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Abstract. The spline pair needs to transmit large alternating torque and other directional loads,
which causes the fretting wear of the spline pair to be serious, which leads to the failure of the
spline pair connection and reduces the reliability of the entire transmission system. Therefore, it
is of great significance to carry out research on fretting wear of spline pairs and improve the ability
of splines to resist fretting wear. In this paper, based on the finite element method, a model
considering the tooth fretting wear property of the agricultural tractor spline couplings model was
developed to analyze changes of contact stress and relative slip distributions, in which the axis
deviation was considered. The results show that axis deviation significantly increases the value of
contact stress and relative slip in the spline couplings. With the increasing deviation, the value of
contact stress and relative slip slightly raise accordingly. The friction coefficient shall not be too
small when the system is lubricated. As a result, maintenance of the agricultural tractor
transmission system can be required.

Keywords: fretting wear, spline couplings, agricultural tractor, axis deviation, finite element
method.

1. Introduction

The involute spline pair consists of internal and external splines. Compared with other key
couplings, spline pairs have the characteristics of automatic centering, good tooth surface contact,
long life, and large bearing capacity. They are widely used in agricultural products, especially in
high-power tractor drive systems. Therefore, scholars have carried out a lot of research on involute
spline pairs.

Francesca C. [1-4] carried out an experimental and numerical research on fatigue damage, and
the results show that the actual part life was higher than that calculated by the standard method.
Wagar Q. [5-6] used a special test bench to test the spline coupling made of 42CrMo4, and found
that clearance and fretting wear are directly related to torque and eccentricity. Hong J. [7]
established a global contact analysis model to quantify the effect of indexing errors of the
manufactured teeth on the spline load distribution. Nguyen-Thanh N. [8] studied the RHT method
to locally refine the spline model calculations. Yi G. [9] verified that when the torque is greater
than the threshold, the spline motion amplitude is greatly reduced. Xiang Z. X. [10] analyzed the
wear mechanism and accurately predicted spline fretting wear by an improved method.

Han B. H. [11] used Gear and gave a feasible method for accurate 3D solid modeling of spline
parts. Li Y. Z. [12] analyzed the production process of spline shaft parts, including cutting and
plastic forming, and reached some progress of production process of spline shaft parts.
Zhao H. M. [13, 14] studied a method of alternating current motor and raise aSemi-supervised
broad learning system. Chen Y. Y. [15] established a finite element model to study the influence
of the relative length of the sizing belt, the half angle of the die, and the diameter of the blank on
the bending deformation. Zhang Q. [16] adopted a new vibration-assisted extrusion forming
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process and conducted spline shaft forming tests, microstructure analysis, and hardness tests,
revealing the main influencing factors of forming loads and the law of metal flow. Hu Z. G.
[17, 18] applied the symmetric boundary condition to obtain the full tooth stress diagram of the
spline pair, proposed a piecewise parabolic function for the spline pair tooth shape modification,
and established the spline pair model after the modification [19, 20]. Deng W. proposed a hybrid
optimization algorithm and construct a deep belief network to achieve the highway passenger
volume prediction [21, 22].

Although a lot of researches related to the spline analysis were carried out and many new
models considering tribological property were proposed as well, it should be noted, however, there
were very few related studies on the axial eccentricity of the internal and external splines.

2. Modelling

In order to analyze the fretting wear and tribological property, this paper takes the involute
spline pair in an agricultural tractor as the research object, based on the finite element method,
where the eccentricity of the inner and outer spline shafts is considered, and the changes in the
stress and relative slip of the contact section are analyzed. The effects on contact stress and relative
slip provide theoretical support for the design of agricultural tractor drive systems.

A typical involute spline in agricultural tractor is established according to the data from
Table 1, its 3D model and the sectional view are shown in Fig. 1. The eccentricity between the
two axes is §y. The inner spline is made as a driving shaft which end face is fixed; the outer spline
is a driven shaft which the end face applies a torque to simulate the actual operating conditions of
the spline pair.

Table 1. Parameters of involute spline couplings

Parameter Value
Number of teeth 18
Modulus (mm) 2.5
Pressure angle (°) 30°
Outer spline inner hole diameter D;, (mm) 20
Internal spline shaft outer diameter D, (mm) 70
Axial contact length of inner and outer splines a; (mm) 27
Radial contact width a, (mm) 2.89
T (N-m) 500
Elastic modulus E (GPa) 206
Poisson’s ratio 0.3

_-—

Internal Spline Front

“ontact Area

Tooth Root Area

External Spline
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a) 3D model ‘ b) Section
Fig. 1. Model of involute spline couplings

Accordingly, the finite element model is shown in Fig. 2. The hexahedral element is applied
in the mesh. In order to improve the mesh quality of the surface, a virtual topology method is also
applied. Scanning is adopted for each pair of teeth, so that the entire tooth surface mesh is divided
uniformly. the mesh of the inner and outer spline contact sections is refined. After a trial
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calculation, the number of element is 1995205 and the number of nodes is 4135060, the calculation
results tend to converge.

Fig. 2. Element model of involute splin couplings

The contact of the spline pair poses a problem of surface-to-surface contact between
elastomers. That is why it is very important to select correctly the material of the contact surface
and the target surface, otherwise it will cause too much penetration and will affect the accuracy of
calculations. In general, when a convex surface is in touch with a flat or concave surface, the
convex surface shall be designated as the contact surface, and the flat or concave surface shall be
designated as the target surface. Therefore, the internal spline tooth surface is the target surface,
for which the contact surface friction coefficient is 0.3, and the normal stiffness coefficient is 0.1.

3. Results and discussion
3.1. Finite element method results

The nonlinear contact surface can be solved by the augmented Lagrange method, which can
meet the contact coordination and automatically adjust the penetration [23]. In addition, the spline
tooth surface was calibrated, as shown in Fig. 3.

2
10 11 68

Fig. 3. End view of external spline

For the convenience of analysis, the maximum contact stress and the maximum slip are
dimensionless. The dimensionless value of the representative stress is expressed by the ratio of
the stress calculated by the finite element method and the average contact stress p.; the
dimensionless value of the relative slip is expressed by the ratio of the slip calculated by the finite
element method and the radial contact width a,. The average contact stress of the involute spline
pair is [24, 25]:

2T

. 1
Pe = Dara, (1)
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Fig. 4 shows the contact stress and relative slip cloud of the spline pair under axial eccentricity.
The abscissa indicates the teeth corresponding to the calibration, and the ordinate indicates the
stress value and the slip. It can be seen from the figure that the maximum contact stress is mainly
concentrated at the tooth root, and individual tooth stress is relatively large, that is easy to cause
failure [26, 27].
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b) Relative sliding cloud
Fig. 4. Map of involute spline couplings

C]

In order to investigate the influence of the eccentricity on the contact characteristics of the
involute spline pair, if the size of the element is unchangeable, then the size of the eccentricity is
changed only, the influence of contact stress and relative slip of each tooth are calculated, and the
calculation results are shown in Fig. 5.

It can be seen from Fig. 5(a) that the maximum contact stress is on the 16th teeth and the 3rd
teeth. The stress concentration is available on the 16th teeth because of the combined action of the
shaft deviation and the torque, and the increasing stress is available on the 3rd teeth due to the
reduced contact area. It can be seen in Fig. 5(b) that the maximum relative slip is located near the
15th teeth, and the relative slip near the 3rd teeth slightly decreases.

In summary, it can be seen that the axis deviation will significantly increase the contact stress
and relative slip of the spline pair. A small deviation can cause a sharp increase in contact stress.
As the deviation increases, the relative slip increase correspondingly, but the increase is small.

3.2. Experimental results and discussion

In order to verify the accuracy of the finite element analysis results, in this paper, the effect of
the axial displacement is analyzed by making a tribological test. The equipment used in this
experiment is a PNW-5 type electro-hydraulic servo test bench. When the spline pair is installed,
the axis deviation §, = 0.1 mm, as shown in Fig. 6.
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Fig. 5. Effect on spline with axis deviation

a) Spline coupling ‘ b) Assembling parts
Fig. 6. Assembly of involute spline couplings with axis deviation

Load the spline coupling to a maximum torque of 3000 N-m, and run until it shows obvious
wear spots. The external spline tooth surface and the wear scheme are shown in Fig. 7. The arrows
in the figure point at the same number of teeth as the finite element calculation calibration.

It can be seen from Fig. 7, that, when the axis is deviated, the teeth are worn differently, and
the tooth root can easily damaged. Particularly, the 2nd and the 3rd teeth are worn rather seriously,
the 5th teeth to the 14th teeth are worn rather mildly, and the wear of the 15th teeth and the 16th
teeth is the most severe. These results are basically consistent with the finite element theoretical
calculations, and verify the tribological characteristics of spline pairs under axial deviation.

3.3. Friction coefficient effect on contact characteristics of involute spline pairs

In order to study the effect of torque on the tribological characteristics of involute spline pairs,
the influence of friction coefficient is analyzed under the axial deviation. The deviation of the
internal and external splines is set as 0.1 mm, as shown in Fig. 9.

It can be seen from Fig. 9 that the friction coefficient has almost no effect on the maximum
contact stress of each tooth, but has a significant effect on the value of slip. The friction coefficient
has a low effect on the relative slip of the teeth near the 4th tooth, but has a high effect on the
vicinity of the 15th tooth. As the friction coefficient decreases, the maximum relative slip increases
significantly, so the value of the friction coefficient should not be too small.
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a) 0° b) 120°

c) 240°
Fig. 7. Installation scheme of spline auxiliary shaft deviation
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Fig. 9. Friction coefficient effect on spline with
4. Conclusions

In this paper, the agricultural tractor spline couplings were studied in condition of axis
deviation, and the contact stress and relative slip distributions were analyzed. The conclusions can
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made as follows:

1) The axial deviation can significantly increase the contact stress and relative slip of the spline
pair. As the deviation increases, the contact stress and relative slip increase correspondingly.

2) A small deviation can cause a sharp increase in contact stress. As the deviation increases,
the relative slip increases correspondingly, but this increase is rather small.

3) The friction coefficient has almost no effect on the maximum contact stress, but has a
significant effect on the value of slip. The value of the friction coefficient shall not be too small.
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