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Abstract

:

In order to investigate the relationship between tribo-magnetization and wear phenomena, a series of sliding-friction tests were carried out using a pin-on-block reciprocator type device, which was specially designed to generate sliding friction and to detect magnetic fields. The tribological behavior was observed by a charge-coupled device (CCD) camera in real time, and the magnetic signal was detected by using a two-axis magnetic sensor. It was found that as the friction continues, both the tangential and the normal components of magnetic field on the material surface increase gradually, and that both the average value of the tangential magnetic field ΔH(x)mean and the peak-to-peak value of the normal magnetic field Vpp at the wear scar clearly reflect changes of the wear state. Furthermore, in order to better understand the tribo-magnetization phenomenon, the changes of surface morphology and wear debris in different wear stages were analyzed. Moreover, an improved magnetic dipole model that considered the distribution of magnetic charges on the worn surface was established. This model can successfully describe the tribo-magnetization phenomenon during the stable wear stage, and should be useful for characterizing frictional wear phenomena in the future.
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1. Introduction


Friction and wear are among the most common natural phenomena in our lives, and also the main cause for the failure of moving parts. There is a long history of research on friction and wear, bringing ever deeper understanding and providing a systematic and clear delineation of the main forms and mechanisms of wear. In recent years, the precise detection of wear has become a topic of interest for researchers [1,2]. At present, the main testing methods include acoustic emission, ultrasonic testing, ferrography, and spectral analysis [3,4,5]. The first two of these methods directly detect the worn parts to realize the evaluation of the wear state; the latter two methods are used mainly to monitor the wear state by analyzing the wear debris. Tribo-magnetization is a common phenomenon in friction, and has been studied to evaluate wear states [6,7]. Many researchers have begun to carry out related research on the mechanism and the behaviors of tribo-magnetization. A. Hase et al., Japanese researchers, have studied the relationship between friction magnetization and wear phenomena and the mechanism of magnetization in the initial stages of friction, and have concluded that the individual wear particles and aggregates of fine wear particles were all magnetized in one direction by tribological action, showing that the wear particles and transfer particles on the friction surface are the principal sources of magnetization [8,9,10]. Y. Chang has investigated that the effects of sliding speed and normal load on the surface magnetization mechanisms of self-mated iron pairs under the dry severe wear process, and has concluded that severe friction phenomena are the prerequisite conditions for tribo-magnetization [11]. F. Gao studied the phenomenon of friction magnetization with and without lubrication, and found that the increase in the magnetic field is greater for dry surfaces. Through the observation of magnetic domain structure, it is concluded that the generation and accumulation of surface plastic deformation is the main cause of tribo-magnetism [12,13]. In previous work, we have carried out a series of studies of the phenomenon of reciprocating friction magnetization under the condition of dry friction, studied the influence of the initial magnetic field, normal load and sliding speed on the tribo-magnetic effect with and without geomagnetic shielding, and found that the surface magnetic field at the wear scar position can be used to evaluate the wear state [14,15].



The magnetic dipole model is commonly used in the simulation of magnetic field. W. Zhou et al. have characterized magnetic flux leakage (MFL) of defects using a magnetic dipole model [16]. G. Han et al. have proposed a magnetic dual-dipole model to describe and evaluate the stress concentration in ferromagnetic materials [17]. In addition, to reveal the effect of the stress concentration on the induced MFL signals, Y. Wang et al. [18] have proposed an improved magnetic dipole model which is applicable to solve the inverse problem for estimating the shapes and sizes of the defects. However, all of these applications consider that the magnetic charge is only distributed on the two side walls of the defect.



The purpose of this paper is to further study the variation of a magnetic field on a sample surface during reciprocating sliding, and to reveal the relationship between tribo-magnetization and wear state. Therefore, in order to eliminate the influence of the residual magnetic field of a pin sample, non-magnetic material 316L was used for the pin sample, and the common engineering material 40CrMo with higher coercivity was used for the block sample. A high-sensitivity biaxial tunneling magneto-resistance (TMR) sensor was used to scan and detect the magnetic field on the surface of the specimen during the friction process. The relationship between the change of magnetic field and the wear state was then established by combining this result with the results of SEM and charge-coupled device (CCD) imaging. In addition, by reconsidering the magnetic charge distribution at the bottom of the wear scar, an improved magnetic dipole model is established, which differs from the traditional magnetic dipole model [19]. This model is more suitable for the simulation of the magnetic field distribution in the stable wear stage. The simulation results prove to be in remarkable agreement with the actual results.




2. Experimental Work


2.1. Specimen Preparation


A pin-on-block friction pair was used in the reciprocating sliding experiment without lubrication. In order to eliminate the influence of remanence of the pin sample on the tribo-magnetization effect of the block sample, the pin sample used in the experiments, a 6-mm diameter cylinder, was fabricated from non-magnetic stainless steel-316L (its hardness is 174 HBW). The block specimen was a plate of 100 mm× 25 mm× 8 mm made of 40CrMo steel (its hardness is 192 HBW) having good mechanical properties and high coercivity. This material is widely used for high-pressure manifolds and in oil drilling and production equipment. Its chemical composition is shown in Table 1. Before the test, the pin sample and block sample needed to be polished by 600, 800, 1000, and 1200 grades of SiC grinding paper to a surface roughness Ra of less than 3 μm and cleaned with ethanol or acetone in an ultrasonic cleaner. The block specimen was then demagnetized using an alternating current demagnetization method. Figure 1 presents the working position and shapes of the specimens. The block specimen was vertically placed and the scanning line AB, with a length of 120 mm, located 1 mm above the central axis of the block specimen, was selected.




2.2. Apparatus and Method


The experiments were carried out on a pin-on-block reciprocating sliding device. Figure 2 shows the schematic diagram of the experimental apparatus. The pin specimen is fixed on a pressure bar, which is perpendicular to the block surface and converts dead weight into positive pressure through a pulley mechanism. The block specimen is reciprocating in the wear region, relying on a crank connecting-rod mechanism. In the testing region, the variations of magnetic field were measured by a two-axis magnetic sensor that consists of two tunneling magneto resistive-type sensors; these have the merits of high sensitivity (12 mV/V/Gs) and a wide linear range. As shown in Figure 1, the normal component H(z) and the tangential component H(x) of the magnetic field were measured separately by a two-axis magnetic sensor. The positive direction of the normal magnetic field H(z) was chosen to point north. A CCD digital microscope was used to observe the tribological behavior.



All experiments were carried out with a reciprocating frequency of 1 Hz and a stroke of 20 mm at room temperature (about 20 °C) and normal relative humidity (about 45%) without lubrication. The normal load was 60 N, and the total number of reciprocating strokes was set 8000. During the experiment, both the pin and block specimen were separated after a certain number of reciprocating strokes, and wear debris on the specimen was carefully removed to reduce the impact of its own residual magnetic field. Then the magnetic field of the block specimen was detected along the scanning line AB (A to B) and a picture was taken by the digital microscope. The surface morphology of the wear scar was examined using an SEM. In addition, the magnetic field on the surface of the pin was measured before and after the tests, and the constant magnetic field value indicated that the pin sample was not magnetized (because the plastic deformation can lead to the transformation of austenite into martensite). Therefore, the effect of pin sample on friction magnetization can be ignored in this paper.





3. Results and Discussion


3.1. Variations of Magnetic Field during Reciprocating Sliding


Figure 3 and Figure 4 show the changes in both the tangential and normal components of magnetic field without lubrication under geomagnetic field conditions, respectively. The change in the magnetic field ΔH is the difference between the magnetic field after rubbing n times (Hn) and that before rubbing (H0): ΔH = Hn − H0.



Shown in Figure 3a and Figure 4a are the changes in the tangential and the normal magnetic fields in the wear scar during the whole friction process (ΔH(x) and ΔH(z), respectively). For up to 100 reciprocating cycles, the fluctuation amplitudes of both components are extremely weak and ΔH(x) in the wear scar is negative as shown in Figure 3b and Figure 4b. After 100 reciprocating cycles, both amplitudes gradually increase as the number of cycles increases.



ΔH(x) presents a U-curve that is below the zero line in the wear scar area. On both sides of the U-curve are peaks above the zero line. The two points where the ΔH(x) curve crosses the zero line are the starting and ending points of the wear scar. After 2500 reciprocating cycles, as shown in Figure 3c, the U-curve is concave inward. In other words, the amplitude of ΔH(x) in the middle of the wear scar decreases. In addition, around 400 reciprocating cycles, the growth of the tangential magnetic field in the wear scar becomes relatively slow and it seems difficult to find the rules easily (as shown in Figure 3c,d). Hence, in the following analysis, the mean value of the tangential magnetic field increment in the wear scar is proposed to characterize the changes of the magnetic field.



For the normal magnetic field ΔH(z), an oscillatory waveform appears in the wear scar area after 100 reciprocating cycles as shown in Figure 4a. The peak and valley of this waveform are at the starting and ending points of the wear scar, respectively, and the waveform between peak and valley is approximately a straight line. As the friction progresses, the peak-to-peak value (the difference between the peak and the valley) of the curve gradually increases (Figure 4b). The slope of the straight line increases with the number of cycles, more rapidly up to 400 cycles. After 400 reciprocating cycles, both the peak-to-peak value and the slope of the straight line increase slowly (Figure 4c,d).



Figure 5 shows the surface micromorphology of the wear scar at its ends and in its middle after 7000 cycles. It is obvious that material accumulates at the ends of the wear scar. As expected, the accumulation increases with increasing numbers of cycles. The phenomenon of material transfer and accumulation form plastic deformation and dislocation pinning effect, which hinders the increase in the magnetic field [20,21].




3.2. The Relationship between Magnetic Field and the Wear State


Figure 6 shows the dependence of ΔH(x)mean on the number of reciprocating cycles, where ΔH(x)mean is the average change of tangential magnetic field in the wear scar. Obviously, ΔH(x)mean goes through four different stages as the number of reciprocating cycles increases. At first it grows slowly; then it rapidly increases; finally, the growth rate gradually slows down, tending toward a near-constant growth rate. Based on these results, one may draw the following conclusions:



(1) Before point A, the OA section of the graph shows the initial friction period, and ΔH(x)mean is not significant. This is because the contact surfaces of the pin and block are not completely parallel. In fact, it appears that only part of the end face of the pin specimen is in contact with the block sample. Under the condition of low load, the surface of the block sample does not show a wear scar after the initial friction, and there is no wear debris at this time. With the further development of friction, fatigue wear occurs on the contact surface of the block specimen. At this stage, the variations of magnetic field can be explained by J-A theory [22,23,24,25]. The theory is that its magnetization state will change when the ferromagnetic component is subjected to stress—stress that will not only produce plastic deformation but also cause magnetostrictive effect. Therefore, the stress effect on the ferromagnetic component is equivalent to an effective magnetic field. The equivalent magnetic field under stress can be expressed as:


   H σ  =  3 2   σ   μ 0      (   d λ   d M   )  σ  =  3 2     σ 0     μ 0      (   d λ   d M   )  σ  (   cos  2  θ − ν   sin  2  θ )  



(1)




where θ is the angle between the applied stress and the equivalent magnetic field, λ is hysteresis coefficient, M is magnetization, ν is Poisson’s ratio, μ0 is the vacuum permeability, σ is the applied stress, and σ0 is the non-coaxial stress.



Reciprocating sliding of course causes the friction surface to be subjected to cyclic stress. The total magnetization M of the ferromagnetic material consists of two parts: one is the reversible magnetization Mrev caused by the bending of the domain wall; the other is the irreversible magnetization Mirr caused by the motion of the domain wall. The sum of the two parts constitutes the combined magnetization M: M = Mrev + Mirr. The dependence of magnetic field intensity on cyclic stress is shown in Figure 7.



Returning now to Figure 6:



(2) After point A, ΔH(x)mean increases rapidly until point B. Referring to Figure 8, it is found that point B corresponds exactly to the time when the wear scar is completely formed, so the A-to-B stage can be considered as the growth period of the wear scar. The width and depth of the wear scar increase during this period, and the boundary of the wear scar becomes clear. In addition, friction will produce some debris particles. At point B, the shape of the debris is sharp, and the particle size is large. The debris and the pin-block friction pair constitute a three-body wear mechanism, which has a high wear rate. Accordingly, ΔH(x)mean shows rapid growth from A to B.



After point B, the wear scar is completely formed. The width of the wear scar does not change further, but its depth increases slowly. Additionally, with the progress of the reciprocating sliding, the wear debris on the surface of the wear scar become smooth and the particle size of the wear debris becomes smaller. This fine wear debris acts as a lubricant, resulting in a decrease in wear rate and the attenuation of the growth rate of ΔH(x)mean. Therefore, B to C is a transitional period.



(3) Beyond point C, the coarse debris is ground repeatedly and is completely transformed into finer particles, some of which adhere to the surface of the wear scar. At the same time, because of friction heat, some fine black powder appears. Its admixture further reduces the frictional resistance, resulting in a decrease in wear rate. ΔH(x)mean then maintains a constant growth rate for a long period of time; this stage (C to D in Figure 6) is a stable wear period. The main mechanism of friction magnetization in the stable wear period is self-leakage magnetic field [11]. Figure 9 shows the micro morphology of the wear scar surface before and after point C.



Figure 10 shows the dependence of Vpp on the number of reciprocating cycles, where Vpp is the difference between the peak and the valley of the normal magnetic field curve in the wear scar. Compared with the dependence of ΔH(x)mean on the number of reciprocating cycles, Vpp follows the same trend. The curve of Vpp also appears four different stages as the number of reciprocating cycles increases and has the same transition points. Therefore, we conclude that changes of both the average value of tangential magnetic field intensity ΔH(x)mean and the peak-to-peak value of normal magnetic field intensity Vpp can, to a considerable extent, reflect the changes of wear state.




3.3. Magnetic Dipole Model


In this subsection, an improved magnetic dipole model, analogous to an electric dipole model, is proposed to simulate the magnetic field distribution in the stable wear stage. This model differs from traditional magnetic charge theory in that ferromagnetic components under the action of an external magnetic field accumulate opposite-polarity magnetic charges on two side walls that are perpendicular to the magnetization direction at the bottom of the defect, and the magnetic charges of opposite polarity cause the superposition of the magnetic field on the surface of the defect to form a leakage magnetic field [26,27]. The enhancement of the leakage magnetic field is the reason for the enhancement of tribo-magnetization in the stable wear stage. The distribution of the magnetic charges in the model is shown in Figure 11.



In typical plane dipole theory, it would be assumed that the magnetic charge exists only in the defect sidewalls perpendicular to the applied magnetic field, and that the sidewall polarities are equal and opposite. However, it is undeniable that the magnetic charge is also distributed at the bottom of the defect, where, however, the magnetic charge density is less. The bottom magnetic charges cannot be ignored in the wear scar because many tiny furrows exist there, especially in the early stage of the formation of wear scar defects. Each furrow is equivalent to a small new wear scar. We therefore establish a revised model.



In this model, a Cartesian coordinate system is selected, and the coordinate origin O is located on the upper surface of the workpiece at the midpoint above the wear scar, as indicated in Figure 10. The geomagnetic field is H, the length of the wear scar is 2b, and the depth of the scar is h. Therefore, the magnetic field intensity vectors of the surface element ds on both sides of the wear scar at point P are as follows:


  d    H ⇀   1  = −    ρ s  d s   2 π  μ 0   r 1    2       r ⇀   1   



(2)






  d    H ⇀   2  =    ρ s  d s   2 π  μ 0   r 2    2       r ⇀   2   



(3)




where    μ 0  = 4 π ×   10   − 7     H / m   is the vacuum permeability, and r1 and r2 are the distances from surface elements ds on both sides of the wall to the point P. The components of the magnetic field intensity vector of the surface element ds in the x and z directions at point P are as follows:


   {    d  H  1 x   = −    ρ s  ( x + b ) d s   2 π  μ 0  [   ( x + b )  2  +   ( y + s )  2  ]       d  H  1 z   = −    ρ s  ( y + s ) d s   2 π  μ 0  [   ( x + b )  2  +   ( y + s )  2  ]        



(4)






   {    d  H  2 x   =    ρ s  ( x − b ) d s   2 π  μ 0  [   ( x − b )  2  +   ( y + s )  2  ]       d  H  2 z   =    ρ s  ( y + s ) d s   2 π  μ 0  [   ( x − b )  2  +   ( y + s )  2  ]        



(5)







As shown in Figure 12b, a part of the magnetic charge is distributed on the bottom of the wear scar. For the next calculation, we assume that the magnetic charge is distributed only on the bottom of the wear scar. According to the characteristics of magnetic charge distribution, the closer to the edge line, the greater the magnetic charge density. Therefore, it can be assumed that the magnetic charge density is linearly distributed along the bottom of the wear scar, with the largest magnetic charge density    ρ  m a x     appearing at the edge line and with the magnetic charge density in the middle of the wear scar being zero. The specific distribution formula of magnetic charge density is


  ρ ( l ) =  l b   ρ  max   , l ∈ ( − b , b )  



(6)







The magnetic field intensity vectors contributed by the surface element of width dl on both sides of the middle line of the wear scar bottom at point P are as follows:


  d    H ⇀   3  = −    ρ  max   l d l   2 b π  μ 0   r 1    2       r ⇀   3   



(7)






  d    H ⇀   4  = −    ρ  max   l d l   2 b π  μ 0   r 4    2       r ⇀   4   



(8)







The components of the magnetic field intensity vectors contributed by the surface element of width dl along the x- and z-axes at point P are as follows:


   {    d  H  3 x   = −    ρ  max   l ( x − l ) d l   2 b π  μ 0  [   ( x − l )  2  +   ( y + h )  2  ]   , l ∈ [ − b , 0 ]     d  H  3 z   = −    ρ  max   l ( y + h ) d l   2 b π  μ 0  [   ( x − l )  2  +   ( y + h )  2  ]   , l ∈ [ − b , 0 ]      



(9)






   {    d  H  4 x   = −    ρ  max   l ( x − l ) d l   2 b π  μ 0  [   ( x − l )  2  +   ( y + h )  2  ]   , l ∈ [ 0 , b ]     d  H  4 z   = −    ρ  max   l ( y + h ) d l   2 b π  μ 0  [   ( x − l )  2  +   ( y + h )  2  ]   , l ∈ [ 0 , b ]      



(10)







The combined magnetic field intensities at point P along the x and z axes are then obtained:


   H x  =    ∫ 0 h   d  H  1 x      +    ∫ 0 h   d  H  2 x      +    ∫ 0   - b     d  H  3 x      +    ∫ b 0   d  H  4 x       



(11)






    H x  = −    ρ  max     π  μ 0    +    ρ  max   ( y + h )   2 b π  μ 0     (  arctan   b + x   y + h   + arctan   b − x   y + h    )  +    ρ  max   x   4 b π  μ 0    ln      (  b + x  )   2  +   ( y + h )  2       (  b − x  )   2  +   ( y + h )  2      −    ρ s    2 π  μ 0    [ arctan   y + h   b − x   − arctan  y  b − x   + arctan   y + h   x + b   − arctan  y  b + x   ]   



(12)






   H z  =    ∫ 0 h   d  H  1 z      +    ∫ 0 h   d  H  2 z      +    ∫ 0   - b     d  H  3 z      +    ∫ b 0   d  H  4 z       



(13)






   H z  =    ρ  max   x   2 b π  μ 0     (  arctan   b + x   y + h   + arctan   b − x   y + h    )  −    ρ  max   ( y + h )   4 b π  μ 0    ln     ( b + x )  2  +   ( y + h )  2      ( b − x )  2  +   ( y + h )  2      −    ρ s    4 π  μ 0    ln    [    ( x + b )  2  +   ( y + h )  2   ]   [    ( x − b )  2  +  y 2   ]     [    ( x + b )  2  +  y 2   ]   [    ( x − b )  2  +   ( y + h )  2   ]     



(14)







Equations (12) and (14) are expressions of the tangential and normal leakage magnetic field intensity components based on the improved magnetic dipole model. Here,   ρ s    is the surface magnetic charge density on the side wall of the wear scar and    ρ  m a x     is the maximum surface magnetic charge density at the bottom of the wear scar.




3.4. Simulation Result


In order to simplify the calculation, let    ρ s  / 2 π  μ 0  = 1  . Additionally, take the wear scar length to be 2b = 20 mm and the sensor lift-off value to be y = 1 mm. According to relevant experimental results of W.C. Zhong,    ρ s  /  ρ max    ≥ 8 [28,29]. Here,    ρ max  = k  ρ s    (k = 0.1), and the magnetic field leakage on the surface of the block specimen with different abrasive depth is numerically simulated according to Equations (11) and (13). The results are shown in Figure 13 and Figure 14.



Figure 13 shows the simulation results based on the improved model. It can be seen in this figure that the amplitude of Hp(x) at the wear scar increases gradually as the wear scar depth increases, and that the way in which Hp(x) changes at the wear scar closely matches the way in which the surface magnetic field changes at the stable wear stage. That is to say, in the early stage of stable wear, the tangential magnetic field presents a U-shape at the wear scar, and the edges of both sides of the U-shape protrude upward. In the later stage of stable wear, the tangential magnetic field shows a hump in the middle of the wear scar, and the U-shaped tangential magnetic field curve gradually turns into a W-shape, as indicated in Figure 13a.



The appearance of the normal magnetic field Hp(z) in Figure 13b closely matches that of the real normal magnetic field of the wear scar, and their dependence on the depth of the wear scar also closely matches. It appears that the positions of the peak and valley in the figure are the reverse of those of the actual magnetic field, but that it attributable to the selection of the positive direction of the normal magnetic sensor.



In order to show the advantages of the proposed model, the dependence of Hp(x) and Hp(z) on wear scar depth based on the traditional magnetic dipole model was shown in Figure 14. Comparing the experimental results (as shown in Figure 3 and Figure 4) with the results of both models, it is obvious that the improved model is close to the real situation.



In conclusion: the improved magnetic dipole model can accurately simulate the changes of tangential and normal magnetic fields during the growth period and stable wear period of the wear scar. However, the model is only suitable for the case where the leakage magnetic field is dominant; it does not consider the influence of any thermal demagnetization effect or dislocation pinning effect on the tribo-magnetization effect.





4. Conclusions


In this work, the tribo-magnetization effect was studied in a carefully controlled experiment with a pin-on-block reciprocating pair. It was found that the tangential and normal components of the surface magnetic field of the block increase gradually with increasing friction and follow the same trend. By extracting the average value of the tangential magnetic field intensity ΔH(x)mean at the wear scar position, it was found that the signal on the surface of the sample is divided into three principal stages: an initial friction period, a wear scar growth period, and a stable wear period. In the initial friction period, the tangential magnetic field on the surface of the block sample grows slowly. At this stage, the wear scar is not yet formed. The tribo-magnetization phenomenon conforms to the force-magnetic equivalent theory proposed by J-A, and the stress magnetization occurs when the friction surface is repeatedly extruded by reciprocating sliding stress. During the growth period of the wear scar, ΔH(x)mean increases rapidly. In this stage, the wear scar gradually deepens, and debris appears on the friction surface. Then, the debris and the pin-block friction pair form a three-body wear mechanism, promoting the aggravation of wear and leading to enhanced self-magnetic flux leakage on the sample surface. At the end of this stage, the wear debris becomes thinner and plays the role of lubricant. The wear decreases and enters into a stable wear stage. The growth rate of ΔH(x)mean decreases and tends to be stable. Vpp of the normal magnetic field intensity shows the same trend. There is a striking consistency between the wear state and the change of magnetic field. Therefore, it is feasible to monitor the change of the wear state by monitoring the change of magnetic field on the friction surface. Moreover, in order to evaluate and predict the variation of magnetic field on the surface of wear scar more accurately, an improved magnetic dipole model is established by considering the existence of the magnetic dipole at the bottom of the wear scar. The simulation results of the model are consistent with the actual wear process.
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Figure 1. Specimen shape and scanning lines (length unit: mm). 
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Figure 2. Schematic diagram of the experimental setup. 
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Figure 3. Changes in the tangential magnetic field for different numbers of reciprocating strokes: (a) the whole process; (b) n = 10~400; (c) n = 1000~4000; (d) n = 3000~8000. (f as reciprocating frequency and Ld as the normal load.) 
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Figure 4. Changes in the normal magnetic field for different numbers of reciprocating strokes: (a) the whole process; (b) n = 10~400; (c) n = 1000~4000; (d) n = 3000~8000. (f as reciprocating frequency and Ld as the normal load.) 






Figure 4. Changes in the normal magnetic field for different numbers of reciprocating strokes: (a) the whole process; (b) n = 10~400; (c) n = 1000~4000; (d) n = 3000~8000. (f as reciprocating frequency and Ld as the normal load.)



[image: Metals 11 01247 g004]







[image: Metals 11 01247 g005 550] 





Figure 5. The surface micromorphology of the wear scar after 7000 cycles of reciprocating sliding. 
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Figure 6. The average change of ΔH(x) within the wear scar as a function of the number of reciprocating cycles on a log scale. 
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Figure 7. The dependence of magnetization on cyclic stress produced by friction. 
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Figure 8. The macroscopic morphology of the wear scar at different stages. 
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Figure 9. Micro morphology of wear scar surface before and after point C in Figure 5: (a) before point C; (b) after point C. 
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Figure 10. The peak-to-peak value of ΔH(z) within the wear scar as a function of the number of reciprocating cycles on a log scale. 
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Figure 11. Distribution of magnetic charges in the magnetic dipole model. 
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Figure 12. Revised magnetic dipole model: (a) magnetic charge of side wall; (b) magnetic charge at the bottom. 
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Figure 13. The dependence of Hp(x) and Hp(z) on wear scar depth based on the improved magnetic dipole model. (a) Hp(x); (b) Hp(z). 
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Figure 14. The dependence of Hp(x) and Hp(z) on wear scar depth based on the traditional magnetic dipole model. (a) Hp(x); (b) Hp(z). 
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Table 1. Chemical composition of pin and block material (wt.%).
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	Steel
	C
	Mn
	Si
	Cr
	Mo
	S
	Ni
	P
	Cu





	40CrMo
	0.35~0.45
	0.5~0.8
	0.17~0.37
	0.90~1.20
	0.15~0.25
	≤0.035
	≤0.03
	≤0.035
	≤0.03



	316L
	≤0.030
	≤2.0
	≤1.0
	16.0~18.0
	2.0~3.0
	≤0.030
	12.0~15.0
	≤0.045
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