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Abstract

:

Interference fit joints have been widely used in many engineering constructions, in particular in electric motors. It is of particular importance to calculate the load capacity of press-fit joints, especially in the overload ranges of construction to estimate the safety factor. The article presents a FEM numerical simulation of pressing the shaft into the hub, taking into account various types of fits. The results of numerical simulations presented in the article were positively verified with the MTS measuring device, which confirmed the correctness of the numerical model. So far, the load-bearing capacity of press-fit joints has been calculated from Lame’s formulas. The results of the load capacity of the joints obtained by the FEM simulation were compared with the results obtained from Lame’s formula. The comparison shows that when designing interference fit joints, attention should be paid to the fact that the press-in process, depending on the type of fit, may be elastic-plastic. Plastic deformations in the contact zone of the joint affect its load-bearing capacity. Therefore, the design of press-fit joints should not be based on Lame’s formulas, which do not take into account the range of plastic work of the material.
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1. Introduction


Interference-fit joints are commonly used in engineering constructions for connecting the shaft and the hub [1]. They are particularly common in the design of electric motors. An interference-fit joint is obtained by selecting appropriate dimensions of the joined elements [2]. The initial difference in dimensions of these elements is an important factor influencing the load capacity of the joint.



Depending on the assembly method, a distinction is made between press-fit joints obtained by pressing one element into another and shrink-fit joints obtained by heating or cooling one component before assembly and allowing it to return to the ambient temperature after assembly, employing the phenomenon of thermal expansion.



Press-fit and shrink joints ensure good coaxiality. They are also characterized by the ability to carry variable and impact loads. The lack of additional connecting elements makes these joints simple and quick to make, and therefore relatively cheap.



To determine the surface pressure in the joint zone and the load capacity of an interference-fit joint, formulas derived from analogy to the circular-symmetric Lame’s task are used [3]. According to this analogy, the condition of load transfer by the interference-fit joint is the initial difference between the hub inside diameter and the shaft diameter. After the joint has been assembled, surface pressure ps equal to the radial pressure occurs on the contact surface of the shaft and the hub (Figure 1).



This pressure can be calculated from the following Formula (1) [4,5]:


ps = E·Δ·(dw2 − dww2)(dzo2 − dw2)/dw3·(dzo2 − dww2)



(1)




where:



E—is Young’s modulus,



Δ = Δdo − Δdw



dw—outer diameter of the shaft,



dww—inner diameter of the shaft,



dzo—outer diameter of the hub.



The value of axial force breaking the interference-fit joint can be calculated from the following formula:


F = π·µ·ps·d·l



(2)




where:



µ—coefficient of friction of the joined parts contact surfaces,



d—nominal shaft diameter,



l—length of the press-fit joint.



Calculating the load capacity of a press-fit joint from the formulas using the assumptions of the linear theory of elasticity is possible assuming that the value of the surface pressure is lower than the yield point.



In the literature on design issues of interference-fit joints, one can find a modification of Formula (1) which takes into account surface roughness of joined elements [6]. The modification assumes reducing the size of parameter Δ by the smoothing G dimension factor according to the following Formula (3):


G = 0.8(Rzw + Rzo)



(3)




where:



Rzw—roughness coefficient Rz of the shaft,



Rzo—roughness factor Rz of the hub.



Formula (1) takes the form:


ps = E·(Δ − G)·(dw2 − dww2)(dzo2 − dw2)/dw3·(dzo2 − dww2)



(4)







This formula is recommended for calculating the surface pressure in press-fit joints.



Calculating the load capacity of press-fit joints using formulas based on the assumptions of the linear theory of elasticity is possible only on the condition that the surface pressure value is lower than the yield point. However, depending on the type of fit, it is difficult to assume in advance that the pressing process will occur in the elastic range. Therefore, when determining the value of the load breaking the joint, it is problematic to use Formula (2) based on Formula (1) or (4).



The literature on the design of load-bearing capacity of press-fit joints is not very extensive. The authors have not found any formulas that would allow one to determine the load-bearing capacity of joints for different types of fits, except for those mentioned above. However, the articles cited below show that the problem of interference fit design is open and noteworthy.



Paper [7] present the results of the simulation of bending interference-fit joints in the elastic range. Simulation results were verified by strain gauge measurements. The values of surface pressure obtained from Lame’s formulas were compared with the results of the FEM simulation, obtaining a relative error of 6.4%. In [8], the influence of the fillet of the hub inner edge at the point of contact with the shaft was analyzed, proving that it had a negligible effect on the value of stresses generated during the joint assembly. Article [9] presents the results of numerical tests and simulations concerning the increase in the load capacity of joints by using an adhesive. In [10], two discrete models, which use surface and spatial finite elements, were applied to simulate the joint. However, the relative error of the simulation compared to the experiment was 10% (2D model) and 15% (3D model). To reduce the error, the authors’ suggestion is to use the Bay-Wanheim friction model instead of the Coulomb friction model for the calculations. The performed studies prove that increasing interference does not increase the load capacity of the joint. Errors resulting from the use of Lame’s formulas were also signaled in [11], indicating differences in stress values obtained as a result of a numerical simulation. Errors can reach even 60% depending on the modeling method. An analysis of interference fit joints in hot rolled working shafts can also be found in [12]. In [13], the authors deal with rotating bending fatigue tests of interference-fit joints with a rounded edge of the hub opening. The fatigue stress concentration coefficient was determined experimentally by comparing the results of the fatigue strength of the “notched” specimen and the plain specimen. In article [14], a press-fit joint subjected to bending is analyzed to identify the variables causing the onset of elastic stress concentration. The influence of interference level and coupling procedure on the shear strength of Loctite 648 anaerobic adhesive can be found in [15].



This article is an introduction to a broader analysis and development of a method of interference joint design. It compares the load-bearing capacity of interference joints obtained as a result of numerical simulations with the results obtained from Formulas (1) and (4) based on Lame’s theory, for various types of fits.



Simulation results and the correctness of the numerical model have been experimentally verified for the selected type of fit. They showed that plastic deformations occur in press-fit joints and the joint breaking forces differ significantly from those calculated based on Formulas (1) and (4).




2. Materials and Methods


The object of the analysis is a press-fit joint of a 20 mm long shaft with a nominal diameter of ø 8 mm with four different fits and a 40 mm long hub with an outer diameter of ø 20 mm and an inside diameter of ø 8H7 (Figure 2a). The interference fit joint before assembly is shown in Figure 2b.



After assembly, the set was subjected to tests aimed at verifying the correctness of the numerical model which was built for the analysis of the load-bearing capacity of the joint depending on the interference value.



The hole in each hub was measured on a coordinate measuring machine at four points on a circle every 90°. The measurement was repeated in three sections at the depth of the hole. The adjacent cylinder with a mean diameter of ø 8.0050 ± 0.0011 mm was determined from the measurements for each hub [16].



Measurements of the shaft diameters were performed in the same way as of the holes in the hub obtaining a mean shaft diameter of ø 8.0170 ± 0.0013 mm. Measurements were carried out on Sheffield discovery III cordax d-28 coordinate measuring machine. The resolution of the machine is 1 μm. Based on the mean values of the shaft and the hub hole diameters, interference Δ of 0.012 mm was calculated. The shaft was pressed into the hub to a depth of 15 mm. Both parts were made of S235 JR steel with a Young’s modulus of 200 GPa, the yield point of 225 MPa, and ultimate tensile strength of 360 MPa.



Four types of joints made for various fits presented in Table 1 were subject to numerical analysis [17].



The surface pressure value and the value of the maximum force breaking the joint, calculated according to Formulas (1) and (4), are presented in Table 2. In each of the considered types of fit, the joints are assumed to be elastic in nature and the friction coefficient is µ = 0.1 [10]. Calculations in Formula (4) were performed assuming roughness of Ra = 0.4 obtained by finishing turning.



The results presented in Table 2 show that taking into account the roughness of joined surfaces reduces the load-bearing force of the joint.




3. Results of Numerical Calculations and Experimental Studies


3.1. Numerical Simulation of the Pressing Process


For each of the above joints, the pressing process was modeled using the Finite Element Method (FEM) and the Ansys v. 19.1 calculation system. The discussed set has an axis of symmetry, therefore it seems advantageous to use an axisymmetric model in the analysis. Initially, the authors prepared such a model, however, it was found that ANSYS simulation of interference using axial-symmetry led to errors that prevented effective completion of the analysis. Therefore, an axisymmetric model was abandoned in the numerical analysis. Figure 3 shows the discrete model of the shaft and the hub in the initial configuration. The model was divided with the use of solid hexagonal finite elements SOLID 186 [18]. The mesh of nodes was densified towards the contact surface. The model has 61,440 elements and 262,161 nodes. The FEM model used a bi-linear material model, with a tangent modulus of 1450 MPa.



The outer surface of the shaft and the inner surface of the hub were assumed as contact surfaces. The contact was modeled with CONTA 174 and TARGE 170 elements [18]. The contact model is based on the Lagrange function with an exterior penalty function (augmented Lagrange formulation) described in [19]. It is worth noting here that the authors of this study also consider the use of another contact model for modeling interference, e.g., B-Spline surface for contact surface smoothing described in [20]. The front outer surface of the hub shown in Figure 4 was fixed.



Displacement of the shaft front face of 15 mm was assumed opposite to the Z-axis direction of the coordinate system. In the pressing process simulation, the shaft moves in the hub in 30 steps of 0.5 mm each. The maximum force determined in the pressing analysis corresponds to the force required to assemble the joint.



After pressing, a simulation of the shaft withdrawal was carried out. It was assumed that the force which causes the shaft to withdraw from the hub by the value of 0.1 mm is the force that destroys the joint.



Figure 5 shows the distribution of the maximum principal stresses in the hub and shaft after pressing, for the J5 joint.



Figure 6 shows the same stress distribution separately for the hub and the shaft.



Figure 7 shows the distribution of surface pressure on the shaft. The maximum value of the pressure is greater than the value corresponding to the material yield point, which causes plastic strain on the contact surface shown in Figure 8. A similar phenomenon is observed in the pressing analysis in joints no. 3 to 15, while joints no. 1 and 2 occur in the elastic range.



Table 3 summarizes the maximum values of surface pressure and plastic strain obtained for individual joints.



Figure 9 shows the distribution of total strains.



The diagram of assembly forces at each pressing step and the value of the force breaking the joint are shown in Figure 10.



Column 4 in Table 4 presents values of the joint breaking forces obtained as a result of numerical simulations, compared to the values of the breaking forces obtained from analytical formulas (columns 5 and 6).



To verify the correctness of the numerical model, experimental tests were carried out to determine the breaking force for the J5 joint. The results from Table 4 are presented in Figure 11.



Figure 11 shows graphs of the dependence of load-bearing force of the joint from the interference value for a constant diameter of the hub opening of ø 8 mm with a joint length of 15 mm. The results of the numerical simulation were approximated by the graph of a third-degree curve described by the following function: 0.575x3 − 41.21x2 + 946.1x − 906.8.



Analyzing results presented in Figure 10, obtained from the numerical analysis, it can be noted that with larger interferences between the shaft and the hub, which result in plasticization of contact surfaces in the pressing process, calculating the load capacity according to the formulas resulting from Lame’s elastic analogy is pointless. As can be seen from Figure 10, starting with an interference value of 16 μm, the value of the joint breaking force is set at a constant level and does not depend on the dimension of interference. For these joints, plasticization occurs along the entire length of the contact zone and progresses deeper into the joined elements with increasing dimensional interferences. Numerical analysis performed for the joints considered in the work showed that the breaking force value was inconsistent with the values obtained from Lame’s formulas, even in the range of interferences less than 16 µm. Therefore, it can be concluded that the joint load capacity determined according to these formulas leads to errors.




3.2. Experimental Verification


Five sets consisting of a shaft and a hub with dimensional parameters corresponding to the joint with symbol J5 were tested. The test set is shown after pressing to a depth of 15 mm (Figure 12).



Each set was subjected to a joint axial disassembly force test performed on a measuring device consisting of an MTS class 0.5 actuator equipped with a force sensor measuring the force range up to 25 kN and a displacement sensor with a range of up to 75 mm. The author′s procedure, developed in the TestSuit program controlling measuring system, was applied. An appropriate mounting adapter was used to fix the assembly, as shown in Figure 13.



Five breaking tests were carried out, recording the force and displacement values in each test until the shaft was completely withdrawn from the hub. An example of the graph obtained during one of the tests is shown in Figure 14.



The mean breaking force of the joint from the five tests carried out was 6014.0 ± 126.6 N with a standard deviation of 45.6 which, compared to the result obtained from the numerical simulation, shows a convergence with the calculations of 3.7%, confirming the correctness of the numerical model. The confidence range was determined based on the t-Student′s distribution with the confidence level of α = 0.95 [21].





4. Conclusions


Numerical simulations and experimental tests lead to the following conclusions:




	
A large convergence of breaking force value obtained from the numerical simulation with the mean value of this force obtained from experimental tests confirmed the correctness of the numerical model.



	
Even though in J1 and J2 joint the pressures in the contact zone are in the elastic range (no plastic strain), the difference between the value of the force breaking the joint calculated from formulas (2 and 4) and the value of the force obtained from numerical simulations is 1707 N (for J2 3137−1430 = 1707 N), which gives a relative percentage error of 54%.



	
As shown by numerical simulations in J3-J15 joints, surface pressures exceeding the value of the yield point appear in contact zones. This is accompanied by the formation of plastic strains, which leads to the conclusion that the load capacity of the joint cannot be determined from Formula (2) based on the solution of the linear-elastic Lame’s problem.



	
As results from numerical simulations for J3–J15 joints, increasing interference increases the value of the assembly force of the joint, but does not significantly increase the value of the joint breaking force. The observation is in line with those in the paper [10]. This is due to the plasticization of the entire contact surface occurring along the entire length of the joint and continuing deeper into the joined elements.








Calculations conducted on the experimentally verified numerical model prove that even in the case of an elastic joint, the result of numerical analysis differs from the result based on the circular-symmetric task of the linear theory of elasticity. When selecting a specific type of fit, it is not possible to assess a priori whether the pressure level in the joint will be elastic or elastic-plastic. Therefore, the problem of determining the load capacity of press-fit joints generally remains an issue that requires further research and analysis.



The authors’ further works aim to build a mathematical model and an expert system that allows one to determine the load-bearing capacity of interference joints for different joint lengths and different diameters of joined elements. This system can be built based on numerical simulations based on artificial intelligence tools.
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Figure 1. The idea of the interference-fit joint. 
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Figure 2. (a) Technical drawing of the joint, (b) Set before pressing. 
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Figure 3. A discrete model. 
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Figure 4. Fixed area. 






Figure 4. Fixed area.
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Figure 5. Principal stresses contour-assembly view. 
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Figure 6. The contour of principal stresses in the hub and the shaft. 
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Figure 7. Surface pressures. 
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Figure 8. Plastic strain contour. 
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Figure 9. Values of total strains. 
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Figure 10. Graphs of assembly forces with marked breaking forces of the J1, J5, J10, and J15 joint. 
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Figure 11. A graph of joint breaking forces, determined by means of formulas and numerical simulation. 
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Figure 12. Set after pressing. 
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Figure 13. Measuring stand. 
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Figure 14. Force-displacement graph for J5 joint obtained during the test. 
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Table 1. A list of joints.






Table 1. A list of joints.





	
Joint

Symbol

	
Nominal

Diameter of

the Joint

	
Fit

	
Interference

Δ, mm

	
Type of Fit






	
J1

	
ø 8

	
H7/k6

	
0.004

	
Locational transition fit




	
J2

	
0.006




	
J3

	

	
0.008

	




	
J4

	

	
0.010

	




	
J5

	
H7/p6

	
0.012

	
Locational interference fit




	
J6

	

	
0.014

	




	
J7

	

	
0.016

	




	
J8

	

	
0.018

	




	
J9

	

	
0.020

	




	
J10

	
H7/s6

	
0.022

	
Medium drive fit




	
J11

	

	
0.024

	




	
J12

	

	
0.026

	




	
J13

	

	
0.028

	




	
J14

	
H7/u6

	
0.030

	
Force fit




	
J15

	

	
0.032
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Table 2. Results of calculations of surface pressures and breaking forces based on classic and modified Lame’s formulas.






Table 2. Results of calculations of surface pressures and breaking forces based on classic and modified Lame’s formulas.





	Joint

Symbol
	Surface Pressure

acc. (1), MPa
	Breaking Force acc. (2), N
	Surface Pressure

acc. (4), MPa
	Breaking Force acc. (2), N





	J1
	44.10
	1663
	15.88
	599



	J2
	66.15
	2494
	37.93
	1430



	J3
	88.20
	3325
	59.98
	2261



	J4
	110.25
	4156
	82.03
	3092



	J5
	132.30
	4988
	104.08
	3924



	J6
	154.35
	5819
	126.13
	4755



	J7
	176.40
	6650
	148.18
	5586



	J8
	198.45
	7481
	170.23
	6417



	J9
	220.50
	8313
	192.28
	7249



	J10
	242.55
	9144
	214.33
	8080



	J11
	264.60
	9975
	236.38
	8911



	J12
	286.65
	10,806
	258.43
	9742



	J13
	308.70
	11,638
	280.48
	10,574



	J14
	330.75
	12,469
	302.53
	11,405



	J15
	352.80
	13,300
	324.58
	12,236
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Table 3. Surface pressures and plastic strains were obtained from the FEM analysis.
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	Joint

Symbol
	Surface Pressure,

MPa
	Maximum Plastic Strain, mm/mm





	J1
	81
	0



	J2
	122
	0



	J3
	162
	9.05 × 10–4



	J4
	202
	4.95 × 10–3



	J5
	240
	1.09 × 10–2



	J6
	236
	1.71 × 10–2



	J7
	253
	2.34 × 10–2



	J8
	263
	2.97 × 10–2



	J9
	272
	3.62 × 10–2



	J10
	277
	4.22 × 10–2



	J11
	277
	4.91 × 10–2



	J12
	270
	5.26 × 10–2



	J13
	274
	5.77 × 10–2



	J14
	283
	6.05 × 10–2



	J15
	293
	6.39 × 10–2
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Table 4. Summary of assembly forces and breaking forces for each joint.
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Joint

Symbol

	
Interference

Δ, mm

	
FEM Analysis

	
Lame’s Formula




	
Assembly Force,

N

	
Breaking Force,

N

	
Breaking Force acc. (1 and 2), N

	
Breaking Force acc. (4 and 2), N






	
J1

	
0.004

	
2293

	
2092

	
1663

	
599




	
J2

	
0.006

	
3438

	
3137

	
2494

	
1430




	
J3

	
0.008

	
4516

	
4220

	
3325

	
2261




	
J4

	
0.010

	
5549

	
5125

	
4156

	
3092




	
J5

	
0.012

	
6437

	
5801

	
4988

	
3924




	
J6

	
0.014

	
7174

	
6006

	
5819

	
4755




	
J7

	
0.016

	
7784

	
6004

	
6650

	
5586




	
J8

	
0.018

	
8285

	
6010

	
7481

	
6417




	
J9

	
0.020

	
8682

	
6010

	
8313

	
7249




	
J10

	
0.022

	
8986

	
6002

	
9144

	
8080




	
J11

	
0.024

	
9209

	
5999

	
9975

	
8911




	
J12

	
0.026

	
9373

	
6001

	
10,806

	
9742




	
J13

	
0.028

	
9474

	
5999

	
11,638
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