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Abstract: Taking the typical face gear connection structure of the combined rotor as the research object，this paper
studies the distribution rules of the contact state，contact stress and slip distance of the contact tooth surface of face
gear under different centrifugal force and temperature conditions by using the finite element method，in order to
improve the reliability of face gear connection structure. And the influence of centrifugal force and temperature on the
maximum wear depth of the tooth surface is studied based on the fretting wear model proposed by McColl. Results
show that：（1）The external diameter has an opening phenomenon on the contact surface of the face gear under the
centrifugal effect，which reduces the load-bearing area；（2）The contact stress at the inner root of the face gear is the
largest and the wear is the most serious；（3）The temperature field causes the contact surface to be thermally
expanded，resulting in the large uneven deformation，and the tooth surface appears drum-shape；（4）The maximum
contact stress and the maximum wear depth occur in the middle of the tooth root；（5）As the temperature increases，
the maximum wear depth of the tooth surface increases significantly. Consequently，reducing temperature of the
combined rotor plays an important role in effectively reducing the wear of the face gear and improving the connection
life of face gear connection structure.
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0 Introduction

The connecting structures of face gear have
many desirable features，including strong load bear‑
ing capacity，high stiffness，good stability，reliable
positioning， and automatic centering. Therefore，
they are widely used in the connections between ro‑
tors and discs and the ones between discs of aircraft
engines and combined gas turbines. For example，
face gear structures are successfully used to achieve
connection and transfer the torque between the com‑
pressor discs of the center tie rod combined rotors in
CT7 turboshaft engines and the turbine discs of the
peripheral tie rod combined rotors in Mitsubishi F-

class heavy gas turbines［1-2］. In terms of the connect‑

ing structure of face gear，fretting wear is the most
common form of damage under the complex load of
centrifugal force and high temperature in an extend‑
ed period of service，which leads to the tooth sur‑
face wearing，the biting surface loosening and the
propagation of cracks on the tooth surface［3-4］. Such
damage will greatly shorten the service life of the
connecting structure between face gears.

To improve the quality of connections， re‑
searchers have extensively studied the stress on the
connecting structures of face gear. Pisani et al.［5］

used the finite element method and the boundary ele‑
ment method for calculating the two-dimensional
and three-dimensional characteristics of stress and
obtained the stress distribution on a tooth surface.
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Richardson et al.［6］ are the first ones to compare fi‑
nite analysis results with experimental test results，
and concluded that the finite element calculation re‑
sults were reliable as long as the quality of the con‑
necting structure was sound. Their results served as
the basis for subsequent finite element analyses of
the stress characteristics of face gear. Yuan et al.［7］

considered the nonlinear contact and calculated the
stress distribution on a tooth surface under pre-ten‑
sioning，pre-heating，starting，and operating condi‑
tions with the finite element method. Yuan et al.［8］

investigated the dynamic effect of one detuned tie
rod on a rotor， folded the obtained dynamic re‑
sponse curve of the rotor into the finite element
model of face gear，and analyzed the effects on the
circumferential stress distribution of a single de‑
tuned tie rod. Their analysis results showed that the
differential of the circumferential stress distribution
of face gear was reduced when the negatively de‑
tuned tie rod was on the compressed side of a dy‑
namically curved rotor. When the detuned tie rod
was on the stretched side，the differential of the cir‑
cumferential stress distribution was increased. Li et
al.［9］ performed theoretical analysis and finite ele‑
ment simulation of the tooth surface stress of disc
face gear during pre-tensioning and torque-transfer
states and validated their theoretical model. Lu［10］

studied the variation behavior of tooth surface stress
during pre-tensioning，acceleration and torque-trans‑
ferring stages，and simultaneously analyzed the ef‑
fects of the geometrical structure on the maximum
contact stress of the tooth surface. Shen et al.［11］ ana‑
lyzed the force characteristics of the connecting
structure of face gear in a turboshaft engine and
pointed out the important role played by the rotation‑
al speed and the pre-tensioning force on the contact
condition of the tooth connection. And they per‑
formed a further finite element study of the effect of
rotational speed and pre-tensioning force on the con‑
tact condition and the maximum contact stress of
tooth surface. Choi et al.［12］ also conducted stress
and strength estimations for a face gear structure.
Li［13］ predicted the fatigue life of an arc tooth by the
fretting fatigue test for a simulated component of air‑

craft engines that took into account the effects of the
fretting fatigue. However，the current research on
face gear contact is mostly limited to the analysis of
the force and rarely touches upon the state of wear
of the contact surface，except Jiang et al.［14］ used the
Archard wear formula and the contact mechanics
theory to investigate the variation behavior of con‑
tact stress，contact width，gap size，and slide dis‑
tance of the wedge contact surfaces of gas turbine
face gear under different alternating loads.

In this study，the connection structure of typi‑
cal face gear in a combined rotor is examined，and
the contact state and the distribution behavior of con‑
tact stress and slide distance are discussed under dif‑
ferent centrifugal force and temperature conditions.
The effects of centrifugal force and temperature
loading on the maximum contact stress and the max‑
imum wear depth on the tooth surface are also pre‑
sented. The conclusions can serve as reference for
the design and engineering application of the face
gear connection structure.

1 Finite Element Model of Face

Gear Connection

1. 1 Geometric parameters of face gear

Table 1 shows the calculated and analyzed geo‑
metric parameters of the face gear in this paper. The
two meshed discs have the same trapezoidal teeth.
The inner diameter of the disc is 780 mm and the
outer diameter is 820 mm. The positions on the
tooth surface are marked according to the meshing
situation：The root position is designated as a1，the
center position as a2，and the tip position as a3，
which all are within the tooth surface meshing
range，as shown in Fig.1.

Table 1 Geometric parameters of face gear connection

Parameter
Number of teeth
Stress angle / (°)

Outer diameter / mm
Inner diameter / mm
Total height / mm

Value
120
30
820
780
5.866

Parameter
Tip height / mm
Root height / mm
Tip clearance / mm
Friction factor μ

Mass density / (kg·m−3)

Value
2.600
3.266
0.666
0.33
7 850
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1. 2 Finite element model of a face gear

Based on the parameters listed in Table 1，a
three-dimensional finite element model for a face
gear connection structure is established，as shown
in Fig. 2. Two disc components are connected with
pre-tension using 12 uniformly distributed circumfer‑
ential tie rods. As shown in Fig. 2（a），the compo‑
nent B only retains the axial rotational degree of
freedom，while the other degrees of freedom are
fixed. A torque load is applied through the reference
point on the exterior surface of the component A. It
is necessary to ensure that the surface of the torque
coupling does not include the contact surface of the
face gear so that the contact surface analysis is not
affected by the torque application method［15］. The
pretension of the tie rod is applied in the form of a
bolt load at each tie rod hole. As shown in Fig. 2
（b），the direction of the tooth length is from the in‑
ner diameter to the outer diameter of the tooth，and
the length is 20 mm. The direction of the tooth
height is from the root to the tip of the tooth along
the contact line. Since the relative movement of the
contact surface of the discs is a fretting slide，the
heat generated by the fretting friction at the contact
surface of the discs can be neglected under the nor‑
mal operating conditions of the rotor， compared
with the heat generated by the external heat flow of
the disc rim. To simplify the calculation，it is as‑
sumed that the stress field generated by the fretting
friction will not affect the temperature field. There‑
fore， a sequential thermo-mechanical coupling［16］

simulation calculation is adopted in this study. That
is，the temperature field distribution and the thermal
stress and strain fields caused by the expansion due
to the temperature rise are calculated in the first load
step. After that，while keeping the temperature field
analysis results unchanged with the boundary condi‑

tion，pre-tension，torque and centrifugal force are
applied to the disc，and the contact attributes of the
disc face gear with the temperature field are calculat‑
ed. Since the stop-run-stop（0-max-0） process of
the engine is simulated in this study and the main
concern is the influence of speed on the centrifugal
load，we adopt the speed loading spectrum shown
in Fig.3. When the engine stops，the speed decreas‑
es to zero，which is the valley of the load spectrum，

and the corresponding stress-strain slide distance de‑
creases to zero. The maximum running speed is the
peak of the entire load spectrum. For different peak
speeds，the frequency used in the calculation of the
load spectrum is the same. With this premise and for
the convenience of calculation，we assume that the
relative slide distance，the stress and strain changes
in a half cycle（0-max）of the periodic load are all
unchanged. Therefore，the relative slide distance in
the total number of cycles can be obtained by calcu‑
lating the relative slide distance in one half-cycle.
Because of this，next we will focus on the stress-
strain and relative slide distance in a half-cycle（0-

max）.

Ref.［17］ showed that the temperature of the
combined rotor turbine disc was not uniform in the
axial direction under rated conditions，but the maxi‑

Fig.1 Geometric parameters of face gear

Fig.2 Finite element model of face gear

Fig.3 Schematic diagram of rotational speed load spectrum
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mum temperature did not exceed 500 ℃ . Following
a previous report［18］，we use the thermos-physical

properties of the face gear disc material listed in Ta‑
ble 2 in the calculation.

1. 3 Fretting wear model

The study of McColl et al.［19］ suggested that
fretting wear might be solved by applying the sliding
wear Archard formula to each fret width of a contact
region. The Archard equation［20］ is shown as

V
S
= K

P
H

(1)

where V is the wear volume，S the relative slide dis‑
tance，K the wear coefficient，P the normal load，
and H the hardness of the material.

Based on the Archard equation，McColl et al.［19］

derived and established a fretting wear model in the
following form

dh ( x )
ds ( x ) = kl p ( x ) (2)

where kl is the fretting wear coefficient，with a value
to be determined by the K/H factor in the Archard
equation. This coefficient can also be obtained from
the fretting wear test，p（x） is the contact stress at
node x，and s（x）the slide distance at node x. From
Eq.（2），it can be recognized that kl p（x）ds（x）rep‑
resents the energy dissipation during fretting wear.
That is，the fretting wear model proposed by Mc‑
Coll assumes that the fretting depth depends on the
contact surface energy dissipation.

We adopt the fretting wear model（Eq.（2））

proposed by McColl in this paper. Because it was in
a differential form，Eq.（2） needs to be integrated
over half a cycle during the numerical calculation
process，namely

∫N = 0
N = 1
dh ( x,t ) = ∫N = 0

N = 1
kl p ( x,t ) ds ( x,t ) (3)

where p（x，t），s（x，t）and h（x，t）are the contact
stress，slide distance and fret wear depth at node x

during an incremental time step t， respectively.
Since the load simulated in this study is a linear
load，we assume for the convenience of integration
that there is a linear relationship between p（x，t）
and s（x，t）. Finally，Eq.（3）is integrated over half a
cycle and the result is shown as

Δh= kl ( pmax - pmin ) ( smax - smin ) (4)
where Δh is the wear depth within half a cycle，pmax
and pmin are the maximum and minimum contact
stresses within the half cycle，respectively，and smax
and smin are the maximum and minimum relative
slide distances of the half cycle，respectively. As
stated in Section 1.2，the load cycle chosen in this
study is periodic，so the total wear depth is simply
twice Δh multiplied by the total number of cycles.
For ease of discussion，we only use the results for
half a cycle.

1. 4 Relative slide distance of tooth surface

In terms of the contact surface of face gear，the
relative slide distance required in the calculation of
the fretting wear depth at a node can be divided into
slide distance in two directions，as shown in Fig.4，
where δ1 and δ2 are the axial component（tooth
length direction component） and the radial compo‑
nent（tooth height direction component）of the rela‑
tive slide distance of each node of the tooth surface，
respectively. And the total relative slide distance for
a node is given by

δ s = δ21 + δ22 (5)
For all nodes on the contact surface，the total

relative slide distance can be obtained by Eq.（5），

and then the slide distance distribution on the entire

Table 2 Thermal physical performance parameters of face gear

Temperature /℃
20
200
300
400
500

Elastic modulus E / GPa
209
202
196
186
174

Poisson’s ratio υ
0.269
0.290
0.312
0.309
0.305

Coefficient of linear expansion α/(106 ℃−1)
—

12.4
13.1
13.6
14.4
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contact surface can be obtained.

2 Calculation Results and Analysis

2. 1 Effects of rotational speed on fretting char⁃

acteristics of face gear connection

The tangential force produced by the centrifu‑
gal force is proportional to the square of the rotation‑
al speed. At a higher rotational speed of the rotor，a
greater tangential force is produced，which has a
greater impact on the contact condition of the tooth
surface. At a torque of T = 2 400 N·m and a pre-
tension of P = 7.5 kN，the distributions of the con‑
tact stress and the elastic deformation on the tooth
surface at different rotational speeds are shown in
Figs.5 and 6，respectively. Fig.5 shows that the cen‑
trifugal force increases with the increasing rotational
speed and it has an increasing effect on the contact
conditions of the face gear. Since the pre-tension of
the tie rod acted on the inner diameter side of the
tooth，the effect of the centrifugal force is to gradu‑
ally separate and open up the outer diameter side.
The greater the centrifugal force is，the more the
outer portion of the contact surface opens up. So the
load-bearing region becomes smaller and more con‑
centrated towards the inner diameter. The results in
Fig. 6 show that the centrifugal effect also causes
non-uniformity in the elastic deformation of the
tooth surface. The maximum deformation occurs at
the inner diameter and increases with the increasing
centrifugal force. The relatively large elastic defor‑
mation region on the tooth surface gradually shrinks
and increases the non-uniformity of the deformation
on the tooth surface.

Figs.7 and 8 show the distributions of the slide
distance and wear depth，respectively，on the tooth
surface in a half cycle（0-max）when the speed is

4 000 r/min. Fig. 7 shows that the slide distance is
the largest at the inner diameter side，and the slide
distance gradually decreases from the inner diameter
side to the outer diameter side，but there is no signif‑
icant change in the tooth height direction. It can be

Fig.4 Components of slide distance at a node

Fig.5 Contact stress at different rotational speeds

Fig.6 Elastic deformation at different rotational speeds
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seen from Fig. 8 that the wear degree of the tooth
surface gradually decreases from the inner diameter
side to the outer diameter side of the tooth surface，
with the degree of wear being the smallest on the
outer side. In the tooth height direction，the wear at
root position a1 and the wear at tip position a3 are
both greater than that at the middle position of the
tooth. The most severe wear of the tooth surface is
on the inner diameter side of root position a1.

Fig. 9 shows that，as the speed of rotation in‑
creased from 3 000 r/min to 6 000 r/min，the maxi‑
mum tooth surface contact pressure increases from
182.04 MPa to 244.75 MPa，and the maximum
slide distance increases from 4.169 μm to 5.323 μm.
This is because the centrifugal effect tilts the contact
tooth surface toward the inner diameter root position
a1 and results in excessive local stress that exceeds
the local stresses in other locations. At the same
time，when the speed increases from 3 000 r/min to

6 000 r/min，the maximum wear depth of the tooth
surface also increases from 0.214 nm to 0.311 nm.

2. 2 Effects of temperature on fretting charac⁃

teristics of face gear connection

Tie rod pre-tensioned combined rotors of air‑
craft engines often operate in high temperature and
high pressure environments. The contact interface
between assembled discs under ambient conditions
will experience pronounced temperature gradients in
the axial and radial directions at operating tempera‑
tures. In this study，the mutual constraint of the
components in the rotor prevents the structure from
free expansion or contraction and leads to consider‑
able thermal stress on the contact surface. This in
turn affects the degree of wear of the contact inter‑
face. For a torque of T = 2 400 N·m and a preload
of 7.5 kN，the distributions of the contact stress and
the elastic deformation on the tooth surface at differ‑
ent temperatures are shown in Figs. 10 and 11，re‑
spectively. Fig.10 shows that thermal expansion
causes the two contacting surfaces to severely press
against each other and produce a strong stress con‑
centration. The contact stress is a maximum at the
root position a1，and the stress decreases along the
height direction of the teeth. In addition，the contact
stress increases significantly with the rising tempera‑
ture. Fig. 11 shows that the temperature also has a
great effect on the contact state of the tooth surface.
The thermal expansion causes the major non-uni‑
form deformation of the tooth surface. The maxi‑
mum elastic deformation occurs at the median posi‑
tion a2，causing the tooth surface to bulge slowly.
The higher the temperature is，the greater the elas‑

Fig.9 Maximum wear characteristics of tooth surface
over half a cycle at different rotational speeds

Fig.7 Slide distance distribution on internal tooth sur‑
face over half a cycle at a rotational speed of
4 000 r/min

Fig.8 Wear depth distribution on internal tooth sur‑
face over half a cycle at a rotational speed of
4 000 r/min
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tic deformation of the contact surface is，and the
greater the degree of unevenness is. The bulged
shape becomes increasingly pronounced and concen‑
trated toward the median position.

The results in Figs.12 and 13 show that under
the action of the temperature，the distribution of the
relative slide distance and the depth of wear become
uneven，and the maximum slide distance and the
maximum depth of wear both occur in the middle of
the tooth root and continue to decrease along the
tooth height direction. The contact stress，slide dis‑
tance and wear depth at the tip portions a3 are much
less than those at the median position a2 and the root
portion a1. The region with the most severe wear oc‑
curs at the root of the tooth.

Fig.14 shows that the contact stress，slide dis‑
tance and wear depth continue to increase signifi‑
cantly as the temperature rises. In the high tempera‑
ture environment of 500 ℃，the maximum contact
pressure can reach 979.2 MPa. The yield limit of
the material has been exceeded at this time，but this
is beyond the linear elasticity scope of this study.
When the temperature increases from 200 ℃ to
500 ℃，the maximum wear depth of the tooth sur‑

Fig.10 Contact stress at different temperatures

Fig.11 Elastic deformation at different temperatures

Fig.12 Slide distance distribution on tooth surface
over half a cycle at 400 ℃

Fig.13 Wear depth distribution on tooth surface over
half a cycle at 400 ℃
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face increases sharply from 0.39 nm to 2.21 nm.
This shows that the temperature has a great effect
on the wear state of the tooth contact surface.

2. 3 Effects of coupled conditions on fretting

characteristics of face gear connection

Fig.15 shows the effects of the temperature and
the pre-tension coupling on the fretting characteris‑
tics of the tooth surface in contact during a half cycle
at a torque of T = 2 400 N·m. This shows that due
to the thermal expansion at high temperature，the
contact surfaces become more fully intact and the
relative slide distance tends to decrease. Therefore，
the changes of the pre-tension at high temperature
have a relatively small effect on the contact stress at
the tooth surfaces. When the pre-tension increases
from 9 kN to 23 kN，the maximum contact stress at
the tooth surface remains essentially unchanged.
The maximum slide distance increases from
7.51 μm to 8.62 μm，whose amplification is smaller
than that at ambient temperature. And the maxi‑
mum wear depth increases from 1.76 nm to
2.02 nm， whose amplification is essentially the
same without considering the temperature effect.

Fig. 16 shows the coupling effects of the tem‑
perature and centrifugal force on the fretting charac‑
teristics of the tooth surface during half a cycle at a
torque of T = 2 400 N·m and a preload of 7.5 kN.
Fig.16（a）shows a slight decrease of the maximum
contact stress at the tooth surface. This is caused by
the weakening effect of the centrifugal tensile stress

on the stress concentration caused by the thermal ex‑

pansion at high temperatures. When the rotational

speed increases from 3 000 r/min to 6 000 r/min，

the maximum contact stress on the tooth surface de‑

creases from 848.5 MPa to 836.9 MPa. The maxi‑

mum slide distance and the maximum wear depth of

the tooth surface both increase with the increase of

the centrifugal force，and the amplification is essen‑

tially the same as that without considering the tem ‑

perature effect.

Fig.14 Maximum wear characteristics on tooth surface
over half a cycle at different temperatures

Fig.15 Effect of temperature and pre-tension coupling
on fretting characteristics of tooth surface over
half a cycle
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3 Conclusions

In order to examine typical connection struc‑
tures of face gear in combined rotors，we analyze
the variation behavior of the contact conditions，con‑
tact stress，slide distance，and wear depth of con‑
tacting tooth surfaces under different operating con‑
ditions. The following conclusions are drawn：

（1）The tensile stress produced by the centrifu‑
gal effect causes the contact surfaces of the face gear
to separate and open at the outer diameter. This
leads to a reduction of the load-bearing area，and
the opening is greater at a higher rotational speed.

The contact stress and the degree of wear are the
greatest at the root on the inner diameter，and the
wear increases with the increasing centrifugal force.

（2）Under the action of the temperature field，
the contact surfaces expand due to heat and cause
large non-uniform deformation. The center of the
tooth surface forms a drum-shaped bulge. As the
temperature rises，the contact stress and the wear
depth of the tooth surface both increase sharply. At
400 ℃，the depth of the fretting wear increases to
eight times that at ambient temperature. For this rea‑
son，it should be note to cool the rotor discs in actu‑
al operations.
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端面齿接触界面温度/离心载荷微动磨损影响

安秀丽 1，裴大海 1，谢 坤 2

（1.西安陕鼓动力股份有限公司，西安 710075，中国；2.西安交通大学航天航空学院，西安 710049，中国）

摘要：为了提高端面齿连接结构的可靠性，以组合转子的端面齿连接结构为研究对象，采用有限元方法研究了不

同离心力和温度工况下接触齿面的接触状态、接触压力和滑移距离的分布规律，并基于McColl微动磨损模型研

究了离心力和温度对齿面最大磨损深度的影响。结果表明：离心效应下，端面齿接触面会呈现外径分离张开的

趋势，使承载面积减小，且端面齿内径侧齿根处的接触压力最大，磨损最严重；温度使接触面受热膨胀引起较大

的不均匀变形，齿面呈现出鼓状，最大接触压力和最大磨损深度都发生在齿根的中部，且随温度升高，齿面最大

接触压力和最大磨损深度会有较大幅度增大。因此，降低轮盘温度对减轻齿面磨损、提高连接寿命有重要作用。

关键词：端面齿；微动磨损；接触压力；磨损深度；微动磨损模型
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