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Abstract: Gear teeth in gear transmission systems suffer seriously from fatigue failure during service. In this work, a 2D
double-tooth model was constructed with periodic boundary conditions. The fatigue fracture behavior of gear teeth was analyzed
using the extended finite element method (XFEM), with emphases on the impacts of initial crack geometries and cyclic load factors.
The results suggested that the shortest fatigue life is expected for 0° orientation cracks initiating at the maximum principal stress.
Cracks that initiate closer to the bottom land of gear tooth are relatively safe. Moreover, to evaluate the fatigue load conditions, load
ratio, load range, and mean load should be all taken into considerations. Further XFEM simulation for material selection was
performed to guide the gear design. Among various material parameters, the material constant C and tensile strength are the most

significant ones in determining the fatigue life.
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1 Introduction

Gear transmission systems find wide applications in
automobile, aerospace, and machinery industries, due to
the combined advantages of high transmission efficiency,
precise transmission ratio, high reliability, and high
durability. These gears are operated under cyclic loading
conditions and in harsh environments, often leading to
fatigue failure. Fatigue fracture has been accounting for a
considerable proportion of gear failure modes [1].
During the normal course of operation, the gear tooth is
subjected to bending due to the application of load on the
gear tooth. When the load is repeated for a very huge
number of cycles, the fatigue of the gear induces the
crack initiation at the gear tooth root which propagates
with each rotational cycle of the gear and ultimately
leads to the breaking of the gear tooth. A better
understanding of fatigue behaviors of the gear and their
dependence on the initial crack geometries, load
conditions, and material parameters, can give insightful
guidance on the optimal design of gear systems with
extended service lives.

A typical fatigue fracture process is principally

divided into two stages, i.e. crack initiation at the tooth
root and crack propagation along the tooth root to
ultimate failure. Both stages may last for a very long
time period. For most fatigue failure cases, traditional
experimental analyses turn out to be very time-
consuming and
simulation methods are thus more preferred for
investigating the fatigue fracture behaviors of the gear.

cost-inefficient, and numerical

There are various numerical methods that have been
applied to simulating the fatigue fracture of the gear,
including the finite element method (FEM) [2], the
boundary element method [3,4], the mesh-free
methods [5—7], and the extended finite element method
(XFEM) [8—10]. The traditional FEM, however, requires
that the crack always coincides with the edges of
elements. As the crack grows, remeshing at the crack tip
and redefining the crack geometry must be performed
during each iteration. Hence, the fatigue fracture
simulation using FEM can be extremely cumbersome.
The extended finite element method (XFEM) [11] is
especially developed to address these challenges. The
XFEM can model a crack independent of finite
element meshes. The level set method [12] is further
adopted by XFEM to localize the crack tip and track its
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propagation [13], and the enrichment functions are added
to the standard finite element approximation to account
for the presence of the crack [8].

The XFEM analyses on fatigue fracture have been
proven very successful in many ways for various
engineering systems [14—17]. RAD et al [18] predicted
the fatigue life of a typical helical gear using XFEM.
SINGH et al [19,20] applied the XFEM to investigate the
effects of voids, inclusions, and minor cracks on fatigue
life. NASRI and ZENASNI [21] employed the XFEM
and Paris’ law to evaluate the fatigue life of coated
materials. MARTINEZ et al [22] simulated the fatigue
crack propagation in railway axle using XFEM. All these
simulations are favorably compared with available
experimental results. BERGARA et al [23] further
demonstrated the capabilities of the XFEM-based linear
elastic fracture mechanics (LEFM) approach for
simulating fatigue crack growth. By integrating
3D-XFEM and LEFM, CURA et al [24,25] investigated
the effects of the wheel geometric parameters (rim and
web thickness) on crack propagation path under the
centrifugal loading, enabling the improved design of
gears.

Encouraged by these successes, in the present work,
we employed the XFEM simulations based on the LEFM
and Paris’ law as implemented in ABAQUS to
investigate the fatigue fracture behaviors of gear teeth
during normal operation. A 2D finite element model of
one pair of teeth was built in the commercial soft
ABAQUS. The dependence of fatigue crack propagation
and fatigue life of gear on the initial crack geometries
(initial crack position, orientation, and length), cyclic
loading conditions (load ratio, load range, and mean
load) and material factors, was intensively simulated
and discussed. The knowledge obtained will provide
important insights for the optimal design of gears.

2 Methods and modeling

2.1 XFEM method

Standard finite element methods describe the
displacement fields using shape function and element
mesh nodes, such as

Hirem () = D N (044 @)
ieS

where S is the complete set of all nodes in the mesh,
Nix) are the shape functions. The Cartesian coordinate
axes are denoted by x=(x,y) in 2D, with Latin lower case
indices referring to Cartesian components. x; represent
the nodal displacements of the elements. With the XFEM
method, the displacement fields [9,10,26] for 2D crack
modeling are written in the general form as

g (¥) = D N () + Y N;(x)H (x)a; +
i=1 ieWh

4
DY N () (Dab; 2)

ieW, j=I1

where V; are the standard finite element shape functions.
n is the number of global nodes. W, or W, represents the
nodes of an element that is completely or partially cut by
the crack, respectively. a;are the nodal enriched degrees
of freedom associated with the Heaviside function H(x).
b; are the nodal enriched degrees of freedom vector
values associated with the crack-tip enrichment function
Pi(x).

The Heaviside function H(x) is a discontinuous
function through the crack surface and is constant on
each side of the crack. y,(x) is the crack tip enrichment
function that can be written as [27]

7j(x) =
. 0 o . 0 17 12
[\/;Sln—c,\/;COS—C,\/;SIH—CCOS—C,\/;COS—CCOS 6,]
2 2 2 2 2
(3)

where » and @, are local crack tip parameters, as
schematically defined in Fig. 1.

Crack tip

Fig. 1 Local parameters » and 6, defined for crack tip with
crack length of a

2.2 Fatigue crack growth

To determine the crack growth direction, the
maximum principal stress criterion is often taken
where the crack growth direction is always presumed
to be perpendicular to the maximum principle stress
direction [20]. According to this criterion, at each crack
tip increment (see Fig. 1), the direction of crack growth
6. is obtained by setting the local shear stress to be zero,
ie.

Kisin 6. £Ky(3cos 6.—1)=0 (4a)
Thus
K, £K? +8K2
g, =2tan~| L1 1L (4b)
4Ky

where K; and Kj; are the stress intensity factors to predict
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the local stress state near the crack tip caused by remote
load modes I and II, respectively, according to the linear
elastic fracture mechanics (LEFM). The stress intensity
factors are further related to the energy dissipated during
fracture per unit of newly created fracture surface area,
i.e. the energy release rate G, through the elastic modulus
E[28]:

K2

G, =71 Q)
K2

Gy = ? (6)

Thus, Eq. (4) can be further rewritten as

G, £G; +8G
6?0:2'[an_1(\/_I Lt H] (7

4Gy

where G; and Gy are the fracture energy release
rates under modes I and II, respectively. In practice, the
equivalent fracture energy release rate G=2(1-v)(G+Gy),
as defined in Ref. [23], is more often adopted in
ABAQUS for a two-dimensional (2D) problem. Here, v
is the Poison ratio of the material. The fatigue crack
growth can be thus described using the Paris’ law which
relates sub-critical crack growth rate (da/dN) to the range
of the fracture energy release rate (AG) (or the stress
intensity factor, AK) during the fatigue cycle as [29]

da M
v =C46) (8)

where AG(=G a0 Gmin) measures the varying range of
the energy release rate, and Gy, or G, corresponds to
the energy release rate when the structure is under the
maximal or minimal load (Fy.x or Fini,) during the cycle,
respectively. C and M are material constants and can be
evaluated by three-point bending tests according to the
standard procedure ASTM E 399-80 [30].

The present work aimed to simulate the fatigue
fracture behavior of the gear teeth during operation using
XFEM. We firstly employed the commercial finite
element soft ABAQUS to construct a two-dimensional
gear model with a preset crack at the tooth root. The
material parameters are referred to Ref. [1] and tabulated
in Table 1. To simulate the operation course, the
displacement and rotation of the boundary nodes are
fully constrained. A cyclic load with F;;=0 kN and
Fax=36 kN (see Fig. 2) is applied on the contact point,
being perpendicular to the tooth profile. The gear model
structure, along with the mesh and boundary conditions,
are shown in Fig. 3. The mesh shape may have strong
influence on the crack growth path, and also, to help
reduce the computational time, a common meshing
method with a local mesh refinement scheme is adopted
as suggested by CURA et al in Ref. [25].

Table 1 Material parameters used [1]

Parameter Value
Normal modulus/mm 3.175
Number of teeth 28
Gear width/mm 6.32
Tip clearance coefficient 0.4
Addendum coefficient 1
Material AISI4340
Poison ratio 0.3
Elastic modulus/GPa 211
Yield strength/MPa 1025
Tensile strength/MPa 1120
Fracture toughness/(MPa-mm'?) 4691.25
C 2.98x107"
M 2.7
3.6
Z
L 24+
[
=
[+
o
1.2+
0 02 04 06 08 10
Time/s

Fig. 2 Applied cyclic loading for XFEM fatigue simulation
3 Results and discussion

3.1 Initial crack geometries
3.1.1 Crack initiation location

Cracks are often found to occur at the gear tooth
root where the principle stress is the maximum during
the phase of engagement [25]. To confirm the maximum
principle stress (ps_)at the tooth root, a gear model
without the preset crack was firstly built and simulated
under a static concentrated load in Fig. 3. The
geometrical dimension and material parameters of the
gear followed exactly one experimental sample
previously reported in Ref. [1]. A static concentrated load
of Fi..x=36 kN was applied to the contact point between
a pair of gear teeth during the course of operation. The
calculated von Mises stress distribution of the gear is
shown in Fig. 3. Here, the von Mises stress was
employed as a measure of equivalent tensile stress on
each element of the gear body. Very clearly, upon the
static concentrated load, the p, __occurs at the tooth root
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Fig. 3 Gear double-teeth model with settings of meshes and
boundary conditions, and simulated von Mises stress field
under static concentrated load of F,,,=36 kN

position in Fig. 3 where the gear is the most vulnerable
to crack. Therefore, we were able to preset an initial
crack at the position where the maximum von Mises
stress is located, and aligned it to be perpendicular to the
profile of the gear tooth root for the subsequent fatigue
fracture simulation.

With the same mesh and boundary condition

von Mises stress/MPa

3.980x10°
3.649x10°
3.317x10°

- 2.985%10°
b 2.654x10%
2.322x10°
1.990%10°

~ 1.659x10°
1.327x10°
9.952x10?
6.635%10?
3.318x10?
8.610x1072

von Mises stress/MPa

4.495x10°
4.120x10%
3.745x10°
- 3371x10°
= 2.996x10°

2.622x10°
2.247x10°
1.873x10°

1:498x10°
1.124x10°
7.491x10?
37746x107
3.080x107

©

von Mises stress/MPa

7.562x103
6.932x10°
6.302x10°
- 5.672x10°
bt 5.041x10°
4.411x10°
3.781x103
3.151%10°
2.521%10°
; 1.891x10°
1.260x10°
- 6.302x102
1.123x1072

(e)

von Mises stress/MPa

von Mises stress/MPa

settings in Fig. 3, the cycle load was then applied to the
simulation of fatigue crack propagation. Figure 4 shows
how the fatigue crack propagates with the load cycles.
Under the given load conditions, the preset crack with an
initial length of 0.5 mm opened immediately during the
first cycle, and then propagated continuously through the
whole tooth. After 48375 load cycles, the whole tooth
broke from the gear body. The simulated crack
propagation path was found to be perfectly consistent
with the common fracture failure of gear tooth induced
by fatigue loads as observed in Refs. [1,31] (see Fig. 5).
We thus felt comfortable to employ the same model and
settings for further XFEM simulations, to investigate the
effects of geometrical factors (such as the initial crack
position, orientation, and length), loading factor (such as
the load ratio, mean stress, and stress range), and
material parameters, on fatigue fracture behaviors of the
gear.

To assess the effects of crack initiation location on
the fatigue fracture behaviors, the initial crack was preset
at several different positions of the gear tooth root,
including the maximum principal stress position (Pp,)
and four other neighboring positions (P,—P,) distributed

von Mises stress/MPa

4.006x10%
[ 3.672x10°
3.338x10°
3.004x10°
2.671x10°
2.337x10°
2.003x10°
1.669%10°
1.335x10°
1.001x10°
6.677x10?
3.339x10?
8.229x1072

(b)

6.150x10°
5.637x10°
5.125x103
b 4.612x10°
et 4.100x10°
3.587x10°
3.075x10°

| 2.562x10°
2.050x10°
1.537x10°
1.025%10°
5.125x102
1.901x1072

(d)

2.884x10°
. 2.644x10°
2.404x10°
- 2.163%10°
et 1.923x10°

1.682x10°
1.442x10°
1.202x10°
& 9.614x10

7.211x10*
4.807x10*
2.404x10*
3.349x1073

()

Fig. 4 Fatigue crack propagation versus load cycles (Preset crack with initial crack length of 0.5 mm was positioned at point of
gear tooth root where maximum principle stress was located): (a) N=1; (b) N=12925; (c) N=27050; (d) N=46400; (e) N=47975;

(f) N=48375
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Fig. 5 Commonly observed fatigue-induced fractures of gear
teeth [1,31]

along the tooth profile, as denoted in Fig. 6(a). All initial
cracks had the same initial length of 0.5 mm and were
positioned perpendicularly to the tooth profile. The
loading, meshing and boundary conditions were taken as
the same as above. The XFEM predicted fatigue lives are
compared in Fig. 6(a). Here fatigue life is defined as the
number of cycles for an initial crack to propagate
through the whole tooth and cause the complete tooth
breaking from the gear. Clearly, the shortest fatigue life
was predicted for the crack initiation at P, The
fatigue lives for crack initiation at P,, P, and P; are all

a
@ 4t Crack growth paths
= F =36 kN
2 a,=0.5 mm
o, 3 Load ratio
= R=1-F, min/ Enaxzo
=
€ 21
‘0
=
2D
s 1F
&
. Initial crack position

p, P, P, Py P,
Initial crack position

Crack length, a/mm

0 1 2 3 4
Load cycle, N/10°
Fig. 6 Fatigue lives versus initial crack positions at gear
tooth (a) and crack growth process for different crack initiation
locations at tooth root (b)

comparable, about four- or eight-fold lower than that at
Py or P4, respectively. The crack initiation location does
influence the exact growth path of the crack, although all
the predicted paths look likely the same as commonly
observed in Fig. 5.

Fatigue life does not reflect all the details of crack
growth process, such as the growth rate. In Fig. 6(b), we
further evaluated the crack growth rates as the crack
length versus the number of cycles for all the crack
initiation locations. Please note that a fatigue crack never
grows in a consistent speed but follows a typical
three-stage process of crack initiation, crack growth, and
finally ultimate failure. To be more specific, the crack
propagates slowly during the first stage of crack
initiation until it reaches a critical size. Once reaching
the critical size, it propagates quickly during the crack
growth in a direction perpendicular to the maximum
principle stress, and eventually leads to the ultimate
failure of the material, often in a brittle catastrophic
fashion. As seen in Fig. 6(b), the initiation location of
crack significantly affects its growth rate. For crack
initiation at P,, P, or P, the first initiation stage is
nearly absent, which should be attributed to the resulted
high stress intensity factor AK. The initial crack begins to
become instable, and its length increases quickly from
the initial value of 0.5 mm to its critical size of 1-2 mm,
within about the first 1x10* cycles. The growth stage is
also short, during which the crack propagates rapidly to
the complete breaking of gear tooth, within only a few
tens of thousands of cycles. While for crack initiation at
P, or P, the first initiation stage lasts for two or four
hundreds of thousands of cycles, being accompanied
with an increased critical size of ~2 or 4 mm,
respectively. Among all the cracks, the P, crack which is
close to the bottom land of gear tooth is the safest. As
seen in Fig. 6, different crack initiation locations also
lead to different fracture paths of the gear. Nevertheless,
in practice, the exact crack initiation location is difficult
to predict, for it is sensitive to the manufacturing
process of gear which may cause various initial crack
positions [32].

3.1.2 Initial crack orientation

To assess the effects of initial crack orientation on
the fatigue fracture behaviors, the initial crack was preset
at the position P,, with different orientations, including
0° (which is perpendicular to the tooth profile), —5°, 5°,
—15°, 15°, and —20°, 20°, as denoted in Fig. 7(a). The
loading, meshing, and boundary conditions were taken as
the same as above. The XFEM predicted fatigue lives are
compared in Fig. 7(a). Certainly, the shortest fatigue life
was found for the initial crack orientation of 0° at P,
The fatigue lives for initial crack orientations of 0°, —5°,
and 5° are still comparable, but are three- or
five-fold lower than that for —20° or 20°, respectively.



2104 Yu WEI, Yong JIANG/Trans. Nonferrous Met. Soc. China 29(2019) 2099-2108
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&
NaZ

| Initial crack position: P,
Fo 0 =36 KN
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25 Crack growth paths

1.5}

Fatigue life, N/10° cycle

0.5

Initial crack
orientation

20 <10 0 10 20
Initial crack orientation/(°)

~
=3
~
—
[\
T

—_
(e
T

Crack length, a/mm
N

0 0.5 1.0 15 20 25
Load cycle, N/10°
Fig. 7 Fatigue lives versus initial crack orientations at gear
tooth (a) and crack growth process for different orientations of
initial crack at position Py, (b)

We further evaluated the crack growth rates for all
the initial crack orientations. As seen in Fig. 7(b), the
crack growth rate can also be affected by the initial crack
orientation. The orientation of 0° is perpendicular to the
direction of maximum principle stress, and thus has the
highest stress intensity factor AK and the least number of
load cycles for crack initiation. The crack initiation phase
periods for the orientations of —5°, 0°, and 5° are
comparable. Other orientations deviate much from the
perpendicular direction, leading to the greatly reduced
stress intensity factors and hence the elongated crack
initiation phase periods. This is especially true for the
—20° and 20° orientations, where the first initiation stage
lasts for more than 1x10° or 2x10° cycles, as compared
to just a few tens of thousands of cycles for the —5°, 0°,
and 5° orientations. It is worth noting that the initial
crack orientation has only a little influence on the critical
size of crack, which is 1-2 mm for all the considered
orientations, not comparable to the effect of the crack
initiation location. This suggests that even with different
initial orientations, the cracks at P, can be more easily to
adjust their orientation during the initiation stage and
propagate along the same path during growth until the
final ultimate failure. Consequently, the initial crack

orientation does not affect much the crack growth path,
consisting with other findings for thin rim gears [24] and
also for coated materials [21].

3.1.3 Initial crack length

Fatigue crack growth rate can depend sensitively on
the critical size of the crack. In this sense, the initial
crack length may play decisive role in fatigue fracture
behaviors of gears. To manifest this, six initial cracks
with different lengths, including 0.2, 0.5, 0.8, 1.0, 2.0,
and 2.5 mm, were preset at position P, and aligned
perpendicularly to the tooth profile. The loading,
meshing, and boundary conditions were taken as the
same as above.

Figure 8(a) shows the fatigue lives and crack
growth paths for different initial crack lengths of gears,
and Fig. 8(b) compares the crack growth rates. Clearly,
the fatigue life decreases consistently with increasing the
initial crack length. For the cracks with an initial length
above 2.0 mm, the crack initiation stage was not obvious,
and the crack grew quickly to reach the final failure
stage. This agrees the predicted critical size of 1-2 mm
for fatigue crack initiation at position P, with various
orientations. Please note that the fatigue life was reduced
to only a couple of thousands of cycles for an initial
length of 2.0 or 2.5 mm. Please also note that the initial

Initial crack
position: P,
Inital crack
orientation: 0°
F_. =36 kN

max

R=0

Crack growth paths

Initial crack length/mm

Fatigue life, N/10° cycle
(=]
~

0 05 1.0 1520 25
Initial crack length, a/mm

~~

=3

~
—
[\

—_
AN o O

N

Crack length, a/mm

N

0 |
0 01 02 03 04 05 06
Load cycle, N/10°

Fig. 8 Fatigue lives versus initial crack lengths at gear tooth (a)
and crack growth process for different lengths of initial crack at
position Py, (b)
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crack length does not affect the crack growth path.
Combining the results in Figs. 7 and 8, one may
conclude that, once a crack initiates at P, the crack
growth path is almost determined and the fatigue cracks
of gears always propagate along the gear root bottom,
ending up at the opposite end of the tooth root.

3.2 Cyclic loading condition

In Section 3.1, we have investigated fatigue fracture
behaviors of the gear under a given cyclic loading. With
a given load frequency, the cyclic loading condition is
determined by load ratio (or load range) and mean load.
Fatigue performance is often evaluated using an S—N
curve, which plots the magnitude of a cyclic stress (S)
versus the logarithmic scale of cycles to final failure (V).
Here, we evaluated the fatigue performance by plotting
the number of cycles to final failure versus the
magnitude of load ratio R. Generally, for a given Fiay,
the greater the applied load ratio is and the higher the
mean load is, the shorter the fatigue life will be. For
instance, KRUGER et al [33] performed a three-point
bending test to investigate the effects of stress range on
the fatigue behaviors of a Ti-6-22-22-S alloy, showing
that fatigue crack growth rate increases with increasing
the load ratio. In our XFEM simulations, two approaches
for increasing the load ratio were made by (1) fixing
Fiax (536 kN) and decreasing F,, to 0, and (2) fixing
Fun (7.2 kN) and increasing F.x to 36 kN. The
simultaneous consideration of the two approaches is
advantaged: either approach can achieve an increasing
load range, but the first one results in a decreasing mean
load while the second one results in an increasing mean
load. Therefore, both the individual and combinational
effects of the stress range and mean stress can be
possibly discussed. Figure 9 and Table 2 show all our
XFEM simulation results. Again, the initial crack length
was preset as 0.5 mm at position P, with 0° orientation.
The cycle frequency and boundary conditions were also
taken as the same as above.

It can be observed in Fig. 9 that the load ratio
significantly affects the fatigue performance of the gear.
A same general trend is observed for both approaches,
i.e. the fatigue life decreases with the increase of load
ratio. The increasing load ratio leads to the increasing
fracture energy release rate or stress intensity factor
range (AG or AK), and thus the fatigue crack growth rate
is increased, according to Eq. (8). The comparison
between A4; and Bs also confirms that under the same
mean stress, a larger stress range leads to a larger load
ratio and thus a smaller fatigue life. Further comparisons
between 4, and B, (4; and Bs;) suggest that under the
same stress range, the higher the mean stress is, the
longer the reduced fatigue life is. Based on our limited
data, it is clear that the cyclic loading conditions have

nonlinear and complex impacts on fatigue behaviors, and
load ratio does not solely determine the fatigue life. Load
ratio, load range, and mean load must be closely
combined to evaluate the fatigue loading conditions.
Other loading factors such as service environmental
conditions [34,35] can also be important, which are,
however, beyond the scope of this study. To achieve a
more quantitative understanding on the effects of loading
conditions, sophisticated experimental design with
nonlinear regression analysis can be resorted to.

Initial crack position: P,
Initial crack orientation: 0°
o 4 | a,=0.5 mm 4,

% 0= F . fixed
“ - F i, fixed
o 3+
= Bl Rzl_Fmin/Fmax
=
g 2f
o

j=]
2P
g5 1t
=

B
or B, ’

0.2 0.4 0.6 0.8 1.0
Load ratio, R

Fig. 9 Predicted gear fatigue lives with increasing load ratio R

Table 2 Parameters for Fig. 9

Load R F. /KN F.. kN Mean Load

condition load/kN  range/kN
4, 0.67 21.8 7.2 14.5 14.6
A, 0.7 24 7.2 15.6 16.8
A3 0.75 28.8 7.2 18 21.6
Ay 0.8 36 7.2 21.6 28.8
B, 0.2 36 28.8 324 7.2
B, 0.4 36 21.6 28.8 14.4
B; 0.6 36 14.4 25.2 21.6
B, 0.8 36 7.2 21.6 28.8
Bs 1 36 0 18 35

3.3 Material parameters

To evaluate the fatigue dependence on material
parameters, three commercial steels were selected for
XFEM simulations. The material properties are
compared in Table 3, where C and m are defined in
Eq. (8). For XFEM simulations, the loading, meshing,
and boundary conditions were taken as the same as in
Section 3.1. The initial crack length was preset as
0.5 mm at position P, with 0° orientation.

Figure 10(a) compares the crack propagation at
the tooth root as the number of load cycles during the
whole fatigue life for different gear steels (AISI4130,
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Elastic modulus

Material (Young’s modulus)/GPa

Poison ratio

Fracture toughness/
(MPa-mm v %)

Tensile
strength/MPa

co? M

AISI4130 [36] 207 0.3
AISI4340 [1] 211 0.277
AISI9310 [37] 207 0.3

906 2650 64.16 2.75
1120 4691.25 278 2.0
1275.6 2963.7 0.126  3.36

= — AIS19310

Crack length, a/mm

(a)
101
e — AISI4130
A .
A u
A .
A [
A "
A M
A .
A N
A N

A — AlS14140
[ ] A L

10°

103 10* 10°
Load cycle

(b)

107! ¢ -

1072 L

10—3 L

(da/dN)/(mm-cycle™)

e — AlS14130
4 — AlSI4140
= — AIS19310

104§

107 .

10° 10!

AG/(MPa-mm)
Fig. 10 XFEM predicted crack propagation for different gear
steels (AISI4130, AISI4340, and AISI9310): (a) Crack length
growth during whole fatigue life; (b) Crack growth rate versus
relative energy release rate AG

AISI4340, and AISI9310). The fatigue life can be
measured as 1648 cycles only for the AISI4130, 41666
cycles for the AISI4340, or up to 215576 cycles for the
AISI9310 gear, respectively. According to in Eq. (8), for
a given relative energy release rate AG, the sub-critical
crack growth rate is dictated by the material constants of
C and M. The reduced C and M shall be in favor of a
lower crack growth rate and thus an enhanced fatigue
life. However, these three steels are majorly
differentiated by C, according to Table 2. Consequently,
one can see clearly from Fig. 10 that the crack growth
rate decreases and the fatigue life increases constantly
with decreasing the material constant C. The higher
tensile strength also contributes to the promoted fatigue
life, perhaps due to its stronger prevention effects on

fatigue crack initiation, while the elastic modulus and
fracture toughness have no obvious impact on fatigue life.
We can thus conclude that, among various material
parameters, the material constant C and the tensile
strength stand out to be the most significant factors in
determining the fatigue life of the gear teeth. These
findings offer important guidance on material selection
of the gear.

4 Conclusions

(1) The crack initiation location does affect the
propagation path of fatigue cracks along the gear tooth
root. The shortest fatigue life is predicted for crack
initiation at the maximum principal stress position P,
Cracks that initiate closely to the bottom land of gear
tooth turn out to be relatively safe.

(2) The crack growth rate can also be affected by
the initial crack orientation. The 0° orientation leads to
the highest stress intensity factor AK and thus requires
the least number of load cycles to crack initiation. The
initial crack orientation does not affect much the crack
growth path.

(3) Fatigue crack growth rate sensitively depends on
the initial crack length, and consequently, the fatigue
life decreases consistently with increasing the initial
crack length. Once a crack initiates at P, the crack
propagation path is almost determined. It always
propagates along the gear root bottom until reaching the
opposite end of the gear root.

(4) Loading conditions have nonlinear, complex
impacts on the fatigue performance of the gear. Load
ratio does not solely determine the fatigue life. Load
range and mean load must be closely combined to
evaluate the fatigue loading conditions.

(5) Among various material parameters, the material
constant C and tensile strength are the most significant
ones in determining the fatigue life, while the elastic
modulus and fracture toughness have no obvious impact
on the fatigue life of gear tooth during operation.
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E T RBMRIT AR E TR ST
F, L H
HHIRY BIRIGEE R E RSN E MRRES TR, Kb 410083

B E: WRAAERG T ERROVAR N AT W . AR T R S 2 A L — XA . SRS
JE&A PR TCIE(XFEM)X AR AR U 5 R0 55 47 W BEAT 00T, B i E FU R AR R UM B 8] 30T 06 2408 55 T 2R PR R
SRR, HECK TN AR Y 00BN, R DT A i A, TSI AR RSN = 4. R, PP
Y9857 BT G DU ANER & 5 FE AT EE . A IR AN T BT o b DRI MORREM T RAUBT 72, Jyikife 8Lt
POt T, BUNEE RRY], SO B C MPih o B R R A oI 55 75 i A i S AL

KR At T Wi AIRIuE

(Edited by Wei-ping CHEN)



