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Silicon nitride ceramic bearings are widely used for their excellent performance. However, due to their special manufacturing
method, cracks will occur on ceramic ball surface, and this initial surface crack will propagate under the action of cyclic stress,
which will lead to material spalling. This will greatly limit its service life in practical applications, especially under heavy load at
high speed. Therefore, it is necessary to study the surface crack propagation of silicon nitride ceramic bearings. In this paper, the
effect of initial crack angle and contact load on crack growth is analysed by the finite element method (FEM). A three-dimensional
finite element model of a silicon nitride bearing ball containing an initial crack is created by the FEM. The cracks are initially
classified based on the angle between the crack and the bearing ball surface, and the location of the most dangerous load for each
type of crack is known by theoretical analysis. The stress intensity factors (SIFs) are calculated for the crack front to investigate the
effect of load position on crack growth. Subsequently, the SIFs are calculated for each type of crack angle subdivided again to
investigate the effect of crack angle on crack propagation.

1. Introduction

Due to the advancement of modern technology and the de-
velopment of industrial production, silicon nitride ceramic
bearings have been used widely because of their wear resis-
tance and corrosion resistance, and it can work at high speed.
It can be used in some special conditions, such as extreme
temperature and corrosive environment. Because of the special
sintering process of making ceramics, cracks will occur on the
surface of ceramic balls with different shapes and random
locations, and cracks will propagate as the bearing works,
leading to spalling and rolling contact fatigue failure. Although
there has been a lot of work done by related scholars, the
failure mechanism of silicon nitride ceramic bearing balls with
surface cracks has not been well understood, so it is necessary
to study the propagation mechanism of surface cracks to
understand ceramic bearing rolling contact fatigue failure.
The mechanism of crack initiation and propagation on
bearings has been studied by many scholars. Crack initiation

and its propagation mechanisms on metal bearing have been
confirmed that cracks are mainly caused by surface cracks
and subsurface cracks. Surface cracks are mainly caused by
machining tool marks and pits caused by shedding of in-
clusions; correspondingly, subsurface cracks are mainly
caused by internal nonmetallic inclusions (such as Al, Ca, Si,
and Mg oxides). Fatigue cracks occur throughout the fatigue
life of the bearing. Initiation accounts for more than 94.1%
[1, 2]. For ceramic bearings, Shi et al. [3] proposed a
nonlinear dynamic model considering the effect of crack
spalling; it can be used to analyse the vibration response of
all-ceramic bearings with cracks and outer ring spalling.
Khader et al. [4] proposed that the formation and propa-
gation of the crack are more likely to occur in locations
withstanding alternating load based on Paris law.
According to Zhou [5], the main reason for the failure of
ceramic bearings is crack propagation to spalling. Wang and
Hadfield [6] proposed that the C-crack failure is related to
the crack location in the contact path. Fatigue failure only
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occurs in a few crack locations/orientations. Some studies
present a series of finite element model to study the initiation
and propagation process of the crack and the final failure
mode in rolling contact fatigue. A two-dimensional finite
element model was created in which the grain boundaries
were modeled directly with the cohesive zone approach, and
in agreement with the expected results already presented, the
introduction of material defects would reduce the basic rated
life [7]. A damage mechanics-based Voronoi finite element
model (VFEM) is developed and used to investigate the
effects of surface defects in elastohydrodynamic lubricated
line contacts. In this way, the model is used to simulate
microcrack initiation, propagation stages, and fatigue spall.
The results show that the location and pattern of spalling
caused by dents are consistent with experimental observa-
tions [8]. For experimental work, Zhou et al. [9] have
conducted research on the failure of silicon nitride ceramic
balls, including the mechanism of fatigue dynamic failure,
influencing factors of fatigue failure, and failure probability
model; they proposed that the subsurface cracks are mainly
caused by material volume defects, and the critical stress for
bearing ball failure is the maximum principal tensile stress in
the process of spalling formation. Based on this, a tensile
stress-life model that is more suitable for the prediction of
the rolling contact fatigue life of ceramic balls is proposed.
The cavitation-rolling contact fatigue condition of the ma-
terial system is evaluated by integrating rolling contact and
cavitation testing into one test method [10]. Some scholars
have also studied the influencing factors of bearing failure.
Based on the uncertainty analysis and parametric studies, the
failure probability of surface cracks in silicon nitride ball
bearings rolling contact fatigue is estimated by Pattabhira-
man et al. [11]; the study shows that the most significant
method to make the probability of failure decrease is to
reduce the maximum crack size and increase the fatigue
threshold. In hybrid bearings, slight wear, higher plastic
deformation, and lower boundary friction can help to im-
prove the dent response of the bearing in rolling contact and
reduce local stress concentrations and gradients through the
accumulation of excessive rolling cycles [12].

In general, people use Paris law to calculate the growth
rate of bearing surface cracks; furthermore, the bearing life
can be obtained through the N-a curve. Deng et al. [13]
investigated the role of material defects on the crack initi-
ation under rolling contact fatigue and considered the effects
of the moment,the radical load ,and other factors on SIF-
s,crack growth rates and crack initiation. Moreover, they
proposed a simulated model to study the effect of the crack
inclined angle and the hardness of inclusions on fatigue
damage in bearings. They have confirmed that the shear
mode plays an important role in the crack initiation and the
other modes are subordinate. Xu et al. [14, 15] analysed and
predicted the life of ball bearings based on nonlinear dy-
namics and proposed the concept of the critical surface to
improve the Paris fatigue life prediction model. In addition,
Xu et al. [16] based on the trend that the root mean square of
the eigenmode function of the fault characteristic frequency
is consistent with the defect diameter, two improved Paris
models are proposed, which can predict the remaining
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fatigue life of the bearing online without disturbing the
normal operation of the machine. For oxide ceramics, the
SIFs will change under the influence of phase transformation
toughening. In order to calculate the stress intensity factor
more accurately, Wang et al. [17] proposed a new strength
and yield criterion for oxide ceramics.

Based on the above analysis, the crack growth rate
calculated by SIFs has a great influence on the bearing life
assessment. Although the calculation of the SIFs has been
continuously explored by relevant scholars, it is still difficult
to determine the SIFs because they are related to the crack
geometry, load position and loading mode, temperature, etc.
[6, 18]. Therefore, some 2D crack models have been
established to clarify the influence of crack propagation on
rolling contact fatigue [19, 20]. Wang and Hadfield [21]
proposed the surface crack geometry is very significant for
the analysis of the fracture mechanism. However, the crack is
a three-dimensional shape in the ceramic bearing ball; the
two-dimensional crack model cannot reflect the true
propagation state of the whole crack. Related scholars have
also established a three-dimensional crack growth model
[22-25]. More advanced FEM-based simulations using the
R-curve approach for dry nonmoving monotonically and
cyclically loaded contacts focused on the principal tensile
stresses [26]. Nazir et al. [27] established a semielliptical
three-dimensional crack model to calculate the fatigue
failure probability of c-shaped cracks on the surface of
silicon nitride ball bearing components under rolling con-
tact fatigue. However, SIFs are related to crack shape, size,
loading mode, etc. So, it is not possible to make simple
assumptions in crack geometry and loading mode to reflect
the real situation. To simulate the real crack shape, this paper
uses the finite element method to establish a three-dimen-
sional crack model to clarify the effect of the initial state of
the crack on the surface stress distribution of the crack.

The initial state of the crack includes the crack depth, the
crack geometry, and the initial angle of the crack. The initial
angle of the crack is different, and the stress distribution at
the crack tip is also different. Therefore, the effect of the
initial crack angle on crack propagation is also worth paying
attention to. Hua et al. [28] proved that surface cracks on
metal bearing raceway typically propagate at an angle of
about 15°-45° and can then either stop, continue growing, or
branch towards the surface, causing fatigue pitting
phenomena.

As the bearing works, the position of the bearing ball
under load also changes continuously. For the bearing ball
with surface cracks, the crack propagation will also change
with the change of the load position. However, previous
studies did not analyse the mechanism of the crack prop-
agation of ceramic bearing balls based on the relative po-
sition of the crack and the load and the initial angle of the
crack. In this paper, we initially classify the cracks according
to the different initial angles between the cracks and the
bearing ball surface and also consider the effect of the
changing load position on the cracks at different angles, and
the forces of the cracks are analysed to obtain the most
dangerous locations for different types of cracks. At the same
time, the initial angles of different types of cracks are
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subdivided again to clarify the influence of initial crack
angles on crack propagation. First, a realistic three-di-
mensional finite element model of the bearing ball con-
taining a surface crack is established. Second, the model is
loaded to find out the load position that has the greatest
influence on crack propagation. Then, the crack propagation
under different conditions was predicted. Finally, cracks of
different initial angles are inserted into the ceramic bearing
ball model to calculate the SIFs of the crack front. The results
are helpful for better understanding the effect of surface
cracks on rolling contact fatigue of the silicon nitride ce-
ramic bearings.

2. Calculation of Stress Intensity Factors

According to the Hertzian contact theory, the contact mode
of the bearing ball and the bearing raceway is Hertzian
contact. On the surface of ceramic bearing balls, there are
Hertzian contact stress p (x, y) and tangential traction ¢ (x, )
within the contact region. The Hertzian contact stress and
tangential traction can be described as

plx )—p\II—M
A v (1)

q(x,y) = fp(xy),

where py is the maximum normal pressure, A is the radius of
the contact circle, fis the friction coefficient, and when the
contact circle passes over the ring crack from left to right,
define f> 0; on the contrary, f<0. A and p, can be given by

e
Po= 2%
1/3 (2)
3P ((L-»)/E) +((1-%)/E,)
A= —x >
4 (1/R,) + (1/Ry)

where P is the applied load on the silicon nitride ceramic
bearing ball, v, andv,, E; and E, are Poisson’s ratio and
Young’s modulus of the bearing ball and the bearing
raceway, respectively. R; and R, are the radius of the bearing
ball and the bearing raceway, respectively.

In structural materials, there are three main ways in
which cracks propagate under the action of external forces,
as shown in Figure 1. Mode I, also known as “the opening
mode,” is mainly caused by normal stress, with the dis-
placement of the crack surface perpendicular to the crack
plane. In-plane shear produces mode II, also called “the
sliding mode.” Out-of-plane shear produces mode IIT or “the
tearing mode,” where the crack surface displacement is in
the plane of the crack and parallel to the edge of the crack on
the leading surface of the crack. Kj, Kyj, and Ky are the SIFs
in mode I, mode II, and mode III, respectively.

In the process of bearing working, the surface crack is
affected by Hertzian contact stress if there is a surface
crack on the ceramic bearing ball. When the change
amplitude of the stress intensity factor AK generated by
Hertzian contact stress exceeds the threshold value AKy,,
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FIGURE 1: Basic crack model diagram.

the crack will propagate. AK can be expressed by the
following equation:

AK = Kmax - Kmin' (3)

According to reference [13], when Hertzian contact stress
and friction do not act on the crack, there exists K,;,,, which has
the value 0. So, AK is determined by K, During the bearing
working, cracks propagate in a mixed-mode under the action of
Hertzian contact stress and friction which means Kj, Ky, and
Ky exist simultaneously during the process of crack propa-
gation; AK can be given by the following equation:

2 By 1/2
AK =K, , -0=Ky = [(KI +Kpy])” + 2KH] Y

In order to judge whether the crack will grow, SIFs need
to be calculated. In this paper, the crack opening dis-
placement (COD) method is used to calculate SIFs. SIFs of
mode I, mode II, and mode III are calculated using the
following equations [26]:

K=t E
I_m ;(“1‘“2)’

E
Tz) %(bl -b,), (5)

Ky = 4(1

Ky = E \/?(c -¢c)
jiss 4(1_1/2) 2 1 2)

The symbol a is the displacement that is perpendicular to
the ring crack surface, b is the displacement that is perpen-
dicular to the crack tip direction, c is the tangent line that is
touching the crack tip and r represents length between the
crack tip and the point from where a, b, and ¢ are measured. “1”
and “2” are the points in time at which corresponding a, b, and
¢ displacement components are evaluated. The geometric re-
lationship of the parameters is shown in Figure 2.

3. The Effect of the Load Position and Initial
Crack Angle

During the rotation of the bearing, the Hertzian contact load
acting on the bearing ball is cyclically loaded. We assume
that the direction of load movement is clockwise. The
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FIGURE 2: Schematic showing the crack-tip opening displacement.

loading mode of the ceramic bearing ball can be simplified,
as the contact stress region continuously rolls on the surface
of the bearing ball. Since the location, initial angle, and depth
of the cracks generated during the preparation of silicon
nitride ceramic bearing balls are randomly distributed,
cracks may exist on the surface, near the surface, or inside
the ceramic ball, and under Hertzian contact stresses and
frictional forces, the cracks propagate leading to spalling. In
this paper, we choose surface cracks to study.

The Hertzian stress area keeps approaching the crack
until it presses on the crack and then gradually moves away
when the bearing ball rolls in the bearing. In this process,
with the continuous rolling of the bearing ball, the influence
of the Hertzian contact stress on the crack is also changing.
Obviously, the initial crack angle is different, and the
Hertzian contact stress has a different effect on the crack.
Therefore, three cracks with different angles (crack I, crack
II, and crack IIT at acute, right, and obtuse angles to the
positive X-axis, respectively) are inserted in the ceramic
bearing ball, respectively. The locations of dangerous loads
and crack propagation mechanisms for cracks at different
initial angles are analysed as follows.

Due to the effect of the frictional force on crack prop-
agation is different when the initial angle between the crack
and the positive X-axis is the acute angle (crack I), right
angle (crack II), or obtuse angle (crack III), so the propa-
gation mechanism of these three types of surface cracks is
investigated separately. The loading process of the ceramic
bearing ball is shown in Figure 3.

To make the analysis simplified, the crack geometry and
the Hertzian contact stress in the three-dimensional model
are shown in Figure 4, where a surface loading traverses a
surface crack, repeatedly. d is the distance between the
deepest part of the crack and the surface of the model, which
is the depth of the crack, « is the angle between the crack and
the positive X-axis, 0 is the crack arc angle, and R is the crack
radius.

Figure 5 shows the crack-tip opening displacement of
cracks I and II in stages. In stage 1, when the load is far from
the crack, there is no effect on crack propagation. The load
gradually approached the crack and began to affect the crack.
The closer the distance between the load and the crack, the
greater the Kj, until stage 2; K; reaches the maximum when
the crack is at the load boundary position. Then, K; gradually
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FIGURE 5: Schematic showing the crack-tip opening displacement
in stage-wise fashion for cracks I and II.

decreases until the load is at the top of the crack, the crack is
closed, and K is 0 at stage 4. With the continuous movement
of the load, the crack opens again under the action of tensile
stress, but at this time, due to the influence of initial crack
angle and friction, the opening displacement of the crack is
not as large as in stage 2, so the Kj at this stage is smaller than
that in stage 2. Finally, the load gradually moves away from
the crack, and the effect on the crack decreases until it does
not work.

When the crack is at an acute angle with the positive
direction of the X-axis, the most dangerous location for
crack growth is shown in Figure 6(a). With the movement of
the load, when the Hertzian contact load moves to the
position shown in Figure 6(a), the frictional force imposes
tensile stress causing an opening displacement on the crack
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FIGURE 6: Stress process on crack surface: (a) crack I; (b) crack IL

and the Hertzian contact load exerts tensile stress on the
crack which causes an opening displacement and com-
pressive stress on the crack which causes a slipping dis-
placement, and the displacement due to the frictional force
and the Hertzian contact stress is maximum at this position.
Therefore, there will be slipping and the opening between the
crack faces, and the crack propagates mainly in mode I and
mode II. In summary, in the case where the crack is at an
acute angle to the positive direction of the X-axis, the crack
propagates mainly in mode I and mode II; K; and Ky; have a
greater effect on the crack propagation.

When the crack is at a right angle to the X-axis, the most
dangerous position for crack propagation is shown in
Figure 6(b). With the movement of the load, when the
Hertzian contact load moves to the position shown in
Figure 6(b), under the action of friction, the crack will open;
however, at this time, the Hertzian contact stress will not
open the crack, but will only cause the crack to slip. Thus, at
this point for crack II, there is a small crack opening and a
very large slip. In summary, in the case where the crackis ata
right angle to the X-axis, the crack grows in mode I and
mode II; because the friction coeflicient acting on the
bearing ball is 0.05, the friction force is small, so the in-
fluence of K on crack growth is also small, and the crack
propagation in this case is mainly based on the slip. K; and
Ky exist at the same time, Ky is much larger than K.

The crack-tip opening displacement of crack I1I is shown
in Figure 7. For crack ITI, in stage 1, when the load is far from
the crack, it has no effect on crack propagation. Then, the
load gradually approached the crack and began to affect the
crack. However, due to the effect of the initial crack angle,
the Hertzian contact stress always exerts pressure on the
crack, and the crack is in a closed state until the load
boundary rolls over the crack and the crack begins to open.
With the continuous movement of the load, the crack
opening displacement gradually increases. When the
Hertzian contact load boundary just coincides with arc AB,
the crack opening displacement reaches the maximum and
K; is the maximum, the crack is in stage 3. Finally, the load
gradually moves away from the crack, and the effect on the
crack decreases until it does not work.

When the crack is at an obtuse angle with the positive
direction of the X-axis, the most dangerous position of the
crack propagation is shown in Figure 8. With the movement
of the load, when the Hertzian contact load moves to the
position shown in Figure 8, the friction force exerts pressure
stress on the crack to make the crack close; however, the
Hertzian contact load exerts tensile stress on the crack to
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FIGURE 7: Schematic showing the crack-tip opening displacement
in stage-wise fashion for crack III.

Crack ITI

FIGURE 8: Stress process on crack surface for crack III.

make the crack open and pressure stress to make the crack
slip and the tensile stress exerted by the Hertzian contact
load is much larger than the compressive stress exerted by
the friction force; therefore, the crack will open and slip. So,
there is both slipping and the opening between the crack
surfaces and the crack grows in mode I and mode II. In
summary, in the case where the crack is at an obtuse angle to
the positive direction of the X-axis, the crack propagates in
both the open mode and the slip mode, both Kj and Kj; exist
in this case.

According to the above analysis, the initial crack angle is
different, and the location of the load that makes the crack in
the most dangerous state is different. The crack is most
dangerous when the Hertzian contact load boundary just
coincides with arc AB and both apply tensile stress to it, i.e.,
the state (a) in Figure 6. At this time, the Hertzian contact
stress has the greatest impact on the crack and the crack is
most likely to propagate. The crack is most likely to occur
with low-stress brittle cracking.

Because the initial crack angle is different, the load has a
different effect on crack growth. Therefore, the initial angles
of crack I and crack III have refined again, the influence of



the initial crack angle on crack growth is further discussed.
The schematic diagram of the initial crack angle distribution
is shown in Figure 9. Geometrically, for crack I, the smaller
the initial crack angle, the closer the crack front is to the
surface of the bearing ball, and the opposite of crack III. This
leads to the difference in the distance between the maximum
point of the crack front and the spherical surface and the
different stress distribution at the crack front. According to
Vieillard [29], the smaller the defect distance under the
surface, the greater the principal stress, so the closer to the
crack on the surface of the bearing ball, the greater the K.

4. Result and Discussion

4.1. Validation of Numerical Model. In order to verify the
validity of the model, we inserted cracks with the same crack
parameters as those in reference [21] into the model (crack
radius is 0.21 mm, crack depth is 0.051 mm, the angle of the
ring crack arc AB is 90°, and the initial crack angle is 51°) and
calculated SIFs of the crack and verified them. Figure 10
shows the SIFs when the crack is under Hertzian contact
stress with 5.58 GPa, a Hertzian contact radius with
0.21 mm, and a friction force with a friction coefficient of
0.05. It can be concluded that the average relative error of the
calculated stress intensity factor with that in reference [21] is
7.4%. The calculated results in this paper are in good
agreement with those in reference [21]. Therefore, by
comparing the stress intensity factors between the numerical
analysis and reference [21], it can be proved that the nu-
merical analysis is reliable.

In addition, we also studied the stress distribution of the
crack. The stress distribution is shown in Figure 11(a), the
darker part is the surface of the bearing ball, and the brighter
part is the inside of the bearing ball. The crack is located at
the boundary of the Hertzian contact stress zone. It can be
seen from Figure 11(b) that under the action of Hertzian
contact stress and friction, there is a stress concentration at
the end and crack front.

4.2. Analysis of Crack Growth. The three cracks described in
Section 2 were loaded to verify that for different cracks,
making the crack at the most dangerous load position. The
cracks are loaded, as shown in Figure 12, friction always
points to the left, and the left end of the Hertzian contact
load starts to move to the right from this position and keeps
approaching the beginning of the crack. For each type of
crack, the stress intensity factors at four positions Py, P,, Ps,
and P, are selected for calculation to illustrate the effect of
load position changes on the growth of different types of
cracks. According to the analysis in Section 3, when the
Hertzian contact load and arc AB just overlap, the crack is in
a dangerous position, and in order to avoid the load being
too far away from the crack, with less influence on the crack
propagation, the position 0.08 mm away from the most
dangerous load position is selected, so P; is taken as the X-
axis 0 point, then P, is x=0.08 mm, P; is x=0.5mm, and P,
is x=0.58 mm. The geometry of the inserted crack and the
relative positional relationship between the crack and the
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FIGURE 9: Crack angle distribution diagram.

model is shown in Figure 13; in this paper, d is 0.05 mm, 6 is
90°, and R is 0.21 mm.

As shown in Figure 14(a), when the load position is
0.5mm, the equivalent stress intensity factor reaches the
maximum. The Hertzian contact load region boundary and
arc AB just overlap at this position, the crack is just at the
boundary of the Hertzian contact load region and the
Hertzian contact load exerts tensile stress to open the crack
and a pressure to slip the crack, and the frictional force on
the crack exerts tensile stress at this moment, so opening and
slipping occur between the crack surfaces. The stress in-
tensity factor at this location is calculated, as shown in
Figure 14(b), K; and Kj; play a dominant role on K. The
crack propagation direction follows the mechanical energy
release rate criterion, and according to Zhong [30], for
cracks under tensile stress, the direction of crack propa-
gation is perpendicular to the direction of the main tensile
stress; for cracks under torsional load, its propagation di-
rection is parallel to the direction of shear stress. So, it is
predicted that the crack will grow to the lower right for the
crack I, the crack will propagate deeper along the current
direction for cracks II and III. The expansion propagation
direction for crack I is predicted, as shown in Figures 14(c)
and 14(d).

Figure 15(a) shows the calculation results of the
equivalent stress intensity factor of crack II under different
position loads. For crack II, K g also reaches the maximum
when the load position is 0.5 mm. At this time, the Hertzian
contact stress region coincides with arc AB. However, at this
time, the Hertzian contact stress only applies pressure to the
crack, because the initial crack angle is different. Only the
friction force exerts a load on the crack which causes the
crack to generate a displacement in mode I. Therefore, when
crack II is in a dangerous position, crack propagation is
mainly due to slip between the crack faces, and crack
openings also appeared, but with a smaller amplitude. The
stress intensity factor at this location is shown in
Figure 15(b), K1 plays a dominant role on K. The prop-
agation for crack II is predicted, as shown in Figures 15(c)
and 15(d)

Figure 16(a) shows the calculation results of K.¢ of crack
III under different position loads. For crack III, K¢ reaches
the maximum when the load position is 0.08 mm. Although
the frictional force closes the crack at this location, the
Hertzian contact stress exerts a pressure to slip the crack and
tensile stress to open the crack and is much greater than the
frictional force, so the crack is still under tension. In
summary, when crack III is in a dangerous position, the
main contributors to crack propagation are K; and Kj;. This
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FIGURE 11: Stress distribution diagram of ceramic ball with crack: (a) the stress contour of the ceramic bearing ball; (b) stress concentration

of point A; (c) stress concentration of point C on the front of crack.

result is consistent with the distribution of the stress in-
tensity factor when crack III is in this position, as shown in
Figure 16(b).

From the analysis for the crack I and II mentioned above,
it can be seen that when the load is in the same position, the
initial crack angle is different and the stress distribution of
the crack is also different. It can be presumed that the initial
crack angle also plays an important role in crack propa-
gation. Therefore, we modified the initial crack angle « for
both types of crack I and crack IIT with the purpose to verify

the effect of the initial crack angle on crack growth. The
detailed parameters of the cracks are shown in Table 1.
As shown in Figures 17 and 18, after calculation, it is
found that the equivalent stress intensity factor of crack I
reaches the maximum when the initial angle between the
crack and the positive direction of the X-axis is 60 degrees,
and that of crack III is 130 degrees. In order to explore the
reasons, we calculated K; and Kjy for different initial angles.
The results show that for crack I and crack III, the reason for
maximizing the equivalent stress intensity factor of the crack
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FIGURE 14: Related results for crack I: (a) K. at different positions; (b) calculation of the SIFs when the load position is 0.08 mm; (c) front
view of crack propagation; (d) side view of crack propagation.
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FiGURre 15: Related results for crack II: (a) Kq at different positions; (b) calculation of the SIFs when the load position is 0.08 mm; (c) front
view of crack propagation; (d) side view of crack propagation.
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FIGURE 16: Related results for crack III: (a) K.q at different positions; (b) calculation of the SIFs when the load position is 0.5 mm; (c) front
view of crack propagation; (d) side view of crack propagation.

TaBLE 1: Crack size.

Crack Crack The angle of Crack
Crack Crack . the ring o

radius depth initial
number  type (mm) (mm) crack arc angle ()

AB() "%

A I 40
B I 0.21 0.051 90 50
C I 60
D III 130
E 111 0.21 0.051 90 140
F III 150

is that at this angle, the Kjy of the crack is much larger than
other initial angles. It is worth noting that both crack I and
crack IIT achieve the maximum value of K; when the initial
crack angle makes the crack surface closest to the sphere.
Based on the analysis in Section 3, we believe that this
phenomenon is related to the distance between the crack
front and the bearing ball surface. For crack I1I, the larger the
initial angle between the crack and the X-axis, the closer the
crack front to the ball surface. Correspondingly, the larger
the K; and the smaller the Kjj, that is, the greater the in-
fluence of tensile stress on the crack front and the smaller the
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FiGure 18: Calculation of the SIFs of crack III: (a) the calculation result of K.q for crack III at different initial crack angles; (b) the calculation
result of Kj for crack III at different initial crack angles; (c) the calculation result of Kj; for crack IIT at different initial crack angles.

influence of compressive stress on the crack front. For crack
I, the smaller the initial angle between the crack and the
positive X-axis, the closer the crack front is to the ball
surface, and the corresponding force is the same as crack III.
In actual engineering, crack propagation in mode I will cause

low-stress brittle cracking of mechanical parts. Such cracks
are considered to be the most dangerous cracks and should
be avoided as much as possible. In summary, it can be
known that crack propagation has a great relationship with
the distance between the front of the crack and the surface of
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the bearing ball. When the distance between the crack and
the surface of the bearing ball is short, try to avoid the use of
the bearing ball.

5. Conclusion

The surface crack growth is analysed in detail, and the
following conclusions can be drawn from the current re-
search. It has been described that the initial crack angle and
the load position have a great influence on the direction and
mode of crack propagation. When the Hertzian contact load
boundary just coincides with arc AB, the initial crack is in
the most dangerous position and the crack is the easiest to
propagate. In addition, the SIFs are related to the initial
crack angle. For crack I and II, the smaller the initial crack
angle, the smaller the distance between the crack front and
the bearing ball surface, and the easier the crack will grow in
the form of mode I, and the larger the Kj; the larger the initial
crack angle, the greater the distance between the crack front
and the bearing surface and the easier the crack to propagate
in the form of mode II, the larger the Ky, and the SIF
calculation for crack III is the opposite to cracks I and II. The
larger the initial crack angle, the larger the K; and the smaller
the Kj;. In general, this study clarified the influence of the
initial angle and contact load of the crack in the silicon
nitride ceramic bearing ball on the crack propagation.
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