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Abstract

:

Press fits are a simple and effective method for assembling a shaft into a hub for different applications in the mechanical engineering field. This method consists of forcing to pass a shaft into a hub via axial insertion. As a result of the difference in the diameters of both components of the shaft and hub, a radial interference is generated, causing a contact pressure at the interface shaft–hub. Contact pressure and the friction coefficient are key factors influencing the maximum transmitted torque. So, in this study, different scenarios for the assembly of a press fit were simulated using finite elements (FE) in order to reveal the influence of this key parameter on the manufacturing-induced stresses in the hub. This way, different friction conditions were considered in terms of the friction coefficient from the frictionless case to a case of high dry friction. In addition, different hub geometries were analyzed including conventional hubs and chamfer hubs with optimal geometry that allows lowering the localized stress concentrations at the hub edges. This way, a more realistic estimation of the final stress state of a press fit is obtained. According to the obtained results, the friction coefficient is revealed as a key parameter in the resulting stress field, causing a non-uniform distribution of stress that can affect the mechanical performance of the press-fit assembly.
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1. Introduction


Press fits are a simple and widely used method for assembling a shaft into a hub for diverse mechanical engineering applications. Hub is a general term that represents many different machine components such as gears, bearings, pulleys, cams, wheels, etc. [1,2,3,4]. Briefly, this method consists of forcing to pass a shaft into a hub (the radial dimension of both components must be different) by applying an axial force to the shaft [5]. The required force for assembling a press fit depends on the resulting contact pressure and on the friction coefficient existing between both components [6,7]. Friction is dependent on the nature of materials, surface roughness, lubrication, etc. [8,9,10,11]. Friction also influences the maximum transmitted torque of the press fit [1,6,7].



As a result of the difference in the diameters of both the shaft and hub, a radial interference is generated in the shaft–hub assembly, causing a contact pressure at the interface hub–shaft. The equations used for the design of these components are obtained from the theory of elasticity by considering both the shaft and hub with the same length. These equations estimate a uniformly distributed contact pressure at the interface hub–shaft [6,7]. However, in mechanical engineering applications, the shaft is commonly longer than the hub and, as a consequence, a local stress concentration unpredicted by theory appears at the hub edges [12,13,14]. These stress concentrations affect the mechanical performance of the assembly. In addition, the design equations do not take into account the plastic strains that appear after the insertion of the shaft into the hub [15,16]. The presence of plastic strains at the shaft–hub interface is a non-desirable scenario since plastic strains can affect the adequate performance of the joint, causing zones at the interface shaft–hub without contact, i.e., without contact pressure and vibrations that can produce fretting fatigue, the most common cause of failure of this type of assemblies [17,18,19], or fretting wear [20,21,22], causing crack initiation [23].



This way, the assembly process causes a non-uniform contact pressure at the interface shaft–hub that is quite different to the uniform contact pressure given via the theory of pressure cylinder used for designing the press fits. There are different methods used for reducing such stress concentrations that consists of modifying the geometry of the hub [24,25,26,27,28,29]: the use of round grooved hubs [24,25], the chamfer hubs [26,27], or the use of contact pressure rings [28]. More complex hub geometries are considered in [16] where a hub with an exponential variated thickness in the radial direction was considered. Furthermore, other studies are focused on the analysis of hubs with a variable radial interference [27] or functionally graded materials [14,29]. The experimental determination of contact pressure at the hub–shaft interface exhibits serious difficulties. In many studies [30,31,32], numerical simulations via the finite element method (FEM) are used as an alternative method for quantitatively estimating the contact pressure.



The use of stress relieving hub geometries causes a reduction in the contact pressure of the assembly and, hence, a reduction in the maximum transmitted torque. So, the optimal design is the one that reduces the stress concentration without causing a significant loss of maximum transmitted torque and contact pressure.



Taking into account the key role of friction on the performance of a press fit, it is interesting to study the influence of the friction coefficient on the stress distributions after the assembly of a press fit for diverse friction conditions. This way, a more realistic estimation of the contact pressure in conventional and optimized chamfer hub geometries can be used for the design of press fits considering the manufacturing effects on the stress states. So, within this framework, this study tries to quantify, by means of numerical simulations using FEM, the contact pressure distributions after the manufacturing of a press fit, including the plasticity effects and the non-uniform distributions unpredicted by theory in conventional and optimized chamfer hubs. Thus, the loss of transmitted torque can be estimated and considered for selecting the optimal geometry by taking into account the induced manufacturing effects on contact pressure. Thus, to achieve this goal, in this study different scenarios for the press-fit assembly were simulated using finite elements (FE) in order to reveal the role of the friction coefficient in the manufacturing-induced stress in the shaft–hub assembly by considering different friction conditions, hub geometries (conventional hubs and optimal chamfer hubs), hub thicknesses, and radial interferences.




2. Materials and Methods


The theory of thick-walled pressure cylinders [6,7] was used to obtain the design equations for estimating the contact pressure p in interference fits under the assumption that both the shaft and hub are made of the same material as follows:


  p =   E   δ   2   R     1 −     R   2       r   o   2        



(1)




where E is the Young’s modulus, δ is the radial interference, R is the radius at the shaft–hub interface, and ro is the outer radius of the hub.



As a result of the applied contact pressure, a stress field is generated in both the shaft and hub. The theory establishes that the magnitude of radial stress is equal to contact pressure but opposite in sign, the axial stress value is negligible, and finally, the tangential stress is influenced by contact pressure, p, and the radial dimensions of both the hub and shaft as follows [9,10]:


    σ   r , o   = − p  



(2)






    σ   t , o   =   p     R   2       r   o   2   −   R   2       1 +     r   o   2       R   2        



(3)







To obtain the aforementioned equations, two assumptions were considered: (i) the length of both the hub and shaft is the same and (ii) the hypothesis of the plane strain case of the theory of elasticity are fulfilled. The maximum transmitted torque, T, can be obtained as a function of contact pressure, friction coefficient, μ, and hub geometry as follows [6,7]:


  T = 2 π     R   2   μ   L   p  



(4)







Finite Element Numerical Modeling


The ISO Standard for fits and tolerances establishes the hard press type H7s6 as a suitable interference fit for applications where both transmitting torque and rotation movement of both the shaft and hub are required [33]. In this study, the dimensions of the hub and shaft (Figure 1) were chosen according to previous studies [24] considering the hub length, L, equal to the shaft diameter, d, hence L/d = 1 and the shaft length is two times longer than the hub length, l/L = 2. Accordingly, the reference case consists of (i) a solid shaft with the following dimensions: R = 20 mm and l = 80 mm, and (ii) a hollow cylinder (hub) of length L = 40 mm and an outer radius ro = 40 mm. Therefore, considering the tolerances of the chosen interference fit 40H7s6, the maximum radial interference is obtained as δ = 29.5 μm. The hub thickness, t, was analyzed in terms of the ratio between the hub thickness and the shaft diameter: γ = t/d. In this way, the following values of γ were selected in this study: (i) γ = 1/4, (ii) γ = 3/8, (iii) γ = 1/2 (iv) γ = 3/4, and (v) γ = 1; hence, for this case, the hub thickness and the shaft diameter are the same.



Chamfer hubs (Figure 1b) are a simple geometrical variation in a conventional hub (Figure 1a) that can be defined by just using the chamfer angle, α, (Figure 1b). In this way, the chamfer angle is obtained in terms of the chamfer axial length, lz, and the hub thickness, t, as α = atan(lz/t). Thus, the maximum chamfer angle is obtained when lz is equal to half of the interface length as follows: αmax = atan(L/2t). In the present analysis, diverse chamfer angles were considered from α = 0° (conventional hub) up to α = 20° as follows: α = 0°, α = 5°, α = 10°, α = 15°, and α = 20°. From a technical point of view, the hub width at the upper surface is not wide enough to be used for chamfer angles higher than 20°; hence, these cases are not considered. All the cases of study considered the same contact hub length, L; hence, the variations in the maximum transmitted torque are linked to changes in the contact pressure (see Equation (4)).



A common AISI 1020 steel was considered in the simulations for both the shaft and hub with the following material properties: Young’s modulus, E = 186 GPa; Poisson coefficient, ν = 0.29; and yield strength, σY = 330 MPa. The constitutive model was considered as having perfectly plastic behavior and the J2 yield criterion was included in the computations.



The revolute symmetry of the shaft–hub assembly (Figure 1) is considered for reducing the FE model to an axisymmetric case (Figure 2) and saves in computing time as a result. In this way, the following boundary conditions were considered: (i) null displacements in the radial direction (r = 0) were imposed in the nodes placed at the shaft axis, and (ii) null displacements in the axial direction (z = 0) of the nodes of the hub placed at the hub edge at the insertion side (Figure 2).



Two different types of numerical simulation were considered. On one hand, in the static case, both components of the shaft and hub are assembled (Figure 1a,b) and the radial interference was included in the simulations using a built-in function available in the commercial FE code used in this study (MSC.Marc). This way, a certain radial interference that causes a contact pressure at the interface of the hub–shaft assembly is included in the FE simulations. On the other hand, the dynamic case considers the real dimensions of the hub and the shaft and the assembly process of the press fit is simulated, forcing to pass the hub of a higher diameter into the hub of a lower diameter up to reach the final assembly position (Figure 1c,d). This way, a constantly growing displacement (u(t) in Figure 1 and Figure 2) is imposed to the nodes placed at the insertion edge of the shaft (Figure 2) up to reach a value of displacement high enough for placing the shaft at the middle of the hub length. Later, the applied displacement is constant in order to obtain a stable value of the stress distribution at the end of the process. To make the shaft entry within the hub easier, a cone is added to the insertion side of the hub with a conicity of 7% or, in other words, the cone semi-angle is 2° (Figure 1c,d). Contact was selected as a Coulomb-type friction with a given friction coefficient included in the simulations. The value of this parameter was varied to find out the influence on the stress state at the interface as will be discussed later.



A non-uniform mesh of four-node quadrilateral elements was considered for both bodies (shaft and hub) as shown in Figure 2. This way, the element size is increased from the shaft axis to the zone of analysis, the shaft–hub interface. As a result, a finer mesh is placed at the interface with a significant reduction in the computing time.



The required convergence in the results was obtained by considering different meshes according to the mesh factor Km, defined as the ratio of the number of mesh elements and the number of elements of the base mesh. Thus, different meshes were applied considering a lower size of elements as the mesh factor (Km) is increased according to the following sequence: Km = 1, Km = 2, Km = 4, Km = 8, and Km = 16. Thus, the number of elements is increased by 2 in the following mesh considered in the convergence analysis.



To validate the numerical results, the radial stress at three different points of the interface hub–shaft: the insertion hub edge A, the opposite hub edge B, and a point placed at the half hub length (point C in Figure 2) are compared with the theoretical value of radial stress given via equation 1. Thus, the results obtained via numerical simulation are validated for a suitable value of the FE error. The variation in the contact pressure and relative error with the mesh factor is shown in Figure 3a for point C. In a similar way, the mesh convergence was also checked by considering the variation in the contact pressure with the mesh factor for both hub edges, with point A placed at the hub insertion edge and point B located at the opposite hub edge (Figure 3b).



According to the results of the convergence analysis, a mesh of 4900 elements (5187 nodes) was selected for the static case simulations (Figure 1a,b). The relative error, ε, obtained for this mesh is as low as 5%. Regarding the dynamic case (Figure 1c,d), a mesh of 4736 elements (4958 nodes) is suitable for the simulations. For this mesh, the relative error, ε, is as low as 5% (Figure 3a). For the points placed at the hub edges, point A and point B, such a mesh also shows an adequate convergence in the results as Figure 3b shows. The element dimension at the contact zone is 0.8 × 0.8 mm for the selected mesh (Figure 2).





3. Results


For obtaining a better understanding of the influence of manufacturing conditions of a press fit on the final contact pressure at the interface shaft–hub, a comparison of four different approaches is carried out: (i) the uniform stress distribution given via theory, (ii) the stress distribution obtained in a static case with the components assembled; hence, without considering the manufacturing effects, (iii) the dynamic case where the shaft is forced to pass though the hub up to reach the final assembly position considering the linear elastic behavior of the material, and (iv) a dynamic case considering the elastoplastic material behavior, revealing the manufacturing-induced plastic strains after the assembly of a press fit. All the cases were simulated by considering them frictionless since the influence of friction will be discussed later in Section 3.2.



3.1. Stress State Distributions at the Interface Hub–shaft


The hub radial stress obtained at the interface shaft–hub is presented in Figure 4a for the diverse approaches considered. For the sake of clarity, a detailed view of the radial stress distributions at the insertion side (left edge of the hub, point A in Figure 1) is shown in Figure 4b and, in a similar way, a detailed view of the stress distributions at the surroundings of the hub edge B (right edge of the hub, Figure 1) is included in Figure 4c.



According to the obtained results, a high stress concentration is localized at both hub edges. However, this concentration is shown in a different way depending on the considered approach. Thus, the static case exhibits a symmetric distribution with the same stress concentration at both sides of the hub. This stress concentration is very localized at the hub edges surroundings, and, outside of them, the stress is uniformly distributed, reaching values close to the ones given via theory. In a similar way, the dynamic case considering the linear elastic approach, i.e., the insertion of the shaft into the hub is simulated without considering the plasticity effects, leads to a similar symmetrical stress distribution to the static case with soft variations: (i) lower stress concentration at both hub edges and (ii) a slightly deeper zone of stress concentration.



However, when plasticity is considered in the dynamic simulation (elastoplastic material behavior), significant changes are produced on the stress distributions. Firstly, the stress field at the interface is not symmetrical. At the insertion side (point A), the maximum radial stress is moved towards the inner points of the interface, reaching a slightly higher stress concentration than the one obtained with the linear elastic approach. In addition, positive values of radial stress are localized at hub edge A. This means a loss of contact caused by plastic strains at the hub edge where the shaft is inserted. However, at the other side of the hub (point B), the radial stress distribution is similar to the static case with the maximum value localized at the hub edge. It is worth highlighting that the stress concentration at the insertion side is lower in the static case than the one obtained for the dynamic elastoplastic case. In addition, the stress concentration is lower at the opposite side, so localized plasticity induced by manufacturing causes a stress redistribution, increasing the stress at the insertion side and lowering the stress concentration at the hub edge localized at the opposite side. Finally, the stress at the interface out of the stress concentration zones (point C) is the same for all the approaches considered, reaching similar values to the ones given via the theory equations.



Taking these results into account, the analysis must be focused on the dynamic elastoplastic approach to find more realistic distributions by considering the effect of manufacturing-induced plastic strains. This way, the variations in the stress and strain distributions caused by friction in conventional and chamfer hubs can be clearly visualized in FE color map fields. Thus, the distributions of radial stress and equivalent plastic strains are shown in Figure 5 and Figure 6, respectively, for the FE simulation of the press-fit assembly process considering (i) conventional hubs without friction (Figure 5a and Figure 6a), and (ii) with friction, μ = 0.3 (Figure 5b and Figure 6b), and in a similar way, (iii) considering a chamfer hub with an optimal chamfer angle α = 15° for the frictionless case (Figure 5c and Figure 6c), and finally, (iv) an optimal chamfer hub with friction, μ = 0.3 (Figure 5d and Figure 6d).



According to the obtained results, the previously discussed manufacturing effect on the stress distributions of conventional hubs without friction is easily observed in the stress field shown in Figure 5a. Thus, the high stress concentration zone (blue zones) is located at both hub edges and a uniform distribution of radial stress (orange zone) is observed at the middle zone of the interface. The stress concentration is more intense and more extended at the insertion side, resulting in an asymmetrical distribution as was previously observed in Figure 4a. At hub edge A, a small zone of positive radial stress is observed at the insertion side (yellow zone), revealing the zone without contact between the hub and shaft at the interface caused by plastic strains. In addition, the effects of friction and optimized chamfer hub geometry on the radial stress fields are qualitatively revealed.



This way, friction causes significant effects on the radial stress field: (i) the stress concentration at the insertion side is more intense and more extended than the one corresponding to the frictionless case (Figure 5a), (ii) the no contact hub–shaft zone at the insertion hub edge is increased (yellow zone), (iii) the stress concentration at the opposite side is significantly reduced (no blue zone is observed in Figure 5b at point B), and (iv) a non-uniform distribution of radial stress appears at the middle zone of the interface. This way, a redistribution of stress at the interface shaft–hub appears as a consequence of the increment of the radial stress at the insertion side. Therefore, friction is a high influencing parameter on stress distributions in a press fit.



Figure 5c shows the beneficial effects of optimal chamfer geometry on radial stress fields for the frictionless case. This way, the stress concentration at the insertion side is reduced (blue zone in Figure 5c) and the stress concentration at the opposite side disappears (no blue zone). Out of the stress concentration zones, a uniform stress distribution is localized at the central zone of the interface in a similar way to conventional hubs (Figure 5a). Regarding the chamfer hub case considering friction, the stress concentration at the insertion side is higher than the one obtained in the frictionless case (Figure 5c), but such a stress concentration is lower than the one obtained in the conventional hub (Figure 5a). In addition, the stress concentration on the opposite side is also reduced due to the combined effect of chamfer hub geometry and friction. Finally, the radial stress at the middle zone of the interface is non-uniformly distributed due to stress redistribution.



As previously discussed, plastic strains play a relevant role in the radial stress distributions at the interface shaft–hub. So, the analysis of the plastic strain fields shown in Figure 6 reveals that a plastic zone at the insertion side is generated in the hub during the manufacturing of a press fit in both conventional hubs (Figure 6a) and chamfer hubs (Figure 6c). The plastic zone is mainly extended in the axial direction (around 10–15% of the interface length) where both surfaces, hub and shaft, are in contact; additionally, it is narrow in the radial direction.



In chamfer hubs, the plastic strains are lower and less extended in the radial and axial direction than in conventional hubs. This way, the beneficial effect of the modified hub geometry is revealed. Friction causes a more intense and more extended plastic zone for both hub geometries (Figure 6b,d), but the effect is lower in chamfer hubs, resulting in lower plastic strains and a less extended plastic strain zone than the one obtained in conventional hubs. To go further in the analysis, the histograms of the radial stress and plastic strain during the manufacturing process of a press fit are shown in Figure 7 at the main points of the interface hub–shaft; namely, the hub edge at the insertion side (point A, Figure 7a,b), the hub edge opposite to the insertion side (point B, Figure 7c,d), and finally, point C placed at the middle of the interface hub–shaft (Figure 7e,f).



According to the obtained results, the radial stress at point A is suddenly increased when the shaft is inserted into the hub, reaching values higher than the material yield strength, and hence, causing plastic strains. Such plastic strains reduce the initial radial dimensions of the hub and, this way, a radial interference is generated. At this instant, the contact zone hub–shaft, i.e., the contact zone between the shaft and hub (interface), is so small, and consequently, a high stress is produced, causing plasticity.



Conventional hubs have the same hub thickness at the hub edges and at inner points; however, chamfer hubs have an increasing thickness with an axial coordinate at the chamfer zones. This way, during the insertion of the shaft at hub edge A, the opposition of the chamfer hub geometries (low thickness at the surroundings of point A) to be adapted to the new dimensions is lower than the opposition of a conventional hub with a higher thickness at the insertion side. As a result, the radial stress (equivalent to contact pressure) is lower in chamfer hubs (Figure 7a) than the one in conventional hubs. Consequently, the plastic strains generated in chamfer hubs are lower (Figure 7b) since the transition to the new dimensions is softer and more progressive due to chamfer geometry. Afterwards, as the contact zone is increased, the radial stress is progressively reduced up until it reaches a positive value of radial stress, causing a loss of contact between the hub and shaft at this zone due to localized plasticity.



At the opposite side of the insertion zone (point B, Figure 7c,d), a similar trend is observed when the shaft is contacting hub edge B. This way, an increase in the radial stress is produced, being higher for the cases of higher opposition to the adaptation to the new radial dimensions (conventional hubs) than in chamfer hubs. At this side, the effect of friction is more significant since friction causes a stress redistribution at the interface shaft–hub, lowering the radial stress at hub edge B as a result of the increase in stress at the insertion side. Finally, the variations in the radial stress at the point placed in the middle of the shaft–hub interface are not significant for all the cases of study since at this point no plastic strains are generated (Figure 7e,f).




3.2. Influence of the Friction Coefficient on the Stress Distributions


According to the previously discussed results, friction plays a key role in producing significant changes in the stress and strain distributions at the interface shaft–hub. To go deep into the analysis, the influence of friction on the stress and strains distributions at the interface is analyzed in terms of the friction coefficient by considering both conventional and chamfer hubs. To achieve this goal, the friction coefficient was varied from the frictionless case to a high friction case according to the following sequence: (i) μ = 0, frictionless; (ii) hydrodynamic lubrication, μ = 0.01; (iii) boundary lubrication, μ = 0.1; (iv) μ = 0.2; (v) μ = 0.3, common value for friction with steel–steel contact; (vi) μ = 0.4; and finally, (vii) μ = 0.5, a case with the highest friction. The resulting radial stress distributions in terms of the dimensionless axial coordinate ζ (defined as ζ = z/l) at the interface are shown in Figure 8 for conventional hubs (Figure 8a) and for chamfer hubs with an optimal chamfer angle (Figure 8b). In a similar way, Figure 9 shows the equivalent plastic strain distributions for both hub geometries.



According to the results shown in Figure 8, the influence of the friction coefficient is revealed. For a better understanding, three different zones are considered in terms of the dimensionless axial coordinate ζ: firstly, the zone nearby the insertion side (0 < ζ < 0.2); secondly, the stress concentration zone at the opposite side (0.8 < ζ < 1); and finally, the middle zone between stress concentration zones at the hub edges (0.2 < ζ < 0.8).



A similar asymmetrical distribution to the previously discussed one in Figure 4 is obtained with different stress concentrations at both hub edges. However, significant changes are observed in the radial stress as the friction coefficient is varied. Thus, on one hand, for friction coefficients lower than μ < 0.2, the maximum radial stress at the insertion side is progressively increased with the friction coefficient, and for higher values of the friction coefficient, the variations are softer. In addition, the place where the maximum stress is located is progressively deeper with soft variations for μ < 0.2, and for higher friction coefficients, it is highly increased. This effect is linked to the extension of the plastic zone as will be discussed later. So, at the insertion side, friction causes both an increment of stress concentration and a wider zone of high stresses.



On the other hand, significant changes are produced in the stress concentration at hub edge B. This way, the stress concentration is progressively reduced as the friction coefficient is increased. As a result, the stress concentration disappears for friction coefficients higher than μ > 0.3, obtaining radial stress values lower than the ones given via the theory; hence, the stress concentration at this side is annulled. Finally, at the middle zone of the interface, the uniform stress distribution obtained for the frictionless case is progressively modified as friction is increased due to the reduction in radial stress at the opposite side of the hub. Thus, the radial stress at the middle zone of the interference is linearly decreased as the distance from the insertion hub edge is increased. This way, the contact pressure is progressively reduced as the local axial coordinate ζ increases up to reach the lower values of stress observed at hub edge B. This effect is more significant for high values of the friction coefficient.



According to these results, friction increases the stress concentrations at the insertion zone and, as a consequence, a stress redistribution is produced at the interface with significant reductions at the opposite side and a progressive transition in the middle zone of the interface shaft–hub between both stress concentrations. As a result, the asymmetry of the radial distribution is increased with the friction coefficient. This is a non-desirable scenario since this asymmetrical distribution produces a non-uniform contact pressure that can cause vibrations and a non-adequate performance of the assembly leading to fatigue and fracture.



Similar effects are observed for the chamfer hub cases, but in a less accused way. Thus, the stress concentration at the insertion zone is lower (about 20%) than the one obtained in conventional hubs due to the beneficial effect of the chamfer geometry. Friction increases the stress concentration for μ < 0.2 in a similar way as observed for conventional hubs with soft variations for higher friction coefficients. The depth of the maximum stress is slightly lower for chamfer hubs. However, the main changes appear at the opposite side, showing the beneficial effect of chamfer hub geometry. As can be seen in the stress distribution corresponding to the frictionless case, the radial stress values at hub edge B are similar to the radial stress obtained at the middle of the interface (point C); hence, the stress concentration is annulled without lowering the contact pressure. As the friction coefficient is increased, the radial stress at this hub edge is progressively reduced as it was previously observed in conventional hubs but, in this case, the reduction is more accused due to the effect of chamfer geometry. This way, for chamfer hubs with friction, the high reduction in the stress concentration (as high as 85% for the highest friction considered) is due to the combined action of both the chamfer hub geometry and friction reducing the stress concentrations. Therefore, the stress distribution at the middle of the interface between both hub edges is progressively decreased with the friction coefficient in a similar way as previously discussed for conventional hubs.



The increment of the stress concentration and the displacement of the maximum stress towards inner points can be linked to the plastic strains caused during the manufacturing of a press fit. Thus, in the plots shown in Figure 9, a plastic zone is generated at the surroundings of the hub insertion edge with null plastic strains at both the inner points of the interface shaft–hub and at the opposite side of the insertion edge.



According to the results, the maximum plastic strain is placed at hub edge A for low friction coefficients. However, for μ > 0.2, the maximum plastic strain appears at inner points, increasing notably to the size of the plastic zone. The size of the plastic zone is progressively increased with friction, reaching about 30% of the extension of the interface for the highest friction cases. These sizes are linked to the displacement of the maximum radial stress observed for high friction cases. The effects of friction on plastic strains in chamfer hubs are similar to the ones discussed for conventional hubs, but reaches lower values of plastic strains (about a 10% lower) and reduces the size of the plastic zone with regard to conventional hubs. Thus, the chamfer hub geometry enhances the progressive adaptation to the dimensions of the shaft during the insertion process, causing lower plastic strains and a less extended plastic zone.




3.3. Influence of the Hub Thickness on the Stress Distributions


To reveal the influence of hub thickness on the radial stress distributions after the assembly of a press fit with conventional and chamfer hubs, diverse geometries were considered in terms of the dimensionless hub thickness γ as follows: (i) low hub thickness, γ = 0.25; and four intermediate thicknesses, (ii) γ = 0.375, (iii) γ = 0.50; the conventional case, (iv) γ = 0.75; and finally, a high hub thickness (v) γ = 1, with a thickness equal to the shaft diameter. The resulting radial stress distributions at the interface are shown in Figure 10 for conventional hubs and chamfer hubs by considering the frictionless case (Figure 10a,b) and the friction case with μ = 0.3 (Figure 10c,d). In a similar way, Figure 11 shows the distributions of equivalent plastic strain at the interface shaft–hub.



Three zones can be observed in the stress distributions (Figure 10) as previously discussed. In both conventional and chamfer hubs considering frictionless contact (Figure 10a), the maximum radial stress at the insertion hub edge is progressively increased with the hub thickness, γ, as can be expected according to equation (1). However, the radial stress values obtained considering chamfer hubs are lower (about 25%) than the ones obtained in conventional hubs, revealing the beneficial effect of the chamfer hub geometry. In addition, for hub thickness γ < 0.5 in both conventional and chamfer hubs, a displacement of the maximum radial stress is observed, and for high hub thickness, γ > 0.5, the maximum radial stress is placed at the same depth.



At the opposite side of the insertion hub edge, different stress distributions are obtained due to the effect of the geometry of the chamfer hub. Thus, the values of radial stress are progressively increased with γ in conventional hubs, revealing a similar stress concentration for all the hub thicknesses considered. In the case of chamfer hubs, a remarkable decrement of the stress concentration is observed, obtaining stress values similar to the ones given via theory; hence, the stress concentration is annulled for all the hub thicknesses analyzed. Finally, a uniform distribution of radial stress is obtained at the central zone of the interface shaft-hub in conventional hubs. In the case of chamfer hubs, a similar uniform distribution is obtained with soft variations at the edges in a similar way for all the hub thicknesses considered. For both geometries, the radial stress is increased with the hub thickness γ, reaching values closer to theoretical values.



The previously discussed effects of friction are observed in conventional hubs (Figure 10c) and chamfer hubs (Figure 10d) by considering different hub thicknesses. Thus, the maximum radial stress is gradually increased with γ (about a 25%) at the insertion side for low hub thickness and only minor variations are obtained for high hub thickness. However, the main variations with the hub thickness are observed at the place where the maximum stress is located. Thus, this maximum is progressively moved towards the inner points for γ < 0.5 and only slight variations are observed for γ > 0.5.



On the opposite side of the hub insertion edge, friction causes a noticeable decrease in the stress concentration. This reduction is similar for all the hub thicknesses, annulling the stress concentration at hub edge B. In the case of chamfer hubs, a combined effect of chamfer and friction reduces the stress concentration in a significant way. As a result, a similar reduction in stress for all the hub thicknesses is obtained, reaching even lower values than the stress at the central points (no stress concentrations).



Finally, at the central zone of the interface shaft–hub, the same effect of hub thickness on radial stress previously discussed for the frictionless case is observed with a progressive decrement of the contact pressure as the hub thickness is increased. The main effect of friction at this zone is a slight decrement of radial stress with the axial coordinate ζ in the same manner observed in the previous section, resulting in a non-uniform distribution. This stress decrement with ζ is not dependent on the hub thickness. This way, the effect of chamfer geometries is again revealed, reducing the stress state at the shaft–hub interface and lowering the increments of stress caused by friction.



The plastic strain distributions shown in Figure 11 reveal the effects of hub thickness on frictionless cases: (i) a reduction in the maximum plastic strain as the hub thickness is increased and (ii) a slight increment of the plastic zone with the hub thickness. Notice that for all the frictionless cases (Figure 11a,b), the maximum plastic strain is placed at hub edge A.



In chamfer geometries, the plastic strains are lower (about a 5%) than the ones corresponding to conventional cases and the size of the plastic zone is similar for all the hub thicknesses considered. However, for the friction cases, a different trend is observed, as for a hub thickness γ < 0.5, the maximum plastic strain is increased, and for a high hub thickness γ > 0.5, the plastic strain is reduced, resulting in a more uniform distribution.



In addition, friction causes in both hub geometries (Figure 11c,d) a displacement of the maximum plastic strain towards the inner points of the interface, enlarging the plastic zone for high hub thicknesses. However, in chamfer hub cases, the plastic strains are lower (about 15%) than conventional hubs and the plastic zone is similar for all the hub thicknesses considered. Therefore, friction causes an increment of the plastic strains and a less uniform distribution of plastic strains with the maximum plastic strain placed out of hub edge A, and consequently, an increment of the extension of the plastic zone. Chamfer geometries reduce the magnitude of plastic strains with slight reductions in the extension of the plastic strain zone.




3.4. Influence of the Radial Interference on the Stress Distributions


Finally, the influence of the interference closure on stress distributions after the assembly of a press fit was analyzed in terms of radial interference, δ. Thus, several interference fits recommended by the ISO standard [33] for the given shaft diameter of 40 mm were selected as follows: (i) 40H7r6, δ = 25 μm; (ii) 40H7s6, δ = 29.5 μm (reference case); (iii) 40H7t6, δ = 32 μm; (iv) 40H7u6, δ = 38 μm; and finally, (v) 40H7x6, δ = 48 μm. The resulting radial stress distributions at the interface are shown in Figure 12 for conventional hubs and chamfer hubs by considering the frictionless case (Figure 12a,b) and the friction case with μ = 0.3 (Figure 12c,d). In a similar way, Figure 13 shows the equivalent plastic strain distributions.



The distributions of radial stress obtained for diverse radial interferences in the frictionless cases show the three zones clearly differenced at the insertion hub edge, the opposite hub edge, and the central zone of the interface. This way, the higher the radial interference, δ, the higher stress concentration at hub edge A. In addition, the zone of high stress is also increased with radial interference.



In the case of the chamfer hub, lower values of stress than the ones corresponding to conventional hubs are obtained due to the stress-relieving effect of the optimal chamfer hub. The radial stress is uniformly distributed at the middle point of the interface, reaching values similar to the ones given via theory (equation 1) for both hub geometries. Notice that radial interference is directly dependent on contact pressure; hence, for higher δ, a higher contact pressure is expected. On the opposite side of the hub, a stress concentration is also observed without significant changes with radial interference for conventional hubs. However, notable changes are produced in chamfer hubs, annulling the stress concentration. This stress reduction is slightly higher for high radial interferences; as a result, the stress values at the hub edge are lower than the stress at the middle point of the interface shaft–hub. This can be linked to the increment of stress concentration previously commented at the insertion zone, leading to a redistribution of stresses at the central zone of the interface.



The effect of friction is mainly observed as a displacement of the maximum radial stress towards the inner points of the shaft–hub interface since the values of maximum stress are almost the same for all the radial interferences considered for both hub geometries. At the middle of the interface shaft–hub, friction causes a slight decrement of the radial stress with the axial coordinate ζ for all the radial interferences considered. The slope at this zone is similar for all the cases considered with diverse δ. This effect is also observed in chamfer hubs. In addition, friction causes significant changes in the radial stress at hub edge B, with notable reductions (50%) that annulled the stress concentration. Thus, values similar to the ones obtained at central points of the interface are reached even for low radial interferences, δ. In chamfer hubs, this stress reduction is even higher (60%) as a result of the synergistic effect of friction and chamfer geometry, obtaining stress values lower than the ones located at the central zone. This effect can be linked to the transition between both hub edges: the insertion edge A, with a high stress concentration, and the opposite hub edge B, with a significant relief of stress concentration.



Finally, for frictionless cases, the plastic strain exhibits a maximum located at hub edge A for all the radial interferences analyzed (Figure 13a,b). The plastic strain is progressively decreased with the axial coordinate until it becomes null, delimiting the size of the plastic zone. Thus, the increase in radial interference causes both an increment of plastic strains and an increment of the size of the plastic zone for both hub geometries for the frictionless case. However, slightly lower plastic strains are observed (about 5%) in the case of chamfer hubs. An exception to this rule is the frictionless case with the highest δ considered, where the maximum plastic strain is located at inner points.



However, friction significantly changes the plastic strain distributions for the diverse radial interference considered in both conventional and chamfer hubs. Thus, the maximum plastic strain is located at inner points even for the lowest radial interferences considered. In addition, as the radial interference δ is increased, the place of the maximum plastic strain is progressively moved towards the inner points of the interface. This way, the plastic zone is wider for high radial interference, δ, cases. In the case of chamfer hubs, the values of plastic strains are lower (about a 10%) than the ones obtained in conventional hubs. Furthermore, the maximum plastic strain is also increased with the radial interference. These changes can be linked to the variations shown in previously discussed radial stress concentration plots since the maximum plastic strains are located at the same position of the maximum radial stress (Figure 12).





4. Discussion


In order to find out the role of the friction coefficient in the contact pressure, the variations in such a variable with the friction coefficient are plotted in Figure 14 for diverse chamfer hubs with chamfer angles varied from α = 0° (conventional hub) up to α = 20°. Contact pressure was obtained as the area enclosed by the radial stress distributions plotted in Figure 8.



According to the obtained results, the contact pressure in conventional hubs considering frictionless contact is similar to the value given via theory. As friction is increased, a slight linear decrement of contact pressure with the friction coefficient (about 10% for the highest friction coefficient considered) is observed for conventional hubs (α = 0°). A similar linearly decreasing trend is obtained as the friction coefficient is increased for chamfer hubs. In addition, the contact pressure is softly reduced (about 8%) as the chamfer angle is higher. Thus, for the optimal chamfer angle α = 15°, a decrement of 15% of contact pressure is obtained for the highest friction coefficient. These reductions are linked to the loss of contact pressure at the opposite side to the insertion edge where the stress concentration is annulled using either chamfer hubs (see values in Figure 8 for μ = 0) or by the action of friction (see values in Figure 8 for μ = 0.3 for any chamfer angle, α). So, the non-symmetrical radial stress distribution induced by manufacturing does not significantly affect the contact pressure due to stress redistribution.



In a similar way, the influence of the hub thickness on contact pressure is shown in Figure 15. In this figure, the variations in contact pressure with the hub thickness are plotted for different friction coefficients in conventional hubs (Figure 15a) and optimal chamfer hubs (Figure 15b). Contact pressure was obtained as the area enclosed by the radial stress distribution shown in Figure 10. Additional cases were simulated in a similar way as previously discussed in Section 3.3, considering different friction coefficients according to the sequence from μ = 0 (frictionless) to μ = 0.5 representing the highest friction.



Contact pressure is non-linearly increased with the hub thickness according to equation (1). This way, for low hub thicknesses, the variation is high, and for hub thickness higher than γ = 0.5 (the most common dimensions of hubs), this growth is smoother. This trend is observed for both conventional hubs and chamfer hubs. In general terms, the contact pressure is lower as the friction coefficient is higher. This reduction depends on the hub thickness. This way, the reduction is low, about 4%, for low hub thickness and the reduction is increased up to 15% for high thickness. The reduction is not significant (10%) for common values of a hub thickness γ = 0.5. This loss of contact pressure is linked to the effects of friction on the stress distributions previously discussed, causing a reduction in stress at the opposite hub edge B and a loss of contact pressure at the plastic zone. The loss of contact pressure is more significant in chamfer hubs, reaching 15% for low hub thickness and a reduction as high as 25% for high hub thickness. For γ = 0.5 (the commonly used value of hub thickness), the reduction is 10% for the frictionless case and about 18% for the highest friction considered. This loss of contact pressure is linked to the significant reduction in contact pressure at the hub edges due to the chamfer geometry at both edges of the hub and the combined action of friction and chamfer geometry on the stress reduction at the opposite hub edge B. So, considering these results, the use of hubs with a thickness higher than γ = 0.5 is not recommended in press fits using chamfer hubs due to the high loss of contact pressure.



Finally, the variation in the contact pressure with the radial interference is shown in Figure 16, considering different friction coefficients for conventional hubs (Figure 16a) and optimal chamfer hubs (Figure 16b). In a similar way, the contact pressure was obtained as the enclosed area of the radial stress distributions shown in Figure 12. To achieve more general results, additional cases were simulated considering different friction coefficients.



The results show a linear increment of contact pressure with radial interference as could be expected according to the linear dependence shown in equation 1. The effect of friction is shown as a progressive loss of contact pressure as the friction coefficient is increased. This loss is caused by the stress reductions at the opposite hub edge B shown in Figure 12. This reduction is dependent on radial interference; thus, for low values of δ, a slight loss of contact pressure is obtained even for the highest friction coefficient (10%). However, the loss of contact pressure for high values of radial interference is as high as 15% for the highest friction considered. These effects are also observed in chamfer hubs, but the differences are more significant with the loss of contact pressure as high as 28% for the highest radial interference (H7x6). This higher loss of contact pressure is due to the huge decrease in radial stress at hub edge B where the combined action of friction and chamfer geometry appears and the reduction at the insertion hub edge caused by the chamfer geometry. Anyway, the loss of contact pressure is around 15% for low radial interferences (H7r6, H7s6, or H7t6). So, in order to avoid a significant reduction in contact pressure, the use of high radial interferences with chamfer geometries in press fits is not recommended. However, for low radial interferences, the loss of contact pressure is not significant, and consequently, chamfer hubs can be used.




5. Conclusions


In this study, the numerical simulations of the mechanical assembly of a press fit revealed the key role of manufacturing-induced stress and plastic strain fields on the contact pressure at the interface shaft–hub considering conventional and optimized hub geometries. Thus, the manufacturing of a press fit in conventional hubs without friction causes a non-uniform asymmetrical distribution of radial stress at the shaft–hub interface with huge stress concentrations (110% higher than the one given via theory) placed nearby the hub edge at the insertion side. However, the stress concentration at the opposite side of the hub, hub edge B, is lower (66% higher than the one given via theory) due to the stress redistribution and the stress outside of the surroundings of the hub edges is uniformly distributed as the design equations predict. The manufacturing of a press fit causes plastic strains at the insertion hub edge; being the size of the plastic zone, it is wider in the axial direction and narrow in the radial direction.



Friction causes a significant increment of both the maximum plastic strains (50%) and the size of the plastic zone (100%). In addition, the radial stress at hub edge B (opposite side of the insertion hub edge) is significantly reduced (95%), annulling the stress concentration, and a non-uniform distribution of radial stress is placed at the middle zone of the interface shaft–hub with a progressive stress reduction as the distance from the insertion hub edge is increased.



The stress relieving effect of optimal chamfer hubs appears at both hub edges. Thus, the stress concentration at the insertion hub edge is lower (33%) than the one corresponding to conventional hubs and the stress concentration is annulled at the opposite side of the hub. The size and magnitude of the plastic zone are lower in optimal chamfer hubs than in conventional hubs. Friction in chamfer hub geometries causes plastic strains lower than the ones generated in conventional hubs. As a result, a huge decrease in stress concentrations (62%) at the opposite hub edge appears due to the combined effect of friction and chamfer geometry.



As a consequence of the changes in the radial stress distributions, a loss of contact pressure is produced after the press-fit assembly. This reduction is higher for chamfer hubs due to the significant stress reduction at the opposite hub edge. Anyway, the loss of contact pressure is lower than 15% for common hub geometries (with low radial interferences and medium hub thickness). Consequently, the use of chamfer hubs in press fits is recommended since a significant reduction in the stress concentration is achieved without significantly reducing the contact pressure.
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Figure 1. Scheme of two-dimensional finite element modeling of the interference fit: (a) static case for conventional hub, (b) static case for chamfer hub, (c) dynamic simulation at the initial instant, and (d) dynamic simulation at the final instant with both components assembled. 
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Figure 2. Mesh used in FE calculations identifying the boundary conditions applied. 






Figure 2. Mesh used in FE calculations identifying the boundary conditions applied.



[image: Lubricants 11 00472 g002]







[image: Lubricants 11 00472 g003] 





Figure 3. FE convergence testing and estimated error for dynamic FE simulations: (a) point C placed at the middle of the interface shaft–hub and (b) points A and B placed at the hub edges. 
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Figure 4. FEM radial stress distribution in a press fit after assembly: (a) general view; (b) detailed view of the left side (insertion), and (c) detailed view of the right side (opposite to insertion) for different numerical simulation approaches. 
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Figure 5. FEM radial stress distribution in a press fit after assembly: (a) frictionless with a conventional hub; (b) considering friction (μ = 0.3) with a conventional hub; (c) frictionless with a chamfer hub, and (d) considering friction (μ = 0.3) with a chamfer hub. 
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Figure 6. FEM equivalent plastic strain distribution in a press fit after assembly: (a) frictionless with a conventional hub; (b) considering friction (μ = 0.3) with a conventional hub; (c) frictionless with a chamfer hub, and (d) considering friction (μ = 0.3) with a chamfer hub. 
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Figure 7. Histograms of (a) radial stress and (b) equivalent plastic strain for the hub edge placed at the insertion side; (c) radial stress and (d) equivalent plastic strain at a point placed at the middle of the interface, and (e) radial stress and (f) equivalent plastic strain at a point placed at hub edge point B. 
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Figure 8. FEM radial stress distribution in a press fit after assembly for diverse friction conditions in (a) a conventional hub; (b) a chamfer hub (α = 15°). 
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Figure 9. FEM equivalent plastic strain distribution in a press fit after assembly for diverse friction conditions in (a) a conventional hub; (b) a chamfer hub (α = 15°). 
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Figure 10. FEM radial stress distribution in a press fit after assembly: (a) frictionless with a conventional hub; (b) frictionless with a chamfer hub; (c) considering friction (μ = 0.3) with a conventional hub, and (d) considering friction (μ = 0.3) with a chamfer hub. 
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Figure 11. FEM equivalent plastic strain distribution in a press fit after assembly: (a) frictionless with a conventional hub; (b) frictionless with a chamfer hub; (c) considering friction (μ = 0.3) with a conventional hub, and (d) considering friction (μ = 0.3) with a chamfer hub. 
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Figure 12. FEM radial stress distribution in a press fit after assembly for diverse radial interferences: (a) frictionless with a conventional hub; (b) frictionless with a chamfer hub; (c) considering friction (μ = 0.3) with a conventional hub, and (d) considering friction (μ = 0.3) with a chamfer hub. 
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Figure 13. FEM equivalent plastic strain distribution in a press fit after assembly for diverse radial interferences: (a) frictionless with a conventional hub; (b) frictionless with a chamfer hub; (c) considering friction (μ = 0.3) with a conventional hub, and (d) considering friction (μ = 0.3) with a chamfer hub. 
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Figure 14. Variation in the contact pressure with the friction coefficient in interference fits with chamfer hubs for diverse chamfer hub angles. 
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Figure 15. Variation in the contact pressure with the dimensionless hub thickness in interference fits for (a) conventional hubs and (b) a chamfer hub with an optimal chamfer angle, α = 15°. 
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Figure 16. Variation in the contact pressure with the radial interference in press fits for (a) a conventional hub and (b) a chamfer hub with an optimal chamfer angle, α = 15°. 
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