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Abstract: Metal magnetic memory(MMM) technology is one of the widely used non-destructive
electromagnetic detection technology. However, the analysis of its underlying principle is still
insufficient. The mechanical and magnetic coupling model is a reasonable standpoint to study the
principle of MMM. In this paper, a mechanical and magnetic coupling model of steel material is
established based on density functional theory (DFT) using the First-Principles analysis software
CASTEP. In order to simulate the practical working scene, the residual magnetism in the rail is
assumed to be existing and changing with the stress on the rail. By applying different stress to the
model, we explored the relationship among the atomic magnetic moment, the lattice constant and
the stress and further the causes of magnetic signals in the stress concentration zone. It is revealed
that the atomic magnetic moment and the crystal volume decrease with the increase of
compressive stress. The magnetic signal on the surface of magnetized metal component decreases
with compressive stress increasing while the tensile stress shows opposite tendency. Generally
speaking, the change of atomic magnetic moment and crystal volume caused by lattice distortion
under stress can be seen as the fundamental reason for the change of magnetic signal on the
surface of the magnetized metal. The bending experiment of rail shows that the normal magnetic
field decreases with the increase of compressive stress in the stress concentration zone. The
conclusion is verified by experiments.
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electromagnetic detection technology

1 Introduction

Rails in use are continuously squeezed and worn by wheels, resulting in stress concentrations. If

not detected in time, cracks and other significant damages are more likely to arisel*l. For example,



according to the statistics from the Canadian government, 82 railway accidents occurred in
January 2020 alone, including derailment!?. In recent years, nondestructive testing technology for
rail cracks and early damages are developing rapidly, partially including magnetic flux leakage
testing technology and Barkhausen noise detection technology!®!l“l. Due to the reflection clutter
near the surface of the rail, the ultrasonic testing technology can only detect large defects inside
the rail, which makes the rail surface or near-surface becomes the blind area, and thus a potential
safety hazard. Eddy current testing technology can quickly detect the rail surface without adding a
coupling agent. However, due to the limitation of skin effect, eddy current testing can only detect
the opening defects on the surface, but cannot detect the buried defects near the surface. Magnetic
flux leakage testing technology has the advantages of fast detection speed, low cost and simple
operation, and it can detect both surface cracks and buried cracks of rail. However, it is difficult to
detect the deep buried defects. Most of the current theoretical analyses of magnetic signals of the
magnetized metal use the finite element method for macroscopic simulation®!®1 which limits the
further research of the physical mechanism.

Rail are usually under pressure due to the action of wheels. We abstract the rail detection into
magnetized metal under changing pressure. In this paper, we use the First-Principles of quantum
mechanics to explore the possible microscopic phenomena in the magnetized metal under
changing pressure. Metal is a kind of crystal materials. It is a powerful tool in the field of
computational materials to calculate the properties of crystal materials, such as optical properties,
acoustic properties, magnetic propertiest’). Theoretically, this calculation requires solving the
Schrédinger equation for a multi-particle system. However, the complexity of the system makes it
unrealistic and the density functional theory (DFT) was proposed for approximation and reduction
of the calculative load[®l.At present, LDA (local density approximation) and GGA (generalized
gradient approximation) are commonly used. LDA is a class of approximations to the
exchange-correlation (XC) energy functional in DFT that depend solely upon the value of the
electronic density at each point in space. The LDA assumes that the density is the same
everywhere. Because of this, the LDA has a tendency to underestimate the exchange energy and
over-estimate the correlation energy. The errors due to the exchange and correlation parts tend to
compensate each other to a certain degree. To correct for this tendency, it is common to expand in
terms of the gradient of the density in order to account for the non-homogeneity of the true
electron density. This allows corrections based on the changes in density away from the coordinate.
These expansions are referred to as GGA.

First-Principles is a basic proposition or assumption and have been used to calculate the
influence of external force field and doping effect on the material magnetic memory
characteristics but its related researches are more focused on the development of new steel alloys!®]
or metal magnetic memory(MMM) technology™®. The principle of MMM detection is based on
the fact that the magnetic domain would be reoriented and irreversible in the stress and

deformation concentrated area under the combined action of the working load and the earth's



magnetic field. The invertibility of the magnetic state will remain after the removal of the working
load. It also be related to the maximum acting force. In other words, the MMM corresponding to
the acting stress will be generated™l. The theory of metal magnetic memory lacks the
force-magnetic coupling model. In this paper, the rail is taken as the research object, and the
force-magnetic coupling model is established based on the density functional theory for the rail
steel material under general magnetization. The stress-magnetic relation of steel material under
magnetization is analyzed in the following section and experimental verification are given in the
third section.
2 Establishment and optimization of the model

In order to study the physical mechanism of the MMM, it is necessary to calculate the
parameters associated with the magnetic characteristics of steel materials under different stresses,
i.e., the changes of crystal volume, atomic magnetic moment and density of electronic state2113],
The CASTEP software module is used here for modeling and calculation.

At present, rail steels, which are usually low carbon steel, are composed of pearlite and bainite

EiRIK I EIS| AR, , whose lattices are all body-centered cubic (a - Fe structure). Therefore, the

o, - Fe crystal structure without carbon doping is chosen to explore the rule of changes of magnetic
characteristics under stress.

The a - Fe structure is classified as an A2 type atom stacking mode. The iron atoms are tightly
packed in the cube, which means its space group is Im3m. Figure 1 shows the crystal cell which is

used in this paper.

Figure 1. 8a-Fe cell

The cut-off energy of the plane wave basis function and the K-point in the Brillouin zone are
optimized in advance. The cut-off energy is one of the parameters of inverse space, which
corresponds to the size of each discrete unit in the real space after discretization. The selection of
K-point in the Brillouin zone is equivalent to the refinement of meshing in K-spacel®. When the
energy of the system is minimum and converges, the system will generally be stable. The
following calculations are carried out to find the relationship between the system stability and two

influencing factors, the cut-off energy and K-point.



Firstly, as shown in Figure 2, when the cut-off energy exceeds 350eV, the system energy tends
to be stable and converges at -863.5eV. Then we select 4>4>4, 8>8>8, 10x10x10, 12x12x12,
161616 of samples for the Brillouin area K- point. As shown in Figure 3, when 8>8>8 or higher
is selected, the system energy tends to be constant. In this paper, a 450eV cut-off energy and
161616 Brillouin K-points are selected to ensure accuracy and reduce the calculation time. For
magnetic materials, spin polarization is considered. As shown in Figure 4, after 9 iterations, the
total energy of the selected cell tends to become constant, indicating that the selected parameters
are appropriate.
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Figure 4. Process of system energy becoming stable with multiple optimization steps

The energy convergence of the optimized model can only indicate that the model is
self-consistent. For more accuracy, it is necessary to compare the model with experimental data of
references(*®I'8l. Table 1 shows a comparison between the calculated data and standard previous
experimental data. Among all the listed, the idea of Local Density Approximation (LDA) is to

replace non-uniform electron gas with uniform electron gas approximately, while Generalized



Gradient Approximation (GGA) introduces electron density gradient, which not only considers the
approximation of local electron density, but also considers the spatial heterogeneity of electron
density, which is much more accurate compared with LDA algorithm. PW91, PBE, RPBE are the
three most typical and popular exchange functionals*7l.

It can be seen from Table 1 that the lattice constants and atomic magnetic moments calculated
by the GGA method are closer to the standard previous experimental data than those calculated
with the LDA method. In this paper, the GGA-PWO9L1 is used to calculate the relationship between

stress and the magnetic signal of rail steel in a magnetization state.

Table 1 Comparison of theoretical and experimental parameter of different methods and functional

Method Lattice constant of | Atomic Deviation  from | Deviation from
the cell/><10"m magnetic the experimental | the
moment of the | value of lattice | experimental
cell constant/><10"°m | value of atomic
(ne/atom) magnetic
moment
(us/atom)
LDA-CAPZ 2.746 2.01 -0.064 -0.20
GGA-PW91 2.826 2.12 0.016 -0.09
GGA-PBE 2.834 2.09 0.024 -0.12
GGA-RPBE 2.890 2.10 0.080 -0.11
GGA-WC 2.783 2.04 -0.027 -0.17
GGA-PBESOL | 2.784 2.03 -0.026 -0.18
Previous 2.810(151 2.21061 - -
experimental
data

The atomic magnetic moment, unit-cell volume and magnetic induction intensity were used to
established the microscopic cell model of rail steel in CASTEP. The stacking mode is A2 type,
with 450eV as the cut-off energy, 16x<16x16 as the k-point of Brillouin zone, and PW91
functional of GGA method as the approximation method. Without magnetization, the lattice
constant is 2.826 x10'°m and the atomic magnetic moment is 2.12 pg / atom, where pg refers to
Bohr magneton.

The First-Principles module CASTEP is used to calculate the atomic magnetic moment, cell
volume of ferromagnetic crystal and the relationship between these parameters and stress.

According to Stoner's theorem, the net magnetic moment of ferromagnetic material is the sum
of the atomic magnetic moments of all particles in the material. The net magnetic moment of the

system increases with the external magnetic induction intensity increasing. Its expression is:
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where P is the net magnetic moment of the whole material and 4 is the atomic magnetic

moment of each particle.
If the volume of the material isV , the magnetization M of the material can be expressed as:
uu
_dp, @
G \Y,
The magnetic signal discussed in this paper is generated under the condition of magnetization.

M

Therefore, the total magnetic induction intensity B is the sum of the magnetic induction intensity
of the material of the surrounding and the magnetic induction intensity Bi generated by the

material itself:
B= B0 + Bl 3)

where Bo is the magnetic induction intensity of the material generated by the earth. Also,
considering:

B, = 1,H (4)
where £, is the free space permeability and H is the external magnetic field intensity B

can be expressed as:
B, = 1M, ©)

Then:

d z 1, (6)

where M is the magnetic moment per unit volume. It can be deduced from Formula (6) that B has
a monotonic positive correlation with M,. According to formula (6), the relationship between the
magnetic signal and the stress can be obtained by calculating the variation law of the atomic
magnetic moment, the crystal volume and the stress.

The calculation results are shown in Figure 5. With the increase of tensile stress, the atomic
magnetic moment of o - Fe crystal cell increases. With the increase of the compressive stress, the
atomic magnetic moment of the a - Fe cell decreases. In addition, crystal volume is also calculated,
which is shown in Figure 6. The volume of the crystal is calculated from the lattice constant. It can
be seen that with the increase of compressive stress, the volume of crystal cell decreases, and the
speed of reduction slows down gradually, which means that the compressive stress makes the

crystal structure denser.
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Figure 5. Calculation results: variation trend of atomic magnetic moment with stress
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Figure 6. Calculation results: variation trend of crystal volume with stress

A cell is taken as an object and an external magnetic field Bo=1T is applied as along the
direction of the magnetized cell. Then by introducing the calculation results of figure 5 and figure
6 into formula (6), the relationship between stress and magnetic induction of magnetized steel can
be deduced, as shown in Figure 7.
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Figure 7. Calculation results: variation trend of magnetic induction with stress

When the material is stretched, the lattice constant of the crystal in the direction of stress is
higher when compared with the equilibrium state. And the atomic magnetic moment also
increases. Similarly, when the material is under compressive stress, the lattice constant in the
direction of the stress of the crystal decreases, and the atomic magnetic moment also decreases. If
the change of lattice volume reaches the threshold, the bond between the Fe atoms breaks!'€l, At
this time, the lattice of the system becomes distorted, which will affect the magnetic characteristics
of the material itself.

In the spin-polarized system, the density of electronic states are oriented according to the energy
state. The difference in the populations reflects the magnetic strength of the material. If they are
equal, that is, the electron density of states is symmetrically up and down, the material as a whole
does not show magnetism, and the difference between the two affects the atomic magnetic
moment and the material magnetism[*°l.

Figure 8 shows the electron density of state distribution of each orbit of the Fe atom inthe «
-Fe crystal cell when no stress is applied. Among them, the density of electronic states of s, p and f
orbits are shown in Figure 8 (a), the density of electronic states of d orbits and the sum of each
orbit are shown in Figure 8 (b). These two graphs use the same scales for easier comparison. It can
be seen that the density of electronic states of the s, p and f orbitals are evenly distributed, and its
peak value is far lower than that of the d orbitals. This shows that the spin motion of the d orbitals
contributes most to the magnetic properties of the materials, and the contribution of the other
orbitals to the magnetic properties can be ignored. Fe belongs to the group of 3d transition metals.
Its ferromagnetism comes from the intrinsic magnetic moment produced by the spin motion of 3d
orbital electrons in each Fe atom. The intrinsic magnetic moment tends to be parallel under the
interaction, and produces the magnetic moment in a specific direction, that is, the macroscopic

ferromagnetism.
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Figure 8. Partial electron density of states of various orbits of Fe atom

Therefore, the simulation calculation and analysis show that the change in the magnetic signal is
caused by the change in the atomic magnetic moment and lattice distortion under stress.
3 Experimental design, results and analysis

As are shown in Figure 9, a U71Mn (Chinese national standard) rail which was used for a long
time and a stress loading device were used to carry out a rail stress loading test to verify the
CASTEP calculations.

A Hall sensor is fixed on the free end of the cantilever which is driven by a piezoelectric
actuator with sinusoidal voltage. The output of the sensor was a sine-wave signal, the amplitude of
which was proportional to the normal magnetic field gradient. Since the normal magnetic field
gradient depended only on the varying quantity of the magnetic field in the sweep range, the
influence of the background magnetic field was neglected. The fundamental frequency of the
alternating output signal of the Hall sensor is the frequency of the vibration. The signal was
filtered, amplified and sent to the microcontroller to calculate the peak value. The magnetic sensor
is shown in Figure 10.
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Figure 9. Diagram of the experimental rail sample and the stress loading device; There is a stress

concentration zone around an artificial crack whose depth is 0.5mm and the width is 0.2mm.

Figure 10. Magnetic sensor

The system works in dynamics and it includes a magnetic sensor, the vibration detection

hardware circuit, a signal acquisition module and an upper computer human-computer interface.
The data collected by the sensors were processed by their respective signal conditioning circuit,
and then transmitted to the upper computer system by the acquisition card for analysis. Figure 11

shows schematics of the measurement system.
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Figure 11. Schematic diagram of the inspection system; The sine wave generator provides a peak-to-peak value of
2V and a sinusoidal excitation signal with a frequency of 100Hz, thereby driving the piezoelectric bimorph
vibration to drive the sensor to scan and detect the magnetic field, and as a reference signal together with the
detection signal through the lock-in amplifier. The DC-DC boost amplifies the sinusoidal signal to a peak-to-peak
value of 150V to drive the piezoelectric bimorph. The DC blocking circuit removes the DC component. The
band-pass filter circuit extracts the 100Hz center frequency signal and amplifies it to improve the circuit quality
factor Q, suppress noise interference, and greatly improve the signal-to-noise ratio. The amplifying circuit
amplifies the signal again to meet the input requirements. The 90 phase shift circuit processes the sinusoidal
signal to obtain a reference signal with a phase difference of 90 <and provides it to the phase-sensitive detector.
The phase-sensitive detector circuit completes the cross-correlation operation of the reference signal and the
detection signal and extracts the useful detection signal from it. The Low-pass filter circuit removes
high-frequency noise.

In a stress concentration zone, the position where the normal magnetic field B, passes a zero
point has the maximum gradient of the normal magnetic field. Therefore, the stress concentration
is determined by the maximum of the normal magnetic field gradient. In addition, on the surface
to which the stress concentration zone corresponds, the distribution curve of the normal magnetic
field gradient is steeper than the curve of the normal magnetic field, the variety is more significant,

it is much easier to detect by experiment. The measurement of the distribution of the normal



magnetic field suffers interference from the background geomagnetic field and the geomagnetic
field is a constant, while the normal magnetic field gradient is the variation of the magnetic field
over distance and can eliminate the interference from the background geomagnetic field.
Therefore, the gradient is the more valid feature that characterizes damage than zero-crossings of
the normal magnetic field.

The characteristic value of the magnetic detection signal can be characterized by the magnetic
field intensity and the magnetic field gradient. In order to measure the magnetic field gradient, the
Hall sensor is driven to vibrate with a given frequency and amplitude, and the peak-to-peak value
of the sensor output signal was proportional to the gradient value of the magnetic field. Based on
this method, the normal magnetic field gradient on the surface of the vibration scanning
component was measured to represent the magnetic field intensity. The normal magnetic field
gradient is the derivative of the normal magnetic field with respect to distance. The larger the
normal magnetic field gradient, the larger the normal magnetic field at the same location.

To avoid electromagnetic interference, a piezoelectric bimorph was used to drive the magnetic
sensor instead of the electromagnetic actuator. The sinusoidal signal with the fixed frequency was
generated to drive the piezoelectric bimorph. The driving system includes a wave form generator,
a DC regulated power supply, a DC-DC boost and a piezoelectric bimorph. The piezoelectric
bimorph can bend if AC voltage is applied and then cause the Hall sensor to produce lateral
displacement.

The piezoelectric bimorph structure in this paper was double-layered which was composed of
two piezoelectric ceramic sheets and intermediate electrodes. The arrangement of the piezoelectric
ceramic sheets was in the same polarization direction, and they were pasted on both sides of the
intermediate electrode layer. If an AC power supply was adopted, an amplitude of the same
frequency would be generated. It has the characteristics of fast response speed, small volume and
high reliability. When the driving voltage is 150V, the swing amplitude can reach 1mm.

The displacement formula generated by the simple harmonic vibration of the sensor is

x = asin(2r ft) (7)

In formula (7), @ represents the vibration amplitude of the piezoelectric bimorph, f

represents the vibration frequency of the sensor, which is of the same frequency as the driving
signal, and X represents the displacement of the simple harmonic vibration of the sensor.

Assuming that the sensor output is U=kB,, and k is the sensitivity coefficient of the sensor, the
derivative of the output signal to time t is

dU _d0e,) | o8, dx

— =k-G[a-2xf -cos(2r ft)] ®)
dt dt dx dt

where By, is the normal magnetic field and G is the magnetic field gradient.
According to the formula (8), it can be seen that the normal magnetic field gradient is
proportional to the amplitude of the applied cosine driven signal. Because the sensor output U

reflected the magnetic field intensity, the derivative of U to time represents the magnetic field



gradient at a stress concentration zone when the sensor is in simple harmonic vibration. By
superimposing it on the amplitude of a periodic sinusoidal signal, the output of the detection signal
can be obtained according to formula (8) and the amplitude of the cosine signal is used to express

the magnetic field gradient. In formula (8), given that f =100Hz, a= 1mm, and the sensor

sensitivity is 1.35mV/Gs, the relationship between the sensor output amplitude A and the

magnetic field gradient G can be obtained as follows:

A=k-G-a-2zf =85x10*-G[V / (Gs/m)] ©)

The force was applied to the rail sample to make it slightly bend. At this time, the compressive
stress appears on the upper surface of the rail and the tensile stress appeared on the lower surface.
The stress value near the magnetic sensor recorded with a pressure sensor. The compressive stress
was increased from 15MPa to 150MPa, and then back to 15MPa. Five times of reciprocating were
carried out. The trend of each magnetic signal was recorded, and the average value was calculated.
Due to the size of the device, only the compressive stress experiment was carried out. It can be
seen from the experimental results that the normal magnetic field gradient of rail surface magnetic
signal decreases with the increase of compressive stress, which is consistent with the trend of
CASTEP calculation and analysis.
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Figure 12. Magnetic field gradient with changing compressive stress
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4 Conclusion

In this paper, the force-magnetic coupling model of MMM is explored and verified by
simulation and experiment. CASTEP analyses suggests that three main reasons for the change of
magnetic signal with stress in ferromagnetic materials after long-term magnetization. That is, the
change of the electron spin density of states, the crystal volume and the band structure in
ferromagnetic crystals. Both the relationship are established of atomic magnetic moment and
crystal volume versus the stress and of the surface magnetic signal versus the atomic magnetic
moment and crystal volume. The calculation and analysis show that the change in the magnetic

signal is caused by the change in the atomic magnetic moment and lattice distortion under stress.



In order to verify these results, a stress loading device was set up and external stress was applied
to a U71Mn (Chinese national standard) rail sample. The bending experiment of rail shows that
the normal magnetic field decreases with the increase of compressive stress in the stress
concentration zone. The experimental results proves the effectiveness of the force-magnetic
coupling model for the explanation of MMM.
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