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Abstract

:

Nowadays, press-fitting is widely used in the manufacturing industry because it allows easy and fast installation and is repetitive, strong, and inherently reliable. The quality of a press-fitting assembly can be verified from the press-fitting curves and forced monitoring. This study aims to investigate the characteristics of the press-fitting curve with various interference railway wheelset models and determine the interference limit that axles can withstand at the maximum holding torque without slipping and without plastic deformation. A three-dimensional finite element analysis examined the maximum press-fitting force and stress distributions using Abaqus FEA software. The press-fitting curves of the railway wheel and axle assembly obtained from finite element simulation were classified following European Standard EN 13260. The press-fitting curves showed whether they fell within the boundary limits in the EN standard to allow their practical application. This study also showed when plastic deformation would occur, within the recommended interferences in the EN standard. Moreover, the effect of interference was numerically simulated for the maximum holding torque capacity within the EN standard interference range. Numeric simulation was compared with the theory: the deviation was 15–6%.
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1. Introduction


A railway wheelset is an assembly consisting of an axle and two wheels fitted with interference and, where necessary, applicable associated components, e.g., gear-shaft, bearing bushing, etc. Wheelsets need to be safe because failures could lead to derailment and potentially to major safety issues, including loss of life and heavy damage to railway vehicles. Therefore, it is important to assemble the wheelset correctly to reduce accidents and derailments. Wheelsets are assembled to remain attached to all components while in operation. Wheels may be press-fitted or shrink-fitted to the axles. Press-fit, or interference fit, tightens two parts together by relying on friction and joining the parts that can take a different form. This is commonly used in the industry because the process is reliable, simple, and does not require heating, cooling, or soldering. One problem with railway wheelsets is their failure due to excessive interference in press-fitting, and this can result in a slip between the wheel and axle. Fretting wear takes place at the interface of the axle wheel seat and the wheel hub surface, and it can cause surface fatigue, adhesion, oxidation, exfoliation, and scratching [1,2]. If a press-fit is used for assembling the wheels onto the axle, the wheel mounting peak press force limits and the press-fitting curve must be considered. Furthermore, many standards have been defined for railway wheelset assembly; for example, JIS E 4504 [3], EN 13260 [4], ISO 100-5 [5], and AAR [6]. Railways tend to follow national standards, so the authors followed the State Railway of Thailand’s practice and used the European standard EN 13260 for the assembly of wheels and axles [4]. Following the standard improves the quality of the wheelset, and this would also help to standardise production.



Very few publications were found in the literature that discussed the characteristics of the press-fitting curve for railway wheelsets. Benuzzi and Donzella analysed the contact pressure and speed related to lubrication and predicted a press-fitting curve using an FEM model and a simplified theoretical model [7]. Lu et al. constructed and tested a mathematical model for the press-fit curve based on the AAR standard [8]. Saad et al. predicted the residual stress and plastic strain for forging, machining, and assembling [9]. Stamenković et al. addressed the effect of the strength of the wheelset press-fit joint and recommended a frictional coefficient value that resisted sliding between the interface for specific conditions by comparing experiment and theory [10]. Michnej and Guzowski investigated fretting wear in a wheelset press-fit joint and conducted contact surface and fretting wear tests; they found that the adhesion phenomenon played a critical part in the initiation of fretting wear in a press-fit joint [11]. Booker and Truman reviewed the factors affecting the interference fit joints’ strength and discussed the modelling and limitations related to the friction coefficient, boundary condition, geometry, and material [12]. Zhao et al. have also discussed the relationship of radial interference and holding torque capacity, the friction coefficient of camshaft based on the finite element analysis and experiment [13].



Lame’s equation can also be used to determine the contact pressures at the interface of the assembly parts and to estimate the maximum holding torque capacity of a press-fit. A major challenge of press-fit assembly is to choose reasonable interference values that would ensure the safety of the assembled components. Too large an interference may damage the part being assembled, and less resistance may result in plastic deformation. To prevent slipping, the wheelset maximum holding torque capacity must be known. The magnitude of the press fit-force depends on the geometry, friction coefficient, material properties, and operating conditions [14].



With this in mind, the authors studied the effects of interference on the press-fitting force because it is important to predict the pressing quality of the wheel and axle assembly. The stress on the axle wheel seat contact area was analysed using simulation, and the state of the stress–strain effects are discussed. Moreover, the interferences needed for wheelset press-fitting without slipping were determined. The press-fitting curve, maximum press-fit force, and maximum holding torque capacity were evaluated using the finite element method using Abaqus FEA software [15].




2. Theoretical Analysis of Press-Fitting


In general, wheels and axles should meet the geometric requirements before being assembled, as defined in EN 13261 for axles and EN 13262 for wheels [16,17]. The wheelset can be formed by press-fitting or shrink-fitting. In press-fitting, pressure is applied to the wheel hub to force it onto a slightly larger diameter axle, thus leading to contact. External pressure acts on the axle wheel seat, and the internal pressure acts on the wheel hub (Figure 1).



Pi and Po are equal and opposite at the contact surface in the wheelset because it is assumed that the axle and wheel are composed of the same material. Lame’s equation for contact pressure distribution in thick-walled cylinders [18] was used for calculating the contact pressure, P.


  P =   E δ   2  r 3        (  r o    2  −  r 2  ) (  r 2  −  r i    2  )   (  r o    2  −  r i    2  )      



(1)







Equation (1) shows that the contact pressure depends on the interference, δ; nominal diameter, d; inner diameter of the axle, ri; outer diameter of the wheel, ro; and Young’s modulus of elasticity, E. The wheel and axle were idealized as thick-walled cylinders, and the wheel was divided into five sections (Figure 2). The average contact pressure was calculated using Equation (2).


   P ¯  =     ∑  i = 1  N    P i   L i        ∑  i = 1  N    L i       



(2)







2.1. Characteristics of the Press-Fitting Curve


EN 13260 specified that the interference for press-fitting should be 0.2–0.36 mm, which was based on the geometric tolerances of the axle wheel seats. The factors that mainly influenced the maximum press-fitting force and characteristics of the press-fitting curve were the geometry, coefficient of friction, material strength, and operating conditions. During press-fitting, the wheelset could be damaged by insufficient or excessive press-fitting force. Therefore, the press-fitting curve is very important to determine that the assembly has not been damaged along the contact surfaces. If the press-fitting curve is not within the limits specified in the standard, the wheelset needs to be reassembled or rejected. Figure 3 depicts a press-fitting curve, showing the fitting force versus the displacement. In general, this displacement is the axial displacement of a wheel since the axle is fixed to the clamping head of a machine The standard requires that the final fitting force lies in the range [4]


0.85 F < Final Fitting Force < 1.45 F











The axial force, F, in kN is


F = 4 d



(3)




where d is the mean diameter of the axle wheel seat (mm), and L is the axial displacement of the fitting (mm), which must be within the range


0.8 d < L < 1.1 d











The lines, AB, BC, HE, and ED define the boundaries of the press-fitting curve. The contact length is the X-axis, AG, in the diagram. The points labelled in Figure 3 can be found by using the following equations:




	
YH = 1.3 ϕ;



	
YC = 0.85 F;



	
YD = YE = 1.45 F;








where ϕ is the nominal diameter of the wheel seat in millimetres.




2.2. Determination of the Press-Fitting Force


The press-fitting force is related to many factors, including interference, friction coefficient, and elasticity of the assembled parts. These factors could significantly change the press-fitting force. The press-fitting force to the wheel on the axle, Fp, can be calculated from


   F p  = μ    ∫ A   P d A     



(4)




where P = contact pressure (N/m2), µ = coefficient of friction, and A = contact surface area (m2). Thus, to obtain the press-fit force, the contact pressure between the two assembly parts must be known.





3. Finite Element Modelling and Simulation


3.1. Materials


Following the EN standard, the EA1N and EA4T steel grades are widely used for railway axles. The chemical composition and mechanical characteristics of EA4T steel are in Table 1 and Table 2. The materials of the wheel and axle were the same, homogeneous, and isotropic, with ideal elastic-plastic behaviour. The stress versus plastic strain graph for EA4T steel is shown in Figure 4.




3.2. Modelling and Simulation


To determine the press-fitting force, a quarter 3D model of the wheel and axle assembly, their dimensions given in Figure 5, was made using Abaqus FEA (Figure 6). During assembly, the wheel was moved onto the axle wheel seat by a specialized assembly machine so that interference between the assembly was eliminated for the outer diameter of the axle wheel seat, which was larger than the inner diameter. A static structure was analysed, and the boundary conditions were used in the finite element analysis. Taking advantage of the symmetric boundary conditions, the XY and XZ planes were constrained in the finite element model. The end of the axle was fixed, and an axial displacement, 180 mm, was applied to the wheel hub towards the axle wheel seat. A contact pair was defined between the wheel- and axle-contacting surfaces. This analysis determined the press-fitting force and stress distribution at the contact surface between the wheel and axle. A 2 mm mesh was used for the contact surface of the wheelset, and a 10 mm mesh was used for the other surfaces (see Figure 7). The mesh type was a 20-node quadratic brick, reduced integration (C3D20R); 17,402 elements were used for the axle model, and 51,858 elements were used for the wheel model.





4. Results and Discussion


4.1. Comparison between the FEA and Theoretical Results


To verify the effectiveness of the numeric model, the finite element results were compared with the calculated theoretical results. The contact pressure between the wheel and axle wheel seat at different sections was determined from Equation (1), and the average contact pressure was calculated by Equation (2). The contact pressure of the axle reached its maximum at the end of the contact edge. The distribution of the contact pressure and average contact pressure along the contact length of the wheelset is shown in Figure 8. The finite element analyses led to higher average contact pressure than the theoretical model because the volume of the 3D model used in the finite element simulation was greater than that of the theoretical model: the finite element results were 3% greater than the theoretical ones. At the start of the wheelset assembly, the two parts did not contact each other because of the taper of the axle. Therefore, the press-fitting force and contact pressure were zero until the end of the taper was reached, and then they suddenly increased. The theory showed that the contact pressure was directly proportional to the outer radius or profile of the wheel and increased in the centre of the contact region. The contact pressure of the axle increased sharply at the start of the contact and decreased towards the centre of the contact length and maximum at the rear end of the edge. The press-fitting force was calculated from the contact length using Equation (4). Figure 9 compares the finite element and theoretical results. The maximum press-fitting force at the end of the assembly was 877 kN from the finite element analysis and 822 kN from the theory, when the interference was 240 µm. The 7% difference between the results was considered acceptable.




4.2. Effect of the Interference and Friction Coefficient on Press-Fitting Curves


The interference was a significant factor that affected the press-fitting curve. Simulations used interferences from 160 to 400 µm. The curves are shown in Figure 10. The press-fitting force increased, as expected, with the interference. The boundary of the press-fitting curve was obtained from the EN 13260 standard. The press-fitting curves were used for monitoring the assembly and evaluating its quality. The curves for interferences of 160, 360, and 400 µm did not qualify because they were outside the EN 13260 boundary. One key conclusion from the simulations was that the interferences, specified by the EN standard, fell within the boundary. When the interference increased by 20%, the maximum press-fitting force increased by 12% (Figure 11). Figure 12 shows the press-fitting forces and axial displacements from various friction coefficients obtained from the simulations. Friction coefficients in the range 0.08–0.13 were the only ones acceptable, i.e., led to forces within the boundary shown in Figure 12. Thus, it may be observed that the friction coefficient affected the press-fitting force during the assembly. In general, the greater the friction coefficient, the greater the maximum press-fitting force. Every 0.01 increment in the friction coefficient increased the maximum press-fitting force by 14% (Figure 13).




4.3. Contact Strength Analysis


The simulations showed that the maximum von Mises stress took place at the wheel, in contact with the axle wheel seat taper area, in the first simulation time step. The changing of the value and location of the maximum von Mises stress versus the axial displacement and time increment is shown in Figure 14. The von Mises stress was distributed symmetrically on both sides of the wheelset; the maximum stress occurred at the wheel hub bore after assembly. For the axle, the peak stress occurred at the start of the axle wheel seat at the end of the taper area. The maximum stress concentration was localized at the edge of the wheel hub because pressing the wheel to the axle induced critical stress due to the edge effect and abrupt transition in press-fitting. It can be minimized by some geometric characteristics, friction coefficient, contact pressure, and operation conditions. The maximum von Mises stress of the wheelset as a function of interference is shown in Figure 15. The simulations revealed that the interference value significantly affected the stress concentration.



To understand the effect of the interference on the deformation, note that for low values of the interference, up to 360 µm, deformations in the assembly remained in the elastic range. However, for sufficiently large interferences, 380 µm or more, elastoplastic deformation occurred in the wheel. Elastic plastic deformation began at the edge of the wheel hub bore first (Figure 16).





5. Effect of the Interference on the Holding Torque Capacity


5.1. Maximum Holding Torque Capacity Theoretical Analysis


Railway wheelsets are generally running under many loading conditions, for example, vertical statics forces of the vehicle, wheel and rail contact forces in longitudinal, vertical, and lateral directions, inertial forces, etc. In operation, the contact force, especially in the longitudinal direction, significantly increases as the train is accelerated (traction) or decelerated (braking). This leads to a torsional moment on the wheelset, which may cause slippage at the wheel hub and axle seat. The maximum holding torque capacity, T, is the torque required to predict the slip between the wheel and the axle, as it resists the motion of the wheelset at the contact surface. It is transmitted by frictional forces on the wheelset and can be evaluated using Lame’s equation. It was assumed that the contact pressure in the assembly was uniformly distributed. The radial interference was significant for the holding torque capacity since it was related to the contact pressure and frictional force. The holding torque capacity of the wheelset, T, was thus a function of the frictional coefficient, contact area, and contact pressure [21]


  T = μ  D 2     ∫ A   P d A     



(5)




where μ is the static coefficient of friction, D is the axle diameter, P is the contact surface pressure, and A is the contact surface area. The holding torque capacity derived from Equation (5) was related to the contact length of the press-fit assembly (Figure 17). The maximum holding torque capacities were 71 kNm for the interference of 200 μm, 85 kNm for 240 μm, 99 kNm for 280 μm, and 113 kNm for 320 µm. Clearly, the holding torque capacity increased with the interference.




5.2. Finite Element Analysis of the Holding Torque Capacity


Finite element analysis was used to examine the effect of the interference on the holding torque capacity for the wheel and axle assembly. The geometry of the 3D models and materials properties were similar to those for the press-fitting finite element analysis. During this analysis, surface-to-surface contact interaction was set between the wheel and axle interface with a contact interference fit option. A penalty frictional coefficient, 0.1, and hard contact were set as the contact properties. It was necessary to define the reference points on the axle at both end sides of the centre point and coupling to the surface that defined the coupling nodes. To obtain more accurate results, a refined mesh was used at the contact area with a coarse mesh for the other areas. The torque loading was applied to the reference node at the end of the axle, and the outer surface of the wheel was fixed (Figure 18). The value of the applied torque was increased until rotation or ‘slip’ occurred in the interface.



The torque capacity analysis simulated the wheel and axle assemblies to obtain the curves of the torque and rotational angle, which determined the maximum holding torque capacity for different interference values. The torque and rotational angle curves were needed to decide the torque required to resist the slip between the interference assemblies. In Figure 19, TE was the maximum elastic torque, and yielding started at that point. Within the elastic torque region, the shear stress in the axle varied linearly, and the axle showed only elastic deformation. When the torque increased to the plastic region, Tp, the axle rotated continuously with no further increase in the torque. The maximum elastic torque was equal to 75% of the maximum holding torque capacity at the fully plastic region [22,23]. Therefore, it was evident that the maximum holding torque capacity or plastic torque, TP, before slipping was 75 kNm at the twist angle 0.15 rad, and the maximum elastic torque TE was 56 kNm at the twist angle 0.029 rad for the interference of 240 µm. TE did not exceed the 75% of TP for 240 µm, and others were also less than 75% of the maximum holding torque capacity. When the torque increased beyond the maximum holding torque capacity, the axle started slipping. The curves for the torque capacity simulated with different interferences are shown in Figure 20. Table 3 compares the maximum holding torque capacity with theoretical and finite element results. The deviations between the estimated maximum holding torque capacities from the theory and finite element analyses were 15% for 200 μm interference, 12% for 240 μm, 8% for 280 μm, and 6% for 320 μm. Thus, the finite element results agreed with the theory.





6. Conclusions


Finite element methods and the EN 13260 standard to generate press-fitting curves would provide engineers with valuable information to quickly identify press-fit quality. The authors of this study verified the press-fitting curves and maximum press-fitting forces obtained from finite element analysis by comparing them with the analytical results. To determine whether the press-fitting curve and maximum press-fitting force were acceptable, the EN 13260 standard was used. From the simulations, the press-fitting curves for assembling the wheel to the axle using the EN 13260 standard criteria were fully satisfied only when the interference ranged from 200 µm to 320 µm and the friction coefficient ranged from 0.08 to 0.13. The difference in the average contact pressure between the finite element and theoretical analyses was 3%. The maximum stress was found at a wheel hub inner surface due to the taper of the axle. The greater the interference, the greater the stress, which was due to the contact force. For interference of less than 360 µm, plastic deformation did not occur, and the EN standard limitation of the interferences for the wheelset could be used in the press-fitting. Furthermore, the maximum holding torque capacity positively correlated to the interference in the elastic range. In the plastic region, the torque is constant even though the twist angle increases. The deviation in the maximum holding torque capacity between the finite element analysis and theory ranged from 15% to 6% for different interferences. Since the maximum elastic torque did not exceed 75% of the maximum holding torque capacity, interferences from 200 to 320 μm were satisfactory. In summary, EN 13260 was very effective and can be used to assess the press-fit quality of the wheelset faster. The holding torque capacity formula (Equation 5) can be used to predict the maximum torque. In a future study, the authors will add experiments to verify the press-fitting curve.
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Figure 1. Assembly of an axle and a wheel. 
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Figure 2. Simplified model of a wheelset for theoretical analysis [7]. 






Figure 2. Simplified model of a wheelset for theoretical analysis [7].



[image: Applsci 11 08862 g002]







[image: Applsci 11 08862 g003 550] 





Figure 3. Press-fitting curve for a railway wheelset: force vs axial displacement [4]. 
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Figure 4. Stress–plastic strain curve for EA4T steel. 
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Figure 5. Dimensions of the wheelset [20]. 
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Figure 6. Boundary conditions. 






Figure 6. Boundary conditions.



[image: Applsci 11 08862 g006]







[image: Applsci 11 08862 g007 550] 





Figure 7. Mesh used by the finite element model. 
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Figure 8. Contact pressure distribution along the contact length. 
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Figure 9. Press-fitting curves obtained from the finite element model (FEM) and Lame’s theory (straight green line). 
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Figure 10. Press-fitting curves vs interference derived from the finite element simulations. 
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Figure 11. Maximum press-fitting force vs interference. 
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Figure 12. Press-fitting curves with friction coefficient as a parameter. 
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Figure 13. Maximum press-fitting force vs coefficient of friction. 
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Figure 14. Von Mises stress distribution during simulation (a) axial displacement of 30 mm, (b) axial displacement of 100 mm, and (c) axial displacement of 180 mm. 
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Figure 15. Von Mises stress of the wheel and axle due to radial interference (MPa). 
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Figure 16. Equivalent plastic strain on the wheel. 
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Figure 17. Holding torque capacity vs contact length. 
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Figure 18. Loading and boundary conditions for the torque analysis. 






Figure 18. Loading and boundary conditions for the torque analysis.



[image: Applsci 11 08862 g018]







[image: Applsci 11 08862 g019 550] 





Figure 19. Torque vs. the rotation angle for 240 μm interference. 
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Figure 20. Torque vs rotation angle for four interferences. 
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Table 1. Chemical composition of EA4T steel [19].
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	Grade
	C
	Mn
	Si
	S
	P
	Cr
	Cu
	Ni
	Mo
	V





	EA4T
	0.29
	0.8
	0.4
	0.015
	0.02
	1.2
	0.3
	0.3
	0.3
	0.06
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Table 2. Mechanical properties of EA4T steel [19].






Table 2. Mechanical properties of EA4T steel [19].





	Material
	Young’s

Modulus (GPa)
	Poisson

Ratio
	Ultimate Tensile Strength (MPa)
	Yield Strength (MPa)
	Elongation (%)
	Absorbed Energy





	EA4T
	206
	0.3
	650–800
	≥420
	≥24
	≥30
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Table 3. Maximum holding torque capacity—theory and finite element versus interference.






Table 3. Maximum holding torque capacity—theory and finite element versus interference.





	
Interference

(µm)

	
Maximum Holding Torque Capacity




	
Theory

(Equation (5)) (kNm)

	
Finite Element Method

(kNm)

	
Percent Deviation (%)






	
200

	
71

	
60

	
15




	
240

	
85

	
75

	
12




	
280

	
99

	
91

	
8




	
320

	
113

	
106

	
6




	
Percent Deviation was calculated as

Percent Deviation = [(Theory-FEM)/Theory] × 100%

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
I3

I'1

4

LiL2 Ls

L4

Ls

R4

Rs






media/file30.png
Max: 265 MPa I Max: 310 MPa I

(a) von Mises stress distribution for 0 240 pum. (b) von Mises stress distribution for © 280 pm.

Max: 357 MPa I Max: 397 MPa |

(c) von Mises stress distribution for 0 320 pm. (d) von Mises stress distribution for 0 360 pm.






media/file39.jpg
Torque (kNm)

120

100

0

2

005 01 015 02 025
Rotation Angle (Rad)
D20 - 2Opm e D20y —e—=320 pm





media/file18.png
Press Fitting Force (kIN)

1000
900
800
700
600
500
400
300
200
100

— FEM

Lame's

Theory

0.05 0.1 0.15 0.2
Axial Displacement (m)





media/file35.jpg
UxUy,Uz=0

Applied Torque

P

Applied Torque





media/file21.jpg
1600

S 2 2 9 9
S 9 Q@ 2 S
& ® © F «

(NY) 210, Sumt SS21 ] WNWIXe

1400
1200

o

150 250 350 450

50

Interference ( pm)





media/file26.png
Y 1400

S 1200

£ 1000

Z 800

§_§ 600

E 400

)

E 200

= 0

> 006 008 01 012 014 0.16

Coefficient of Friction





media/file27.jpg
(@30 mm (b) 100 mm (©180 mm





media/file3.jpg





media/file22.png
1600

o o o o O
o o o o O
m8642

(NY) 2010 Uyt sso1J WNWIXeJA

1400
1200

-

150 250 350 450

50

Interference ( um)





media/file19.jpg
1600

1400

Z 1200 | —— Interference 400 ym

E’ - | —— Interference 360 yum

£

w0 | —— Interference 320 ym

£ | Interference 280 ym

) —— Interference 240 um

& . |—— Interference 200 ym
5 |—— Interference 160 ym

0 005 o1 015 02
Axial Displacement (m)





media/file7.jpg
g8 g 8
g 8
(edIN) ssanis

g8

&

0.06 0.08 01
Plastic Strain

0.04

0.02





media/file28.png
S, Mises
(Avg: 75%)

+2.926 x
+2.560 x
+2.194 =
+1.828 x
+1.463 =
+1.097 x
+7.314 x
+3.657 %
+6.495 x

(a) 30 mm

S, Mises

(Avg: 75%)
+3.822 x
+3.344 x
+2.867 =
+2.389 %
+1.911 x
+1.433 x
+9.556 =
+4.778 x
+3.839 x

S, Mises
(Avg: 75%)
+2.655
+2.323
+1.991
+1.659
+1.328
+9.957
+G6.638
+3.319
+3.483

X X XX XXX XX

(b) 100 mm

(c) 180 mm






media/file10.png
2180+1

(2000)

1625+1

©920.4
®840.2

ey o]

7103

AB|

1.0

Profil EN 13715 -

S 1002/h28/€325/6,1% /|

1360+1

G

1798+0.3

-52__*______________________________f






media/file40.png
Torque (kNm)

120

100

L 4
L

L 4
»
4
L 4
®
L 4
L

i

0.05 0.1 0.15 0.2 0.25
Rotation Angle (Rad)
——=0=200 pm  ——0=240um —A—0=280pum —8—0=320pum

0.3





media/file33.jpg
120

100 |

80 |

60

Torque (kNm)

40

20

0 005 01 015
Contact Length (m)

—e— =200 um —8— 5=240 pm —#—5= 280 pm —8—5=320 pm

0.2





media/file32.png
PEEQ
(Avg: 75%)
+4.466 x 10™°
+4.094 x 10
+3.722 %< 10*
+3.349 x 10
+2.977 % 10"
+2.605 < 10
+2.233 % 10
+1.861 =< 10*
+1.489 x 10
+1.116 < 10*
| +7.443 x 10°
+3.722 % 10°
+0.000 < 10°






media/file14.png





media/file11.jpg
UxUy.Uz-0






media/file6.png
Press Fitting Force (kN)

/

30

25

A

A - il
» -

Axial Displacement (mm)

A -
'





media/file36.png
Ux,Uy,Uz=0

Applied Torque Applied Torque





media/file15.jpg
200
180

g

140
120

g

80
60
40
20

Contact Pressure (MPa)

o 0.05 01 0.15 02
Contact Length (m)

~ - average contact pressure by FEA
~ - ~average contact pressure by theory

——FEA
Theory






media/file37.jpg
Torque (KNm)

000 010

020 030

Rotation Angle (Rad)

040

050





nav.xhtml


  applsci-11-08862


  
    		
      applsci-11-08862
    


  




  





media/file16.png
200
180
160
140

120
100

Contact Pressure (MPa)
o '
S O O

N
-

-

0 0.05 0.1 0.15 0.2
Contact Length (m)

————FEA — — —average contact pressure by FEA
Theory — — —average contact pressure by theory






media/file2.png





media/file20.png
Press Fitting Force (kN)

1600
1400
1200
1000

QL
-
-}

0.05 0.1 0.15

Axial Displacement (m)

Interference 400 pum

Interference 360 um

Interference 320 um

Interference 280 pum

Interference 240 pum

Interference 200 pum

Interference 160 um

0.2





media/file23.jpg
1400

1200

Press Fitting Force (KN)
g & 8

H

g

005

01 015

Axial Displacement (m)

02

—— =007
e p=0.08
— =009
0.1

—p=011
—p0.12

— =014

— =015





media/file5.jpg
Press Fitting Force (kN)

30

Axial Displacement (mm)






media/file24.png
1400

1200

p—
-]
-]
S

800

600

Press Fitting Force (kN)

400

200

0 0.05 0.1 0.15

Axial Displacement (m)





media/file29.jpg
Max: 265 MPa I Max:310MPa I

(a) von Mises stress distribution for 240 um.  (b) von Mises stress distribution for 280 pm.

Max: 357 MPa | Max:397 MPa |

(¢) von Mises stress distribution for 8320 jm.  (d) von Mises stress distribution for ® 360 m.






media/file1.jpg





media/file31.jpg
PEEQ

(Avg: 75%)
+4.466 x 10*
+4.094 x 10
+3.722 x 10*
+3.349 x 10*
+2.977 x 10*
+2.605 x 10
+2.233 x 10*
+1.861 x 10*
+1.489 x 10
+1.116 x 10*
+7.443 x 10°
+3.722 x 10°
+0.000 x 10°






media/file25.jpg
1400
1200
1000
800
600
400
200
0

Maximum Press Fitting Force
(kN)

0.06 008 01 012 014 0.16

Coefficient of Friction





media/file12.png
Ux=180 mm=3

\

ANAAAA

Y
L ; Ux, Uy, Uz=0





media/file9.jpg
21801
20001

2l 3| [Tty
BE il
T i
NS T
Mgz
e 98:03






media/file0.png





media/file38.png
Torque (kNm)

40

30

20

10

0.00

0.10

Rotation Angle (Rad)

A
___________ 7
Fully
Plastic
Torque
Elastic
Torque
\/ \/
0.20 0.30 0.40 0.50





media/file8.png
800

o
(¥p]
~

o o O
o S O
~ W

(edIN) ssans

o
s
N

500

0.06 0.08 0.1
Plastic Strain

0.04

0.02





media/file34.png
Torque (kNm)

120

100

80

0 0.05 0.1 0.15 0.2
Contact Length (m)

—a—0=200 uym —— 0=240 um —e—0=280 um —@—0=320 um





media/file17.jpg
Press Fitting Force (kN)

1000
900
800
700
600
500
400
300
200
100

0

——FEM

——Lame's
Theory

0.05 0.1 0.15 0.2
Axial Displacement (m)





