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Abstract 
To improve the fatigue strength of the splined shaft used for a car’s air conditioning 
compressor, press fit was added to the innermost part of the spline. This shaft 
connection consisting of a spline and press fit is called a "hybrid joint" in this study. 
A torsional fretting fatigue test was performed focusing on the effect of the amount 
of interference on the fatigue strength. The fatigue strength of the splined shaft was 
drastically increased by the hybrid joint. The fatigue strength of the hybrid joint 
was at most 8 times higher than that of the conventional spline-joint shaft. The 
fatigue strength as well as the failure mode of the hybrid-jointed specimens were 
changed depending on the amount of interference. The reason was that the relative 
slip was significantly reduced with an increase in the amount of interference. The 
specimen consisted of a shaft, a boss and a bolt. The hybrid joint prevented 
loosening of the bolt, while loosening of the bolt was found to occur in the 
conventional spline-joint shaft. 

Key words: Fretting Fatigue, Spline, Press Fit, Torsion, Relative Slip, Induction 
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1. Introduction 

This study aims to improve the fatigue strength of the torque input shaft for the 
reduction of size and weight of car air conditioning compressors. The car air conditioning 
compressor is directly mounted on the engine and is driven by a part of engine power 
through a belt-pulley system. It is very important to ensure a high reliability in a severe 
environment where high heat and strong vibrations are provided by the engine.  

One of the typical car air conditioning compressors is shown in Figure 1. Its shaft 
diameter is a half inch and it is driven by an electromagnetic clutch. Spline coupling is used 
to transmit the torque from the pulley to the shaft because of its high torque handling 
capacity. 
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Fig. 1  Structure of compressor used for car air conditioning  

The downsizing of car air conditioning compressors is one of the keys to reducing the 
environmental load resulting from the production and use of automobiles. While reducing 
of the diameter of the shaft is essential to develop a compact and light weight compressor, 
fatigue strength of the shaft is one of the most important factors in the design of the 
compressor. 

In this study, the effect of a press fit on the fatigue strength of the splined shaft is 
examined. As shown in Figure 2 (a), a press fit was added to the innermost part of the 
spline. This shaft connection consisting of a spline and press fit is called a "hybrid joint" in 
this study. The press fit surface may also suffer fretting fatigue damage. It is known that 
contact pressure has a significant influence on fretting fatigue strength (1). Thus, this study 
focused on the effect of the amount of interference at the press fit surface on the fatigue 
strength of the hybrid-jointed shaft. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                              

Fig. 2  Test specimens (Dimensions are in mm) 

2. Experiment 

2.1 Hybrid joint test specimens 
Figure 2 shows the hybrid-jointed shaft used in this experiment. The specimen 

consisted of a shaft, a boss and a fastening bolt. Details of the hybrid joint are shown in 
Figure 2(b). There is a press fit at the innermost part of the spline. It is expected that the 

(b) Hybrid jointed shaft 

(c) Conventional splined shaft (a) Shape of test specimen 
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fluctuation load to the spline is reduced by adding the press fit. Share of the transmitting 
torque depends not only on the amount of interference, but also the length of the press fit. In 
this study, the length of the press fit is 8mm. The effect of the length of the press fit will be 
reported in a separate paper. To compare the fatigue strength, a conventional splined shaft 
shown in Figure 2 (c) was also used in the experiment. 

The amount of interference, that is, the difference in diameters between the shaft and 
hole of the boss is very important for this machine component. Since the diameter of the 
shaft is relatively small, the effect of the machining tolerance on the contact pressure of the 
interference fit should be considered. It should be noted that the accuracies of machining 
required for the shaft diameter and the boss inside diameter have a significant influence on 
the production efficiency as well as manufacturing cost. Therefore, the test specimens were 
carefully prepared in order to examine the effect of the amount of interference on the 
fatigue strength of the hybrid-joint shaft.  

The actual dimensions of all the test specimens are shown in Table 1. The specimens 
were machined to have interferences of 3, 6, 13, and 48 µm. The nominal contact pressure 
was 12.9, 25.8, 55.8, and 206MPa, respectively. The shaft and the boss were assembled 
using an oil hydraulic press machine with mineral oil lubrication. 

 
Table 1  Measured value of diameters of the shaft and boss hole and amount of interference 

Specimen 
number

Shaft 
diameter* 

(mm) 

Boss inside 
diameter* 

(mm) 

Press-fit 
interference 

(mm) 

Nominal 
contact 
pressure 
(MPa) 

3-1 12.689 12.686 0.003  
3-2 12.689 12.686 0.003  
3-3 12.689 12.686 0.003  
3-4 12.689 12.686 0.003  
3-5 12.689 12.686 0.003  

12.9 

6-1 12.693 12.687 0.006  
6-2 12.693 12.687 0.006  
6-3 12.693 12.687 0.006  
6-4 12.693 12.687 0.006  
6-5 12.693 12.687 0.006  

25.8 

13-1 12.695 12.683 0.012  51.5 
13-2 12.695 12.682 0.013  
13-3 12.695 12.682 0.013  
13-4 12.695 12.682 0.013  

55.8 

48-1 12.728 12.682 0.047  198 
48-2 12.728 12.680 0.048  
48-3 12.728 12.680 0.048  
48-4 12.729 12.681 0.048  

206 

*The measurement was done at 298K. 
 
An involute spline, which is designated by Japanese Industrial Standards (JIS B 1603) (2), 

was used. The spline machining processes used in this study were cutting for the shaft and 
electro-discharge machining of the boss. These processes were different from the actual 
production method. The specifications of the spline are as follows: the nominal diameter 
was 10.9mm, the teeth length including incomplete teeth part was 11mm, the number of 
teeth was 20, the involute module was 0.5mm, the pressure angle was 20 degrees, and the 
curvature radius at the teeth root was 0.1mm. Induction hardening was applied to the spline 
and smooth part of the shaft. Induction hardening of the shaft was used for the compressor 
to improve the fatigue strength of the spline as well as the shaft. There are reports that show 
the effectiveness of induction hardening to improve fretting fatigue strength (3, 4). It can be 
considered that the induction hardening is also useful for the hybrid joint because it can 
prevent the reduction of fatigue strength at the interference-fitted part where fretting may be 
induced. 
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2.2 Material 
The shaft was made of a Cr-Mo low alloy steel and the boss was made of a medium 

carbon steel JIS S45C. The chemical compositions of the materials are shown in Table 2. 
The shaft material has a higher carbon content than similar low alloy steels such as 
SCM435 and SCM440 in order to increase the hardenability during heat treatment. 

The heat treatment of the materials included induction hardening of the shaft and 
quenching and tempering of the boss. The heat treatment conditions are shown in Table 3. 
The hardness of the shaft surface was HV735. The effective hardening depth of the shaft 
was 2.2mm. The hardness of the boss was HV212. The mechanical properties of the 
materials are shown in Table 4. 

 
Table 2  Chemical compositions of materials (mass %) 

 C Si Mn P S Cu Ni Cr Mo
Shaft 0.52 0.17 0.76 0.018 0.019 0.13 0.09 0.92 0.15
Boss 0.45 0.20 0.75 0.019 0.022 0.01 0.01 0.16 ‐ 

 
Table 3  Heat treatment conditions 

 Material Conditions 

Shaft Cr-Mo steel Induction hardening: high frequency current with 55.2 kW at 
9-12 mm/sec: 1173-1223K,  Annealing: 413K. 

Boss JIS S45C Quenching: 1118K,  Tempering: 873K 

 
Table 4  Mechanical properties of materials 

 Conditions σ0.2 (MPa) σB (MPa) δ (%) φ (%)
Shaft Induction hardened 915 1510 1.5 1.7 
Boss Quenched and tempered 547 765 18 46 

 

2.3 Torsional fretting fatigue tests 
A torsional fatigue test was performed with a stress ratio R of -1 to simulate fluctuation 

in the transmitting torque that occurs in an actual compressor. The loading frequency was 
30Hz. The test environment was laboratory air. The temperature was ambient. Since the 
torsional fretting fatigue test was performed by a constant amplitude cyclic angular 
displacement, the stress amplitude decreased when the rigidity of the specimen decreased 
due to fatigue crack propagation. Fracture of the specimen was defined by the moment at 
which the stress amplitude decreased 50% from the initial value. In this experiment, 
nominal stress defined at the smooth part of the shaft was used. The fatigue tests were 
interrupted at 2×107 cycles without failure of the specimen.  

A compact relative displacement sensor was attached to the end of the boss to measure 
the relative slip amount between the shaft and the boss along the circumferential direction. 
Figure 3 shows installation of the sensor. Since the mounting position of the sensor was not 
at just the contact edge, correction of the measured value was necessary to obtain the 
relative slip amount. The method of the correction is shown in Figure 3 (b). The relative slip 
amount of this experiment had some errors caused by elastic deformation of the contact 
edge even after the correction. While there have been several experiments to accurately 
measure the real relative slip amount (5, 6), it can be presumed that this measurement of 
relative slip has a sufficient accuracy to discuss the ways to improve the fatigue strength of 
the hybrid-jointed shaft.  
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(a) Setup of sensor  

 
 
 
 
 
 
 
 
 

 (b) Correction of measured value 

Fig. 3  Measurement of relative slip displacement  

 

3. Result of torsional fretting fatigue tests 

3.1 Fatigue strength of conventional spline joint specimens 
The fatigue strength of the conventional spline shaft is shown in Figure 4 by the open 

symbols(○). Failure of the shaft occurred at the spline part. There were two different 
failure modes depending on the stress amplitude. Fretting fatigue at the spline teeth was one 
of the causes of failure. Fretting fatigue is one of the major failure modes in a spline joint (7, 8). 
This failure mode was seen at a relatively high stress amplitude. 

Another failure mode was fretting wear at the teeth of the spline. While there was no 
crack, the specimen was regarded as failed due to the reduction of stress amplitude caused 
by fretting wear of the spline teeth. In the figure, this failure mode is shown by the asterisk 
(*). This failure was seen at a relatively low stress amplitude.  

The fatigue limit of the conventional spline-jointed shaft was approximately 30MPa. 
This was very low compared to the fatigue strength of the induction-hardened smooth 
specimen (9). However, this is because the stress amplitude was expressed by a nominal 
value at the smooth part of the shaft. 

Figure 5 shows the fractured specimens. As shown in Figure 5 (a), fretting fatigue 
cracks emanated at the end of the engagement of the spline teeth. Figure 5 (b) is an example 
of the failed specimen due to fretting wear. While no crack was found, the tooth was worn 
away.  

3.2 Fatigue strength of hybrid-jointed specimens 
The results of the torsional fretting fatigue test of the hybrid-jointed specimens are also 

shown in Figure 4. The fatigue strength of the shaft was drastically improved by the hybrid 
joint. 
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Fig. 4  Fretting fatigue strength of splined shaft and hybrid-jointed shafts  

 
 
 
 
 
 
 
 
 

 
 

(a) Fretting fatigue failure of spline at the end of contact (τa = 174MPa, Nf =7.48×104) 

 

      
 

(b) Fretting wear of spline teeth (τa = 63MPa, Nf = 4.84×106) 

 
Fig. 5  Failure modes of conventional splined shaft without interference fit 

 
The fatigue strength was different depending on the amount of interference. The failure 

mode was also changed by the amount of interference. When the amount of interference 
was 3µm and 6µm, as shown by the solid symbols (▲◆) in the figure, the fatigue strength 
was relatively low among the hybrid-jointed shafts and fracture of the shafts occurred at the 
interference-fitted part due to fretting fatigue. On the other hand, when the amount of 
interference was 13µm and 48µm shown by the half-filled symbols, the fatigue strength was 
relatively high and failure of the specimens occurred at the smooth part of the shaft outside 
of the interference-fitted part.  

Figure 6 show the specimens that failed by each failure mode. In Figure 6 (b) which 
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shows the fretting fatigue failure of the hybrid-jointed shaft, zigzag cracks were observed 
near the edge of the press fit. During the fretting fatigue under cyclic torsion, small cracks 
propagated along the direction perpendicular to the principle stress (10). As a result, the small 
cracks were inclined with respect to the axis of the specimen. It is common for many small 
cracks to occur during fretting fatigue (10). Therefore, it can be considered that the cause of 
the factory-roof like cracks observed in this experiment was the coalescence of many small 
cracks which obliquely emanated on the circumference of the shaft near the contact edge. 
Figure 6 (c) shows the fatigue crack that occurred outside of the interference-fit part. The 
crack was at the smooth part of the shaft regardless of the press fit. The crack started to 
propagate from the surface. As shown in Figure 2 (a), there was a bolt hole at the center of 
the shaft. The location of the crack was almost the same for the bottom of the bolt hole. The 
structural discontinuity may be related to the crack initiation at this location. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Failure modes of hybrid-jointed shaft 

 
Figure 7 shows the improvement of the fatigue strength of the hybrid-jointed shaft with 

regard to the ratio of interference (amount of interference / shaft diameter). It was noted that 
the hybrid joint effectively improved the fatigue strength even if the ratio of interference 
was only 3/10000. In this case, the failure of the shaft occurred at the interference-fitted part 
due to fretting fatigue. However, the fatigue strength was improved more than 4 times when 
compared to the conventional spline-joint shaft. If a tighter press fit was adopted, the 
effectiveness of the hybrid joint was enhanced. The fatigue strength was at most 8 times 
higher than the conventional spline-joint shaft.    

These results allow the adoption of a relatively large tolerance to the machining of the 
shaft and the boss hole and the design that includes a relatively small amount of 
interference. These will be advantages for the productivity of the compressor. 
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Fig. 7  Improvement of fatigue limit by hybrid joint with respect to ratio of interference to shaft 

diameter 

 

4. Discussion 

4.1 Mechanism to improve fatigue strength by hybrid joint 
Figure 8 shows the relationship between the relative slip range ∆S and nominal stress 

amplitude τa. In the case of the conventional spline-joint shaft, the slip range rapidly 
increased with an increase in the stress amplitude as shown by the open symbols (○). On 
the contrary, the amount of relative slip in the hybrid-jointed shafts was significantly lower 
than that in the conventional spline-joint shaft even if the interference was relatively low 
and the stress amplitude was very high. These results implied that the load on the spline was 
reduced by sharing torque with the press fit. 
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Fig. 8  Comparison of relative slip amount between hybrid-jointed shaft  
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Based on the observed results of the spline teeth of the hybrid-jointed shaft, there were 
few fretting wear particles and fretting wear damage. As shown in Figure 5 (b), in the 
conventional spline-joint shaft, a large amount of fretting wear particles and significant 
fretting damage were observed. It can be considered that the press fit substantially bears the 
transmitted torque. The ratio of sharing of the torque between the press fit and spline 
coupling has not been evaluated. This is a future subject. 

In the hybrid-jointed shafts, the relationship between the relative slip amount and 
nominal stress amplitude was divided into two groups depending on the amount of 
interference. The hybrid-jointed shafts, which have 13 and 48µm of interference, show 
significantly low a relative slip amounts compared to the shaft that have 3 and 6µm of 
interference. These groups correspond to the failure modes. The group in which fretting 
fatigue failure occurred showed a significantly higher relative slip amount than the other 
group in which fatigue failure occurred. In general, the fretting fatigue strength increases 
with a decrease in the relative slip amplitude (11). 

The accepted mechanism is that a decrease in the relative slip amount causes a 
reduction in the friction force exerted on the contacting surfaces (12). Therefore, in this 
study, it can be considered that the cause of the increase in the fretting fatigue strength with 
an increase in the amount of interference was the reduction in the relative slip amount. As 
the fretting fatigue strength of the fitted part was sufficiently increased, location of the 
failure in the specimen was changed from the fitted part to the outside of the fitted part. 

It is well known that an increase in the contact pressure reduces the fretting fatigue 
strength (13). This is the opposite effect of the contact pressure on the fretting fatigue 
strength found in this study. It is postulated that there is no criterion to evaluate whether an 
increase in the contact pressure or reduction in the relative slip dominates fretting fatigue 
strength. A further study is still required to clarify the basic mechanism of fretting fatigue. 

There are some reports that the mechanism causing the increased fretting fatigue strength 
with an increase in the contact pressure was discussed from the viewpoint other than the 
effect of a reduced relative slip (14, 15). In the fretting fatigue test using the shrink-fitted shaft 
in which the contact edge was extended, the reason why the fretting fatigue strength was 
improved with an increase in the contact pressure was prevention of fretting fatigue cracks 
due to development of a compressive stress generated by the contact pressure (15). 
Examination of the stress conditions in the vicinity of the contact edge is necessary to 
thoroughly understand the mechanism of an improved fretting fatigue strength by the hybrid 
joint. 

4.2 Effect of fretting wear 
There is a concern that fretting wear causes a reduction in the contact pressure. The 

reduced contact pressure may cause deterioration of the hybrid joint. Figure 9 shows the 
contact surfaces of the specimens which have 3 and 48µm interferences that were tested at 
the fatigue limit. Oxidized fretting wear film was observed on the fitted surface. The width 
of the area where the fretting wear damage occurred in the longitudinal direction was 
narrower in the specimen having the higher interference.  

In Figure 9, the surface profiles are also shown. The surface profiles were measured after 
removal of the fretting wear film by light buffing. A relatively deep fretting wear was 
observed, but it was limited to near the contact edge. There was no serious fretting wear 
damage that can eliminate the effect of the press fit.  
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Fig. 9  Fretting wear damage at interference-fitted part 

4.3 Prevention of loosening of fastening bolt 
Loosening of the bolt which fastens the boss to the shaft can be a serious problem such 

that the boss can drop off the shaft. The fastening of the bolt must be ensured throughout 
the lifetime of the compressor. For this design, loosening of the bolt is caused by the 
application of excessive torque compared to the friction exerted on the fastened surfaces 
among bolt, shaft and boss (16, 17). Therefore, it can be expected that the hybrid joint can 
prevent loosening of the bolt by sharing of transmitted torque with the interference-fitted 
part.  

Figure 10 shows hysteresis loops of the fatigue stress and the relative displacement 
between the shaft and boss. In the right figure, there is a horizontal part at the center of the 
loop as shown by the arrows (←→). Since practically no increase in the stress was seen 
with an increase in the angular displacement in this range, there is a small clearance 
between the spline teeth. When the angular displacement reached a certain amount, the 
stress rapidly increased. This showed that transmission of the torque was achieved by 
starting of the engagement of the spline teeth after elimination of the clearance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10  Change in relative displacement with increase in fretting cycles in spline-jointed shaft  
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In the left figure that is the stress-displacement loop obtained during an early stage of 
the fatigue test, there is no flat part even in the range where the spline teeth have clearance. 
This was because the friction caused by fastening of the bolt can transmit the torque.  

When the figures are compared, the horizontal part of the loop was clearly seen in the 
right figure. This means that the friction does not work. In other words, the fastening bolts 
lost this function. Therefore, when a small spline is adopted to reduce the size of the shaft, 
problems of not only a low fatigue strength, but also loosening of the fastening bolt can 
occur.    

Figure 11 shows the displacement-stress loops in the hybrid-jointed shafts. The width 
of the loop decreased with an increase in the amount of interference. 
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Fig. 11  Relative slip behavior in hybrid-jointed shaft 

It is impossible to determine loosening of the bolt from the loop in the hybrid-jointed 
shaft, loosening torque was measured by a torque wrench after the fatigue test. These results 
are shown in Table 5. The fastening torque consisted of friction torque between the thread 
surfaces, friction torque between the bolt head and its seat, and torque to fasten the shaft 
and boss. The loosening torque measured by a torque wrench is the torque at which the bolt 
starts macroscopically turning. Therefore, the loosening torque does not include the torque 
to create the fastening force between the shaft and boss. According to the measurement 
result, although the loosening torque was less than the fastening torque, it can be considered 
that there is no practical loss in the fastening of the bolt. The hybrid-jointed shaft can 
effectively prevent loosening of the bolt. 
 

Table 5  Loosening torque of fastening bolt in hybrid-jointed shaft after fretting fatigue test   

Press-fit 
interference (µm)

Fastening torque
(Nm) 

Stress amplitude 
τa (MPa) 

Number of cycles Loosening torque 
(Nm) 

6 12.5 205 1.53×106 

Broken 8 

6 12.5 127 2×107 
Run out 10.5 

 

5. Conclusions 

A hybrid joint, which consisted of a spline and press fit was proposed to improve the 
fatigue strength of the shaft in order to develop a compact and light weight compressor used 
for car air conditioning. The results of this study are summarized as follows:  
(1)The fretting fatigue strength was drastically improved by the hybrid joint. 
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(2) When the amount of interference was relatively low, fretting fatigue failure occurred at 
the fitted part. However, the fatigue strength was improved more than four times when 
compared to the conventional spline-joint shaft. 

(3) An increase in the amount of interference produced a further increase in the fatigue 
strength. The fatigue limit was improved at most 8 times compared to the conventional 
spline-joint shaft. Failure of the specimen occurred at the smooth part of the shaft 
outside the interference-fitted part.   

(4) For the hybrid-jointed shaft, the fatigue strength increased with an increase in the 
amount of interference. This was caused by a reduction in the relative slip between the 
shaft and boss.  

(5) The hybrid joint effectively to prevented loosening of the fastening bolt. 
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