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ABSTRACT

Ball- and roller-bearings of the 21* Century are
expected to perform better and last longer while
operating under more stringent conditions than before.
To meet these great expectations, researchers have
been constantly exploring new bearing designs or
refining existing ones, optimizing microstructure and
chemistry of bearing materials, and alternatively, they
have been considering the use of thin hard coatings for
improved bearing performance and durability.
Already, some laboratory tests have demonstrated that
hard nitride, carbide (such as TiN, TiC, etc.) and
diamondlike carbon (DLC) coatings can be very
effective in prolonging the fatigue lives of bearing

steels.

This paper provides an overview of the recent

in hard coatings for bearing

developments

applications. Previous studies have demonstrated that
thin, hard coatings can effectively prolong the fatigue
lives of bearing steel substrates. In particular, thinner
hard coatings (i.e., 0.2 - 1 um thick) provide
exceptional improvements in the fatigue lives of
bearing steel substrates. In contrast, thicker hard
coatings suffer microfracture and delamination when
tested under high contact stresses, hence are
ineffective and may even have a negative effect on
bearing life. Overall, it was concluded that thin hard
coatings may offer new possibilities for bearing
industry in meeting the performance and durability

needs of the 21* Century.

1. INTRODUCTION




During recent years, we have been witnessing the
development of a new generation of mechanical
systems that are highly miniaturized, very
sophisticated, yet extremely robust. Smooth operation
of these systems is critically dependent on the
performance and durability of their sliding and or
rolling bearings. Downsizing with no compromise in
performance and efficiency is likely to continue at an
accelerated pace during the next Century. It is
possible that the increasingly demanding and more
stringent operating conditions of the next-generation
bearing systems may exceed the capabilities of current
materials. Fortunately, the very strong and diverse
technology base acquired over the years in bearing

design, surface engineering, and tribology will be able

to handle these new challenges.

In general, the performance and durability of ball and
roller bearings are determined by a combination of
several factors such as microstructure, chemistry, and
mechnical properties of the bearing steels used, rolling
contact geometry, and operating conditions {1,2].
Great strides have been made in the design and
development of high performance bearings since
1950's. In fact, today’s modern bearings hardly fail
under normal operating conditions. However, the
operating conditions of future bearings are anticipated
to be much harsher and more demanding (i.e., higher
starved

temperatures and contact

pressures,
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lubrication, severe environments that can cause
corrosion, oxidation, and erosion) than before [2-4].
When used under such severe conditions, bearings
may still fail by the formation of pits or spalls on their
rolling contact surfaces [5,6], or by extensive
surface/subsurface deformation [7,8] oxidation and/or
corrosion [9-11]. Erosion and surface damage or dents
caused by abrasive particles in dirty oils can also lead
to bearing failure [12,13].

There exist several papers addressing the
mechanism(s) of failures resulting from the materials
and/or service related phenomena [ 14]. There are also
several theoretical models that can predict the lifetime
of a particular bearing system and explain the failure
mechanisms under specific operating conditions [15-
19]. These analytical and theoretical studies have
greatly increased our knowledge base in bearing
technology and led to the development of some very
unique bearing designs affording very long lifetime.
However, the model predictions may not always
match with the experimental or field results and such
disparities in predicted and experimental results are
perhaps due to the very complex nature of the contact
and fracture mechanics involved in each particular

case and to the statistical nature of the bearing

failures.



It is generally accepted that when two solid bodies of
curved shape are brought into contact, the maximum
orthogonal shear stresses are developed somewhere
beneath the contact spots. The depth of these stresses
is dictated by the magnitude of applied loads and the
elastic properties of the contacting bodies. For
example, for a peak Hertz pressure of 5.42 GPa the
depth is estimated to be =150 pm for a hardened AISI
M350 steel [20]. From this knowledge, it has been
postulated that fatigue failures or pits should originate
at depths where maximum shear stresses develop
[21,22]. Figure 1 shows the shape and morphology of
a typical fatigue failure. Dislocation entanglement
around inclusions, second-phase precipitates, and
other types of volume defects that are located at
depths where maximum shear stress develop are
thought to act as stress concentration points and hence

initiate subsurface microcracks resulting in failure

To eliminate the causes of material specific fatigue

failures, a number of materials engineering
approaches have been pursued in previous years. The
general aim of these approaches has been to increase
bearing performance by structural refinement,
mechanical-property enhancement, and smart surface
engineering. Early studies have clearly demonstrated

that a bearing component is only as good as the

material it is made from. Therefore, researchers have
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developed a variety of methods (i.e., vacuum
induction melting (VIM), vacuum arc-remelting
(VAR), and electroslag remelting (ESR)) to better
control and refine the microstructure and chemistry of
bearing steels [25,26]. These methods were extremely
effective in reducing both the number and size of
volume defects that acted as stress-concentration and
hence crack initiation points during cyclic loading
[27,28]. In particular, such volume defects as voids,
entrapped gas bubbles, and sulfur/phosphourus-based
inclusions were virtually eliminated. Oxygen content
of bearing steels was also reduced to some very low
levels, as a result, the size and population of oxide-
based inclusions become much smaller than before.
Bearings made out of such super-clean steels have
enjoyed dramatic improvements in their fatigue lives

[29].

For mechanical-property enhancement, a number of
novel microalloying and heat treatment techniques
were developed in recent years and used to prolong
the fatigue life of bearings [30,31]. Alternatively,
advanced powder metallurgical methods were
employed to control the shape, size, and distribution
of second-phase carbides within the structure [32].
Low-carbon bearing steels (e.g., M50 Nil and M50
Supemil) with improved toughness and case-

hardening capability were also developed and used in

bearing applications [33,34]. Retained austenite which



occasionally caused fatigue failure was also
eliminated by new heat-treatment and quenching

techniques.

The recent progress in structural refinement and
mechanical-property enhancement has led to marked
improvements inrolling contact fatigue (RCF) lives of
bearing steels. Moreover, smart bearing design and
improved filtering of abrasive particles from the
lubricating oils had a substantial positive impact on
bearing life. In fact, the failure modes of today’s
bearings are seldom related to microstructure or
mechanical property of the base material. However,
failures due to near surface defects and/or deficiencies
still occur and limit the useful lifetimes of bearing
components under cyclic loading [35,36]. Surface
defects, such as grinding furrows, nicks, seams,
notches, and dents introduced during manufacturing
and/or machining operations and deep scratches
caused by abrasive particles in lubricants, as well as
shallow pits due to progressive corrosion and wear
damage, were found to cause fatigue failures in
modern bearings [37-41]. In addition, very high
normal and tangential pressures developing at asperity
levels during rolling contact have given rise to severe
deformation and surface distress that can lead to

premature bearing failures [5,6,13].
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From the foregoing, it is clear that bearing failures are
increasingly initiated by near-surface irregularities or
defects that result from machining and/or improper
handling, and abrasive particles in lubricants. In order
to improve the surface-specific properties of bearing
steels, researchers have tried two general approaches.
First, they developed new methods to better control
surface irregularities and secondly they used a variety
of surface engineering tools to achieve better
protection against corrosion and abrasive wear
particles or contaminants. Recent advances in surface
metrology, polishing, and handling methods have
significantly reduced the number of surface
irregularities and thus reduced the causes of fatigue
Initiating from such irregularities. The use of
advanced filtering techniques in bearing systems has
eliminated most of the abrasive particles and thus
reduced the surface damage caused by such particles

[41].

In recent years, hard coatings or surface engineering
methods have attracted a great deal of interest from
researchers and bearing manufacturers for a variety of
rolling/sliding bearing applications (i.e., ball and
roller bearings, gears, cams, tappets, etc.). The idea of
using hard coatings to achieve longer bearing life is
not new, but it has taken very long time to scale up

and exploit for commercial applications. This paper

will provide an overview of the present state of the art




in bearing-performance improvements achieved
through the use of hard coatings. A brief description
of the coatings used in bearing systems is given first
and followed by a detailed discussion of the recent
progress made in the development of new bearing
components through the use of surface engineering
approaches. Special emphasis is placed on hard
coatings applied on these components by a variety of
physical and chemical vapor deposition processes. In
particular, the effects of coating adhesion and
thickness on the fatigue life of hard coatings are
discussed. Recent progress in understanding of the
mechanisms of the fatigue failures of coated bearing

materials is also covered.

2. SURFACE ENGINEERING APPROACHES
TO IMPROVE BEARING DURABILITY AND
PERFORMANCE

The major goal of the surface engineering approaches
has been to further reinforce the surface metallurgical
and tribological characteristics (i.e., wear, corrosion,
oxidation, and fatigue) of the bearing steel substrates
and hence to improve their lifetime. In the past,
researchers have employed a variety of surface
engineering techniques (i.e., ion implantation [42-46],
case carburizing/nitriding, and physical and chemical

vapor deposition techniques) to enhance the surface

properties of bearing steels. The range and usefulness
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of these techniques were discussed in details in

previous review articles [4,47].

Because of their excellent mechanical, chemical, and
tribological properties, hard ceramic coatings (e.g.,
TiN, TiC, NbN, NbC, ZrN, HfN, and DLC) have
enjoyed the greatest attention [47-49]. In particular,
TiN, TiC, and DLC coatings were studied the most. In
most cases, these coatings resulted in remarkable
improvements in both the L, and L, fatigue lives of
bearings. The general conclusion of previous studies
was that the extent of fatigue life improvements in
bearing steel substrates is very much dictated by the
thickness and adhesion of the hard coatings. In
general, thinner coatings (i.e., 0.2-1 um thick)
performed the best, while strong bonding between
coating and substrate steel was extremely important
for achieving any type of life improvements. In
addition to hard ceramic coatings, a number of pure
metallic coatings were produced on bearing steel
substrates and tested for improved fatigue life [50-52].
These coatings are typically produced by ion plating,
magnetron sputtering, cathodic-arc plating, ion-beam-
assisted deposition, and chemical vapor deposition
these methods are now

methods. Most of

commercially available and highly cost-effective.

Nitride and Carbide Coatings




Hard nitride and carbide coatings (i.e., TiN, TiC, CrC,
etc.) are routinely used in tooling industry to achieve
longer tool life and smoother surface finish on
machined work pieces. Figure 2 shows the film
morphology of a TiN film in cross-section. There
exist several deposition methods by which these
coatings can be produced on steel and other substrates
with excellent bonding. In the past, these coatings
were also applied on bearing steel substrates to
achieve longer wear and fatigue life. Early studies by
Dill etal. [53], Hochman et al. [51], Thom et al. [54],
and Erdemir and Hochman [55-57] explored the
effects of hard CrC, TiC, and TiN coatings on the
RCF performance of a variety of bearing steels (i.e.,
440C, M50, and BG-42, etc.). Coatings with a wide
range of thicknesses (i.e., 0.24 to 2.4 pum) were
produced on bearing steel substrates by CVD, ion-
plating, and magnetron sputtering. Tests were
conducted on a three-ball-on-rod fatigue tester at two
stress levels; 4.04 and 5.42 GPa. Test results showed
that the thickness of the TiN coatings had the most
profound effect on RCF life. As summarized in Table
1, the thinner TiN coatings (less than 1 pum thick)
resulted in substantial improvements in the L, and
L, fatigue lives of the base steels. A few thick
coatings also performed well when tested at 4.04 GPa.
Microscopic examination of the rolling tracks

indicated that thinner coatings remained intact on the

surfaces whereas, the thicker TiN coatings (above 2

7
pm) suffered severe microfracture and delamination
especially at 5.42 GPa as shown in Fig. 3. The L,,
and L, fatigue lives of thick TiN coated bearing steels
were shortened due to abrasive third body wear caused
by the delaminated and crushed TiN particles. Some
of the thicker films behaved rather well when tested
under lower contact stresses (i.e., 4.04 GPa).
Microscopic examination revealed that these TiN
coatings remained intact on the rolling tracks mainly
due to minimal plastic deformation of the underlying
substrates and film microfracture and detachment did
not occur.

Cheng et al. [58] and Chang et al. [59,60]
investigated the RCF behavior of TiN-coated rollers
using a twin-disk rolling-contact machine at a peak
Hertzian contact pressure of 2.3 GPa. Coatings were
deposited by a high-rate reactive sputtering technique.
The goal of this study was to ascertain the effect of
TiN film thickness (i.e., from 0.25 to 5 pm) on RCF
life of rollers. The experimental results revealed that
0.25 um thick TiN coatings gave the best fatigue
resistance. The thicker coatings suffered larger initial
spalls. TiN coatings of 0.25 um lasted more than 60
million cycles while thicker TiN coatings (2.5 to 5
um) peeled off rather quickly and shortened the
fatigue life of the steel substrates. For example, a

roller coated with 2.5-um-thick TiN developed a large




spall after 4.2 million stress cycles. The RCF life of

uncoated rollers was about 10 million cycles.

Electron microscopic examination of the rolling
contact surfaces by Chang et al. [59,60] showed that
thinner TiN coated surfaces underwent principally
elastic deformation without coating debonding.
However, uncoated surfaces were heavily deformed
even after shorter rolling contact cycles. For the
uncoated rollers, cross-sectional micrographs revealed
the presence of many near-surface microcracks at an
surface.

asperity scale nearly parallel to the

Metallographic examinations of the uncoated
subsurface revealed a thin layer of dark etching region
corresponding to the microcrack failure region. For
the coated rollers, few cracks were found and the dark
etching region was essentially absent. These
researchers have concluded that TiN coatings
minimized the surface distress and suppressed the

initiation of microcracks [60].

In a comprehensive research program directed by
Thom et al. [54], eight different nitride coatings (i.e.,
TiN, ZrN, HIN, CrN, Mo2N, Ti0.5AlI0.5N,
Ti10.5Zr0.5N and (Ti-Al-V)N) were deposited onto
hardened 440C stainless steel for RCF improvements.
They produced four different coating thicknesses (i.e.,
0.25, 0.50, 0.75 and 1.0 um) of each type of coating.

were carried out in a lubricated

The tests
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three-ball-on-rod test machine at two different stresses
of 4.0 and 5.4 GPa. Their results indicated that six of
the eight coatings gave significant improvements in
RCEF life. Only CrN and Ti0.5A10.5N showed little or
no improvement over that of an uncoated specimen.
The best improvement (i.e, 12 times over that of an
uncoated 440C) was provided by the HIN coating (0.5
um thick) at both stress levels of 4.0 and 5.4 GPa.
They concluded that the coating thickness was critical
in improving the RCF life and, in general for these
coatings, the optimum thickness was in the range of

0.5-0.75 um.

More recent theoretical and experimental studies by
Polansky et al. explored the effects of hard coatings
and surface roughness on near-surface contact fatigue
initiation in bearing steels [61,62]. They developed a
set of approximate analytical formulae to estimate the
optimum coating thickness required to protect the
substrates effectively from the small-scale contact
stress spikes caused by surface roughness. They
proposed a model taking into account the multiscale
nature of real surface roughness, as well as interaction
between different roughness and coating thickness.
Their model predicted that in order to be truly
effective against RCF, a hard coating has to be
relatively thick (say, >3um), adherent, have fine
microstructure and resistance to cohesive failure under

cyclic contact loading.



Experimental studies by Polonski et al. [62] showed
that the optimum TiN film thickness was about 0.75

um, short of predicted film thickness of 3um and

over. TiN coatings thinner than 0.75 um could not

significantly affect the fatigue life, while much thicker
ones had negative effects. The fatigue life reduction
observed with thick coatings is explained by
comparison of the coated surface roughness in the
damaged and the intact portions of the rolling track.
Their test results also indicated that the stress-affected
material volume played an important role in
near-surface initiated rolling-contact fatigue. The
fatigue life enhancement observed is some instances

was attributed to the polishing of the loading balls by

hard TiN coating.

Carvalho etal. [63] investigated the interfacial fatigue
stresses in TiN coated tool steels under RCF
conditions. Specifically, they explored the effects of
substrate hardness and surface roughness on RCF.
From their results, it appeared that the fatigue life of
bearing steels was significantly influenced by both the
pre-treatment and the final surface finish of the
material. The polished surfaces provided the best
fatigue life. However, at a higher contact stress, there
appeared to be very little influence of pre-treatment
and surface roughness. Two mechanisms of crack

propagation under pure rolling conditions were

found, depending on the substrate hardness. For the
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softer substrates, the cracks propagated mainly
perpendicular to the surface, whereas for the harder
substrate, the cracks generally originated at the
interface and progressed in the coating parallel to the

rolling surface.

Miyoshi et al. [64] explored the RCF damage in TiC-
and TiN-coated steels using a Scanning Acoustic
Microscope (SAM). SAM was extremely useful in
revealing delamination and crack propagation below
the rolling surface. The results showed that in the case
of TiC-coated steels, cracks initiated at micro pits
generated during deposition in the CVD reactor and
propagated in a parallel direction to the rolling
direction of balls and at the interface between TiC
film and the substrate. This resulted in the detachment
and finally the peeling of the TiC film. In the case of
TiN-coated steels, micro delamination appeared at
spherical defects between the film and the substrate,
and grew into macro delamination and finally TiN
film peeled off the substrate. Both TiC and TiN films
had an extremely large compressive residual stress
and the film delamination may have been initiated by

these additional compressive stresses.

In another study, Sawamoto et al. {65] explored the
influence of TiN coating on the RCF resistance of
mild steel. Thé TiN films were uniformly produced

on the surface of steel specimens by an activated




reactive evaporation method. The results indicated
that the annealed mild steel specimens coated with
TiN had superior RCF strength than the uncoated
ones. The fatigue life of the specimen coated with TiN
was about eighteen times as large as that of the
uncoated specimen under the same contact stress. TiN
film on the surface of specimen was effective in
suppressing the generation of surface cracks on the

specimens.

Liston [66] has explored the RCF properties of
TiN/NDN superlattice coatings on M-50 steel. The
superlattice coating consisted of alternating layers of
TiN and NbN and was deposited using an unbalance
magnetron sputtering system. Her RCF test results
showed that the coating was successful in increasing
the L, life of the M-50 steel by as much as10 times.
Lives of the coated M-50 specimens varied depending
on the approximate thickﬁess ofthe individual coating
layers. Thinner coatings resulted in better RCF

performance.

In another investigation, Middleton etal. [67] reported
a nearly fourfold improvement in the L., fatigue life
of M50 bearing steel after coating with a 1- um-thick
TiN coating. This coating was produced by the IBAD

process at room temperature and possessed excellent

adhesion. Their tests with a 0.25-um-thick TiN
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coating failed to improve RCF life of the substrate

steel.

Overall, the recent studies by a number of researchers
have confirmed the findings of Erdemir and Hochman
[55-57], and Chang et al. [59,60] in that the coating
thickness plays an important role in the RCF
performance of bearing steel substrates. Thinner hard
coatings (i.e., 0.2 to 1 um-thick) provide the best
fatigue life improvements. Thicker coatings most

often delaminate and may shorten the life.

A few other studies [68,69] investigated the RCF
performance of hybrid bearings consisting of CVD-
TiC-coated REX20 steel balls and REX20 steel
raceways and the effects of surface residual stresses
on the RCF and wear performance of CVD-SiC
coatings. These studies reported strong correlation
between intrinsic properties of the coating materials
and RCF performance. Wedeven and Miller [70]
explored the effect of several bulk materials, surface
treatments and coatings on the RCF, friction, and wear
behavior of some bearing materials. Their studies
showed that the RCF life was significantly improved
with the use of silicon nitride and hard coatings of

CrC, TiN, and thin dense chrome.

DLC Coatings




DLC coatings fall into the catagory of amorphous
carbons that combine high chemical stability and
mechanical hardness with attra;tive tribological
properties. Unlike most other tribometerials, these

coatings can afford both low friction and high wear

resistance to sliding surfaces even without any

additional lubrication. DLC films can be deposited at
room temperature and at fairly high deposition rates
by a wvariety of methods, including ion-beam
deposition, plasma source ion implantation, DC and
RF magnetron

sputtering, arc-physical vapor

deposition, plasma-enhanced chemical vapor
deposition, and laser ablation [71-75]. DLC coatings
can be made very hard (i.e., up to 9000 kg/mm?) and
highly hydrogenated (containing up to 50 at.%
hydrogen) or essentially hydrogen free (i.e., less than
1% hydrogen) using appropriate deposition methods
and/or carbon sources [76,77]. They can also be doped
by a variety of elements (e.g., nitrogen, fluorine,
oxygen, silicon, tungsten, titanium, and niobium) to

achieve better mechanical, electrical or tribological

properties { 78-80].

Because of their excellent friction and wear
performance, DLC films were tried on bearing steel
substrates early on by Wei et al. [49,81]. Specifically,
they explored the effect of DLC coating thickness
(i.e., 0.5-to 1-um-thick) on the RCF behavior of M50

steels at a stress level of 5.5 GPa. They observed that
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1-um-thick DLC coating delaminated, but that a 0.5
um-thick DLC coating remained largely intact and in
some instances improved the Ly, RCF life of M50
steel by factors of up to 10. Further studies by Wei
and his coworkers [82] eXplored the RCF performance
of DLC coatings on AISI M-50, 52100, 4118 and
440C steels. Again, order-of-magnitude increases in
the fatigue lives of all four rod materials were
observed. Systematic RCF tests coupled with
microscopic examination after various test intervals
show that micro-polishing by hard DLC coating
fragments may have played an important role in
prolonging fatigue lives of bearing steel substrates.
Raman spectroscopic measurements suggested that
cyclic stressing of the DLC layer causes it to gradually
transform from what was initially amorphous carbon

to the more lubricous and stable graphite phase.

Rosado et al. [83] investigated the RCF and wear
characteristics of uncoated and diamond-like carbon
coated VIM-VAR M50 bearing steels at room
temperature and 177 °C at a Hertzian stress level of
4.8 GPa. The coatings were deposited via ion beam
enhanced deposition and were approximately 33 nm
thick. Rolling fatigue and wear tests were conducted
using a ball-on-rod type tester. Results did not
indicate any significant difference in the fatigue life of
coated and uncoated specimens at room temperature,

at 90% confidence level. However, the coating




significantly improved the fatigue life (90%
confidence level) at 177 °C and wear resistance at

both temperatures.

Other Hard Coatings and/or Treatments
Besides hard nitride, carbide, and DLC coatings,
various thermal diffusion processes (such as nitriding
and carburizing [84 85], plasma spray and high-
velocity oxyfuel deposition methods [86-89] were also
used to enhance the surface fatigue properties of
bearing steel substrates. In general, under certain
conditions, carbonitriding could result in improved
fatigue life. The thickness of white layers in
carbonitrided surfaces played the most critical roles in
fatigue life [84]. Coatings produced by plasma
spraying or other methods were too thick, highly
stressed, and hence suffered from premature crack
formation and delamination during RFC tests.
Therefore, they were not very useful, especially under

high contact stresses.

3. MECHANISTIC MODELS

From the RCF test data presented above, it is clear
that thin coatings of TiN and DLC can substantially
improve the fatigue life of bearing steel substrates.
Thinner coatings were able to remain intact on the

rolling-contact surfaces and thus extend the RCF life
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of bearing steel substrates. However, the thicker
coatings tended to fracture and delaminate, reducing
the RCF life of the substrate steels, especially under
high pressures. Under lower contact pressures, some
of the thicker TiN coatings were also able to remain
intact and extend the fatigue lives of bearing steels. In
short, strong adhesion between film and substrate was
extremely important for achieving improvements in

the fatigue lives of underlying substrates.

A mechanistic understanding of the beneficial effects
of thin coatings and detrimental effects of thick
coatings on RCF behavior of bearing steel substrates
would be extremely valuable, though quite difficult.
The difficulty is in making a reliable analysis of the
state of extrinsic stresses due to external loading and
that of intrinsic stresses resulting from thermal
expansion and lattice mismatches between coatings
and substrate materials. Using FEM, a few attempts
were made to analyze the state of stress and strain on
layered-half-spaces where the layers were much stiffer

or harder than the underlying substrates.

Using the finite-element method (FEM), Ishikawa et
al. [90] analyzed the deformation characteristics of
two bearing materials coated with SiC under
conditions of pure rolling and of rolling and some
sliding. They concluded that both coating thickness

and mechanical properties of substrate steels




significantly affect deformation and the distribution of
stress and strain within the contacting bodies. For thin
SiC coatings (4.9 pum), their FEM analysis showed
that substantial reductions in the magnitude of stress
and strain in substrates are feasible when sliding is
present. On the other hand, thick SiC coatings (28
pum) were shown to reduce the maximum stress and

strain in substrates under pure rolling conditions.

Based on phenomenological observations, Erdemir
and Hochman [55,57] proposed that thinner TiN
coatings, i.e., less than 1 um thick, can easily fit and
follow the deformation contours of the relatively
softer steel substrates that undergo repetitive
loading/unloading. As evident from Fig. 3a, despite
some detachment along the original surface scratches,
the thinner TiN coatings indeed remain largely intact
throughout the RCF tests that, in some instances,
lasted more than 100 million stress cycles. The thicker
coatings, however, were largely removed from the
rolling tracks (see Fig. 3b). Because of their inherent
brittleness and high internal stress levels, the thicker
coatings were unable to sustain the same amount of
elasto-plastic deformation that the softer substrates
underwent during cyclic loading and unloading, thus,
they suffered brittle fracture and delamination. In
other words, the three-dimensional stress effects of

RCF loading produce failures in the thicker coatings

because these films behave more like a separate entity.
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It is now well established in the literature that many
deposition processes for hard coatings may leave high
compressive stresses on the coating side of the
interface and high tensile stresses on the substrate
side. The magnitude of these residual stresses is even
more pronounced when dealing with thicker coatings
deposited at elevated temperatures. Compression on
the coating side and tension on the substrate side

result in another tensile component that is normal to

the coating-substrate interface. It is reasonable to

believe that the tensile stresses acting in a direction
normal to the coating/substrate interface can add to
the stresses, causing delamination and/or adhesive
failure of the thicker TiN coatings undergoing cyclic

loading and unloading.

For the excellent RCF life and remarkable resistance
of the thinner TiN coatings to fracture and
delamination, Cheng et al. [58] and Chang et al.
[59,60] oposed that these coatings can effectively
minimize the extent of plastic deformation of asperity
contacts by reducing simply the magnitude of the
stress field. Using scanning and transmission electron
microscopes, they clearly showed that the numbers of
microcracks in underlying substrates were markedly
reduced when thinner TiN coatings were used.
However, uncoated test samples underwent severe
plastic deformation and developed large colonies of

near-surface cracks. As a result, these uncoated




samples failed rather quickly. Based on these
observations, the investigators argued that extensive
microcracking in uncoated samples was mostly due to
extensive interactions between opposing asperities
during rolling contact occurring in an elasto-
hydrodynamic lubrication regime. Apparently, such
interactions can cause severe microstressing of the
regions beneath the asperity contacts and this can
eventually initiate microcracks and cause surface

distress.

For interpretation of premature failure of thick
coatings during rolling contacts, Chang et al. [59]
used an analytical model proposed by Kim et al. [91].
This model evaluates the effect of concentrated
contacts on thin layers having perfect bonding to an
elastic half-space. This model demonstrates that the
magnitudes of shear stresses and stress intensity
factors at interfaces are increased with increasing
coating thickness. Consequently, in a concentrated

contact situation, e.g., RCF testing, the thicker

S
coatings will be more susceptible to debonding than
the thinner coatings. For this model to work properly,
it is important that a region of debonding or a crack

exist initially or develop eventually at the interface

between the rigid coating and the substrate.

A few researchers observed that during rolling

contact, the rolling surfaces of balls and rods undergo
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progressive polishing by hard coatings and eventually
they achieve a mirrorlike finish on their surfaces.
Obviously, highly polished surfaces will improve the

elastohydrodynamic behavior of rolling bodies and

vhence the RCF.

4. SUMMARY AND FUTURE DIRECTIONS

The results of previous investigations suggest that,
depending on the application conditions and
environmental constraints, surface defects and/or
irregularities  (caused by wear, corrosion, and
deformation) may in the future be the dominant modes
of failure limiting the lifetime of bearing components.
Studies also suggest that with proper surface
engineering, bearing-steel substrates may live up to
their expectations. In particular, hard coatings {such as
TIN, TiC, and DLC) hold promise for high
performance bearing applications. The thickness and
adhesion of these coatings are critically important for
improved fatigue life. The first and most important
requirement is that the coating must remain intact on
the rolling contact surfaces. Thinner hard coatings, 0.2
to 1 um thick, seem to provide the best overall
performance under high-stress RCF situations. Hard
coatings thicker than 2 um undergo severe
delamination and/or fracture and, in most cases,

reduce the RCF life of the base steels, especially

under high contact stresses (5.42 GPa).




As for the future trends in surface technologies for
bearing applications, lately we have been seeing new
and exciting developments that can allow novel
coating architectures capable of meeting the
inc.reasingly mulifunctional needs of highly
miniaturized and sophisticated bearing systems. For
example, new developments in hard nitride and
carbide coatings by sophisticated magnetron
sputtering and cathodic arc technologies increased the
flexibility of a coating specialist in designing and
developing a multifunctional coating. With these new
capabilities, a new generation of hard and self-
lubricating coatings with a multilayer architecture has
recently been developed, optimized, and offered for
commercial uses. These exotic architectures, based on
lavers of a self-lubricating dichalcogenides and a hard
transition metal nitride or carbide, work extremely
well under harsh tribological conditions.
Multifunctional, nanocomposite films have also been
produced by magnetron sputtering and are quite hard
and self-lubricating, thus raising the prospect for dry
or marginally lubricated bearing applications.
Duplex/multiplex surface treatments and multilayer
coatings have recently made their way into the
commercial marketplace and have been meeting the
ever-increasing performance needs of more severe

tribological applications. A breed of superhard, nano-

structured and superlattice films has also been

developed for demanding applications and tried on
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bearing steel substrates [67]. These films are quite
stiff and tough, hence hard to initiate or propagate

cracks.

The usefulness of diamondlike carbon films for
bearing applications has already been demonstrated by
previous researchers [48, 81,82]. Recent advances in
this field have led to the development of a class of
nearfrictionless (i.e., 0.001 friction coefficient) and -
wearless (i.e., 10" mm’*/N.m, under 2 GPa initial
peak Hertz pressure) carbon films. It is anticipated
that these new generation films with ultralow friction
and wear should function extremely well under the
increasingly stringent operating conditions of bearing

systems.

In recent years, researchers have developed a few
mechanistic models describing the failure modes of
thin and thick hard coatings subjected to concentrated
contacts. Although these models are effective in
analyzing the failure modes of coated-substrates, more
studies of this kind are needed to address the critical
relationship(s) between fatigue life, film thickness,
and adhesion. Specifically, new models and/or
computer codes must be developed to increase our
predictive capabilities in assessing the optimum
coating thickness for a given bearing application. For
greater commercial exploitation of hard coatings in

the bearing industry, effective quality control tools




and/or techniques must be developed to ensure the
quality of coated-bearing components from one batch

to another.
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Table 1. Rolling contact fatigue performance of uncoated, thin, and thick TiN coated bearing steels during tests
in a three-ball-on-rod test machine (lubricant:MIL-L-7808, loading balls: 9.5 mm diameter 52100 steel, rotational

velocity: 3600 rpm).

Bearing Material TiN Coating Contact L, Life Ls, Life
Thickness Pressure | (X109 (X109
(nm) (GPa)
440C Uncoated 4.04 8.3 18.5
440C Uncoated 5.42 3.7 9.1
TiN -coated 440C 0.24 4.04 94 230
TiN-coated 440C 0.24 542 11.7 24.1
TiN-coated 440C 0.87 4.04 28.9 512
TiN-coated 440C 0.87 5.42 7 18.7
TiN-coated 440C 22 4.04 54 140
TiN-coated 440C 2.2 5.42 0.4 5.8
BG-42 Uncoated 4.04 17.4 49
BG-42 Uncoated 5.42 13.7 29.9
TiN-coated BG42 0.24 4.04 No failures No failures
TiN-coated BG42 0.24 5.42 16 311
TiN-coated BG42 0.87 4.04 No failures | No failures
TiN-coated BG42 0.87 542 48 106
TiN-coated BG42 22 4.04 50 115
TiN-coated BG42 2.2 5.42 6.9 185
M50 Uncoated 5.42 5 11
TiN-coated M50 0.38 5.42 8.1 23.1
TiN-coated M50 22 542 3.6 8.1




