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Abstract

:

Drive systems are an important part of general mechanical engineering, automotive engineering, and various other fields, with shaft–hub connections being an important part of such systems. Decisive aspects in the development of such systems today are, for example, high transmittable forces and torques, low masses, and the cheapest possible production of components. A possibly threefold increase in the force and torque transmission capacity can be achieved by using press–fit connections with an elastic–plastic design as opposed to regular elastically designed alternatives. An elastic–plastic design of the press–fit connection is achieved by using a large interference. A large transition geometry on the shaft (which replaces the conventional chamfer) is required to join such an interference. The material and space requirements have a negative impact on lightweight applications and limited building spaces. Therefore, the objective of the research presented in this paper is to design and analyze a detachable joining device that substitutes this geometry. A simulation study was conducted to determine the geometry of the joining device that improves the stress state and consequently the force and torque transmission capacity of the connection. Moreover, the influence of manufacturing tolerances of the joining device and the shaft, corresponding risks, and measures to mitigate them are analyzed using finite element analysis. The results show that large transition radii, enabled by using a joining device, lead to a homogenous distribution of plastic strain and pressure in the press–fit connection, even for large interferences ξ and soft hub materials like wrought aluminum alloys. The influence of manufacturing tolerances on the stress state was quantified, leading to design guidelines that minimize the risk of, e.g., the front face collision of a shaft and hub, while maximizing the power transmission of the connection. The results show the capability of a detachable joining device to enable elastic–plastic press–fit connections and the corresponding threefold increase in the force and torque transmission capacity in lightweight applications, resulting from the substitution of the installation space consuming and mass increasing the transition geometry of the shaft.
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1. Introduction


A primary objective in the development of drive systems is to increase the power density and to reduce the installation space and mass [1]. A crucial component to accomplish this goal is enhancing the force and torque transmission capacity of shaft–hub connections. A particularly important representative of these connections is the interference–fit connection, as it is characterized by its cost-effective production [1,2,3,4] and ability to transmit alternating forces and moments [5]. One effective way to increase the transmission capacity of interference–fit connections is to augment the diametral interference between the hub and shaft [3,6]. This is in engineering practice often restricted by the elastic limit of the used material, limiting the interference to approximately 1–2‰. However, a threefold increase in the transmission capacity is achievable by allowing for the plastic deformation of the hub as part of an elastic–plastic design, using interferences up to 100‰ [7,8]. Due to the large interference, however, such press–fit connections cannot be joined using thermal expansion (shrink–fit connection), as this would require exceeding the annealing temperatures of the hub materials. It is therefore necessary to press the shaft into the bore of the hub (press–fit connection), e.g., by using a hydraulic press. This joining process is subject to extensive requirements due to its influence on the transmission capacity of the press–fit connection. Previous research [8] indicates that in order to achieve a stress state of the connection that allows for an increase in the transmission capacity, a specific transition radius between the shaft’s cylindrical contact area and the end of the shaft is necessary.



This research article studies the potential of using a detachable joining device (JD) as a substitute for the shaft’s transition radius to decrease weight, material consumption, and installation space while increasing the force and torque transmission capacity. Moreover, this research article examines the challenges of such a device related to manufacturing tolerances and corresponding corrective actions. Finite element simulations are used to find a suitable transition radius and to determine the influence of manufacturing tolerances on the pressure distribution and strains in the hub. Based upon this, a design recommendation for a joining device that is suitable for elastic–plastic-designed press–fit connections is presented.



1.1. Research Problem


Augmenting the diametral interference and therefore the transmission capacity of elastic–plastic-designed press–fit connections results in increasing the complexity of its prevailing triaxial stress condition [8]. Most importantly, the pressure between the shaft and hub, corresponding to the radial stress within the interface, becomes more inhomogeneous with rising diametral interferences. For larger interferences, an increasingly significant drop in the radial stress occurs within the interface in the region of the axial hub center, which is—according to [8]—related to increased local plastic strain. Consequently, this pressure reduction leads to a decreased transmission capacity of the press–fit connection. Moreover, the risk of failure due to fretting fatigue increases for connections with a locally decreased pressure that are subjected to dynamic torsional and bending moments. Increasing the transition radius leads to an increase in pressure within the axial hub center of elastic–plastic-designed press–fit connections. However, within prior research [7,8], it had to be considered that an augmented transition radius leads to an increase in mass and installation space for the shaft [8].




1.2. Research Objective


As described above, the elastic–plastic design requires a large transition radius to achieve a uniform pressure distribution without a strong decrease in the center of the hub. Only then will the average pressure in the interface between the shaft and hub be high, leading to an increased ability to transmit forces and torques. However, a large transition radius causes the shaft to grow in the axial direction and introduces undesired mass into the technical system.



Therefore, the main objective of this article is to apply the elastic–plastic design in such a way that high and uniform pressures are achieved between the hub and the shaft.



In addition, this article pursues the secondary objective of designing the geometry of the component required for the main objective to be as small and light as possible in order to meet the requirements of lightweight applications, which are becoming increasingly important.



By fulfilling these objectives, for the first time, a significantly increased force and torque transmission capacity, a small installation space, and a low mass of elastic–plastic-designed press–fit connections can be achieved simultaneously. The power density can thus be increased threefold [8], which opens up the use of press–fit connections in applications that were previously restricted to more expensive and complex positive-fit shaft–hub connections.




1.3. Research Approach


To achieve the described objectives, it is proposed to use a detachable joining device, broadening the design flexibility substantially. With this, it will be possible to separate the necessary but disadvantageously large and heavy geometry of the transition radius from the press–fit connection. Finding the best possible geometry for the joining device, a first series of simulations is utilized to identify the relation between large transition radii and the homogeneity of the plastic strain distribution in the connection. For this simulation series, an initial examination of the aforementioned relation between the transition radius and the pressure distribution by Kröger et al. [7] is adopted and the examination space considerably increased. The obtained results serve as a quantified measure for the potential of large transition radii to increase the transmission capacity of press–fit connections and consequently the potential of the joining device as the enabler for their application (cf., Section 4.1). As a result, the most suitable transition radius will be found to meet the objective of a high and homogeneous pressure distribution, leading to an increased force and torque transmission capacity.



The potential of the detachable joining device to improve the stress state of the connection while decreasing the mass and installation space of the shaft relies on the feasibility of the transition of the hub from the joining device to the shaft. Consequently, a second series of simulations is used to investigate the influence of the junction geometry (shown in Figure 1 and Figure 2) on the transmission capacity of the press–fit connection (cf., Section 4.2). Moreover, the effects of manufacturing tolerances in the junction region (cf., Figure 1) and resulting process risks are investigated (cf., Section 4.3). For this purpose, various achievable tolerance ranges are examined in finite element simulations. The objective of this set of iterative numerical investigations is to achieve the highest possible and most uniform pressure distribution in the interface between the shaft and hub.



The numerical simulations are built upon the investigations presented in [8]. The adopted experimentally validated elastic–plastic material model is described in Section 3.1. The definition of the finite element model used is given in Section 3.2. A validation of the numerical simulations of the joining process of the press–fit connections using the detachable joining device is given by experimental data in Section 4.4.



Subsequently, the results are discussed and a design recommendation for the joining device is derived and presented in Section 5. The research article is then closed by a general conclusion in Section 6.





2. Definitions and Fundamentals


2.1. Definition of the Press–Fit Geometry


To analyze the influence of the joining device on the stress state of the press–fit connection, a comparability of the results with previous research, such as [7,8,9,10,11,12,13], must be ensured. The investigations in all of these publications focus on connections with a diameter of the interface of Dint = 30 mm, a diameter ratio of the hub of QHub = 0.5, and a length–diameter ratio of about l/Dint ≈ 0.5. The diameter ratio QHub (cf., Equation (1)) is of particular interest, as it is, together with the selected material and interference ξ (cf., Equation (2)), a primary influence on the stress state, the hardening behavior, and consequently the transmission capacity of the investigated connection. The geometric interference Igeo is given in millimeters. It is necessary to calculate the interference ξ according to Equation (2). All remaining parameters needed to solve Equations (1) and (2) are defined in Table 1 and Figure 2 [8]:


    Q   Hub   =     D   int       D   Hub      



(1)






   ξ =     I geo     D int    · 1000   [ ‰ ]  



(2)







Therefore, the described geometry (cf., Figure 2a) was adopted, and the length–diameter ratio, in accordance with [8,9], was specified as l/Dint = 0.533. The material of the hub is aluminum wrought alloy EN AW-5083 (AlMg4.5Mn), and the material of the shaft is 42CrMo4 +QT, with a consistent interference of ξ = 10‰ applied throughout the analyses (cf., Table 1).



2.1.1. Geometry for Transition Radius Analyses


The geometry used to analyze the influence of the transition radius R on the stress state of the press–fit connection does not account for the junction geometry between the shaft and the joining device, since it is used specifically to evaluate the potential of large radii R. The length ltg of the transition geometry is determined by the transition radius R used. The radius R ensures that the shaft becomes tapered towards its end face, resulting in a difference between the diameter of the shaft at its end face D 0 and the inner diameter of the hub Dint of 200 μm to account for tolerances and misalignments in the process (cf., Figure 2). The results are presented in Section 4.1. In the subsequent investigations, the modified transition radius R is applied to the joining device instead of to the shaft.




2.1.2. Geometry for Junction Geometry Analyses


As mentioned in Section 1, a second set of simulations is used to determine the influence of the junction between the shaft and the joining device on the stress state of the press–fit connection. Therefore, the junction geometry needs to be modeled explicitly. Hence, a radius RJ is applied to the shaft that accounts for misalignments and manufacturing tolerances of the shaft and the joining device to eliminate the risk of a front face collision between the shaft and the hub during the joining process. The interface between the shaft and the joining device is modelled using frictional contact (cf., Figure 2). The results of these investigations are presented in Section 4.2 and Section 4.3.






3. Materials and Methods


3.1. Characterization of the Material Model


For the numerical investigations, the material properties of all materials used are required in order to be able to reliably calculate stress on the cylindrical press–fit connection. In accordance with Section 2.1 (cf., Table 1), tensile tests with precision strain measurements were carried out for the wrought aluminum alloy EN AW-5083 and the quenched and tempered steel 42CrMo4 +QT. The tensile specimens were taken from the same batch of material that was used for the experiments in Section 4.4. Table 2 shows the material properties which were ascertained with the experimental tensile tests.



In contrast to the elastic–ideal plastic design, the elastic–plastic design of cylindrical press–fit connections requires precise knowledge of the hardening behavior of the materials used. To describe the strain hardening behavior of the press–fit connection accurately, a non-linear material model is used. The model is based on the method of Li et al. [14], which allows for the combination of two parameterized Ramberg–Osgood [15] curves with a smooth transition [14,15]. This method was first adopted for press–fit connections by Kröger et al. [7,8] to account, with two different curves, for the varying hardening behavior occurring with increasing strain. Therefore, the Ramberg–Osgood model is extended by an index i (cf., Equation (3)) to approximate the region of low plastic strain with a curve corresponding to i = 1 and the region of large plastic strain with a curve corresponding to i = 2, respectively [8,14].


     ε   pl , i   =         σ   t       K   i           1     m   i           with :    i = 1 ,  2     |     σ   t   :     true stress   |     K   i    ,      m   i    :   model parameter  



(3)







According to Li et al. [14], the plastic strain εpl defined by the relationship between true plastic strain and true stress can be described as follows:


     ε   pl   =     ε   pl  , 2    ·   e   A ·   σ   t   + B   +   ε   pl  , 1       1 +    e   A ·   σ   t   + B         with :    A ,   B :   model parameter    



(4)







Between the experimental stress–strain curve and the material, model deviations were occurring for larger strains, which could be eliminated with a modification of the model by the approach of Hertelé et al. [7,8,16]. An iteratively determined amount Δε is used to shift the Ramberg–Osgood curve for the range of larger plastic strains in order to increase the accuracy of the model by changing Equation (3) to the following:


     ε   pl , 2    − Δ ε =          σ   t       K   2           1     m   2           with :     σ   t   :     true   stress   |     K   i    ,      m   i   :   model parameter   



(5)







The high accuracy of the non-linear material model was validated using uniaxial tensile tests with precision strain measurements (cf., Figure 3) [7,8].



The materials which were used for the shafts and hubs investigated in this research are from the same production lot as used in [7,8] to ensure comparability with these results. To rely on the numerical results of the finite element analysis, not only the material model but also the simulation model itself needs to be validated. An experimental procedure, described in Section 3.3, was used for this purpose [8].




3.2. Definition of the Finite Element Model Used for the Numerical Simulations


Finite element simulations are used to identify a suitable value for the transition radius R by analyzing the stresses and strains that occur and to ascertain the significance of the tolerances in the junction area between the shaft and the joining device. No further mathematical equations are required for this procedure, as the pressure distribution is approximated to the theoretical ideal (horizontal) distribution of the plane stress condition, according to [17]. Thus, no numerical optimization algorithms are needed. Due to the iterative approach, specific values for transition radii R and tolerances can be given as design recommendations, which are also useful for engineers in small- and medium-sized enterprises, where the financial and technical resources for complex numerical and mathematical optimizations are often limited.



The investigations described below were carried out using finite element analyses with ANSYS Workbench 2023 R1. Since the geometry investigated is axisymmetric, a 2D half model was used to simulate the joining process. Due to the significant deformations that the hub is subjected to as a result of the elastic–plastic design, the consideration of non-linearities and large deformations are activated in the software. The sample geometry—consisting of a shaft, a joining device, and a hub—is completed by a support for the hub, which is used to absorb the joining forces (cf., Figure 1). The support is rigidly fixed on its rear surface, whereas the contacts between the individual components are subjected to friction. The coefficient of friction in the contact area between the hub and the shaft, respectively, with the joining device, was set to μ = 0.08, based on empirical values from [7]. The remaining contacts were set to a coefficient of friction of μ = 0.1—in accordance with [17]. As a contact algorithm, the augmented Lagrange method was chosen, which proved to be suitable here, in conformity with [7]. The contact penetration tolerance was set to a maximum of 1 μm, as excessive penetration could change the interference ξ and thus the occurring stresses. Finally, the finite element model was meshed, whereby the element size was determined by means of a convergence study (cf., Figure 4).



The convergence study demonstrates that in the outer area of the hub, where the stresses are lower, the calculation already converges with element sizes of 0.7 mm (cf., Figure 4). In contrast, significantly smaller elements are required in areas close to the contact between the shaft and hub (cf., Figure 4) to achieve convergence. In the radial direction x’, the hub was divided into two areas with different mesh sizes based on the convergence study in Figure 4. The area x’ ≤ 0.267 was meshed with an element size of 0.15 mm. In the area closer to the outside of the hub (0.267 < x’ ≤ 1.0), the element size was set to 0.7 mm. The calculation results were visualized either in ANSYS Workbench (graphical illustrations) or using Python on the basis of the exported raw data (diagrams).




3.3. Experimental Procedure for the Validation of the Simulation Model


The experimental validation of the simulation model was performed in accordance with previous research [7,8,,18,19]. The method utilizes the proportionality between the geometric changes of the hub related to deformation and the pressure within the interface p. For this, the approach is comparing numerically and experimentally determined deformations of the hub. With an experimental procedure containing measuring the components before and after joining, the change in diameter of the hub can be calculated and compared to the numerically determined data. Due to the proportionality between the deformation of the hub and the pressure within the interface p as described above, the simulation results can be validated by experimentally determining the hub deformation on a coordinate measuring machine. Unfortunately, there is currently no method for measuring the pressure directly in the contact surface. With the experimental procedure shown in Figure 5, the simulation model that was used in Section 4 of this research article was validated [8].





4. Results


4.1. Analysis of the Effect of Large Transition Radii R on the Stress State of the Press–Fit Connection


The numerical simulation of the joining process, as described in Section 2.1.1, shows that augmenting the transition radius R (cf., Figure 2) increases the average pressure between shaft and hub by reducing the pressure loss in the axial center region of the hub (cf., Figure 6). Moreover, pressure maxima are reduced, leading to increased fatigue strength. This is particularly beneficial for press–fit connections that are subject to bending moments that introduce further radial stresses, eventually approaching a stress state critical to failure. Both the increase in average pressure and the reduction in pressure peaks correlate with the homogenized plastic strain distribution along the connection length that is achieved through larger transition radii R. For small radii R, this distribution is characterized by a localized peak at the inner edge of the hub (y’ = 0) and by an increase in strain at the center of the hub (y’ = 0.5) as depicted by the green semi-parabolic area (cf., Figure 6). The latter phenomenon is caused by joining forces, which similarly increase when the center part of the hub crosses the transition radius R.



The stress state of the hub resulting in the joining process is dependent on the geometry of the press–fit connection (Dint, QHub, l, and R) and on the interference ξ in particular. The quantitative evaluation of the aforementioned joining process shows that a transition radius of R = 8000 mm achieves an almost constant pressure (cf., Figure 6) as well as a homogenized plastic strain distribution. This value presents a limit to the significant improvement of the stress state of the press–fit connection, after which further increasing of the transition radius R is, in particular with respect to the anticipated manufacturing tolerances and lubrication challenges, not beneficial. From a pressure distribution for the interference of ξ = 10‰, it can be determined that a radius variation in the lower range R < 500 mm has a significant impact, corresponding to a reduction in pressure losses in the center of the hub of 58% for a radius increase from R = 50 mm to R = 400 mm. Increasing the radius R further leads to additional contributions to the homogeneity of the pressure p and plastic strain distribution, reaching a maximum reduction in pressure loss of 92% and a 22% increase in mean pressure in the connection for a transition radius of R = 8000 mm compared to the reference geometry with R = 50 mm.




4.2. Analysis of the Junction Geometry on Its Influence on the Stress State of the Press–Fit Connection


Resulting from the concept of a detachable joining device, the hub must overcome the junction between the joining device and shaft (cf., Figure 1 and Figure 2). It must be considered that manufacturing tolerances do not allow for a sharp-edged junction as ideally assumed in Section 4.1. Due to inevitable manufacturing deviations, it is essential to apply a junction geometry that mitigates diametral differences and certain tolerances between the joining device and the shaft. Thus, a junction radius RJ on the shaft is introduced, which leads to a junction diameter DJ that is smaller than the diameter of the joining device DJD, creating a difference between the diameters ΔDJD|J (cf., Figure 2). This diametral difference ΔDJD|J prevents the critical case of frontal contact between the shaft and the hub by allowing for manufacturing tolerances and misalignments proportional to its size.



To determine the influence of this radius RJ on the stress state of the press–fit connection, a simulation series is performed in which the junction radius RJ is systematically varied. Considering that a large radius RJ would diminish the advantages of a joining device in terms of its purpose to reduce the overall size of the shaft–hub connection, the unused length lJ of the shaft resulting from the radius RJ is restricted to a maximum of 1.5 mm. This is even less then the length of the transition geometry of a common press–fit connection, according to the design guideline of the German standard DIN 7190-1 [17].



The analysis shows that increasing the diametral difference ΔDJD|J, while leading to an improved assembling process safety, simultaneously decreases the transmission capacity by reducing the pressure p in the connection, establishing a corresponding trade-off (cf. Figure 7). However, the use of a joining device with a junction geometry with ΔDJD|J = 200 μm that allows for significant manufacturing tolerances and misalignments without an impairment of the joining process still achieves 90% of the average pressure that was obtained for a transition radius of R = 8000 mm in Section 4.1 while decreasing the unused length of the shaft from ltg = 63 mm to ltg = lJ = 1.5 mm by 98%. The analysis of the sensitivity of the pressure distribution to the size of the diametral difference ΔDJD|J for a press–fit connection with an interference of ξ = 10‰ shows that decreasing ΔDJD|J from 200 μm to 50 μm would allow for an increase in pressure of 6%.



Based on the analysis of the influence of large transition radii R and of the junction geometry on the stress state of the press–fit connection, the potential of the joining device in lightweight applications can be evaluated. The achieved reduction in pressure loss, the increase in average pressure, and therefore the increased transmission capacity are functions of the transition radius R employed (cf., Section 5). This transition radius in the current elastic–plastic design of press–fit connections without a joining device leads to a large non-usable shaft length lJ (cf., Section 5) that increases the mass and the size of the drive system substantially. The detachable joining device enables the implementation of large transition radii R, while maintaining a small non-usable shaft length of lJ = 1.5 mm on the shaft itself with only a small reduction in the force and torque transmission capacity compared to the idealized geometry shown in Section 4.1. The joining device therefore has the potential to significantly decrease the mass and installation space, yielding a substantial benefit in force and torque transmission as well as in lightweight applications (cf., Figure 8; cf., Table 3). With the presented joining device, the shaft geometry (a) can be used, which leads to a reduction in mass and length of 70% or 95% (compared to the shaft geometry (b), respectively, (c), as shown in Figure 8 and Table 3).





 





Table 3. Length and mass of different transition geometries and corresponding reductions achieved by using a joining device.






Table 3. Length and mass of different transition geometries and corresponding reductions achieved by using a joining device.










	Shaft Geometry
	Length of the Radius Geometry
	Mass of the Radius Geometry





	
	(a)

	
using a joining device to achieve an improved pressure distribution with R = 8000 mm and ΔDJD|J = 200 μm (cf., Figure 7a)






	l1 = 1.5 mm
	8.3 g



	
	(b)

	
used to achieve the reference pressure distribution with R = 50 mm (cf., Figure 7a)






	l2 = 5.0 mm
	27.4 g



	
	(c)

	
necessary to achieve the same pressure distribution as shaft geometry (a) without using a joining device






	l3 = 28 mm
	153.8 g









4.3. Analysis of Manufacturing Tolerances on Their Influence on the Stress State of the Press–Fit Connection


The proposed junction geometry ensures a secure joining process by accommodating anticipated manufacturing tolerances. However, the diameters of the shaft DS and the joining device DJD are still affected by tolerances, meaning that two further cases can arise in contrast to the assumption DS = DJD made in Section 4.2. The following analysis targets the diametral difference between the joining device and the shaft ΔDJD|S, considering the two cases that either the diameter of the shaft DS is larger than the diameter of the joining device DJD (cf., Section 4.3.1 and Figure 9) or vice versa (cf., Section 4.3.2 and Figure 10). The results should assess the impact of these tolerances on the transmission capacity of the press–fit connection and the extent to which the potential of the joining device is diminished as a result.



4.3.1. Case of a Larger Shaft Diameter DS


Joining a press–fit connection using a joining device with a diameter DJD that is smaller than the diameter of the shaft DS leads to partly opposing phenomena depending on the size of the diametral difference ΔDJD|S. Up to a certain limit (here, ΔDJD|S = 40 μm), an increasing diameter of the shaft DS caused by manufacturing tolerances induces additional interference ξ that increases the transmission capacity by slightly raising the pressure near to the axial center (y’ ≈ 0.35) of the shaft–hub connection. Once the difference between the joining device and shaft diameter ΔDJD|S becomes too large (here, ΔDJD|S = 80 μm), the prevailing phenomenon is a pressure loss that occurs at 0.2 ≤ y’ ≤ 0.7 (cf., Figure 9), which is caused by the increasing joining force required to overcome the additional interference ξ at the small radius of the joining geometry RJ (cf., Figure 2), similar to the more severe pressure loss caused by a small transition radius R that is described in Section 1 and Section 4.1. Numerical investigations show that the latter phenomenon becomes predominant as soon as the tolerance exceeds ΔDJD|S = 40 μm with stress extrema and local plastic deformations significantly increasing after surpassing this threshold. Basically, since the diameter of the shaft is larger than that of the joining device, high plastic deformations occur in the area of the inner hub edge when it comes in contact with the shaft radius RJ during the joining process. These plastic deformations did not occur for the reference geometry (cf., Section 4.2), since the diameters of the shaft and the joining device are the same and therefore no additional interference ξ has to be overcome at the small radius RJ of the shaft.





[image: Eng 05 00063 g009] 





Figure 9. (a) Simulation geometry for varying tolerances between the shaft (larger) and joining device, (b) pressure distribution, and (c) equivalent plastic strain in the hub. For both, (b,c), tolerance between the shaft (larger) and joining device is varied for an interference of ξ = 10‰, the shaft is made from 42CrMo4 +QT, and the hub is made from EN AW-5083. 






Figure 9. (a) Simulation geometry for varying tolerances between the shaft (larger) and joining device, (b) pressure distribution, and (c) equivalent plastic strain in the hub. For both, (b,c), tolerance between the shaft (larger) and joining device is varied for an interference of ξ = 10‰, the shaft is made from 42CrMo4 +QT, and the hub is made from EN AW-5083.
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4.3.2. Case of a Larger Joining Device Diameter DJD


A numerical analysis of manufacturing tolerances that lead to a diameter of the shaft DS that is smaller than the diameter of the joining device DJD (cf., Figure 10) shows that this case decreases the transmission capacity of the press–fit connection significantly. This is caused by the plastic deformation occurring at the inner diameter of the hub due to the large interference ξ that restricts the elastic recovery of the hub to a smaller diameter. The analysis shows that the pressure p decreases proportionately to the tolerance ΔDJD|S, with a pressure loss of approximately Δp = 12.5 MPa for each ΔDJD|S = 10 μm increase in tolerance (cf., Figure 10).



The localized plastic deformations occur not as previously observed at the front edge of the hub but rather at the rear edge, as the load-bearing area gradually focuses on the rear part of the hub when crossing the junction geometry (cf., Figure 10). Concluding from this analysis, the upper deviation limit of the diameter of the joining device should not exceed the lower deviation limit of the shaft diameter.





[image: Eng 05 00063 g010] 





Figure 10. (a) Simulation geometry for varying tolerances between the shaft (smaller) and joining device, (b) pressure distribution, and (c) equivalent plastic strain in the hub. For both, (b,c), tolerance between the shaft (smaller) and joining device is varied for an interference of ξ = 10‰, the shaft is made from 42CrMo4 +QT, and the hub is made from EN AW-5083. 






Figure 10. (a) Simulation geometry for varying tolerances between the shaft (smaller) and joining device, (b) pressure distribution, and (c) equivalent plastic strain in the hub. For both, (b,c), tolerance between the shaft (smaller) and joining device is varied for an interference of ξ = 10‰, the shaft is made from 42CrMo4 +QT, and the hub is made from EN AW-5083.
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4.4. Experimental Validation


To validate the numerical results, the geometry of the shaft and the associated joining device were designed based on the findings from Section 4.1 to Section 4.3. The transition radius of the joining device was selected as R = 4000 mm (Section 4.1), the diameter difference as ΔDJD|J = 200 μm, and the diameter difference as ΔDJD|S = 20 μm (Section 4.3). The specimens were then manufactured in the institute’s workshop from the materials intended for this purpose (cf., Figure 11), considering the other geometry parameters (cf., Table 1). The joining device is centered in the shaft by a short pin to ensure radial alignment. Due to a suitable tolerance (Ø8 H7/g6), this pin ensures that, for the coaxiality of both the shaft and joining device, no collision can occur between their end faces, thus guaranteeing a reliable joining process.



The procedure presented in Section 3.3 for validating the numerical calculation results, which is based on a comparison of the hub expansion, was carried out with the defined geometry. The joining experiment was carried out on a hydraulic press, which can achieve a maximum joining force of 250 kN. This ensures the required force avoids stick slip, which is recommended according to [17].



The axial force during the experiment was recorded using a force transducer. A laser sensor was used to record the joining distance of the press–fit connection, which corresponds to the change in the distance measured between the laser sensor and the stationary crosshead of the hydraulic press (cf., Figure 5). The accuracy of the measurement is 2000 data points within one second. Figure 12 shows the force during joining. Due to the very large transition radius of R = 4000 mm of the joining device, the interference ξ is overcome across a long distance. This leads to low and very evenly increasing joining forces (cf., s < 32 mm in Figure 12), which is also beneficial for the stress distribution in the hub and leads to a uniform pressure in the interface of the connection (cf., Figure 6 and [8]). Starting from s > 32 mm, the hub is forced onto the cylindrical shaft, whereby only a slight interference ξ at the radius RJ has to be overcome. However, this happens along a significantly shorter axial distance of lJ = 1.5 mm, causing the gradient of the force curve in Figure 12 to increase. After the joining process, the joining device can be removed manually from the shaft and reused for the next press–fit connection (cf., Figure 11). For mass production, the joining device can be finished with a DLC coating (diamond-like carbon), for example, to increase the durability of the device.



The validation of the numerical results is completed by comparing the change in hub diameter between the experiment and the simulation. For this purpose, the specimens were measured on a coordinate measuring machine before and after the joining process, as described in Section 3.3. This first enabled a simulation of the joining process with the actual dimensions of the specimen and second, the determination of the hub expansion in the experiment. The latter was compared with the numerically calculated hub expansion in Figure 12. This clearly shows that the absolute values of the simulation and experiment deviate from each other by less than 3 μm (less than 2%). The numerically determined results from Section 4 can therefore be considered valid.





5. Discussion


5.1. Discussion and Design Recommendation


Consolidating the outcomes from Section 4 provides a foundation of information on which a design recommendation can be formulated. Section 4.1 demonstrates the potential of large transition radii R for homogenizing the pressure distribution and therefore increasing the transmission capacity of press–fit connections. Section 4.2 and Section 4.3 analyze the influence of the detachable joining device that enables this transition geometry for practical applications.



The results obtained in Section 4.1 suggest that increasing the transition radius R of the shaft from the reference radius from R = 50 mm to R = 8000 mm reduces the pressure loss that occurs for large interferences ξ in the center of the hub by 90% (cf., Figure 6). Assuming a difference between the diameter of the shaft at the connection to the hub D 0 and the inner diameter of the hub Dint of 200 μm to account for tolerances and misalignments in the process, this results in a non-usable shaft length of the transition geometry of ltg ≈ 63 mm (cf., Figure 2). This is not achievable in most applications due to restrictions on the mass and installation space.



The numerical analysis of the detachable joining device used to substitute this transition geometry (cf., Section 4.2) shows that despite the required junction geometry (cf., Figure 1), an average pressure of 90% of the pressure distribution, which was achieved for the transition geometry without a junction and with a radius of R = 8000 mm (cf., Section 4.1), can be realized (cf., Figure 13). Moreover, 78% of the pressure loss in the hub center seen for the reference radius of R = 50 mm can be recovered. Using this joining device therefore leads to a significant increased transmission capacity with a shaft radius RJ with an axial length lJ limited to 1.5 mm (cf., Figure 7), which is 92% less than the non-usable length ltg (cf., Figure 2) necessary to achieve the same result without a joining device (cf., Figure 13).



Furthermore, the results of Section 4.2 present a relation between the pressure distribution and the diametral difference ΔDJD|J (cf., Figure 7) that defines the maximal tolerances of the parts that can be accommodated and is therefore a measure for process safety. Increasing this diametral difference from ΔDJD|J = 50 μm, which was used to achieve the aforementioned 78% pressure loss reduction, to ΔDJD|J = 200 μm, which allows for significant manufacturing tolerances, only results in a 7% pressure decrease. This demonstrates the sensitivity of the pressure distribution and therefore the transmission capacity of the press–fit connection to the junction geometry needed to accommodate manufacturing tolerances. However, it does not present information on the influences of tolerances themselves that are analyzed in Section 4.3.



Focusing on the diametral difference between the joining device and the shaft ΔDJD|S, this tolerance leads to two different cases where either the diameter of the shaft DS is larger than the diameter of the joining device DJD or vice versa. The results show that the upper deviation limit of the shaft diameter should not exceed the lower deviation limit of the joining device diameter by more than 40 μm (cf., Section 4.3.1) to prevent pressure maxima that can be critical in cyclic loading conditions for connections that are subject to bending stresses, especially for materials with limited ductility. Furthermore, the upper deviation limit of the joining device should never exceed the diameter resulting from the lower deviation limit of the shaft. Such tolerances show a rapid reduction in the transmission capacity, corresponding to a 10% pressure drop in the center of the hub per 10 μm tolerance, causing the diameter of the joining device to exceed the diameter of the shaft (cf., Section 4.3.2). Consolidating these findings into a recommendation for allowable manufacturing tolerances results in the tolerance field presented in Figure 14. Considering other geometries and materials, a general application of this recommendation has been identified. With these findings, the tolerance recommendation is 1.33‰ of Dint.




5.2. Summary of Key Findings


The key findings obtained from the presented research results are summarized in Table 4.





6. Conclusions


The results of this research article suggest the capability of a detachable joining device to enable the threefold increase in transmission capacity achieved by employing elastic–plastic instead of elastic press–fit connections. Large transition radii of the shaft that are necessary to join these connections often prevent this shaft–hub connection from being used in practical applications because of limitations in the mass and installation space. Substituting this transition geometry with a detachable joining device results in a significant reduction in the mass and installation space of the connection.



This article presents design recommendations on joining devices for elastic–plastic press–fit connections. For the first time, the possibility of separating the transition radius, which is generally necessary for press–fit connections to overcome geometric interferences, from the shaft by means of a detachable joining device is investigated. This results in the following advantages:




	(1)

	
The axial length of the transition radius and thus its size are no longer restricted by the installation-space limits of the assembly.




	(2)

	
The mass of the press–fit connection will not be affected by the size of the transition radius.









Using experimentally validated finite element simulations, this research article presents, in detail, the impact of large transition radii and manufacturing tolerances of a detachable joining device on stresses, strains, and force and torque transmissions in a press–fit connection. Finally, generalized design recommendations are given for the user, which can also be applied to other geometries and materials. The novel recommendations are as follows:




	(1)

	
A transition radius of at least 4000 mm should be selected for a high mean value of the pressure between the shaft and hub, as well as a uniform distribution of the pressure and the plastic strains.




	(2)

	
The upper limit of the joining device’s tolerance field should never exceed the lower limit of the shaft’s tolerance field.




	(3)

	
The upper limit of the shaft’s tolerance field should not exceed the lower limit of the joining device’s tolerance field by more than 1.33‰ of the diameter of the contact interface.









Therefore, the results significantly contribute to extending the application of elastic–plastic-designed press–fit connections. As a result, the performance of technical systems can be increased and the use of resources in production and operations can be reduced, thus achieving an important impact on resource protection.
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Figure 1. Geometry of the simulation model with detail Z (junction geometry). 
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Figure 2. (a) Geometry of the simulation model for transition radius analysis and (b) geometry of the simulation model for junction geometry analysis. 
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Figure 3. Validation of the material model (num. data) with experimental data (exp. data) based on [7,8]. 
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Figure 4. Mesh-convergence study to determine the mesh size. (a) von Mises stress for different mesh sizes along the evaluation path. (b) Convergence behavior depending on the mesh size at different positions in the hub. 
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Figure 5. Experimental procedure validating the numerical results according to [8]. 
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Figure 6. (a) Pressure distribution and (b) equivalent strain distribution in the hub. Both have a variation of the transition radii R for interference of ξ = 10‰, shaft made from 42CrMo4 +QT, and a hub made from EN AW-5083. 
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Figure 7. (a) Pressure distribution and (b) equivalent strain distribution in the hub. Both with a variation in the junction geometry for interference of ξ = 10‰, a shaft made from 42CrMo4 +QT, and a hub made from EN AW-5083. 
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Figure 8. Shaft geometry: (a) small transition radius when using a joining device, (b) reference geometry with a transition radius of R = 50 mm (not to scale), and (c) large transition radius to achieve the same result as (a) without a joining device. 
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Figure 11. (a) Specimens before joining and (b) press–fit connection after the joining process. 
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Figure 12. (a) Force during joining the press–fit connection using a joining device and (b) changes in hub diameter used for validation purposes. 






Figure 12. (a) Force during joining the press–fit connection using a joining device and (b) changes in hub diameter used for validation purposes.



[image: Eng 05 00063 g012]







[image: Eng 05 00063 g013] 





Figure 13. (a) Achieved pressure ratio for varying transition radii R and (b) non-usable shaft length avoided by using a joining device and the achieved pressure ratios. 
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Figure 14. Proposed tolerances of junction geometry to maximize transmission capacity. 
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Table 1. Materials and geometry specification.
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	Material of the Shaft
	Material of the Hub
	Diameter Ratio of the Hub QHub
	Interference ξ Related to Dint
	Diameter of the Interface Dint
	Length-to-Diameter Ratio l/Dint





	42CrMo4 +QT
	EN AW-5083
	0.5
	10‰
	30 mm
	0.533










 





Table 2. Material properties experimentally ascertained by uniaxial tensile tests.
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	Material
	Young’s Modulus E
	Yield Strength Rp0.2
	Tensile Strength Rm
	Ultimate Strain A





	42CrMo4 +QT
	210 GPa
	809 MPa
	1081 MPa
	14%



	EN AW-5083
	72 GPa
	181 MPa
	354 MPa
	26%










 





Table 4. Key findings obtained from discussed research results.
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	Finding
	Details and Recommendations
	Section





	
	(1)

	
Large transition radii R for increased transmission capacity






	The pressure reduction Δp occurring for the elastic–plastic press–fit connection in the axial hub center can be reduced by 85% for a transition radius of R = 4000 mm and up to 90% for R = 8000 mm compared to the reference radius of R = 50 mm.
	Section 4.1



	
	(2)

	
Detachable joining device as enabler for large transition radii R in practical applications






	The axial length of large transition radii R described in row (1) prevents their use in most applications, if these are conventionally provided as part of the shaft. Using a detachable joining device enables the use of such large transition radii R to obtain up to 90% of the pressure achieved in row (1) with a 95% reduction in the non-usable shaft length.
	Section 4.2 and Section 5.1



	
	(3)

	
Design recommendation for reduced susceptibility to manufacturing tolerances






	Identified tolerance fields for an improved transmission capacity (cf., Figure 14):

	•

	
The upper deviation limit of the shaft should not exceed the lower deviation limit of the joining device by more than 40 μm.




	•

	
The upper deviation limit of the joining device should never exceed the lower deviation limit of the shaft.






	Section 4.3 and Section 5.1
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