
•Article• . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . July 2018 Vol.61 No.7: 1003–1011
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .https://doi.org/10.1007/s11431-017-9249-2

Material analysis of the fatigue mechanism of rollers in tapered
roller bearings
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Rolling contact fatigue is the main failure mechanism of tapered roller bearings. This study investigated the fatigue mechanism
of rollers in a tapered roller bearing that failed in a run-to-failure test. Roller microstructure and crack morphology were
investigated through scanning electron microscopy. A microhardness test was performed to investigate the strain hardening of
the roller material induced by rolling contact fatigue. Results showed that microcavities and holes are important influential
factors of crack initiation and propagation. Crack propagation angle affects crack morphology and propagation mode. Material
strain hardening accelerates crack growth. Furthermore, roller misalignment causes uneven hardenability and severe damage to
roller ends.
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1 Introduction

Tapered rolling bearings have pivotal roles in transmission.
They are widely used in machines and railways and in the
aerospace and military industries. The failure of tapered
rolling bearings not only reduces the usability of mechanical
equipment but also causes serious accidents that endanger
human safety. Researchers have developed methods based on
signal processing and feature extraction for the diagnosis of
bearing faults [1–3]. Meanwhile, the study on failure me-
chanisms and approaches to delay bearing failure from the
fault source is extremely rewarding.
Rolling contact fatigue (RCF) is the main form of rolling

bearing failure [4]. Many researchers have studied the RCF
damage mechanism of rolling bearings. For example, the
RCF damage mechanism based on wheel/rail contact mode
under different operating conditions has been studied. Ra-
ceway surface damage evolution and its behavior in pre-

dented hybrid rolling bearings have been observed and
modeled [5]. The contact fatigue life of different steels has
been identified through an experimental approach for RCF
and shelling evaluation based on simulations of the optimal
boundary conditions for actual railroad applications [6]. The
effects of operational speeds and tangential forces on wear
and RCF characteristics, such as surface hardness, shear
strain hardening, and wear rate, of wheel materials have been
explored [7,8]. The effects of slip ratio on RCF and the wear
of wheel/rail materials have been studied via rolling-sliding
wear tests [9]. The relationship between RCF cracking after
cyclic wheel/rail contact and the plastic deformation of a
pearlitic microstructure has been investigated from a mi-
crostructural perspective [10,11]. Furthermore, the action
mechanisms of material microstructure, grain size, inclu-
sions, holes, and carbides on fatigue damage have attracted
considerable attention. The relationship between material
fatigue performance and microstructural parameters, such as
austenite grain size, martensite width, and carbide and twin
crystal distribution, has been discussed [12–14]. The effects
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of shapes and sizes of circular hole defects on RCF crack
initiation and propagation in high-strength steel has been
clarified [15]. The RCF lives of AISI 8620 steel specimens
with different retained austenite contents have been calcu-
lated through numerical analysis and experimental methods.
The results indicated that high austenite content extends RCF
lifespan [16]. Moreover, the microstructural variation in the
surrounding matrix metal during crack initiation has been
quantified. The influence of slippage on rolling contact and
wear on a microscopic level has been investigated [17], and a
novel vortex-shaped microstructure centered on nonmetallic
inclusions near the contact surface has been identified as the
crack origin [18]. The mechanism of crack initiation from
holes has been revealed [19,20]. However, some studies on
crack initiation and crack propagation mechanism have
mainly focused on the wheel/rail contact mode but have paid
limited attention to the effect of bearing contact mode on
fatigue damage. Furthermore, some studies examined the
RCF behavior of a certain material through rolling fatigue
tests, such as double-disc test and four-ball test, but not the
fatigue flaking behavior of bearings under actual operating
conditions. Moreover, research on the damage mechanism of
rollers of tapered roller bearings is rare, and research on the
effects of strain hardening, material defects, and contributing
factors on crack initiation and propagation remains in-
sufficient.
In this study, the fatigue crack initiation and propagation

mechanism of the rollers of tapered roller bearings were
studied through material experiments. The tapered roller
bearings were damaged from a run-to-fail test that was per-
formed under actual operating conditions. The relationship
between crack propagation angle and crack morphology was
studied by analyzing fatigue cracks on roller radial sections.
Moreover, microhardness tests were performed to identify
the influence of strain hardening on crack initiation and
propagation.

2 Material and experimental procedures

Given that the majority of related studies have been con-
ducted on cones and few have been conducted on rollers, this
study takes rollers as the research subject. The selected
rollers were parts of a failed bearing (30311 tapered roller
bearing) collected from a bearing run-to-failure test. The
tested bearings in this study were TMB-tapered roller bear-
ings produced by Zhejiang Tianma Bearing Ltd. The bearing
run-to-failure test was performed with a T20-60nF fatigue
life tester. The running state of the bearings was monitored
by a computer connected to the tester. The operating prin-
ciple is shown in Figure 1. Two testing tapered roller bear-
ings, bearing 1 and bearing 4, were installed on two ends of a
shaft. Axial load was directly applied on the cup of bearing 1

and then transmitted to bearing 4 through the shaft [21]. The
run-to-failure test of the tapered roller bearing was per-
formed eight times with different loads and different rota-
tional speeds. In these experiments, fatigue damage appeared
on the cup only once, and the majority of the damage was
observed on rollers and cones. Test conditions used in this
study were 30 kN axial load and 1500 r min−1 rotational
speed. After 78.5 h, an abnormal signal was observed on the
monitor. Figure 2 shows that intensive fatigue damage oc-
curred on the roller surface.
The rollers were made of GCr15 (standard AISI52100).

Infrared spectroscopy was performed to clarify the chemical
composition of the rollers. Samples were cut as shown in
Figure 3. For metallographic observation, the cut samples
were embedded in Bakelite, polished, and etched with 4 vol.
% Nital. The microstructures of samples of radial sections
were observed through scanning electron microscopy
(SEM). Axial sections of the samples were subjected to the
microhardness test.

3 Results and discussion

3.1 Chemical components of the material

Table 1 shows the chemical composition (in weight per-
centage) of the roller material and its comparison with the

Figure 1 Loading of bearing in the run-to-failure test.

Figure 2 (Color Online) Fatigue damage on the test roller surface.
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standard composition of the GCr15. This table shows that the
carbon content of the roller material is slightly lower than the
standard, whereas the contents of other alloy elements and
trace elements are in the normal range. The change in the
carbon content of the steel will cause microstructural chan-
ges and consequently result in variations in mechanical
properties. High carbon contents are associated with high
hardness, strength, and abrasive resistance. However, high
carbon content is also associated with low plasticity and
toughness. The material microstructure of the rollers com-
prises tempered martensite and spherical carbide, which are
uniformly distributed in the matrix structure as shown in
Figure 4.

3.2 Appearance of fatigue cracks on roller sections

Crack growth angle, crack length, and crack depth were
statistically analyzed as shown in Figure 5. The cracks were
distributed over four radial sections with different sizes. In
Figure 5, square, circle, triangle and diamond symbols are
used to represent the four sections from the large end to the
small end of rollers. The figure shows that crack angles
mostly fall in the range of 15°–45°. RCF cracks generally
grow at an angle of 15°–45° during the inception phase [22].
This behavior indicated that the present experimental results
well correspond with the published results. The cracks will
then either continue to propagate along a specific direction
and gradually approach the roller surface, stop growing, or

develop secondary branching cracks. Some of the secondary
cracks will grow to the roller surface, whereas others will
gradually propagate to the interior of the roller. Crack di-
rection is mainly controlled by two principles: stress criter-
ion and energy criterion. Stress criterion shows that crack
propagation along a certain direction is controlled by the
maximum stress. Stress criterion may exert a global or local
effect on crack propagation. If the stress distribution at the
front of the crack changes as a result of crack growth, the
direction of the maximum stress at the front of crack may not
coincide with the whole direction of the maximum stress.
Then, the crack will deviate because it propagates along the
direction determined by the local maximum stress. The ori-
ginal crack propagation direction will then change. Cracks
may propagate not only along the direction of maximum
stress but also along other directions. This phenomenon is
attributed to the energy criterion, which states that the crack
always grows along the path of least resistance toward re-
gions with the lowest energy. Thus, low-energy regions
usually have more material or centralized defects than other
regions. Given that the maximum shear stress below the

Figure 3 (Color online) Cutting method of samples.

Figure 4 Microstructure of GCr15.

Table 1 Chemical compositions (wt.%) of GCr15

C Cr Si Mn S P

Standard
value 0.95–1.05 1.40–1.65 0.15–0.35 0.25–0.45 ≤0.025 ≤0.025

Estimated
value 0.926 1.493 0.255 0.336 0.006 0.017

Figure 5 (Color online) Distribution of crack growth angle, crack length,
and crack depth.
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surface is the driving force of RCF, the Hertzian stress field
has an important effect on crack propagation. When the crack
grows to the roller surface, it will continue to grow and
induce flaking under the influence of the Hertzian stress
field. When the crack grows to the roller center, however, it
will gradually avoid the effects of the Hertzian stress field
and finally stop growing.
Two major fatigue cracks with two modes of crack evo-

lution are observed on the radial sections of the rollers. As
shown in Figure 5, numerous long cracks accumulate in re-
gions close to the small end of the roller. Four cracks of up to
1000 μm in size are present in the smallest radial section
(diamond-shaped markers). These cracks have different

propagation angles. Specifically, three of these cracks have
propagated at an angle of approximately 30°, and one has
propagated at a large angle of 59°. Cracks with small angles
are illustrated in Figure 6. The lengths of the two cracks
shown in Figure 6 exceed 1000 μm. These cracks appear
torturous and exhibit a number of secondary cracks. The
main cracks shown in Figure 6(a) and (b) propagated at an
angle of 27° and 26°, respectively. The morphology of these
cracks is the most commonly observed among all the ob-
served cracks.
Figure 7(a)–(d) show details of the crack shown in Figure 6

(a) in areas 1–4. Under shear stresses, the main crack pro-
pagates primarily in sliding mode (mode II), indicating that

Figure 6 (Color online) Tortuous cracks with some secondary cracks.

Figure 7 (Color online) Microstructure of the subsurface crack in Figure 6(a).
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the cracks mainly formed through edge dislocation gliding.
Crack propagation involves a combination of transgranular
and intergranular behaviors. The secondary crack shown in
Figure 7(a) and the main crack shown in Figure 7(b) exhibit
typical tranagranular crack behavior, and the secondary
cracks shown in Figure 7(c) and 7(d) present intergranular
crack characteristics (arrow). Following the principle of the
minimum consumption of fracture energy, cracks always
appeared in the weakest points of the material structure and
propagated along the slide surface with the weakest bonding.
The orientations of martensite layers in the crystalline and
the atomic bonding forces of crystal face are different. Under
cyclic stress, cracks easily generate on a crystal face with the
weakest bonding force. Crack growth in grain boundaries
may follow two paths: into another grain or along grain
boundaries. Crack propagation is the result of dislocation
motion. Given that a mass of dislocations gather on grain
boundaries, the combination bond of the grain boundary may
not be the weakest. However, if the grain boundary of the
material weakens for some reasons, the crack will grow
along the grain boundary. Carbide precipitation, which can
be observed around the intergranular cracks shown in Figure
7(c) and 7(d) decreases the bond energy of the grain
boundary. Thus, intergranular cracks have formed on the
grain boundary. As can be seen in the figures, spherical
carbides are evenly distributed in the grains. The high
hardness of spherical carbides prevents crack penetration.
Thus, the cracks stop propagating, continue growing around
the spherical carbide, or begin to branch.
For the crack shown in Figure 6(b), the main crack first

propagates to the roller surface, and secondary cracks then
branch from the main crack and grow into the roller. The
secondary branches are very fine. Magnified images of areas
6–8 are shown in Figure 8(a)–(c). The cracks exhibit char-
acteristics of sliding fatigue cracking (mode II), which is
driven by shear stress. The crack closure effect has been
observed during fatigue crack propagation, and Wolf [23]
described the crack closure effect. Crack propagation rate is
restricted by the stress status of the crack tip and is influ-
enced by the crack-surface contact region behind the crack
tip. Crack closure will impede fatigue crack growth and is
affected by oxide effects and material characteristics, such as

material plasticity and roughness. Many researchers [24–26]
have established models to study this effect and have revised
the strength factor of the crack tip.
The subsurface crack shown in Figure 9 is the longest

crack among all the observed cracks. It propagates obliquely
downwards from the surface spalling with a length of ap-
proximately 2246 μm. The angle between the crack growth
path and roller surface is approximately 59°. The crack ap-
pears straight with a sharp end and lacks secondary
branching. The crack follows a microscopic zigzag growth
path and has few locally expanding branching cracks. This
crack was observed only once on the radial sections. Figure 9
(b) and 9(c) show that similar to the propagation mode dis-
cussed above, the crack growth path in the matrix metal
exhibits a combination of transgranular and intergranular
characteristics. Moreover, the propagation mode of this crack
involves not only opening (mode I) or sliding (mode II), but a
combination of the two modes. The large propagation angle
of the crack indicates that the crack grows in opening mode
under shear stress and in sliding mode under compressive
stress. Thus, the fatigue crack extends to the roller core over
a long distance under alternating stress.
The above three cracks exhibit different propagation

characteristics. The fatigue crack with a growth angle of 59°
has few secondary cracks, whereas the other two cracks have
numerous secondary cracks that branch from the main crack
and secondary cracks that grow to the roller surface to form
fatigue spallings. Stress intensity factors (SIFs) are key de-
terminants of crack growth behavior. The relationship be-
tween crack growth rate and SIFs for various kinds of
materials can be calculated using the Paris law [27]:

a
N C Kd

d = , (1)m
eq

where a represents crack length, N is the number of loading
cycles, ΔKeq is the equivalent SIF range, and C and m are
material constants.
Tanaka [28] suggested the equivalent SIF for a mixed-

mode crack:

( )K K K= + 8 , (2)eq I
4

II
4 1/4

where ΔKI and ΔKII are the SIF ranges of modes I and II,
respectively.

Figure 8 The micro appearance of the subsurface crack in Figure 6(b).
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From the maximum circumferential stress criterion pro-
posed by Erdogan and Sih [29], the formula describing the
relationship between crack growth angle θ and SIFs is as
follows:

K Ksin + (3cos 1) = 0. (3)I II

Thus, crack growth angle can significantly affect the
propagation behavior of a crack with a mixed propagation
mode. Cracks with small angles, such as the cracks shown in
Figure 6, primarily grow in sliding mode and at shallow
depths. Cracks with large angles, such as the cracks shown in
Figure 9, are considerably influenced by opening mode.
Therefore, the two kinds of cracks shown in Figures 6 and 9
exhibit drastically different crack growth rates and SIFs.
Figures 6–9 show the existence of several holes and mi-

crocracks in the matrix metal surrounding the main and
secondary cracks. These holes and microcracks tend to act as
crack sources and grow into large cracks under alternating
stress. Most of the microcracks are generated at the border of
spherical carbides given the difference between the material
characteristics of the martensite matrix and spherical car-
bides. Under cyclic stress, the matrix structure exhibits
plastic deformation while the spherical carbide remains un-
changed. Thus, the joining of the carbide and martensite
matrix will cause stress concentration, and the carbide will
be stripped from the matrix to form a microcrack. Shiozawa
et al. [30] used the carbide stripping model to study carbide
stripping under ultra long-life fatigue. At shallow depths,
material defects tend to accumulate around small-angle
cracks, and numerous secondary cracks tend to form. Small-
angle cracks are more likely to develop into fatigue spalling,

whereas large-angle cracks are more likely to result in ma-
terial fracture.
Similar situations are observed for some of the crack tips

shown in Figure 10. This figure shows that some micro-
cracks and holes are distributed around cracks. Figure 10(a)
shows cracks on an area without any fatigue spalling on the
roller surface, and plastic deformation is apparent near the
surface. This damage pattern illustrates that under cyclic
Hertzian stress, plastic deformation occurs near the roller
surface. In crystalline material, stress concentration exists on
the front of the dislocation pile-up group caused by localized
plastic deformation. Once the concentration of localized
stress exceeds fracture strength, the combination bond will
be broken, and microcracks will be produced. Crack re-
sistance is closely linked with the localized plastic de-
formation of the crack tip.
Microcracks will continue to grow under cyclic stress and

develop into macrocracks or link with other cracks. The
secondary cracks indicated by the black arrows in Figure 10
(b) and (c) are formed by fully developed microcracks that
have joined the primary crack. The microcracks indicated by
white arrows tend to connect with some other secondary
cracks.
Figure 11 shows the microstructures of the central and

subsurface regions of the radial section. Figure 11(a) shows
the microstructures present in the central region. The images
show that fine granular carbides are evenly distributed on the
martensitic matrix structure with very few material defects.
However, as shown in Figure 11(b), which represents the
microstructure of the subsurface of area 5 in Figure 6(a),
numerous microcavities and holes are present on the sub-

Figure 9 (Color online) Straight crack without any secondary cracks.
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surface under the rolling contact surface. These material
defects are generated from the concentration of plastic strain
in the microregion and irreversible dislocation gliding under
alternating load. As plastic deformation continues to accu-
mulate, dislocation pile-up results in sufficient stress con-
centration. When the strain energy released from dislocation
movement meets the amount of surface energy required to
produce cracks, microcavities and holes will be constantly
generated in the subsurface. If the bearing continues work-
ing, these microcavities and holes can connect to one another
to form microcracks that then finally grow into macrocracks.

3.3 Microhardness analysis of roller

Fatigue flakes are present on the roller surface, as shown in
Figure 2. All flakes are concentrated on the small end of the
rollers. The microhardness experiment was performed with
the MH-5 microhardness system under a load of 300 g and
holding time of 15 s. Hardness is measured on the axial
section from the roller surface to its center. Five test positions
and microhardness change curves are illustrated in Figure 12.
The figure shows that the material near the roller surface has
hardened after undergoing RCF. When external load is ap-
plied on the roller surface, the strain field generated from
normal and tangential forces causes the contact surface layer
to undergo plastic deformation and increases microhardness

[31]. As shown in Figure 12, microhardness decreases when
the distance from the surface increases. This behavior,
however, varies per position. Microhardness change de-
creases from position 1 near the large end of the roller to
position 5 near the small end of the roller. This behavior
indicates that different levels of surface strain hardening
occur near the roller surface at different positions of the
roller. The strain field under the surface has a certain range.
Once depth exceeds this range, strain hardening will stop,
thus proving that RCF will no longer affect microhardness at
a depth that exceeds the width of the hardening zone. As can
be seen in Figure 12, the width of the hardening layer is
approximately 1.2 mm. The distribution of the fatigue cracks
on the roller sections shown in Figure 5 indicate that cracks
propagate under the roller surface at a depth of approxi-
mately 600 μm save for the crack shown in Figure 10. Thus,
fatigue cracks mostly grow within the range of the hardening
layer.
Crack propagation behavior is correlated with the ex-

istence of a plastic zone in the crack tip. Numerous studies
have attempted to introduce the plastic zone as a mechanical
parameter to fatigue failure criterion [32,33]. The plastic
zone in the front of the crack can effectively decrease the SIF
of the crack tip and thus increase the toughness of the ma-
terial. Large plastic zones are associated with considerable
increases in toughness. The plastic zone size rp can be ob-

Figure 11 Microstructure of roller matrix material (a) centre structure on the radial section; (b) subsurface structure of detail of area ‘5’ on the radial
section.

Figure 10 Microstructure of several crack tips surrounded by microcavities.
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tained from eq. (4) [34].

r K= 1
2 2 , (4)

bp

2

where σb is the yield strength.
The modified experiential formula of the plastic zone size

of general hardening materials under plane strain conditions
is as follows:

r n
K= 1

6
1

1 , (5)
bp 2

2

where n is the hardening exponent. The formulas indicate
that the plastic zone size at the crack tip decreases as the
hardening exponent n increases. That is, increasing hardness
will accelerate crack growth.
Furthermore, the roller surface subjecting to strain hard-

ening increases material brittleness and decreases fracture
toughness. This behavior will promote crack initiation and
propagation. Thus, the small end of roller is easily and se-
verely damaged as a result of the strain hardening degree.
Ideally, applied load is evenly distributed over the total

length of the roller with crowning designed to counteract
edge loading at the roller ends. The width of the hardening
layer and the distribution of microhardness at different po-
sitions should equal. However, imposing axial load on the
bearing may cause roller tilting because of the momentary
coupling caused by the opposing axial applied force [4].
Load distribution on the roller will no longer be uniform
because of roller tilting, as illustrated in Figure 13. Except
for heavy axial load, an assembly problem may result in
bearing raceway and roller misalignment and consequently
cause uneven loading on the rollers. Furthermore, the roller
rotates around the central axis of the bearing at a certain
angular velocity and simultaneously rotates around its own
axis at high speed. Gyroscopic moment is generated when

the roller’s axis of rotation is tilted with respect to the
bearing’s axis of revolution. Zhao et al. [35] studied the in-
fluences of gyroscopic moment on the damage experienced
by a tapered roller bearing and concluded that the boundary
conditions produced by gyroscopic moment account for the
side damage of rollers and raceways. Uneven loading and
gyroscopic moment rapidly increase contact stress on the
roller ends. Fatigue flaking will favor the roller end with the
constantly running bearing. Under higher applied stress,
cracks initiate at the small roller end, and the material
hardness of the small roller end will increase. These phe-
nomena have a crucial role in crack growth and new mi-
crocrack initiation. Therefore, fatigue damage on the small
end of the roller will become severe.

4 Conclusions

To identify the fatigue mechanism and the influential factors
of fatigue crack propagation in rollers, rollers were subjected
to microstructural and microhardness analyses. The under-
lying reason for the generation of higher numbers of fatigue
spallings at the small end than at the large end of rollers was
discussed. The following conclusions are drawn on the basis
of the investigation presented above:
(1) Crack growth mode varies because crack angle varies.

This variation, in turn, results in the variable degree of fa-
tigue damage experienced by the roller.
(2) Microcavities and holes are key factors of crack in-

itiation and propagation. A large amount of microcavities
and holes in the subsurface region will develop into micro-
cracks and finally extend into macrocracks.
(3) Roller misalignment causes stress to concentrate on the

small end of the roller, which consequently suffers additional
damage.

This work was supported by National Natural Science Foundation of China
(Grant No. 51421004) and Key Project supported by National Natural
Science Foundation of China (Grant No. 61633001).

Figure 12 (Color online) Microhardness distribution from contact sur-
face to center on 5 different positions (as shown in insert image) on axial
section of a roller.

Figure 13 Schematic of uneven load distribution resulting from roller
misalignment.
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