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ABSTRACT

Ever-increasing needs for high-performance ball- and roller-bearing components
that can endure extreme applications have Ted to a growing interest in hard
coatings for improved fatigue 1ife and wear resistance. In particular, hard TiN
and TiC coatings and, quite recently, diamondlike carbon films have attracted much
attention from manufacturers that produce bearing systems for both rolling- and
sliding-contact applications. This paper presents an overview that highlights
recent incremental progress in achieving improved fatigue and wear resistance in
bearing steels through the use of hard coatings. Effects of coating adhesion,
thickness, and morphology on fatigue and wear resistance of hard coatings are
discussed in detail. Specific references are made to a few mechanistic models that

correlate coating thickness and adhesion to improved fatigue 1ife and wear

resistance.
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1. INTRODUCTION

' lf,f-"'.'f*“ a:

Advanced bearing components (e.g., ball- and roller bearings, gears, traction
drives, cams and tappets) contemplated for future transportation systems and
advanced aircraft engines are required to operate under severe tribological and
environmental constraints. High service temperatures, extreme contact pressures,
and severe lTubrication and harsh environmental conditions are some of the conceins
that require better tribological designs, high-performance bearing materials, and
effective Tubrication methods [1-3]. One of the most common failure modes observed
in current bearing components 1is the rolling-contact fatigue (RCF) often
manifested by a spall or pit that forms on rolling surfaces after several million
cycles of loading and unloading [4,5]. Recent studies suggest that spalling
failures usually initiate from defects on or beneath the stressed surfaces [4,6].
Also possible is bearing degradation due to severe deformation [7], corrosion [8-

10], and wear and scuffing [11,12].

Despite a large volume of research reported in the previous literature, the
specific mechanism(s) of RCF and reliable 1ife prediction models are Tacking. This
is thought to be due mainly to the complexity of the contact mechanics involved
and the statistical nature of the eventual failures. However, it is generally
accepted that when two solid bodies of curved shape are brought into contact, the
maximum orthogonal shear stress is developed somewhere beneath the contact spots
as illustrated in Fig.1. The depth of these stresses is dictated by the applied
Toad and the elastic properties of the contacting bodies. Bamberger and Clark [13]
reported a depth of 150 ym for AISI M50 steel when peak Hertz pressure is at 5.42
GPa. From this knowledge, it has been postulated that fatigue failures under
cyclic Toading should originate at depths where maximum shear stresses develop
[14,15]. Dislocation entanglement around inclusions, second-phase precipitates,
and other types of volume defects can cause microcrack initiation under repetitive

loading [16,17]. Fig. 2 shows the shape and morphology of a typical fatigue spall.
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The pr1mary purpose of th1s paper is to prov1de an overview of the present state

of the art in bearing-performance 1mprovement achieved through the application of

hard coatings. A brief description of the vecent materials engineering methods

used in structure and property improvements in bearing steels will be given first.
This is followed by a detailed discussion of the recent progress made in the
development of high-performance bearing components through the use of surface
engineering approaches. Special emphasis 1is placed on hard TiN, TiC, and
diamondlike carbon coatings applied on bearing-steel substrates by a variety of
advanced deposition processes. In particular, the effects of coating adhesion and
thickness on the fatigus 1ife and wear resistance of hard coatings is discussed.
A few references are made to those mechanistic models that correlate coating

thickness and adhesion to improved fatigue 1ife and wear resistance.

2. REVIEW OF MATERIALS ENGINEERING APPROACHES

To meet the high-performance bearing needs of advanced transportation systems,
a number of materials engineering approaches have been proposed in previous years
and pursued rather vigorously. The overall goal of these approaches has been to

increase bearing performance by structural refinement and property enhancement.

For the structural refinement approach, a number of advanced melting practices
(e.g., vacuum induction melting (VIM), vacuum arc-remelting (VAR), and electroslag
remelting (ESR)) were developed and used extensively in past years [18,19]. As a
result, both the number and size of volume defects (i.e., voids, inclusions,
entrapped gas bubbles, and pinholes), that cause premature fatigue failures were

reduced and significant improvements in bearing lifetime were obtained [20,21].

Fcr mechanical-property erhancement, novel microalloying and heat treatment
techniques were mostly used [22,23]. Alternatively, advanced powder metallurgical

methods were employed to control the shape, size, and distribution of second-phase
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carbide particles within the structure. Low-carbon bearing steels (e.g., M50 Nil

1

and-MSO‘Superhil) with improved toughness?and case-hardening capability were also

developed and used in bearing applications [24,25].

Quite recently, efforts have focused on development of a new class of ultrahigh-
strength steels for bearings and other engineering applications. Advanced computer
models and theoretical approaches have been employed at atomic levels, and has
been demonstrated that when the structure and chemistry of steels are controlled
at such fine scales, one can achieve greatly improved mechanical strength and

fracture toughness and hence better performance [26].

Incremental advances made through these materials engineering approaches have
greatly improved both structure and propertyies, and thus the performance, of
bearing steels 1in use today. In particular, those volume defects (i.e., voids,
entrapped gas bubbles, and inclusions) responsible for premature fatigue failures
were virtually eliminated. However, failures due to surface defects and/or
deficiencies have continued to limit the useful Tifetimes of bearing components.
Surface defects, such as grinding furrows, nicks, seams, notches, and dents
introduced during manufacturing and/or machining operations, as well as shallow
pits due to progressive corrosion and wear damage, were found to promote fatigue
failures [27]. 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 cause premature bearing failures [4,5,11].

3. REVIEW OF SURFACE ENGINEERING APPROACHES

From the foregoing, it is clear that higher-performance bearing components with
prolonged 1ifetimes are quite feasible and can be achieved through reinforcement
of such surface metallurgical characteristics as wear, corrosion, and friction.

Accordingly, a variety of surface engineering approaches - including ion
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ﬁmp]antation, case carburizing/nitriding,iand vapor-phase deposition techniques -
were recently tried on bearing steel siubstrates. In a recent review article,
Maurer has summarized the results of recent experimental work focused on RCF

behavior of surface engineered bearing steels [3].

Mainly because of their excellent mechanical, chemical, and thermal properties,
hard coatings (e.g., TiN, TiC, NbN, NbC, ZrN, HfN) have enjoyed much attention in
recent years. Among others, TiN and TiC coatings have drawn the greatest
industrial interest and have long been available for a variety of commercial
applications. Currently, metal-forming and -cutting tools are routinely coated
with one of these materials to enhance their service Tives. Deposition methods
used for hard coatings include ion plating, magnetron sputtering, cathodic-arc
plating, ion-beam-assisted deposition (IBAD), and chemical vapor deposition (CVD).
As is discussed in detail in the following sections, all of these deposition

processes have been used on bearing-steel substrates.

3.1, Ion Implantation

Ion implantation has been used widely to improve the wear and corrosion resistance
of a variety of bearing-steel substrates (e.g., M50, 440C, and 52100) [28,29].
Through implantation of certain active elements (B, C, N, P, Cr, Ti) [30-33], both
the corrosion- and wear-resistance of these steels were markedly fmproved.
Aerospace bearing components used in aircraft turbine engines and NASA-Space

Shuttle applications are surface treated by ion implantation [34].

Over the last decade, attempts were also made to improve the fatigue lives of
bearing steels by ion implantation [35,36]. However, in most cases, fatigue-life
data were inconsistent and/or the extent of improvement was rather insignificant,
especially under high rolling contact stresses. In a few instances, even a

decrease was observed in the fatigue 1ives of some bearing steels (i.e., 440C and
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3.2. Soft Surface Coatings

To achieve improved fatigte lives in bearing steels, a number of soft metallic
coatings were applied to bearing-steel substrates and subjected to RCF tests. For
example, Davis produced ion-plated Cr coatings of 440C bearing steels and
specifically investigated the effect of coating thickness on RCF 1ife [38]. He
reported significant improvements in the fatigue life of 440C steel with film
thicknesses of <0.3 pm. In another study, Averbach et al. [25] applied thin dense
Cr éoat1ngs on M50-Ni1 bearing steel components and subjected them to RCF testing.
The results showed that these coatings can afford significant improvements to the
fatigue lives of bearing-steel components. Hochman et al. [39] evaluated the RCF
behavior of 440C and AMS 5749 steel substrates with and without a 0.5 pm-thick Cu
film. The fatigue 1ife data from Cu plated AMS 5749 bearing steels were rather
inconsistent; however, the data from Cu-plated 440C samples showed that an order-
of-magnitude improvement in both the B10 and B50 1ives is feasible. Note that the
B10 and B50 are statistical values used in RCF studies to indicate the number of

stress cycles below which 10% and 50%, respectively, of the test specimens will
fail.

In the past, the potential usefulness of Ni and hard-Cr coatings was also
evaluated on bearing-steel surfaces and discussed in a recent review paper by
Maurer [3]. Ni coatings on M50 steel suffered from poor adhesion, and no
improvement in fatigue 1ife was observed. However, hard-Cr coatings increased the
fatigue life of 52100 bearing-steel components by a factor of 2. Hard-Cr coatings

are now applied to a variety of bearing-steel components and are available for

commercial applications.
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The benéficia] effects of soft metallic éé@tings on the RCF 1ife of bearing steel
subétrateé is not well-understood. Esgécia11y, mechanistic modeling of the
phenomenon is missing. For the excellent Tife-improving capability of Cu films on
440C steels, Hochman et al. speculated that because of its lTow shear strength, the
Cu coating deforms easily to fill in the valleys between surface asperities. As
a result, the load-bearing capacity of the contact surface is increased and the
magnitude of microcontact stresses on asperities is decreased. A theoretical
analysis of the effect of soft cpatings on contact stress distribution over
surface asperities by Merriman and Kannel has shown that the magnitude of stress
concentrations at asperity levels is indeed substantially lowered when a soft

coating is present on the rolling-contact surfaces [40].

After further examining the failure modes of uncoated and Cu-coated 440C steel
samples used by Hochman et al [39], Kumar et al. [5] concluded that the life-
extending capability of the Cu coating may have been due to its abilities to
render surface defects less harmful and to dislocate crack-initiation sites from
surface to subsurface. Failure analysis of fatigue spalls suggested that uncoated
440C bearing steels failed mostly through crécks emanating from surface defects,

whereas the Cu-coated 440C samples appeared to fail through subsurface-initiated

fatigue cracks.

3.3. Hard Surface Coatings

During the Tast decade, a number of studies have reported on the RCF behavior of
hard coatings on bearing steel substrates. Especially, TiN, TiC, and, quite
recently diamondlike carbon coatings have attracted increasing attention from
manufacturers and end-users. As will be deduced from the following, the extent of
fatigue 1ife improvements was primarily dictated by the thickness and adherence
of hard coatings. It was also found that the mechanical and structural

characteristics of the base steels supporting these coatings are critical.
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In an investigation reported in 1984, DiTi:et al. [41] evaluated the RCF behavior
of &oub1e;1ayer'coatings'bf TiC and CrC'grepared by CVD as well as TiN coatings
produced‘by sputter deposition on a number of bearing steel substrates. Samples
with CVD coatings suffered chemical, structural, and mechanical degradation mainly
because of the tempering of the substrates at the high deposition temperatures
(e.g., 900 to 1000°C) of CVD process. Post heat-treatment and machining for
structural and dimensional corrections were needed in most cases. Nevertheless,
most of the refinished samples displayed wide variation; in fatigue lives. Only
the TiC-CrC double-Tlayer-coated AISI M50 sample endured the high stress levels and
exhibited some improvement in fatigue 1ife. Rolling contact fatigue tests with a
1-um-thick-TiN coating on AISI M50 produced by sputtering showed a significant

improvement over the baseline.

In a series of papers published between 1985 and 1988, Hochman et al. [39], Thom
et al. [42], and Erdemir and Hochman [43,44], as well as the Ph.D. thesis of
Erdemir [45], presented the results of a systematic study focused on the RCF
behavior of TiN-coated bearing steel substrates. The principal aim of these
studies was to improve the RCF performance of 440C bearing steel components for
use in the cryogenic turbopump bearing app]icatiohs of the NASA-Space Shuttle main
engines. Because under the harsh application conditions of the Shuttle engines,
bearing degradation had occured at or near the operating surfaces under the
concurrent actions of wear, corrosion, and fatigue. It was proposed that TiN
coatings with controlled structure and adequate bonding should impart improved
wear and corrosion resistance and RCF Tife to 440C bearing steel. Later, the
research was expanded to include AISI M50 and AMS 5749 bearing steels to detormine
their potentials as alternative substrates for TiN coatings. These steels also

provided a basis for comparison of the 440C test results.

Coatings with a wide range of thicknesses (i.e., 0.24 to 2.4 pm) were produced on

bearing steel substrates by jon-plating and magnetron sputtering. Tests were
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conducted on a three ba11 -on-rod fatlgue tester at 4.04 and 5.42 GPa maximum-
Hertz stresses Test results showed that the thickness of the TiN coatings has a
profound effect on RCF 1ife. As i1lustrated in Figs. 3 and 4, thinner TiN coatings
(less than 1 um thick) were generally able to improve B10 and B50 RCF lives of
base steels substantially at the both 4.04 and 5.42 GPa stress levels. As evident
from a scanning electron micrograph in Fig. 5, these coatings remained intact on
the rolling-contact surfaces. However, the thicker TiN coatings (above 2 um) were
effective only at 4.04 GPa as shown in Fig. 3. When tested at 5.42 GPa, they
suffered severe fracture and delamination (see Fig. 6). As a result, B10 and B50
fatigue Tives of substrate steels were significantly shortened. Through
microscopic examination, it was found that thicker coatings remained intact on the
rolling tracks when tested at 4.04 GPa. This was mainly due to minimal plastic

deformation of the film/substrate system at this stress; thus film fracture and

detachment did not readily occur.

Recently, Cheng et al. [46] and Chang et al. [47,48] at Northwestern University
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 high-rate reactive sputtering at temperatures below 200°C. In these
studies, particular emphasis was placed on ascertaining the effect of TiN film
thickness on RCF 1ife of rollers. Fatigue test results were combined with electron
microscopy observations to reveal the fundamental mechanism of fatigue failure
initiation 1in the TiN-coated bearing steels. It was anticipated that by
understanding the failure mechanism of coated bearings, analytical models enabling

RCF Tlife predictions can eventually be developed.

In general, their test results were consistent with the earlier findings of
Erdemir and Hochman [43,44]. TiN coatings of 0.25 to 1 pm have substantially
improved the RCF Tife of bearing steel substrates and remained largely intact. TiN

coatings of 0.25 pum Tasted more than 60 million cycles and gave the best fatigue
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-to 5 um), however, peeled off rather

I

1ife improvement. Thicker coatings (2.5
quickly and shortened of the fatigue 11Fé'of'the steel substrates. For example,
a roller coated with 2.5-pm-thick TiN developed a Targe spall after 4.2 million

stress cycles. The RCF 1ife of uncoated specimens was about 10 million cycles.

In a recent investigation, Middleton et al. [49] reported a nearly fourfold
improvement in the B50 fatigue 1ife 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-pm-thick TiN
coating failed to improve RCF 1ife of the substrate steel. This contradicts the
findings of Erdemir and Hochman [43,44], and Chang et al. [47,48]. However, it is
important to realize that in each of the studies, the coating processes and coated
substrates were different. Disparity in RCF test results could have been due to

the differences in substrate materials and/or deposition processes.

Diamondlike carbon (DLC) coatings have lately attracted increasing attention for
a variety of tribological applications. Tribological tests by several
investigators confirm that these films are extremely wear-resistant and provide
very Tow friction coefficients, especially in dry and inert environments [50,51].
Because of such excellent prospects for bearing applications, Wei et al. [52)
recently investigated the effect of 0.5- to l-pm-thick-DLC coatings on the RCF
behavior of M50 bearing steels at the very high Hertzian stress level of 5.5 GPa.
They observed that l-pm-thick DLC coatings delaminated, but that a 0.5 pm-thick
DLC coating remained Targely intact and in some instances improved the B50 fatigue

life of M50 substrate by factors of up to 10.

Recently, Braza [53] investigated the RCF performance of nitrocarburized AIST M50
steels. In all cases, a compound laver and a diffusion layer formed on the outer
surfaces. He found that for compound-layer thicknesses of <1 um, both the B10 and

B50 1ives were improved, in some cases by factors of up to 6 over the untreated

e ey
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M50 steel. Thicker compound Tayers (e.g.é} 2 pm) tended to spall off and shorten
the<RCF Tifel It is interesting to note éhat these findings are consistent with
those of the previous investigators, despite the use of different surface

tréatment methods and/or coatings in each study.

In a study by Katsov et al. [54], it was shown that 5- to 7-pm-thick TiN coatings
can significantly improve the RCF life ( 2 to 4 time over baseline) of bearing
steel substrates. Thi§ contradicts the RCF test results presented above. It is
possible that their test conditions were not as severe as those of the previous
investigators. As demonstrated by Erdemir and Hochman [43,44], under milder
contact stresses where plastic deformation of underlying substrate is minimal,
insignificant, thicker coatings can also provide improved fatigue 1ife to the

substrates.

Using the finite-element method (FEM), Ishikawa et al. [55] 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 <train within the contacting
bodies. For thin SiC coatings (4.9 um), their FEM analysis showed that substantial
reductions in the hagnitude of stress and strain in substrates are feasible when
sliding is present. On the other hand, thick SiC coatings (28 pm) were shown to

reduce the maximum stress and strain in substrates under pure rolling conditions.

4. MECHANISTIC MODELS AND INTERPRETATIONS

From the RCF test data presented above, it is clear that hard coatings have the
potential to substantially improve the fatigue 1ife of bearing steel substrates.
RCF test results from several research laboratories have independently confirmed

that thinner hard coatings remain largely intact on rolling-contact surfaces and

e
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usually extend the‘RCF life of bearing-éﬁee1 substrates. However, the thicker
coafings_tended'to fracture and de]aminé%e, reducing the RCF life of substrate’
steels, especially when contact pressures are high. Under lower contact pressures,
some of the thicker hard coatings were able to remain intact and extend the
fatigue lives of bearing steels. In short, for these coatings to have any
beneficial effect on the RCF 1ife of a bearing steel, it is important that they

remain intact on the rolling contact surfaces.

A mechanistic understanding of the beneficial effects of thin coatings and
detrimental effect of thick coatings on RCF behavior of bearing steel substrates
is thought to be extremely valuable, though quite difficult. The difficulty is in
making a reliable analysis of the state of extrinsic stresses due to external
Joading 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 Tayered-half-

spaces where the layers were much stiffer and harder than the underlying

substrates,

Based on phenomenological observations, Erdemir and Hochman [43,44] proposed that
thinner TiN coatings, i.e., 0.24 and 0.87 pm thick, can easily fit and follow the
deformation contours of the softer substrates that undergo repetitive
loading/unloading. As evident from Fig. 5, despite some detachment along the
original surface scratches, the thinner TiN coatings remain largely intact
throughout the 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. 6). 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, *hus, they suffered brittle fracture and delamination. In

other words, the three-dimensional stress effects of RCF Toading produce failures
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in the th1cker coatings because these f s behave more like a separate entity.
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It is now well established in the Titerature 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 .7de. 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 substrite side result in another tensile component that is normal to the
coating-substrate interface. It is reasonable to believe that the tensile stress
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 1ife and remarkable resistance of the thinner TiN coatings
to fracture and delamination, Cheng et al. [46] and Chang et al. [47,48] proposed
that these coatings can effectively minimize the extent of plastic deformation of
asperity contacts by reducing simply the size of the stress field. Using scanning
and transmission electron microscopies, 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 Targe colonies of near-surface cracks. As a result,
these unccated samples failed rather quickly. Based on thcse observations, the
investigators argue that extensive microcracking in uncoated §amp1es was mostly
due to extensive interactions between opposing asperities during rolling contact
occuring in an elasto-hydrodynamic Tlubrication vregime. Apperently, such
interactions can cause severe microstressing of the regions beneath the asperity

contacts and this can eventually initiate microcracks and cause surface distress.

The mechanistic explanation above was consistent with the FEM analyses of Ishikawa
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of von Mises stresses across the hard coégjngs and coating-substrate interfaces.
In iheir.éna1ysis, Komvopoulos et al. &;monstrated that an 0.8-pm- thick TiN
coating could eliminate yielding at and below the coating/substrate interface for

the conditions they evaluated.

For interpretation of premature failure of thick coatings during rolling contacts,
Chang et al. [48] used an analytical model proposed by Kim et al. [58]. This
model evaluates the effect of concentrated contacts on thin Tayers having perfect
bonding to an elastic half-space. 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 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.

SUMMARY AND FUTURE DIRECTIONS

This overview demonstrates that hard coatings have much to offer for future
bearing applications. The results of previous investigations suggest that
depending on application conditions and environmental constraints, wear,
corrosion, and micropitting may in the future be the dominant modes of failure
that 1imit the lifetime of bearing-steel substrates. Existing data suggest that
with proper surface engineering, bearing-steel substrates may live up to their
expectations. Hard coatings and other forms of surface engineering practices
(i.e., ion implantation, case carburizing, and/or nitriding) can effectively
prolong the fatigue lives of bearing steel substrates. Strong adhesion is
essential for achieving long endurance 1ife in hard coatings subject to rolling-
contact fatigue (RCF). Advanced surface engineering processes such as magnetron

sputtering, ion plating, and ion-beam-assisted deposition can impart adeguate
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adhesion between hard coatings and beariné steel substrates. Nitrocarburizing is
a1sd feasible and appears promising for 1§rge~sca1e bearing applications. Initial

test results from diamondlike-carbon-coated bearing steels are encouraging.

The thickness and adhesion of hard coatings play the most important roles in RCF
Tife. To achieve improved lifetimes, coatings must remain intact on the rolling
contact surfaces. Thinner hard coatings, 0.2 to 1 um thick, 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 1ife of the base steels, especially under high contact stresses, (5.42 GPa).

In recent years, a few mechanistic models have been developed to interpret 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 are urgently needed to address the critical
relationship(s) between fatigue 1ife and thickness of hard coatings. Specifically,
new models and/or computer codes must be developed to increase our predictive
capabilities 1in assessing the optimum coating thickness for a given bearing
application. For greater commercial exploitation of hard coatings in the bearing-
steel industry, new coating systems v 'th increased overall capacity and quick
turnaround time must be developed. Effective quality control tools and/or
techniques must be placed in the production 1ine to ensure the quality of coated-

bearing components from one batch to another.
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FIGURE CAPTIONS

LU

Fig. Schematic 111ustrat1on of stress distr1but1on at a typical point contact.
Fig. 2. Shape and crack morphology of a typnca] fatigue spall.

Fig. 3. Effect of TiN film thickness on (a) B10 and (b) B50 1ifc of 440C test
samples. (Test Conditions: Hertzian stress, 4.04 and 5.42 GPa; rotational speed,
3600 r/min; lubricant, MIL-L-7808; test ba]]s AFBMA grade 10 52100 steel).

Fig. 4. Rolling contact fatigue performance of TiN-coated and uncoated M50 at
5.42 GPa Hertzian stress.

Fig. 5. (a) Secondary and (b) back-scattered electron images of rolling track
formed on 440C test sample coated with 0.87-pm-thick TiN coating.

Fig.6. (a) Secondary and (b) back-scattered electron images of rolling tracl. and
fatigue spall formed on AMS 5749 sample coated with 2.2-pm-thick TiN coating.
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Fig. 1. Schematic illustration of stress distribution at a typical point contact.

Fig. 2. Shape and crack morphology of a typical fatigue spall.
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test sample coated with 0.87-pm-thick TiN coating,
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spall formed on M50 sample coated with 2.2-pm-thick TiN coating.
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