

its greatly balance the higher con-

tact pressure experienced in hybrid 

contacts over a certain range of load-

ing conditions. However, for rare 

cases of application at very high con-

tact pressures this positive balance 

may be jeopardized or reduced. 
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