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Abstract

:

In this article, a torsional adapter is designed and evaluated through the comparison of analytical, numerical, and experimental tools. The adapter converts a conventional tension–compression test machine for cyclic loading to a modified application of both force-controlled and displacement-controlled torsional loading. The mechanism ensures a uniform distribution of loading application on both sides of the specimen. The determination of the durability curve can therefore be consistently carried out by acknowledging the geometric relation between the displacement of the test rig and the strain on the specimen. However, friction and clearance in the mechanism joints can cause energy dissipation; therefore, a detailed evaluation of this effect is mandatory before the use of the adapter. Here, it is shown that, using the current version of the adapter, the energy dissipation during torsional testing can be measured and later successfully considered during the determination of the torsional cyclic curve. Future improvements of the adapter will involve the reduction of the friction between the components of the mechanism.
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1. Introduction


The evaluation of machine elements is based on the knowledge of the response of the material to basic loading conditions and their combinations [1,2]. Insight into the characteristics of machine elements, such as dynamic strength, fatigue performance, the behaviour of the element after the damage has occurred, and the damage growth, is important during product design [3,4,5]. A detailed knowledge regarding the product characteristics also ensures balanced expectations between the manufacturer capabilities and customer requirements [6]. Four basic load states are usually considered during the characterisation of material, i.e., tension–compression, bending, shear, and torsion. Hence, various tests under these operating conditions or their combinations can be found in the literature. Torsional loading is usually carried out on its own, i.e., as pure torsion, or can be combined with bending, shear, and axial loads [7,8]. Ju et al. [9] presented the analysis of a torsional behaviour model for reinforced concrete (RC) members subjected to combined loads. The material parameters for analytical or numerical models to simulate the response of the material in the form of strains and stresses were determined using a special test machine. The most widespread test machines perform uniaxial tension–compression loading. Most of the conventional engineering materials and also emerging new materials are characterised by these tests to determine either their static or cyclic properties [10,11]. For example, in a study by Huang et al. [10], high-strength sorbite stainless steel S600E was examined using material tensile tests, axial compression stub column tests, and axial compression long column tests to determine the constitutive curves and failure patterns. In another recent study, Zhang et al. [12] inspected the influence of various welding methods and their influence on the fatigue properties of steel butt joints by means of cyclic tests. Similarly, Dong et al. [13] developed a cyclic loading test device and studied the cyclic tension–compression behaviour of AA7075-T6 under electrically assisted conditions.



Due to the rapid development of composite materials and complex shapes of mechanical components, multiaxial stress–strain responses will occur in machine elements during operation. Therefore, besides normal properties, shear properties need to be evaluated too. One option for the characterisation of the shear properties of engineering materials is through the utilisation of shear tests; for example, Yang et al. [14] carried out compression–shear tests for rock models with circular tunnels to analyse the shear failure mechanism of a rock tunnel. However, another option for the characterisation of the shear properties of engineering materials is through the utilisation of torsional tests [15,16]; for example, Malecka and Lagoda [17] used cyclic torsion to determine fatigue properties of RG7 bronze between 100,000 and 500,000 load cycles. Importantly, torsional test rigs are usually available in two versions—as either horizontal or vertical test rigs. The horizontal torsional test rigs usually load the specimen with pure or fixed torsion [17,18], whilst the vertical torsional test rigs combine the torsion with either tension or compression [19]. Fu et al. [20] designed a special micro tension–torsional fatigue testing apparatus for thin stent wires. Both pure torsion and tension–torsional fatigue tests can be performed by the apparatus [21]. Petit et al. [22] optimised an ultrasonic torsion fatigue system in order to increase the stress amplitude in the specimen and increase the robustness of the system; it was shown to be suitable for very high-cycle fatigue tests. Ogawa et al. [23] developed a test machine which can combine bending and torsion loading and perform fatigue tests at a high frequency under proportional and nonproportional loading conditions.



Instead of using a special torsional test rig, an existing uniaxial tension–compression test machine can be adapted to perform the torsional loading [24]. Recently, Goanta [25] developed a device used for torsion fatigue testing, which is adaptable to a universal pulsating testing machine and designed to determine the torsion fatigue limit for different materials. However, a general issue of torsional adapters is the appearance of friction during the experiment [26,27,28]. The friction mainly appears in sliding contacts—most commonly between bushings and rings—in bearings, or between the surfaces of mechanism connecting rods. On the contrary, disturbance can be brought into the experiment by clearance between the abovementioned mechanism components as a side effect of the attempt to reduce the friction. Huiyuan et al. [29] presented a contact analysis method for a large negative clearance four-point contact ball bearing. The results showed that a great effect on the contact stresses was made by tiny changes of the negative clearance. Therefore, both friction and clearance have to be evaluated prior to the utilisation of the torsional adapter. Tan et al. [30] presented the influence of the friction coefficient on the nonlinear dynamic characteristics of the mechanism with a clearance joint. They presented how friction could affect the acceleration levels of the mechanism and how it could play a positive role in the stability of the system.



The aim of this study was an upgrade of an existing test machine, commonly used for tension–compression loading, by developing an adapter for application of torsional loads. The main requirements for the adapter were (i) a deterministic conversion of tensile–compressive movement into torsional loading and (ii) measurement of the torsional stress–strain response. A friction model in the adapter hinges was sought for, both analytically and numerically. The analytical analysis involved the determination of displacement–rotation and force–moment connections between the parts prior to the friction evaluation. The numerical approach introduced a digital twin of the torsional adapter with a prior definition of the contacts between the mechanical parts and corresponding evaluation of the friction. Moreover, the digital twin supplied the calculation of the stress–strain response of the torsional specimen. Finally, the specimens were physically tested and then the comparison with the analytical and numerical solutions was made. Moreover, the experimental results served for the calibration of the digital twin.




2. Method


The adapter for torsional loading was designed for installation on an existing uniaxial tension–compression test rig (Figure 1). At the top, the adapter was tied to the test rig using two aluminium blocks and two steel plates (position 2 in Figure 1), which together formed a kinematic joint. The upper aluminium block was fixed to the upper clamp of test rig (1). The lower aluminium block was screwed to the U profile (3). Diagonally, two bushings were welded to the U profile for the connection of the vertical bars (6). The parts of the mechanism from the top attachment up to this point can only move in the vertical direction. Open profiles are in general not a good design solution for torsional loads due to low torsional stiffness. However, as the maximum torsional moment needed to load the specimen in this application was not high and the shape of the U profile represents an elegant solution to attach the vertical bars under 90° in initial position, the U profile as given in Figure 1, position 3, was chosen to perform the loading function. The sufficiency of the U profile was checked prior to the installation in the mechanism. The force transfer was continued using two bars (6) connected to the U profile by two pins. Every pin was tightened to the bushing by a bolt. The rotation between the pin and the bar was allowed, which was also the first analysed contact (4). The contact was performed using rod end bearing SCF 20 ES (5), which was welded to the top of bar nr. 1 (position 6). At the other side, bar nr. 1 is connected to bar nr. 2 (position 7) by a pin, which represented the second analysed contact of the mechanism (9). Bar nr. 2 was positioned using a bushing at the opposite side. The bushing was inserted into L supports, which were tightened to the base plate. The base plate was fixed to the lower side of the test rig (13). Contacts 3 and 4 (positions 11 and 12) analysed during the study can be found between the bushing’s outer diameter and bars nr. 1 and nr. 2, respectively. The same four contacts were examined on the other (symmetrical) half of the torsional adapter (Figure 1). A specimen was inserted through the inner diameter of the bushing. The fastening of the specimen (8) was completed using a screw notch. When the U profile was shifted vertically, bar nr. 1 rotated bar nr. 2, which then provided the torsional loading of the specimen.



Furthermore, two details of the adapter are shown in Figure 2. The kinematic joint formed by the two aluminium blocks and two steel plates (positions 5, 6, and 7 in Figure 2) ensured an equal distribution of the loading to both sides of the mechanism, as the rotational rigidity of the joint is the smallest around its z axis. All other degrees of freedom (all translations and rotations around x and y axes) have a considerably higher stiffness, which then prevents the deformation in those directions. The fastening of the specimen, however, was ensured using a screw notch (position 1 in Figure 2), which created a fixed connection between the specimen (2) and bar nr. 2. (position 3). Bar nr. 2 was then inserted between two L plates (4), which created a rotational joint with sliding contacts. If the groove on the specimen is too loose for the screw notch to fix the specimen to bar nr. 2, an additional spacer can be inserted between the specimen and the screw notch to ensure a tight fit. An additional spacer can be seen in the physical form of the torsional adapter in Figure 1 at position 10.



The torsional adapter was manufactured from steel S235. The specimen used in the study was made of aluminium alloy Al6061. The material properties are presented in Table 1 and were used in both the analytical and the numerical model.



2.1. Analytical Model


An analytical model considered both sides of the test rig. First, the connection between the vertical movement and the rotation of the specimen was established. The geometries of bars nr. 1 and nr. 2 are known and presented in Figure 3. The angles, when the mechanism is moved by a vertical shift u, are labelled as  α ,  β , and  δ . They are calculated using Equations (1)–(3):


   c 1 2  =  a 2  +  b 2  − 2 · a · b · cos  ( β )  ,  



(1)






   b 2  =  a 2  +  c 1 2  − 2 · a ·  c 1  · cos  (  ξ 1  − α )  ,  



(2)




and


  sin  ( α )  · a + cos  (  δ 1  )  · b = b .  



(3)







Angles  ξ  and   ξ 1   can be observed between bars nr. 1 and 2 when the mechanism is in the neutral position and shifted, respectively (Figure 3b).



The rotation of the specimen is defined as


  ϕ =  δ 1  +  δ 2  .  



(4)







Once the angle of rotation of the specimen is calculated, torsional moment   M t   can be calculated using Equation (5) as


   M t  =   G · ϕ ·  I p   L  ,  



(5)




where G stands for the shear modulus,   I p   is the torsional constant of the specimen cross-section, and L is the specimen gauge length. The torsional moment   M t   can also be defined according to Equation (6), where loading force    F  a , 2     rotates the bar nr. 2 at length b (Figure 3c). By calculating the equilibrium from the loading force F and rotations around angles   δ 1   and   δ 2  , the torsional moment   M t   can also be determined as


   M t  = F  a sin α + b sin ( β − α )  .  



(6)




The normal force   F  a , 2    at length b can thus be expressed as


   F  a , 2   = F sin  ( β − α )   



(7)




which, by determining Equation (6), yields


   F  a , 2   =    M t  sin  ( β − α )    a sin α + b sin ( β − α )   .  



(8)




However, since the angle  α  is usually very small, normal force   F  a , 2    can be approximated as


   F  a , 2   ≈   M t  b  .  



(9)







Considering the calculated angles  α ,  β , and   ξ 1  , the normal component of force    F  n , 2     and force F can be calculated using Equations (10) and (11), which are respectively defined as (Figure 3c).


   F  n , 2   =    F  n , 2     tan  ( β − α )     



(10)




and


  F =    F  a , 2     sin  ( β − α )    .  



(11)







Second, force F is decomposed into normal and axial components with respect to bar nr. 1 using Equations (12) and (13), which are respectively defined as


   F  n , 1   = F · cos α  



(12)




and


   F  a , 1   = F · sin α .  



(13)







Components    F  a , 1     and    F  a , 2     provide the rotation of the mechanism, while components    F  n , 1     and    F  a , 2     generate friction in the contacts of the mechanism. Additionally, components    F  a , 1     on both sides of the torsional adapter create a rotating moment that is transmitted to the test rig at both attachments (positions 1 and 14 in Figure 1). The same moment is also transferred through the whole structure of the torsional adapter; therefore, zero clearance in the contacts is of crucial importance for a successful measurement during the torsional test. However, if the hydraulic piston to provide the loading is not designed to lock in rotation with respect to its own axis, the operation of the test machine could be damaged. The minimisation of this effect was hence considered during the design of the torsional adapter using the initial vertical positions of bar nr. 1 (position 5 in Figure 1). Enlarging the angle  α  by attaching bar nr. 1 closer to the lower aluminium block (position 2 in Figure 1) on the U profile (position 3 in Figure 1) amplifies the rotating effect and potential damage to the test machine.



Two methods can be used to evaluate the friction force in the contacts. Following method 1, the friction force is calculated using Equation (14):


   F fr  =  F n  ·  μ fr  .  



(14)







The friction coefficient   μ fr   is assumed constant in all contacts. Once the friction force is calculated, the work done by the friction force is calculated as


   A fr  =  F fr  · ϕ · r ,  



(15)




where r stands for the radius of the joint in the contact.



Furthermore, the total work of the system is calculated as the product of the force on the test rig F acting on the vertical bar nr. 1 and the displacement u:


   A total  = F · u .  



(16)







The system losses can hence be represented as the total work due to the friction force   A fr   compared to the work done by the force on the test rig:


   ζ 1  =   ∑  A  fr i     A total   · 100 % .  



(17)







Following method 2, a part of the torsional moment is dissipated due to the friction in contacts 1–4. The dissipation is described by the friction moment   M fr  . The analytical solution of the dissipation is based on the evaluation of the friction moment as defined by Benavides et al. [31]. The friction moment has to be calculated for the four contacts presented in Figure 1. Hence, beside the torsional moment   M t  , each friction moment   M  fr , i    caused by friction force   F  fr , i    must be introduced (Figure 4).



The friction angle   φ  fr , i    is found between the friction force’s application point   F  fr , i    and the force   F i   (Figure 4). It is related to the coefficient of friction   μ  fr , i    in the contact as defined by


   φ  fr , i   = arctan  (  μ  fr , i   )  .  



(18)




The friction force   F  fr , i    is applied at the friction radius   r  fr , i   , which is defined as


   r  fr , i   =  r i  · sin  (  φ  fr , i   )   



(19)




where   r i   represents the radius of the grip of the loading force   F i  . The friction moment for a chosen contact is then expressed as


   M  fr , i   =  F i  ·  r  fr , i   .  



(20)







Compared to the total moment needed (Equation (5)), the sum of the friction moments represents the system losses:


   ζ 2  =   ∑  M  fr , i     M t   · 100 % .  



(21)








2.2. Numerical Model


The numerical model was created in Abaqus/CAE. Two materials were used during the study: S235 steel and Al6061 aluminium alloy. Their material properties are given in Table 1. The model was meshed with 15,500 finite elements of type C3D8 and C3D6 sized between 2 and 5 mm. Steel was considered elastic during the numerical analysis, whereas the aluminium alloy was described using elastoplastic material properties. The plastic region was taken into account and determined using the Armstrong–Frederick model [32,33,34]:


  σ =  R 0  +  C  γ AF    1 −   e   −  γ AF   ε p      



(22)




where  σ  and   ε p   represent the stress and the plastic strain in the constitutive elastoplastic material model of the aluminium alloy, respectively. The values of the material parameters for the Armstrong–Frederick model were determined according to the available data for the same material in [35]. They are presented in Table 2.



In Figure 5, the finite element mesh of both the torsional adapter in the neutral position and the specimen is given. The contact surfaces were connected to the reference points (Figure 5a). The reference points were then merged to create hinge connections (Figure 5b). The sliding conditions were set for the hinge connections either as frictionless or with friction. Both the boundary and the initial conditions were set as given in Figure 5c. Namely, the displacements and rotations were locked in all three directions on the lower surfaces of the both bars. The symmetry boundary condition was set in the midplane of the specimen to consider the other side of the torsional adapter in the simulation. The displacements in y and z directions at the top surface of the U profile were locked to allow for the vertical movement only. The simulation was controlled by the displacement of the U profile in the x direction. The loading signals for the low-cycle fatigue (LCF) and the incremental step test (IST) simulations are presented in Figure 5d and 5e, respectively.




2.3. Experimental Procedure


The torsional adapter was initially mounted to the tension–compression test machine as depicted in Figure 6. Next, a specimen with dimensions shown in Figure 6 was placed into the adapter. Two loading histories were prepared: LCF loading at several amplitudes and IST with a maximum displacement amplitude of 1 mm.



Force and displacement were measured directly on the test rig. Additionally, a half bridge Wheatstone configuration for the measurement of the shear strains was applied to each of the specimens [36]. The reason for this was the search for the transfer function between the application of the displacement and the rotation of the specimen. Using the measurement of the bridge imbalance    U o   U i   , the measured strains can be determined from


    U o   U i   =  k 4   (  ε a  +  ( −  ε b  )  )  ,  



(23)




where    U i  ,  U o  ,  ε a  , k   and   ε b   stand for the input voltage, output voltage, strain gauge constant, and the measured principal strain values, respectively [36]. Supposing that    |   ε a   | = |   ε b   |   , Equation (23) can be simplified into


    U o   U i   =  k 2  ·  ε a  .  



(24)




Engineering shear strain  γ  can finally be determined from the measured principal strain   ε a   as


  γ = 2  ε a  .  



(25)









3. Results and Discussion


First, the results are separately presented for the analytical, numerical, and experimental evaluation. Afterwards, a correlation between the results is carried out.



3.1. Results of Analytical Model


The analytical solution is shown for the aluminium specimen. In Table 3, important measures for the analytical model are given. They correspond to the maximum analysed displacement of   u = 5   mm.



Based on the geometric and material properties of the specimen (Table 4), the torsional moment is calculated using Equation (26) as


   M t  =   G · ϕ ·  I p   L  ≈ 40  Nm .  



(26)







Following method 1 for determination of system losses, the friction forces in contacts 1–4 were calculated using Equations (9)–(14), with the coefficient of friction set to    μ fr  = 0.2   [37]. The results, including both sides of the mechanism, are given in Figure 7a. Moreover, the total work of the friction was compared to the work done by the input force. The system losses due to friction were thus calculated using Equation (17), which gave an estimate of 4% loss using method 1. The individual contributions of the contacts are depicted in Figure 7b.



Following method 2, the friction angle   φ  fr , i   , friction radius   r  fr , i   , and moment of friction   M  fr , i    were determined according to Equations (18)–(20). The results are presented in Table 5 for each contact, including both sides of the mechanism. The system losses, here defined as the ratio between the sum of the friction moments in all contacts and the moment needed to achieve the desired rotation of the specimen, were evaluated according to Equation (21). An estimate of 4.6% loss was predicted using method 2, which is comparable to the calculation following method 1.




3.2. Results of Numerical Model


The aim of the numerical simulation was a comparison between the performance of the mechanism considering friction in the sliding contacts and the operation of the mechanism as an ideal system with frictionless contacts. The first set of numerical simulations was performed with constant amplitude cycles (Figure 5d), whilst the second set was represented by the IST. The reaction force on the test rig F and the displacement of the U profile u during the loading were the crucial numerical results for subsequent experimental verification. Additionally, the shear strains  γ  and shear stresses  τ , which occur at the surface of the specimen, were also determined. The presence or absence of the friction in the contacts was assumed to be reflected in the course of the reaction forces.



In the simulation, the force on the test rig was measured between the carriers 1 and 2 (Figure 5). To calculate the reaction force, all the reaction forces at the nodes between the carrier surfaces were summed. The results of the numerical simulation for the displacements of 1.5, 2.0, 2.5, 3.0, and 5.0 mm are presented in Figure 8a,b. For displacements between   u = 1.5   mm and   u = 3.0   mm, the force on the test rig changed linearly when there was no friction in the system. However, when friction was considered in the sliding contacts, the force on the test rig increased or decreased due to the friction force. When the U profile moved in positive direction of displacement u, the force on the test rig was enlarged for the friction force in the mechanism. When transitioning from the maximum displacement value to the initial position, the force value was reduced by twice the value of the friction force. After crossing the initial position, the force on the test rig was still reduced by the friction force value. In the extreme position, when the U profile started returning from the furthest point of negative displacement towards the initial position, the force on the test rig was instantly increased by twice the value of the friction force. However, the signal in the diagram   F ( u )   indicates the elastic behaviour of the specimen, which can be obtained by comparison with the frictionless response (Figure 8a,b). On the contrary, when the specimen was loaded at a displacement level of   u = 5.0   mm, the force response became nonlinear, even in the absence of friction between the components of the cyclic torsional adapter. A hysteresis loop was thus formed, thereby suggesting the transition of the specimen into the elastoplastic region of loading. Here, the system losses due to friction were evaluated as the difference between the maximal absolute force values at reversal points when friction was assumed to the values when there was no friction considered in the contacts. It turns out that the force on the test rig was increased by 6% on average due to friction when the coefficient of friction in the sliding contacts was assumed to equal 0.2.



Figure 8c shows the shear stress  τ –shear strain  γ  diagram result of the numerical simulation. The values were gained on the surface of the specimen in the middle of the measured gauge. For displacements between   u = 1.5   mm and   u = 3.0   mm, the response was a straight line. This indicates that the specimen was within the elastic range throughout the loading process at these loading levels. At the displacement of   u = 5.0   mm however, the specimen entered the elastoplastic region of the material, which resulted in a hysteresis loop. Importantly, the shear stress  τ  is presented in Figure 8c from the numerical stress results on the surface of the specimen. Since this position did not include the transfer of the loading over the cyclic torsional adapter, the same stress result was obtained regardless of the simulated friction in the mechanism. To observe the effect of friction, the value of the shear stress  τ  was extracted from the simulated force on the test rig (Figure 8a,b). These values are given below in Section 3.4.




3.3. Experimental Results


Nine specimens were tested experimentally. With the first group of specimens, LCF tests at displacements   u = 1.5 , 2.0 , 2.5 , 3.0 ,   and   5.0   mm were conducted. Strain gauges were attached to four specimens in order to establish the transfer function between the displacement of the test rig and the strain of the specimen. Three specimens served for the additional results of the durability curve. They were tested until failure at displacement levels of   2.0 , 3.0 ,   and   5.8   mm. The remaining two specimens were used for the incremental step test (IST), which was performed to gain the stabilised cyclic shear stress–strain curve of the material. They were also equipped with strain gauges. The shear strain at reversal points for the three LCF specimens without strain gauges was then determined from the IST results, which are presented in detail in Section 3.4. The number of cycles to failure and the average values of the shear strain amplitudes are summarised in Table 6.



The force measurements on the test rig F, the displacements u, and shear strains  γ  can be compared for the four specimens equipped with strain gauges. The results are shown in Figure 9. The diagram shows the mutual dependence between the force F, displacement u, and shear strain  γ .



Looking at the F  ( u )   and F  ( γ )   diagrams, linear dependence can be noticed for small values of u and  γ , whereas a nonlinear response can be observed for   u = 5   mm. The nonlinearity in this case is a consequence of the elastoplastic response of the specimen. On the contrary, the   γ ( u )   response is linear, as the displacement of the test rig and the strain on the specimen are directly connected through the mechanism of the cyclic torsional adapter. Nevertheless, some oscillations of the force signal in both the vertical and the horizontal directions of F  ( u )   and F  ( γ )   during the crossing of the neutral position can be seen. This effect is a consequence of the displacement or tilting of the vertical bars away from their equilibrium position due to the slight clearance in the contacts of the mechanism. Moreover, when reaching the extreme displacement limit u, a sudden drop in the force signal can be observed most clearly in the F  ( u )   response. This effect is attributed to the frictional force in the mechanism. Regardless of the displacement amplitude, the values of the force drop when crossing the upper extreme limit and force jump when crossing the lower extreme limit were approximately 60 N. To reduce or eliminate this effect, the reduction of friction in the mechanism would be mandatory.



The durability curve can be created from the shear strain results. It is presented in Figure 10a. The Manson–Coffin–Morrow-type curve,


   γ a  =   τ f ′  G    2 N   b ′   +  γ f ′    2 N   c ′   ,  



(27)




was determined based on the measurements at the amplitude levels of   u = 2 − 5.8   mm. The parameters are given in Table 7. A total of 510,000 cycles to failure at a displacement level of   1.5   mm were then predicted. The prediction was compared to the experimental result, where 941,766 cycles at a 1.5 mm displacement amplitude were reached. The point is plotted with orange colour in the diagram in Figure 10a. It can be seen that in the logarithmic scale, this point and the approximation curve match substantially.



If a large number of specimens is to be tested, the process of attaching strain gauges to each specimen can be too time-consuming and somewhat superfluous. A displacement–shear strain diagram can thus aid the establishment of either the cyclic stress–strain curve or the durability curve for the reversal points (Figure 10b). Namely, the geometric link between the displacement of the test rig and shear strain on the specimens provides a unique and definite result. To determine the shear strain, strain gauges are no longer needed; only the information regarding the displacement on the test rig must be recorded during the test. Then, based on the displacement–shear strain diagram, the corresponding shear strain for the specimens is determined. Even in the case of a different material of the specimens, a new calibration is not needed. Admittedly, the stress–strain curve between the reversal points might not be accurate due to the influence of the friction in the recorded force signal, but the state in the reversal points is correct.




3.4. Correlations


3.4.1. Incremental Step Tests


Numerical and experimental ISTs for a nominal displacement amplitude of   u = 5   mm were performed. Two physical specimens, equipped with strain gauges, were used for the IST. The course of the signal for the ISTs is given in Figure 5e. The recorded experimental results for the stabilised response of the material during the IST are presented in Figure 11a.



As the signal for specimen 8 drifted during the test, it was afterwards corrected by a +0.0015 shift (Figure 11b). Moreover, stabilised reversal points were extracted for the determination of the cyclic stress–strain curve. The recorded values are given in Figure 11c, and the shifted values are given in Figure 11d. It can be noticed that an appreciable repeatability of the results was achieved. Evidently, the numerical and experimental hysteresis loops show the same phenomenon (Figure 11e). But since the experimental hysteresis loops were wider compared to the simulated loops, the discrepancies must be attributed to the friction circumstances in the torsional adapter. Specifically, the lateral friction between the components, which was not taken into account in the simulation, could be the cause for the mismatch of the signals. Nevertheless, the numerical and experimental results in the reversal points completely match (Figure 11f). It has thus been confirmed again that the reversal points obtained from the experimental results are correct, whereas the recorded paths between the reversal points can rather serve for orientation purposes.



A stabilised cyclic stress–strain curve was determined from the recorded signals using the Ramberg–Osgood equation:


   γ a  =   τ a  G  +   (   τ a   K ′   )   1  n ′    .  



(28)




The parameters used in the Ramberg–Osgood equation are presented in Table 8.




3.4.2. Stress–Strain Relations


The shear stress and shear strain results of the experiment and simulation are compared for a displacement level of   u = 5.8   mm in Figure 12a. A hysteresis loop was formed at this excitation level. The experimental hysteresis loop appeared to be the widest, which was seemingly due to the friction in the hinge contacts of the torsional adapter and also between the components in the lateral direction. Moreover, two simulated curves were established. The orange curve represents the response as simulated directly on the surface of the specimen. The influence of friction is not visible in this curve. However, the green curve stands for the shear stress simulated from the force on the test rig. This value was corrected by a factor of 1.4 to consider the overall experimental friction losses in the cyclic torsional adapter. In the reversal points, a characteristic change of the stress value was observed due to the friction in the mechanism. A comparison between the experimental and the simulated results provides a good agreement of the signals.




3.4.3. Force on the Test Rig


The force and displacement on the test rig can be compared between the analytical, numerical, and experimental observations (Figure 12b). The simulation results and the analytical results with the consideration of friction model 1 differed by 15% for displacements of up to 3 mm. For the load level of   u = 5   mm, the results were the same. Importantly however, the force on the test rig in the analytical model rose proportionally with increasing displacement, whereas both the simulation and the experimental results indicate an exponential growth of the force as a function of the displacement. This discrepancy arises due to the elastoplastic behaviour of the specimen, which was not considered in the analytical model. On average, the experimental force values on the test rig were 50% higher than the values in the simulation and analytical model for displacements up to 3 mm. At the displacement level of 5 mm, the force on the test rig was around 30% higher than the analytically calculated value. The higher values of the experimentally measured force on the test rig can be attributed to the lateral friction between the components of the torsional adapter, which was not taken into account in the current analytical and numerical models.



Both experimental and simulation force–displacement results can also be approximated using a Ramberg–Osgood-type curve:


  u =  F Ω  +   (  F  k  Ω  ′   )   1  n  Ω  ′    .  



(29)




The parameters are presented in Table 9.



The comparison of the parameters confirms the similarity of the experimental and the numerical curve. Namely, the shape of the curve is given by the parameter   n  Ω  ′  , whilst the height of the initial part of the curve is set by the parameter   k  Ω  ′  . It can be noticed that the same optimal parameter   n  Ω  ′   was calculated to approximate the experimental and simulation results. Moreover, the presence of the lateral friction in the experimental results is indicated by a higher value of the parameter   k  Ω  ′  .




3.4.4. Sensitivity Analysis of the Torsional Adapter


If the magnitude of the force on the test rig is tracked in the numerical model, the proportion of system losses due to friction can be analysed. To better understand the influence of the friction coefficient on the simulation results, a sensitivity analysis was performed for the IST by varying the values of the friction coefficient in the contacts of the mechanism from   0.1   to   0.5  . The results are collected in the form of hysteresis loops in Figure 13c,d. The magnitude of the force predicted on the test rig at different coefficients of friction was compared to the results of the numerical simulation performed with frictionless conditions in the system and ideal sliding contacts. The difference in forces then represents the system losses due to friction. If these values are compared to the system losses of the analytical model for various friction coefficients, the result in Figure 13a is obtained. It can be noticed that the numerical results lie close to the results of the analytical model considering method 2 for the friction. Specifically, the analytically calculated losses considering method 1 reached up to 10%. The analytically calculated losses considering method 2 followed with around 13% of losses. The highest system loss prediction was obtained by the numerical model. According to this prediction, the system losses would reach up to 15% at the friction coefficient of 0.5.



The experimental system losses were determined as follows. The extreme values of force at reversal points of the IST (for specimen 9) were collected. Next, the system losses were calculated against the expected analytical solution using method 1 to consider friction for the same values of displacement. The course of system losses as a function of displacement u is presented in Figure 13b. A negative trend of the system losses was observed, i.e., the higher the displacement u on the test rig, the smaller force proportion needed to overcome the friction force. Specifically, at smaller displacements (  u = 1.5   mm), the losses could reach over 40%. With increasing displacements (  u = 4.5   and 5 mm), the losses fell below 20%.



If the system losses between the analytical, numerical, and experimental consideration are to be equalised, a coefficient of friction in the sliding contacts for the analytical and numerical model between   1.0   and   1.4   is needed. This result therefore clearly shows that the lateral friction between the components is considerable and would have to be considered in the numerical and analytical models in order to create realistic comparisons. With consideration of lateral friction in simulations, realistic values of the friction coefficient in the sliding contacts could also be applied. Future improvements of the models will therefore include the lateral friction between the components of the torsional adapter. Another option for the improvement of the torsional adapter is in the direction of omission of the sliding contacts in the mechanism.






4. Conclusions


Torsional adapters for tensile–compression test machines are not widespread. Little information about such designs is available. The evaluation of friction is mostly the biggest challenge.



The cyclic torsional adapter presented here enables the determination of both the cyclic shear stress–strain curve and the durability curves.



Analytical and numerical models were set to analyse the behaviour of the adapter during operation. The analytical model includes the kinematics of the mechanism and two methods to evaluate friction losses. The numerical model was set using the implicit finite element method and enables consideration of the elastoplastic material properties of the specimen and friction losses in the contacts of the mechanism. For the aluminium alloy Al6061 specimens, up to 10% losses were predicted by analytical and numerical simulations prior to the experiments.



Experimentally, low-cycle fatigue tests and incremental step tests were performed using the cyclic torsional adapter. The experimental setup enabled data acquisition from the displacement and force measurements at the test rig and strain from the strain gauges mounted onto the specimens. Additionally, the recorded number of cycles to failure allowed for the determination of the torsional durability curve of the tested material. The experimental system losses due to friction varied between 20 and 40%, depending on the displacement u.



In a simulated incremental step test, the numerically determined reversal points of the hysteresis loops coincided with experimental values. Nevertheless, to improve the prediction of the analytical and numerical models, the lateral friction between the components should be taken into account in future research.
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Figure 1. Adapter for torsional loading: (left) physical product mounted onto to the tension–compression test rig and (right) digital twin used to carry out numerical simulations. 
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Figure 2. Details of the adapter for torsional loading: (a) the kinematic joint formed by two aluminium blocks and two steel plates and (b) the fastening of the specimen. 
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Figure 3. Analytical model of the torsional adapter: (a) simplified sketch of mechanism; (b) angles between U profile, bar nr. 1 and bar nr. 2 on one half of the mechanism when it is moved downwards by a vertical shift u; (c) decomposed force F into normal and axial components with respect to bar nr. 1 considering contributions from both sides of the mechanism. 






Figure 3. Analytical model of the torsional adapter: (a) simplified sketch of mechanism; (b) angles between U profile, bar nr. 1 and bar nr. 2 on one half of the mechanism when it is moved downwards by a vertical shift u; (c) decomposed force F into normal and axial components with respect to bar nr. 1 considering contributions from both sides of the mechanism.



[image: Machines 12 00090 g003]







[image: Machines 12 00090 g004] 





Figure 4. Friction moment caused by friction force   F  0 , f r    in contacts 2 and 3. 
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Figure 5. Left: finite element mesh of the adapter in the neutral position and the specimen. Right: (a) reference points and couplings for contacts 1–4; (b) definition of hinge connections in contacts 1–4; (c) application of boundary conditions; (d) LCF load signal; and (e) IST load signal. 
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Figure 6. Experimental setup and specimen dimensions. 
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Figure 7. (a) Friction force and (b) friction work in contacts 1 to 4 according to analytical model and method 1 of considering friction losses. 
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Figure 8. Numerical simulation of (a) force displacement response at the test rig without consideration of friction, (b) force displacement response at the test rig with consideration of friction, and (c) stress–strain response of the specimen during constant amplitude loading with different displacements. 
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Figure 9. F  ( u )  ,   γ ( u )  , and F(  γ )   relations for tested load levels. 
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Figure 10. Durability curve   γ ( N )   for aluminium alloy Al6061 (a) and geometric dependence between displacement of the test rig and shear strain (b). The curves were determined from blue points. The orange point represents the experimental result at displacement level of   1.5   mm (shear strain level of   0.0014  ). The orange point and the approximation curve match substantially. 
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Figure 11. Results of the incremental step test for nominal displacement amplitude value of 5 mm: recorded (a)  τ – γ  response, (b) shifted  τ – γ  response for specimen 8 (marked with *), (c) recorded reversal points, (d) shifted reversal points for specimen 8 (marked with *), (e) comparison of stress–strain response with simulation results, and (f) comparison of reversal points with simulation results. 
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Figure 12. Comparison of (a) experimental and simulated values of the stress–strain response and (b) experimental, analytical, and simulated reversal points. 
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Figure 13. Results of sensitivity analysis regarding the coefficient of friction: (a) comparison of numerical and analytical models, (b) experimental system losses, (c) results of numerical simulation for the values of friction coefficient 0.1 and 0.2, and (d) results of numerical simulation for the values of friction coefficient 0.3, 0.4, and 0.5. 
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Table 1. Material properties of the parts of the torsional adapter.
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	Material
	E [MPa]
	  ν   [-]
	  ρ   [ton/   mm 3   ]





	Steel S235
	210,000
	0.3
	7.85 ·   10  − 9   



	Aluminium Al6061
	68,900
	0.33
	2.7 ·   10  − 9   










 





Table 2. Parameters for Armstrong–Frederick material model of Al6061 aluminium alloy.
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	Quantity
	Value





	Yield Stress   R 0  
	347.7 MPa



	Kinematic hardening parameter C
	947.5 MPa



	Kinematic hardening parameter   γ AF  
	5.4










 





Table 3. Geometric measures of the analytical model.
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	Quantity
	Value
	Quantity
	Value





	a
	230.0 mm
	  ξ  
	   16 .  93 ∘    



	b
	70.0 mm
	    ξ 1    
	   17 .  28 ∘    



	u
	5.0 mm
	  β  
	   85 .  95 ∘    



	c
	240.42 mm
	  α  
	   0 .  05 ∘    



	   c 1   
	235.64 mm
	   δ 1   
	   4 .  09 ∘    










 





Table 4. Specimen properties used in the analytical model.






Table 4. Specimen properties used in the analytical model.





	Quantity
	Symbol
	Value





	Specimen polar moment of inertia
	   I p   
	   644   mm 4    



	Diameter of specimen
	d
	   9  mm   



	Shear modulus of aluminium alloy
	   G Al   
	   25 , 500  N /  mm 2    



	Length of specimen
	L
	   120  mm   



	Rotation of specimen
	  ϕ  
	   8 .  192 ∘    










 





Table 5. Friction angle   φ  fr , i   , friction radius   r  fr , i   , and moment of friction   M  fr , i   .
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	Contact
	   φ  fr , i     [rad]
	   r  fr , i     [mm]
	   M  fr , i     [Nmm]





	1
	   0.197   
	   0.88   
	706



	2
	   0.197   
	   0.88   
	590



	3
	   0.197   
	   0.88   
	247



	4
	   0.197   
	   0.88   
	247










 





Table 6. Experimental LCF test results for aluminium alloy Al6061. The specimens equipped with strain gauges are marked with an *.
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	Specimen
	Displacement [mm]
	Number of Cycles to Failure
	Shear Strain Amplitude [/]





	1 *
	1.5
	941,766
	0.00132



	2
	5.8
	991
	0.0058



	3 *
	5.0
	2500
	0.00477



	4 *
	3.0
	5840
	0.00290



	5
	3.0
	7565
	0.00334



	6 *
	2.5
	29,216
	0.00226



	7
	2.0
	163,500
	0.00193










 





Table 7. Manson–Coffin–Morrow parameters for   γ ( N )   durability curve of aluminium alloy Al6061.
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	Quantity
	Value





	   τ f ′   
	785



	   γ f ′   
	0.00063



	   b ′   
	−0.23



	   c ′   
	−0.20










 





Table 8. Parameters for Ramberg–Osgood type stabilised cyclic stress–strain curve of aluminium alloy Al6061 determined using the cyclic torsional adapter.
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	Numerical Simulation
	Experimental Test





	   K ′   
	322
	328



	   n ′   
	0.073
	0.0765



	G
	25,500
	28,500










 





Table 9. Ramberg–Osgood parameters for the relation between the force on the test rig and the displacement.
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	Experimental Results
	Simulation Results





	  k  Ω  ′   [N/mm]
	770
	580



	  n  Ω  ′   [-]
	0.10
	0.10



	 Ω  [N/mm]
	230
	129
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