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Abstract. In order to respectively reveal the effects of magnetic shield, materials and 
normal load on the tribo-magnetization, a series of experiments were carried out on a 
pin-on-block friction tester with a magnetic shield and a three-axis tunneling magneto 
resistive-type sensor which has high sensitivity and wide linear range. Results showed 
that the Earth’s magnetic-field can motivate the generation of magnetization, but this 
effect focus primarily on region of stress and deformation concentration. The material 
of frictional pairs has a big impact on magnetization. And the effect of normal load on 
ΔH(x) is no obvious regularity because of the generation of severe plastic 
deformation.  

Introduction  

It is known that friction and wear behaviors which range from impact wear between the drill 
pipe and casing to erosive wear of high pressure pipe are very common phenomenon and 
severely impact the safety of oil production[1][2]. Therefore, wear status inspection is very 
important and needs to be addressed urgently. At present, in view of the friction and wear 
testing methods, ultrasonic testing is the conventional method, but it is limited by the 
measured surface[3]. Metal magnetic memory testing method(MMM) which is a new 
non-destructive testing technique has been widely used in various fields in recent years, and 
metal magnetic memory effect is extensively studied under different single stress states, such 
as tension, pressure, bending and torsion[4][5][6][7]. But magnetic memory effect on the 
friction process (tribo-magnetization) has rarely been studied because of the complexity of 
the friction process. At present, the argument about tribo-magnetization mainly focus on the 
mechanism of tribo-magnetization and the effect of frictional condition on 
tribo-magnetization. Some previous researches shown that wear particles and transfer 
particles on the friction surface are the principal source of tribo-magnetization of the friction 
surface and the normal magnetic flux density increases with the normal load [8][9]. But some 
scholars believe severe friction phenomena are the prerequisite conditions for 
tribo-magnetization, and the relationship between the average surface magnetization and 
normal load are also given [10][11]. The effect of Earth’s magnetic field on 
tribo-magnetization is rarely discussed, but the influence of the additional magnetic fields on 
friction and wear properties have been widely studied [12][13].  
The fundamental aim of this study is to further reveal the magnetic memory phenomenon 
under the different frictional condition and explain mechanism of tribo-magnetization. A 
home-made reciprocating friction testing machine which is a pin-block wear tester and can 
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shield geomagnetic-field is used to confirm the influence of geomagnetic-field on the 
magnetic memory phenomenon on the friction process. And the effect of different pair 
material and different load on the tribo-magnetization will also be investigated. The frictional 
surface magnetic field of ferromagnetic materials is measured by a tunneling magneto 
resistive-type magnetic memory sensor which has higher sensitivity. SEM is used to evaluate 
the microstructure of wear scar.  

1. Experimental Details 

1.1 Experimental Apparatus 

  

Fig.1. Schematic diagram of the experimental setup   Fig.2. Sketch of sensors arrangement 

The experiment was carried out on a pin-on-block friction tester with a magnetic shield 
which is made up of multi-tiered high permeability alloy and a single non-magnetic stainless 
steel. Fig. 1 is the schematic diagram of the experiment apparatus. The pin specimen is fixed 
and block specimen is reciprocating through the role of crank connecting rod mechanism. A 
load which is vertical to the block surface is applied to the pin specimen by using the level 
rule. A digital microscope is used to observe frictional behavior of pin and block specimen. 
The variations of surface magnetization were measured by a three-axis magnetic memory 
sensor which composed by three mutually perpendicular tunneling magneto resistive-type 
sensors with the merits of high sensitivity and wide linear range. The distribution of the 
sensors is shown in Fig.2. The block specimen is vertically placed, and the positive 
direction of the normal component H(z) of the surface magnetic field for block points to the 
north. The sensors can move from A to B for scanning measuring of surface magnetic field 
by applying lead-screw mechanism. 
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1.2 Test Specimen 

The shape of the tip of the pin specimen is a cylindrical 6 mm in diameter and the block 
specimen is a cuboid of 100mm×25mm×8mm. The pin and block specimen materials are 
listed in Table 1. Alternating current demagnetization method was applied to all specimens 
including all pin and block specimens in order to reduce the initial magnetic field and ensure 
which is the same or approximate for every specimen. The specimen was sequentially 
polished by 600, 800, 1000, 1200 grades of SiC grinding paper to a surface roughness of less 
than 0.15たm and cleaned with ethanol or acetone in an ultrasonic cleaner before each testing. 

Table 1. Material selection of friction pair 

Specimen Material 

Pin  316L 40CrMo Fe  

Block Fe 40CrMo 42CrMo 35CrMo 

1.3 Experimental Procedures 

All experiments were performed with a reciprocating frequency of 1Hz and a stroke of 21mm 
including the ends under dry and room temperature condition. The normal load was varied 
from 30 to 150N in order to research the effect of the normal load on tribo-magnetization. A 
magnetic shield was used to shield the Earth’s magnetic field. The surface magnetic field of 
the block specimen was measured by a sensor every special cycle. Before each measuring, 
the samples were carefully cleaned from any wear debris in order to avoid or reduce the 
influence of magnetism of wear debris and the effects of the movement of third body debris 
on the wear mechanisms [10]. After each test, the worn mass of the specimens was measured 
by an analytical balance with 1 mg precision. SEM was used to observe surface morphology 
of grinding crack.  

2. Results and Discussions 

2.1 Shielding Effect of Apparatus   

In order to realize the function of shielding Earth's magnetic field, a barrel-shape cover 
whose top is a smooth transition arc was designed. 316L stainless steel was used as the main 
framework of the cover. And a kind of high-permeability alloy soft board with thickness of 
0.12 mm and maximum permeability of 70000 was pasted on both inside and outside the 
framework. The shielding effectiveness depends on the number of the bonding layer [14]. 
Fig.3 shows the variations of magnetic-field component H(x), H(y) and H(z) with and 
without magnetic shield corresponding to the testing distance. And it is obvious that the 
shielding effectiveness of each of the magnetic field component has been reflected. 
Comparing with without magnetic shield, the magnetic-field component H(x) and H(z) 
decreased greatly under the condition of magnetic shield, and the values of H(x) which have 
had the greatest reduction drop from 70A/m to 30A/m-a drop of 57%. But the shielding 
effectiveness of the cover body is not very ideal for the magnetic-field component H(y). So in 
this study, only H(x) will be involved. Meanwhile, it must be point out that this kind of 
magnetic shielding method which bases on the parallel magnetic circuit principle can only 
weaken the amplitude of Earth’s magnetic field to some extent and it is difficult to shield 
Earth's magnetic field completely. In other word, actually the effect of magnetic shield on 
tribo-magnetization can also be understood as the effect of the decrease of the Earth’s 
magnetic field on tribo-magnetization. 
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Fig.3. The distribution of magnetic-field component H(x), H(y), H(z) with and without magnetic shield 
corresponding to the testing distance (no specimen) 

2.2 Effect of Magnetic Shield on Tribo-magnetization 

The variations of the changes of the tangential magnetic-field component ΔH(x) with 
reciprocating sliding cycle times under the conditions of with and without magnetic shield 
are shown in Fig.4, respectively. The changes of the magnetic-field ΔH(x) were calculated by 
subtracting the values of H(x) before applying frictional sliding from that after sliding at 
corresponding points on the inspecting path. It is seen from Fig.4 that the dramatic variations 
of ΔH(x) appear in wear area and the characteristic of the variations can correspond to the 
morphology of wear scar, whether with magnetic shield or without magnetic shield. It is 
evidently that the location of the extreme value points of ΔH(x) appear in points (a)-(d) of 
wear scar, respectively, which represent the four special stations of wear scar 
as shown in Fig.4a. The length of line ad is equal to, in numeral, the length of wear scar, and 
line ab or line cd is equal to the diameter of the pin specimen. So this indicates that the 
changes of the tangential magnetic-field component ΔH(x) on the surface of wear scar can 
reflect the length of wear scar and the diameter of the pin specimen to some extent. However, 
on the other hand, the difference of the variations of ΔH(x) for two kinds of magnetic shield 
state is also well represented. Comparing with with magnetic shield, the larger fluctuations of 
ΔH(x) appear in the condition of without magnetic shield. The peak-to-peak value Vpp 
represents the maximum fluctuation range, and it is shown in Fig.5a that Vpp rapidly 
increases with the increment of the number of strokes before about 1000 times and then 
becomes slow and tends to be stable. This phenomenon might be caused by that, wear scar 
forms gradually before about 1000 strokes and after that a large of dislocation pile-up which 
form severe plastic deformation appear in the edge of wear scar and then limit the movement 
of magnetic domain wall by pinning effect [15][16] as a result of the slow growth of Vpp. 
Furthermore, without magnetic shield, Vpp has not only a maximum stable value, but also 
has a faster increasing speed. So It is concluded that the earth’s magnetic-field can promote 
the generation of magnetization. In order to further understand the effect of magnetic shield 
on H(x), the variations of ΔH(x) which represent the average absolute value of ΔH(x) 
corresponding to line bc with the number of strokes are shown in Fig.5b. It is seen from 
Fig.5b that the variation trend of ΔH(x) is similar to Vpp, but its stable value is much smaller 
than Vpp and retains just at around 2.4A/m. It is worth noting that the differences of ΔH(x) 
with and without magnetic shield are very small. From the above it is not too hard to make 
the case that the effect of magnetic shield on tribo-magnetization focus primarily on region of 
stress and deformation concentration.   
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Fig.4. The changes of tangential magnetic-field component ΔH(x) for 40CrMo/40CrMo at Ld=60N f=1Hz and 
N=2000 with and without magnetic shield 

       
(a) (b) 

Fig.5. The variation of (a) peak-to-peak value Vpp and (b) average magnetic-field ΔH(x) with number of 
sliding strokes   

2.3 Effect of Material on Tribo-magnetization 

To understand the effect of the material on tribo-magnetization, two kinds of different 
materials pin specimens which are non-magnetic stainless steel (316L) and typical soft 
magnetic material pure iron (Fe) are selected. Fig.6 shows the changes of tangential 
magnetic-field component ΔH(x) for the different material frictional pairs under a normal 
load of 60N and a reciprocating frequency of 1Hz without magnetic shield. By comparing 
Fig.6a with Fig.6b, it is seen that the largest amplitude fluctuations of ΔH(x) appear on the 
surface of 40CrMo alloy steel and 42CrMo alloy steel blocks and the fluctuation of ΔH(x) for 
the pure iron block is the smallest no matter when the pin is 316L or Fe. Moreover, 
other things being equal, the fluctuations of ΔH(x) on the surfaces of the blocks when the Fe 
pin is made of pure iron are greater than those when the pins are 316L stainless steel. Further, 
to study the relationship between ΔH(x) and wear mass loss, mass losses for each kind of 
matching material are shown in Fig.7. It is observed in Fig.7 that mass losses of all friction 
pairs when the pins are made of Fe are greater than those when the pins are made of 316L, but 
mass losses of the 40CrMo and 42CrMo alloy steel blocks are not the greatest of all like their 
ΔH(x). So the effect of the pin specimen material contributes mainly to wear mass loss and 
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the effect of the block specimen material on magnetization depends on magnetic 
characteristics of the block material itself. 

 
(a)                                                          (b) 

Fig.6. ΔH(x) on four kinds of different material block surfaces sliding against (a)316L pins and (b) Fe pins at 
Ld=60N, f=1Hz and N=2000 without magnetic shield 

Therefore, all of the above results indicate that the changing amplitude of ΔH(x) on the 
surface of the block critically depends on the material characteristics of the blocks rather than 
mass losses when the pins are made from the same material and the blocks are made from 
different material. Generally, hard magnetic materials had a higher coercive force and 
remanent magnetism, on the contrary, the coercive force of soft magnetic materials is lower 
and it is easy to be magnetized or demagnetized [17]. The pure iron specimen is a typical soft 
magnetic material. So it is easy to understand that the changing amplitude of ΔH(x) for the 
pure iron block is the smallest. On the other hand, when the pins are made from different 
material and the blocks are made from the same material, the variations of ΔH(x) depend on 
wear mass loss.  

                   
(a)                                                           (b) 

Fig.7. Mass loss of friction pairs for the different material pin specimen at Ld=60N and f=1Hz without 
magnetic shield. (a) 316L (b)Fe 

2.4 Effect of Normal Load on Tribo-magnetization 

Fig.8 shows the variations of the changes of tangential magnetic-field component ΔH(x) for 
40CrMo/40CrMo without magnetic shield under the different normal load. It is seen from 
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Fig.8. The changes of tangential magnetic-field component ΔH(x) under the different normal load 

this figure that there is no obvious regularity in the effect of the normal load on changes of 
tangential magnetic-field component ΔH(x). However, wear losses linear increase with 
increasing normal load as shown in Fig.9. That is, the depths of wear scar also increase with 
increasing normal load. According to Magnetic flux leakage detection principle [18][19], 
ΔH(x) should increase with increasing wear scar depth, but they do not. Actually, friction and 
wear not only accompany magnetic leakage effect, but also magneto-mechanical effect, 
pinning effect and thermal effect [20]. So there is no doubt that ΔH(x) is affected 
synthetically by the above four effects. In this study, the thermal effect will be ignored 
because of low load and low velocity. According to the typical theory of 
magneto-mechanical effect which bases on effective field theory and the law of approach is 
developed by Jiles [21][22][23], the effect of stress on magnetization can be considered as an 
effective field described as  �� = ぬに �航0 岫 �膏��岻 
Where そ is magnetostriction coefficient, た0 is permeability of vacuum and M is the 
magnetization of the material. Hence, these two factors, the stress σ and dそ/dM combined, 
produced the magneto-mechanical effect[24]. But the stress σ refers to residual stress for the 
worn block specimen, and the residual stress comes from the plastic deformation. After wear, 
a lot of plastic deformations which were generated by wear not only produced the residual 
stress but also a large number of dislocation pile-up. And the increasing density of 
dislocation pile-up forms a strong pinning effect for magnetic domain structure, which hinder 
the movement of magnetic domain and then limit magnetization of material[15].    

 
Fig.9. Mass loss of the block specimen under the different normal load 
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Fig.10. The SEM photographs of the ends of wear scar under the different normal load (40CrMo/40CrMo, 

f=1Hz, n=3000, Dry). The arrow indicates the direction of testing 

Fig.10 shows the changes of SEM photographs for the ends of wear scar with normal load. 
Hence, it is concluded that the increase of normal load leads to the increase of plastic 
deformation as shown in Fig.5. The effect of plastic deformation is twofold: on the one hand, 
the generation of plastic deformation caused residual stress which impact magnetization 
according to the effective field theory. On the other hand, high-density dislocation pile-up 
appear in plastic deformation zone, and hinder the movement of magnetic domain wall, 
which limit the state of magnetization to tend to saturation. In fact, the effect of residual 
stress on magnetization is much smaller than pinning effect [25]. The increase of wear depth 
is another result of the increasing normal load. The magnetization intensity will increase with 
the increase of wear depth according to magnetic flux leakage principle. So it is easy to 
understand why the fluctuation of ΔH(x) is not the largest of all when normal load is 150N. 
Because pinning effect plays a dominant role when normal load is 150N. Fig.11 clearly 
shows the relationship between normal load and magnetization. 

 

 
Fig.11. The effect of normal load on the magnetization for the ferromagnetic materials 

3. Conclusion 

From the experimental results and the SEM observations on the worn surface, the following 
conclusions have been drawn:  

1. Earth’s magnetic-field can motivate the generation of magnetization, but this effect focus 
primarily on region of stress and deformation concentration. 
2. The changing amplitude of ΔH(x) on the block surface depends on wear mass losses of the 
blocks when the material of the block specimen is the same and are determined by the 
material characteristics of the blocks when the material of the pin specimen is the same. 
3. There is no obvious regularity in the effect of normal load on ΔH(x) because of the 
generation of severe plastic deformation.  
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