

  applsci-10-06610




applsci-10-06610







Appl. Sci. 2020, 10(18), 6610; doi:10.3390/app10186610




Article



Quantitative Demonstration of Wear Rate and Dissipation Energy during Tension–Torsion Cyclic Loading of Steel Wires with Fretting Contact in Different Environmental Media



Dagang Wang *, Xiangru Wang, Guozheng Xie and Huilong Zhu





School of Mechatronic Engineering, China University of Mining and Technology, Xuzhou 221116, China









*



Correspondence: wangdg@cumt.edu.cn; Tel.: +86-516-8359-1916







Received: 16 August 2020 / Accepted: 15 September 2020 / Published: 22 September 2020



Abstract

:

The wear rate and dissipation energy during tension–torsion cyclic loading of steel wires with fretting contact in different environmental media were explored in this study. Hysteresis loops of tangential force versus displacement amplitude (Ft-D) and torque versus torsion angle (T-θ), and their dissipation energies were obtained employing the self-made test rig. Morphologies of wear scars of steel wires were observed employing the white light interference surface morphology. The quantitative demonstration of the coefficient of cyclic wear of steel wire was carried out combining polynomial fitting, reconstruction of three-dimensional geometric model of wear scar and Archard’s equation. The results show that Ft-D curves reveal both decreases of the relative slip and dissipation energy in the order: corrosive media, deionized water and air. Increases of contact load and crossing angle caused overall decreases in the relative slip and dissipation energy, while the relative slip and dissipation energy both increased with increasing torsion angle. T-θ curves indicated the largest and smallest dissipation energies in cases of acid solution and deionized water, respectively. Increases of contact load, crossing angle and torsion angle caused increases in relative slip and dissipation energy due to cyclic torsional loading with fretting contact. The wear coefficient in cases of distinct environmental media decreased in this order: air, corrosive media and deionized water. Increases of the contact load, torsion angle and crossing angle all induced increases in the wear coefficient.
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1. Introduction


In China, 53% of coal resources are buried below several kilometers [1]. The multi-rope friction hoisting system is widely employed in the kilometer-deep coal mine. During hoisting, the hoisting ropes (twisted by strands and steel wires) are subjected to cyclic stretching, torsional and bending loads, which causes a torsion cyclic loading of steel wires with fretting contact [2]. Besides, the hoisting rope is exposed to alternating environmental media, i.e., air and mine water (PH = 3.0–9.5 [3]), attributed to the rope running cyclically between underground and the ground surface. Therefore, the combined roles of tension–torsion cyclic loading and environmental media cause the material loss of wire cross-section and the induced wire fracture [4], which easily causes rope failure and thus significantly affects the hoisting safety. It is clearly seen that the service life of hoisting rope is greatly affected by the wear rate of steel wire, and the wear rate is closely correlated with the dissipation energy. Therefore, in order to estimate the endurance life of hoisting rope, it is important to quantitatively demonstrate the wear rate and dissipation energy during tension–torsion cyclic loading of steel wires with fretting contact in different environmental media.



Many researchers have carried out research on cyclic tensile loading with fretting contact of steel wires. Llavori et al. [5] explored the effect of crossing angle on the tangential force between steel wires by employing the self-made modular fretting fatigue and fretting wear tribotester and found that there were no non-Coulomb behaviors at low crossing angles. Takeuchi and Waterhouse [6] explored fretting-corrosion fatigue behaviors of steel wires in air and artificial seawater. They found that fretting in seawater seriously reduces the fatigue life at stresses below the fatigue limit in air; cathodic protection restores the fatigue strength to a value greater than that in air. Wang et al. [4,7] analyzed roles of corrosive media and strain ratio on wear and fatigue fracture mechanisms during fretting fatigue. Périer et al. [8,9] studied effects of corrosive media (water and NaCl) on fretting fatigue characteristics of steel wires in bridge cable. Cruzado et al. [10] carried out fretting wear tests of steel wires and predicted the fatigue life of fretted wires. He also found the prediction methodology correctly predicts the life reduction of steel wire with increasing normal contact load. Winkler et al. explored the fretting fatigue behavior of tensioned steel monostrand and quantified the bending stiffness and relative displacement between adjacent layer wires along the length of monostrand [11]. Wokem et al. proposed that fretting fatigue failure often occurred in the cable bent over sheaves and presented empirical equations of fatigue life of the cable [12]. Considering the tension–torsion cyclic loading of steel wires with fretting contact, Wang et al. [3] explored wear mechanisms and crack propagations of steel wires under tension–torsion fretting-fatigue with different tribo-fatigue parameters and corrosive media. According to effects of surface condition, residual stress, material loss at the cross-section, contact pressure, lubricants and additional bending on fretting damage behaviors of steel wires, Liu et al. [13] studied fretting corrosion wear behaviors of steel wires in the alkaline solution and found tuberous fretting wear debris was beneficial to reduce fretting corrosion wear of steel wires. Nakamura et al. [14] investigated mechanical properties and remaining strength of corroded bridge wires. He found that the uneven surface roughness of corroded wires decreased the ductility of corroded wires and thought that the fracture of wires was attributed to mixed effects of corrosion, cyclic stresses, high residual stresses, hydrogen and fretting. Smallwood and Waterhouse [15] explored effects of residual stress patterns on fretting-corrosion-fatigue behaviors of steel wires in seawater and found that the fretting behavior is influenced by residual stresses at points of contact varying around the circumference of the wire. Wang et al. [16] discussed the effects of fretting wear depth and contact load on stress distributions and crack initiation characteristics on fretting contact surfaces of fretted wires and found that increasing wear depth and contact load induces distinct stress distributions and accelerates crack initiation on fretting surfaces. Urchegui et al. [17] analyzed effects of contact pressure, relative humidity and lubricants on the fretting wear behavior in thin steel roping wires. Bonneric et al. [18] dealt with fatigue damage evolution in steel cables used in tires when subjected to cyclic bending loadings and simulated bent cable and its matrix with and without broken wires in order to evaluate the impact of the first breakage on the stress distribution within the cable. Generally speaking, previous efforts mainly focus on failure mechanisms of steel wires during cyclic tensile loading with fretting contact in different environmental media, wear mechanisms and fatigue crack propagations of steel wires during tension–torsion cyclic loading in different environmental media, and effects of surface condition, residual stress, material loss at the cross-section, contact pressure, lubricants and additional bending on fretting damage behaviors of steel wires. However, during tension–torsion cyclic loading of steel wires with fretting contact in distinct environmental media, quantitative demonstrations of wear rate and dissipation energy of steel wires have not been reported yet.



The objective of this study is to quantitatively demonstrate the wear rate and dissipation energy during tension–torsion cyclic loading of steel wires with fretting contact in distinct environmental media. Effects of environmental media (air, deionized water, solutions) and tension–torsion cyclic loading parameters (loading cycles, contact load, torsion angle and crossing angle) on hysteresis loops, dissipation energy, wear scar size and wear coefficient were presented, respectively.




2. Experimental


2.1. Test Specimens


The carbon structural steel wire with the diameter of 1 mm is chosen in this study. Chemical compositions (in wt%) of steel wires are: Fe 98.71%, C 0.87%, Mn 0.39%, Si 0.02% and Ni 0.01%. Steel wires have the elastic modulus of 203 GPa, yield strength of 1150 MPa and ultimate strength of 1680 MPa.




2.2. Environmental Media


Based on statistical data of PH values and chemical compositions of environmental solutions in typical coal mines in China [3,4], simulated solutions with different PH values (Table 1) were prepared using chemical materials of NaSO4, CaSO4, MgSO4, NaHCO3, NaOH, KCl, HCl, MgCl2 and NaCl.




2.3. Tension–Torsion Cyclic Loading Parameters


The tension–torsion cyclic loading test rig was employed to carry out tension–torsion cyclic loading tests of steel wires (see Figure 1 and Figure 2 in Reference [3]) in different environmental media. Before each test, loading wires were aligned with respect to the cyclic loaded wire to ensure consistent contact. During the test, the cyclic loaded wire was applied to the cyclic tension and torsion employing the electric cylinder and step motor, respectively. The constant contact load between contacting wires was applied using the counterweights. Contacting regions of steel wires were immersed in the plastic container with different environmental solutions to realize the corrosive environment. The cyclic tension and tangential force were recorded by the tension sensor and tangential force sensor, respectively. The cyclic torque and torsion angle of cyclic loaded wire are recorded employing the torque sensor and angular displacement sensor, respectively. The relative displacement between contacting wires is determined by scaling-down of the cyclic loaded wire deformation measured by the electric cylinder. Distinct crossing angles between steel wires can be realized by changing the inclination angle of loading wire fixture. Test parameters are as follows: fretting amplitude of ±60 μm, frequency of 5 Hz, tensile stress amplitude of 510 MPa and tensile stress ratio of 0.5. Environmental media and other test parameters can be found in Table 2. The white light interferometer is employed to investigate wear morphologies and depths of steel wires. Cross-section morphologies of cyclic loaded wires were investigated using X-ray computed tomography (CT). Fractures of cyclic loaded wires were observe employing the scanning electron microscope (SEM).





3. Results and Discussion


3.1. Effects of Environmental Media on Dissipation Energy Characteristics


3.1.1. Hysteresis Loops of Tangential Force versus Displacement Amplitude


It is clearly seen from Figure 1 that the displacement amplitude is composed of an elastic deformation part (DT) and relative slip (RS) between contacting wires [19,20]. Hysteresis loops of tangential force versus displacement amplitude (Ft-D) present shapes of parallelogram, ellipse and straight line, which indicates the gross slip, partial slip and adhesion state, respectively. All points at the fretting contact interface move relative to each other in the case of gross slip, while the partial slip state indicates the adhesion at the contact center of contacting wires and the micro-slip at the contact edge. In each environmental medium, the hysteresis loop presents the parallelogram at the initial stage of the tension–torsion cyclic loading test, which indicates the gross slip at contact surfaces of steel wires. As loading cycles increase, the hysteresis loop changes to the ellipse, which reveals a decrease in the relative slip range and an increase in the adhesion zone, i.e., partial slip state. As compared to the case of air medium, solutions and deionized water require fewer loading cycles for the transition of hysteresis loop from parallelogram to ellipse, which reveals easier removal of protection film at the wire surface and easier transition from gross slip to partial slip at the fretting contact surface in cases of solutions and deionized water. The maximum tangential force between steel wires decreases in the order: air, alkaline and neutral solutions, deionized water and acid solution (Figure 1e,f and Table 3). In cases of distinct media, the relative slip decreases in the order: acid, neutral and alkaline solutions, deionized water and air (Figure 1e and Table 3). In acid solution, wire surface wear is similar to “pickling and polishing”. Coupled roles of solution medium and SO42- lubricating film cause the good lubrication at the fretting contact surface, and thereby induce a smaller maximum tangential force and a larger relative slip [21,22]. In the case of deionized water, it presents the worse lubrication and no electrolyte ion effect as compared to the case of acid solution, which indicates a larger maximum tangential force and a smaller relative slip. In cases of neutral and alkaline solutions, interactions between Cl− electrochemical corrosion and SO42− lubrication film cause the decreases in the maximum tangential force and relative slip [21,22]. The case of air medium presents the maximum tangential force and minimum relative slip attributed to the rough contact surface, discharge of accumulated debris and poor lubrication effect.



The dissipation energy attributed to cyclic tensile loading with fretting contact is characterized by the area inside Ft-D loop; the dissipation energy is mainly released in the form of friction heat due to material removal [23]. At loading cycles of 20,000, dissipation energies in cases of air, deionized water, acid, neutral and alkaline solutions are 1.0 × 10−3 J, 1.32 × 10−3 J, 1.46 × 10−3 J, 1.48 × 10−3 J and 1.62×10−3J, respectively. Therefore, in distinct environmental media, the dissipation energy decreases in the order: alkaline, neutral and acid solutions, deionized water and air. It is known that the dissipation energy is positively correlated with the product of maximum tangential force and relative slip. Larger dissipation energy indicates more difficult removal of surface material, which coincides with change trends of wear depth and wear coefficient as depicted in Section 3.1.3.




3.1.2. Hysteresis Loops of Torque versus Torsion Angle


Figure 2 shows evolutions of hysteresis loops of torque versus torsion angle during tension–torsion cyclic loading of steel wire with fretting contact in distinct environmental media. The hysteresis loop of torque versus torsion angle (T-θ) indicates friction dynamics characteristics of steel wire during cyclic torsional loading [24]. The linear hysteresis loop indicates the adhesion state at the fretting contact surface; the relative motion is mainly coordinated by the elastic deformation. The elliptical hysteresis loop reveals the partial slip state; relative motion is mainly coordinated by combined elastic and plastic deformations. In each environment medium, hysteresis loops of torque versus torsion angle present the ellipses, which indicates that the torsion angle lags behind the torque. The hysteresis phenomenon is more obvious at the stabilized stage as compared to the initial stage of the test. Increases of loading cycles cause increased degree of openness of hysteresis loop, which reveals that shear stress attributed to cyclic torsional loading with fretting contact causes more irreversible work absorbed by material internal friction and more severe wire surface damage.



At loading cycles 20,000, dissipation energies caused by cyclic torsional loading with fretting contact in cases of air, deionized water, acid, neutral and alkaline solutions are 9.26 × 10−3 J, 7.0 × 10−3 J, 9.97 × 10−3 J, 7.89 × 10−3 J and 7.98 × 10−3 J, respectively. Therefore, the dissipation energy decreases in the order: acid solution, air, alkaline and neutral solutions, and deionized water, which indicates most severe and slightest damages at fretting surfaces of cyclic loaded wires in cases of acid solution and deionized water, respectively.




3.1.3. Wear Coefficient


Figure 3 shows the irregularly elliptical front profile of wear scar of cyclic loaded wire in the case of acid solution. The long axis of ellipse shows an inclined angle γ with the wire axis attributed to combined roles of cyclic tension and torsion. Meanwhile, γ value coincides with the theoretical torsion angle amplitude, i.e., 4°. Table 4 shows sizes of wear scars of cyclic loaded wires in different environmental media. It is observed that in cases of different environmental media wear scar sizes decrease in the order: air, acid, alkaline and neutral solutions, and deionized water.



Based on wear depth profiles (Figure 3 and Figure 4 and Table 4) and polynomial fitting, theoretical equations of wear depth profiles are established as shown in Figure 5. According to theoretical equations of wear depth profiles, the three-dimensional geometric model of wear scar is reconstructed using Pro/Engineer 5.0, PTC, Massachusetts, USA (see Figure 5 in reference [25]). The wear volume between surfaces of P and Q can be calculated automatically by Pro/Engineer 5.0. Substitutions of wear volume, relative slip amplitude, loading cycles and contact load into formula (1) derives the cyclic wear coefficient, i.e., the wear volume per unit local relative slip and per unit contact load [25,26]:


   k  c o f   =  V   S x   F n    =  V  2 Δ x N  F n     



(1)




where Sx is the total stroke, Fn denotes the contact load, and Δx represents the relative slip. In the present study, Δx is equal to relative displacement amplitude for simplicity.



Coefficients of cyclic wear can be calculated using Equation (1). In cases of distinct environmental media, the wear coefficient decreases in the order: air, acid, neutral and alkaline solutions, and deionized water, i.e., Kcof = 8.25 × 10−3 μm2/N, 4.58 × 10−3 μm2/N, 2.85 × 10−3 μm2/N, 2.4 × 10−3 μm2/N and 1.44 × 10−3 μm2/N, respectively. In cases of solutions, wear scars of cyclic loaded wires present the smaller wear depth (Table 4) and wear coefficient, as compared to the air medium, which reveals the negative interaction between wear and electrochemical corrosion. In the case of deionized water, no electrochemical corrosion and better lubrication effect cause a smaller wear coefficient as compared to solutions. In the acid solution, H+ dissolves the debris and exfoliation products, and thus accelerates fretting wear. Meanwhile, the lubrication and polishing effect may reduce the wear between contacting wires.



In the neutral solution, the strong electrochemical effect due to great Cl− concentration counteracts the lubrication effect of electrolyte solution [20,21,22,27]. In the alkaline electrolyte solution, the contact surface exhibits corrosion resistant passivation film due to OH− concentration, decreased lubricating effect due to great Cl− concentration, and weakened electrochemical corrosion of chloride attributed to decreased Mg2+, Ca2+, Na+ contents [20]. Therefore, the acid solution presents the largest wear depth and wear coefficient as compared to cases of neutral and alkaline solutions, while neutral and alkaline solutions exhibit essentially the same wear coefficient attributed to complex interactions of ions.





3.2. Effects of Fretting and Torsional Parameters on Dissipation Energy Characteristics


3.2.1. Hysteresis Loops of Tangential Force versus Displacement Amplitude







	(1)

	
Effects of loading cycles









Figure 5a shows that increases of loading cycles cause the transition of hysteresis loop from parallelogram to ellipse and finally stabilized ellipse. That indicates the contact state between steel wires change from a gross slip to a partial slip, which induces a decrease in relative slip (Figure 5b) and an increase in adhesion zone. Figure 5b shows that the dissipation energy (area of hysteresis loop) created by cyclic tensile loading with fretting contact presents an increase at first, then a decrease and the final stabilization. At the initial stage, the protective film is removed from the fretting contact surface of cyclic loaded wire attributed to the fretting wear and corrosion, which causes the friction between steel matrix of wires and thus induces a rapid increase in the tangential force between contact surfaces. Therefore, the dissipation energy increases at first. Afterwards, the regulation and load-bearing of wear debris and corrosion products as the third body cause the decreased tangential force and dissipation energy. At the stabilized stage, dynamic equilibriums between formations and dissolutions of wear debris and corrosion products cause the stabilized tangential force. The relative slip between steel wires decreases at first and then stabilizes with increasing loading cycles. Therefore, combined roles of tangential force and relative slip induces the change trend of increase-decrease-stabilization of dissipation energy.




	(2)

	
Effect of contact load









Figure 6a shows parallelogram Ft-D loops at contact load of 30 N, which indicates the gross slip state. Figure 6b-d show that the hysteresis loop changes from the parallelogram to ellipse with increasing loading cycles at contact loads of 40 N, 50 N and 60 N, which indicates that the fretting contact state varies from the gross slip to the partial slip, i.e., a decrease in the relative slip and an increase in the adhesion zone. An increase of contact load induces decreased loading cycles required for the hysteresis loop transition from parallelogram to ellipse, which indicates more difficult relative slip due to larger elastic deformation between contacting surfaces. An increase of contact load from 30 N to 60 N causes an increase in the maximum tangential force from 14.4 N to 20.0 N and a decrease in the relative slip from 78.4 μm to 23.4 μm at loading cycles 20,000 (Table 5). In cases of contact loads of 30 N, 40 N, 50 N and 60 N, dissipation energies are 1.728 × 10−3 J, 1.456 × 10−3 J, 0.732 × 10−3 J and 0.743 × 10−3 J, respectively. Therefore, the dissipation energy decreases firstly and then changes in a subtle manner with increasing contact load due to cyclic tensile loading with fretting contact. As the contact load increases from 50 N to 60 N, the unobvious change of dissipation energy is mainly attributed to an increase in the maximum tangential force and a decrease in the relative slip.




	(3)

	
Effect of torsion angle









Figure 7 shows that the hysteresis loop changes from parallelogram to ellipse in the case of each torsion angle, which indicates the fretting contact state changing from gross slip to partial slip. An increase of torsion angle induces increases in loading cycles required for the transition of hysteresis loop from parallelogram to ellipse, which indicates more difficult change of fretting contact state from gross slip to partial slip. Table 5 shows that the maximum tangential force and relative slip increases with increasing torsion angle at loading cycles 20,000. In cases of torsion angles of ±1°, ±1.5°, ±2° and ±2.5°, at loading cycles 20,000, dissipation energies are 1.0574 × 10−3 J, 1.4881 × 10−3 J, 1.5582 × 10−3 J and 1.599 × 10−3 J, respectively. Therefore, an increase of torsion angle causes an overall increase in the dissipation energy.




	(4)

	
Effect of crossing angle









It is clearly seen from Figure 5 in reference [3] that at crossing angles of 90° and 70° between steel wires, increases of loading cycles induce the change of Ft-D loop from parallelogram to ellipse, which indicates the fretting contact state changing from gross slip to partial slip; the maximum tangential force increases gradually, and the relative slip between steel wires presents the overall decrease trend. At crossing angles of 45° and 26°, increases of loading cycles cause the parallelogram-ellipse change trend of hysteresis loop. Therefore, the maximum tangential force increases at first and then decreases, while the relative slip decreases at first and then increases. Partial slip states at crossing angles of 45° and 26° are attributed to the destruction of longitudinal fiber grain structure after the failure of surface protection film of steel wire [28]. Figure 5 in reference [3] and Table 6 show that at loading cycles 20,000, an increase of crossing angle causes overall decreases in maximum tangential force, relative slip and dissipation energy, which indicates accelerated cyclic loaded wire surface damage [3,19].




3.2.2. Hysteresis Loops of Torque versus Torsion Angle







	(1)

	
Effect of loading cycles









Figure 8a shows elliptical hysteresis loops at different loading cycles, which indicates that the fretting contact surface is mainly regulated by coupled elastic and plastic deformations [29]. Increases of loading cycles induce increases in the openness of hysteresis loop, relative slip range and plastic deformation. Figure 8b shows the increase in the area of hysteresis loop with increasing loading cycles, which reveals increases in the dissipation energy due to cyclic torsional loading with fretting contact and the fretting contact surface damage.




	(2)

	
Effect of contact load









Figure 9 shows elliptical hysteresis loops of torque versus torsion angle in cases of different contact loads. At each contact load, increases of loading cycles cause increased openness of hysteresis loop. At the same loading cycles, the openness of hysteresis loop increases with increasing contact load. At loading cycles 20,000, dissipation energies due to cyclic torsional loading with fretting contact in cases of contact loads of 30 N, 40 N, 50 N and 60 N are 9.14 × 10−3 J, 9.97 × 10−3 J, 11.9 × 10−3 J and 16.2 × 10−3 J, respectively. Therefore, the dissipation energy increases with increasing contact load and thereby the fretting contact surface damage of cyclic loaded wire increases.




	(3)

	
Effect of torsion angle









Figure 10a–d shows elliptical hysteresis loops of torque versus torsion angle in cases of different torsion angles. At each torsion angle, the openness of hysteresis loop increases with increasing loading cycles, which indicates that the cyclic torsional loading with fretting contact always runs at the partial slip state. At the same loading cycles, the openness of hysteresis loop increases with increasing torsion angle, which reveals increases in the relative slip and fretting contact surface damage. The nonlinear increase of torque with increasing torsion angle may be attributed to the elastic–plastic torsional deformation according to Material Mechanics and complex elastic–plastic fretting contact role [30]. At loading cycles of 20,000, dissipation energies due to cyclic torsional loading with fretting contact are 4.11 × 10−3 J, 6.73 × 10−3 J, 9.97 × 10−3 J and 17.0 × 10−3 J, respectively. Therefore, the dissipation energy and fretting contact surface damage of cyclic loaded wire both increase with increasing torsion angle.




	(4)

	
Effect of crossing angle









Figure 11a–d shows elliptical hysteresis loops of torque versus torsion angle during the test in each crossing angle case. In cases of crossing angles of 90°, 70° and 45°, increases of loading cycles cause the increase in the openness of hysteresis loop. In the case of crossing angle of 26°, the large openness of hysteresis loop does not vary obviously, which indicates the large relative slip during the whole test. At loading cycles of 20,000, dissipation energies in cases of crossing angles of 90°, 70°, 45° and 26° are 9.97 × 10−3 J, 9.36 × 10−3 J, 6.95 × 10−3 J and 6.37 × 10−3 J, respectively. Therefore, an increase of crossing angle induces increases in the dissipation energy and thus the fretting contact surface damage of cyclic loaded wire.




3.2.3. Wear Scar Size


Figure 12 shows that wear scars of cyclic loaded wires all exhibit irregular ellipses. Coupled roles of tension and torsion induce certain inclinations between the cyclic loaded wire axis and long axis of elliptical scar. Different tension–torsion cyclic loading parameters (loading cycles, contact load, torsion angle and crossing angle) cause distinct inclinations attributed to distinct relative slips and torsional slips between contacting surfaces, which coincide well with results in Section 3.2.1 and Section 3.2.2. Table 7 and Table 8 show that as loading cycles, contact load, torsion angle and crossing angle increase, the maximum wear depth varies in ranges of 11.9–20.1 μm, 10.4–19.5 μm, 9.2–19.9 μm and 7.2–16.0 μm, respectively. Therefore, increases of tension–torsion cyclic loading parameters all cause the overall increases in wear scar dimensions, which coincides well with conclusions in Section 3.2.1 and Section 3.2.2.




3.2.4. Wear Coefficient


Table 9 shows that as loading cycles increase, the wear coefficient increases rapidly at first, then increases slowly and finally stabilizes. At the initial stage of test, the protection film is removed from the contact surface of cyclic loaded wire attributed to roles of fretting wear and corrosion, which causes the fretting wear between steel matrixes and thereby accelerates the wear of cyclic loaded wire. Then the third body (debris and corrosion products) participates in the regulation and load-bearing, which causes a slow increase in the wear coefficient. Finally, the stable wear coefficient is attributed to dynamic balance between generation and dissolution of debris and corrosion products.



The coefficient of cyclic wear increases at first and then decreases with increasing contact load. As depicted in Section 3.2.3, the wear volume increases with increasing contact load and thus causes an increase in the wear coefficient. However, a further increase of contact load accelerates the adhesion at the fretting contact surface, which indicates that the acid solution is difficult to enter the contact surface, and relative slip between contact surfaces is smaller. Therefore, both decreases in fretting corrosion and relative slip reduce the wear coefficient.



An increase of torsion angle induces an overall increase in the wear coefficient. The tangential force and torque both increase with increasing torsion angle, which induces more severe plastic deformation and more irreversible work absorbed by the internal friction attributed to shear stress. Therefore, the acid solution enters the fretting contact surface more easily and thereby causes an increase in the wear coefficient.



The coefficient of cyclic wear increases with increasing crossing angle, which coincides with results in [31]. An increase of crossing angle induces easier failure of grain texture due to longitudinal fibrous grain [32], and increased maximum torque indicating larger shear failure.






4. Conclusions


The dissipation energy due to cyclic tensile loading with fretting contact decreases in the order: electrolyte solutions, deionized water and air, while the dissipation energy due to cyclic torsional loading with fretting contact exhibits the maximum and minimum values in cases of acid solution and deionized water, respectively. In the case of cyclic tensile loading with fretting contact, the dissipation energy increases with increasing torsion angle and PH value of electrolyte solution and with decreasing contact load and crossing angle. In the case of cyclic torsional loading with fretting contact, the dissipation energy increases with increasing contact load, crossing angle, torsion angle and PH value of electrolyte solution. The coefficient of cyclic wear decreases in the order: air, acid, solution, and alkaline solutions, and deionized water, and increases with increasing contact load, torsion angle and crossing angle.
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Figure 1. Ft-D loops during tension–torsion cyclic loading of steel wires with fretting contact in different environmental media. (a) air; (b) acid solution; (c) neutral solution; (d) alkaline solution; (e) deionized water; (f) comparison of hysteresis loops at loading cycles of 20,000. 
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Figure 2. Hysteresis loops of torque versus torsion angle during tension–torsion cyclic loading of steel wires with fretting contact in different environmental media. (a) Air. (b) Acid solution. (c) Neutral solution. (d) Alkaline solution. (e) Deionized water. 
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Figure 3. Three-dimensional white light interference surface morphology of wear scar of cyclic loaded wire in the case of acid solution. 
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Figure 4. Fitting of wear depth profiles of cyclic loaded wires in cases of distinct environmental media. (a) Air. (b) Acid solution. (c) Neutral solution. (d) Alkaline solution. (e) Deionized water. 
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Figure 5. Effects of cycles of loading on hysteresis loops of tangential force versus displacement amplitude and the relative slip. (a) Hysteresis loops. (b) Relative slip and hysteresis loop area. 
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Figure 6. Ft-D loops during tension–torsion cyclic loading of steel wires with fretting contact in cases of distinct contact loads. (a) Fn = 30 N. (b) Fn = 40 N. (c) Fn = 50 N. (d) Fn = 60 N. 
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Figure 7. Evolutions of hysteresis loops of tangential force versus displacement amplitude during tension–torsion cyclic loading of steel wires with fretting contact at different torsion angles. (a) θ = ±1°. (b) θ = ±1.5°. (c) θ = ±2°. (d) θ = ±2.5°. 
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Figure 8. Evolutions and dissipation energy of torque versus torsion angle. (a) Evolution of the hysteresis loop. (b) Dissipation energy at loading cycles 20,000. 
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Figure 9. Evolutions of torque versus torsion angle during tension–torsion cyclic loading at different contact loads. (a) Fn = 30 N. (b) Fn = 40 N. (c) Fn = 50 N. (d) Fn = 60 N. 
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Figure 10. Evolutions and dissipation energy of torque versus torsion angle during tension–torsion cyclic loading at different torsion angles. (a) θ = ±1°. (b) θ = ±1.5°. (c) θ = ±2°. (d) θ = ±2.5°. 
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Figure 11. Evolutions and dissipation energy of torque versus torsion angle during tension–torsion cyclic loading at different crossing angles. (a) β = 90°. (b) β = 70°. (c) β = 45°. (d) β = 26°. 
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Figure 12. Top and front views of wear scars of cyclic loaded wires at different tension–torsion cyclic loading parameters.(a,b) Effects of loading cycles; (c) and Figure 7c in reference [3] effect of contact load; (d) and Figure 7d in reference [3] effect of torsion angle; (e) and Figure 7b in reference [3] effect of crossing angle. 
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Table 1. Chemical compositions of solutions.
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PH

	
Ion Content (mg/L)




	
H+

	
Na+

	
K+

	
Mg2+

	
Ca2+

	
Cl−

	
OH−

	
      HCO  3 −     

	
      SO  4  2 −      






	
3.5

	
1.28

	
92.42

	
11.73

	
364.74

	
676.55

	
28.36

	
/

	
18.92

	
3283.81




	
7.5

	
/

	
141.16

	
11.73

	
49.33

	
80.56

	
89.33

	
/

	
18.92

	
551.38




	
9.5

	
/

	
35.63

	
11.73

	
36.45

	
54.43

	
89.33

	
3.33

	
18.92

	
232.95
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Table 2. Environmental media and tension–torsion cyclic loading test parameters.
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Environmental Media

	
Crossing Angle,

β (°)

	
Contact Load,

Fn (N)

	
Torsion Angle,

θ (°)

	
Loading Cycles, N (×104)






	
Air; deionized water; acid, neutral and alkaline solutions

	
90

	
40

	
±2

	
2




	
Acid solution

	
90

	
40

	
±2

	
1.5, 2, 2.5, 3




	
30, 40, 50, 60

	
±2

	
2




	
90

	
40

	
±1, ±1.5, ±2, ±2.5

	
2




	
90, 70, 45, 26

	
40

	
±2

	
2
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Table 3. The maximum tangential force and relative displacement at loading cycles 20,000 in different environmental media.
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	Environmental Media
	Air
	Acid Solution
	Neutral Solution
	Alkaline Solution
	Deionized Water





	Maximum tangential force (N)
	21.3
	16.2
	18.0
	19.1
	17.3



	Relative displacement (μm)
	33.6
	58.5
	54.3
	51.2
	49.1
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Table 4. Sizes of wear scars of cyclic loaded wires in different environmental media.
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	Environmental Media
	Air
	Acid Solution
	Neutral Solution
	Alkaline Solution
	Deionized Water





	Max. length, L (μm)
	623
	553
	515
	493
	359



	Max. width, w (μm)
	385
	327
	309
	289
	225



	Max. depth, h (μm)
	21.93
	16.03
	12.22
	11.24
	9.87



	Scar area, s (μm2)
	187,963
	145,460
	127,095
	109,319
	66,375
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Table 5. Tangential forces and relative slips between steel wires during tension–torsion cyclic loading at loading cycles 20,000 with different tension–torsion cyclic loading parameters.
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Contact Load, Fn, (N)

	
Torsion Angle, θ (°)

	
Crossing Angle, β (°)




	
30

	
40

	
50

	
60

	
±1

	
±1.5

	
±2

	
±2.5

	
90

	
70

	
45

	
26






	
Max. tangential force (N)

	
14.4

	
16.2

	
18.8

	
20.0

	
13.8

	
15.2

	
16.2

	
16.6

	
16.2

	
19.0

	
19.4

	
20.1




	
Relative slip (μm)

	
78.4

	
58.5

	
25.0

	
23.4

	
43.3

	
58.0

	
58.5

	
60.8

	
58.5

	
48.6

	
59.1

	
61.2
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Table 6. Tangential forces and relative slips between steel wires during tension–torsion fretting fatigue and dissipation energies of tangential force versus displacement amplitude at fatigue cycles 20,000 at different crossing angles.






Table 6. Tangential forces and relative slips between steel wires during tension–torsion fretting fatigue and dissipation energies of tangential force versus displacement amplitude at fatigue cycles 20,000 at different crossing angles.





	Crossing Angle, β (°)
	90
	70
	45
	26





	Maximum tangential force (N)
	16.2
	19.0
	19.4
	20.1



	Relative slip (μm)
	58.5
	48.6
	59.1
	61.2



	Dissipation energy (×10-3 J)
	1.46
	1.52
	1.83
	2.01
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Table 7. Dimensions of wear scars of cyclic loaded wires at different loading cycles and contact loads.
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Loading Cycles, N (104)

	
Contact Load, Fn (N)




	

	
1.5

	
2

	
2.5

	
3

	
30

	
40

	
50

	
60






	
Max. length, L (μm)

	
395

	
553

	
584

	
601

	
458

	
553

	
580

	
588




	
Max. width, w (μm)

	
245

	
327

	
353

	
358

	
250

	
327

	
333

	
347




	
Max. wear depth, h (μm)

	
11.89

	
16.03

	
18.17

	
20.06

	
10.38

	
16.03

	
18.27

	
19.54




	
Scar area, s (μm2)

	
82,074

	
145,460

	
170,246

	
183,284

	
97,692

	
145,460

	
159,324

	
166,888
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Table 8. Dimensions of wear scars of cyclic loaded wires at different torsion angles and crossing angles.
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Torsion Angle, θ (°)

	
Crossing Angle, β (°)




	

	
±1

	
±1.5

	
±2

	
±2.5

	
90

	
70

	
45

	
26






	
Max. length, L (μm)

	
401

	
549

	
553

	
567

	
553

	
659

	
687

	
778




	
Max. width, w (μm)

	
210

	
269

	
327

	
334

	
327

	
303

	
298

	
229




	
Max. wear depth, h (μm)

	
9.21

	
11.65

	
16.03

	
19.95

	
16.03

	
10.13

	
8.49

	
7.21




	
Scar area, s (μm2)

	
70,073

	
110,783

	
145,460

	
157,927

	
145,460

	
154,131

	
161,380

	
120,787
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Table 9. Coefficients of cyclic wear at different fretting and torsional parameters.
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Loading Cycles (×104)

	
Contact Load (N)

	
Torsion Angle (°)

	
Crossing Angle (°)




	

	
1.5

	
2

	
2.5

	
3

	
30

	
40

	
50

	
60

	
±1

	
±1.5

	
±2

	
±2.5

	
26

	
45

	
60

	
90






	
Wear coefficient (×10-3 μm2/N)

	
2.8

	
4.6

	
4.7

	
4.7

	
2.6

	
4.6

	
4.7

	
4.4

	
1.5

	
2.8

	
4.6

	
6.5

	
2.0

	
2.2

	
2.8

	
4.6
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