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Abstract. A simulation study of the distribution of magnetic flux induced by a U-shaped electromagnet into a two-
layer massive object with variations in the depth and properties of the surface layer has been carried out. It has been
established that the hardened surface layer “pushes” the magnetic flux into the bulk of the magnetized object and the
magnetic flux penetration depth monotonically increases with increasing thickness of the hardened layer. A change in
the thickness and magnetic properties of the surface layer leads to a redistribution of magnetic fluxes passing between
the poles of the electromagnet along with the layer and the bulk of the steel object. In this case, the change in the layer
thickness significantly affects the magnitude of the tangential component of the field on the surface of the object in
the interpolar space, and the change in the properties of the layer affects the magnitude of the magnetic flux in the
magnetic “transducer-object” circuit. This difference in magnetic parameters can be used for selective testing of the
surface hardening quality. It has been shown that the hardened layer pushes the magnetic flux into the depth of the
magnetized object. The nominal depth of penetration of the flow monotonically increases with an increase in the
thickness of the hardened layer.

Keywords: bulk; hardware-software system of magnetic testing; layer; magnetic flux; simulation; surface
hardening

1. Introduction

Surface hardening of steel products is a widespread way to increase their wear resistance and
resistance to fatigue fracture (Bunshan 2001, Davis 2002, Stepanova 2009, Santoshkumar et al.
2020). The presence of hardened layer of a single part is able to increase its lifetime, and
subsequently increase in lifetime of whole structure. Moreover, it allows us to use more cheap
alloys instead of expensive ones (Ciuplys et al. 2010).

The hardened layer is a zone with high and constant hardness, which completely consist of
martensite. Besides in a process of hardening treatment a transition layer is formed between base
metal and hardened layer and it contains phases concerning of both of base metal and hardened
layer: martensite, bainite, pearlite, and ferrite (Prisco 2018).
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The thickness of the surface-hardened layers can vary over a very wide range: 0.2-1.0 mm -
after laser heating; 1.5-3 mm for structures subject to fatigue wear, 10-20 mm and more - for
products that must withstand increased contact loads (for example, track rollers, cold rolling rolls).
Also due to the hardening the hardness of surface layer can be 2 times higher than the hardness of
a base metal.

Generally speaking, values and physical properties of layers extremely depends on treatment
conditions, composition of steel, its initial microstructure, residual stresses (Prisco 2018, Ciuplys
et al. 2010).

Basically, methods of surface hardening are divided into two types: physical and chemical.
Physical methods are related to the exposure of physical fields to raw material with point to reform
the structure of material in the near surface zone. Chemical methods are aimed to inject new atoms
in material from surrounding atmosphere and, subsequently, to hard the lattice due to appearing
defects. The influence of vacuum carburization is discussed in (Sugimoto 2017). It is noted, that
this technique leads to formation a large amount of retained austenite. Herein, carbon potential
influence to the amount of retained austenite and hardness of surface layer.

Explosion hardening is intensively used for hardening of manganese steels (Ba et al. 2018,
Zhang et al. 2010, Gao et al. 2021, Ba et al. 2020). After explosion reached depth of the layer can
be equal to 35-40 mm. Moreover, process of hardening occurs in different depths on various
mechanism: nanoscale deformation twin and dislocation hardening mechanism in the surface layer
and dislocation hardening mechanism in the subsurface layer. Also review of the literature gives
some other methods, among them: laser hardening (Sun et al. 2014, Tewary et al. 2014, Sundqvist
et al. 2018), electromechanical hardening (Fedorova et al. 2017, Dudkina 2020, Dykha et al.
2019), and, for example, plasma hardening (Guo et al. 2020, Rakhadilov et al. 2020, Xiang et al.
2017).

In order to estimate the depth and properties of hardened layer there is a number of techniques.
Acoustic methods (Baev et al. 2010, Baqgeri et al. 2012, Salchak et al. 2015) are used when there is
a pronounced boundary between the hardened layer and the core and when the layer thickness is
greater than the ultrasonic wavelength. Eddy current methods (Cuffe et al. 2008, Kashefi and
Kahrobaee 2013, Kahrobaee and Karimi 2019) are used to determine small (1-2 mm) thicknesses
of surface hardening.

Also, there is method when defect of hardened layer can be detected by determination of
surface friction coefficient (Kushida et al. 2014, Tressia et al. 2021) or with the help of
Barkhausen magnetic noise methods (Sackmann et al. 2020).

Regarding magnetic methods it should note the works (He et al. 2017, Liu et al. 2017), in
which the depth of layer is estimated by hysteresis loop techniques. Also, in (Shcherbinin and
Gorkunov 1996) the method of local measurement (with the help of an attached transducer) of the
average coercive force over the “magnetized volume” is described, which has figured out the most
widespread practical use. However, the concept of “magnetized volume” is vague. It is unclear
how the magnetic flux density changes with depth depending on the thickness and properties of
the hardened layer.

The aim of this work is to study the distribution of a magnetic flux induced by a U-shaped
electromagnet into a two-layer massive object with variations in the depth and properties of the
hardened layer via finite element simulation.

2. Methodology of simulation
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The simulation was carried out with help of numerical solution of the Maxwell equations
system by the finite element method using the FEMM program
(https://www.femm.info/wiki/HomePage 2021). FEMM addresses some limiting cases of
Maxwell’s equations. The magnetics problems addressed are those that can be considered as “low
frequency problems,” in which displacement currents can be ignored. Displacement currents are
typically relevant to magnetics problems only at radio frequencies. In a similar vein, the
electrostatics solver considers the converse case in which only the electric field is considered and
the magnetic field is neglected.

Magnetostatic problems are problems in which the fields are time-invariant. In this case, the
field intensity (H) and flux density (B) must obey:

VxH=] (1.1)
7-B=0 (1.2)

subject to a constitutive relationship between B and H for each material:
B = uH (1.3)

If a material is nonlinear (e.g. saturating iron or alnico magnets), the permeability p is actually
a function of B:

B
*TH®B)

FEMM goes about finding a field that satisfies (1.1)-(1.3) via a magnetic vector potential
approach. Flux density is written in terms of the vector potential, A, as:

B=VxA (1.5)

Now, this definition of B always satisfies (1.2). Then, (1.1) can be rewritten as:

(1.4)

1
Vx(—VxA)z] 1.6
u(B) (10)
For a linear isotropic material (and assuming the Coulomb gauge, V-A = 0), Eq. (1.6) reduces
to:
1VZA—] (1.7)
p .

FEMM retains the form of (1.6), so that magnetostatic problems with a nonlinear B-H relationship
can be solved.

In the general 3-D case, A is a vector with three components. However, in the 2-D planar and
axisymmetric cases, two of these three components are zero, leaving just the component in the
“out of the page” direction. The advantage of using the vector potential formulation is that all the
conditions to be satisfied have been combined into a single equation. If A is found, B and H can
then be deduced by differentiating A. The form of (1.6), an elliptic partial differential equation,
arises in the study of many different types of engineering phenomenon. There are a large number
of tools that have been developed over the years to solve this particular problem.

Boundary conditions for magnetic problems come in varieties Dirichlet and Neumann. In
Dirichlet type of boundary condition, the value of potential A or V is explicitly defined on the
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Fig. 2 Magnetization curves of materials used for simulation

boundary, e.g., A = 0. The most common use of Dirichlet-type boundary conditions in magnetic
problems is to define A = 0 along a boundary to keep magnetic flux from crossing the boundary. In
electrostatic problems, Dirichlet conditions are used to fix the voltage of a surface in the problem
domain. In Neumann type boundary condition specifies the normal derivative of potential along
the boundary. In magnetic problems, the homogeneous Neumann boundary condition, A / on =0
is defined along a boundary to force flux to pass the boundary at exactly a 90° angle to the
boundary. This sort of boundary condition is consistent with an interface with a very highly
permeable metal. The geometric model of a two-layer tested object and an attached transducer is
shown in Fig. 1. The problem was planar and its depth along z-axis was 28 mm. The dimensions of
the magnetized object were 200x50 mm. The width of the poles of the electromagnet was 12 mm.
Distance between poles was 36 mm. The magnetomotive force of the electromagnet was assumed
constant and equal to 600 Ampere-turns.

In this study the properties of real materials were used (the magnetization curves in Fig. 2):
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Fig. 3 Distribution of magnetic flux density in the “transducer-object” circuit (a) and along the
depth of the object in the central section (b) in the absence of a hardened layer (diay = 0 mm)

unhardened core-steel 35 annealed at 850°C with a ferrite-pearlite structure (maximum magnetic
permeability umax = 700, strength of magnetic field of maximum magnetic permeability Humax =
800 A/m); hardened layer - steel 62C2 hardened from 870 C with a martensitic structure (umax =
130, Humax = 4800 A/m); unhardened layer - annealed steel 40X with a ferrite-pearlite structure;
electromagnet core-pure annealed iron.

3. Results

In Fig. 3 the distributions of the magnetic flux density (magnetic induction) in the magnetic
“transducer-object” circuit (Fig. 3(a)) and along the depth of the object in the central cross section
(Fig. 3(b)) in the absence of a hardened layer are shown. The figure shows that the magnetic
flux density decreases monotonically from a value of B, = 0.54 T on the upper face (surface) of
the object to a value of B = 0.09 T on the lower face. The nominal penetration depth of magnetic
flux @ is assumed as the distance between the surface of the object and the depth where the flux
density decreases 2 times from the maximum value of magnetic flux in the tested object
without a hardened layer. As can be seen, in case of a homogeneous object @ is equal to 21 mm.
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Fig. 4 Distribution of magnetic flux density in the “transducer-object” circuit (a) and along the depth of the
object in the central section (b) with the thickness of the hardened layer diay = 3 mm

B, T
0.4+t
| 02
top bottom
0 10 20 30 40 50 depth, mm
(@ (b)

Fig. 5 Same as Fig. 4 with djay = 10 mm

Hardened layer. As can be seen from Fig. 4, the appearance of a hardened layer on the surface
leads to the “pushing” of the magnetic flux into the depth of the object. The magnetic flux density
in the hardened layer is 8 times less than in the upper layer of the soft magnetic core and 2 times
less than on the lower surface of the object. Thus, almost whole magnetic flux induced by the
electromagnet passes through the soft magnetic core. When the thickness of the hardened layer is
equal to 3 mm, the nominal penetration depth of magnetic flux is equal to 22.5 mm.

As can be seen from Fig. 5, when the thickness of the hardened layer increases to 10 mm, the
fraction of the magnetic flux passing through the hardened layer increases almost 2 times.
However, the main part of the magnetic flow still passes through the unhardened core. In this case,
the nominal penetration depth of magnetic flux increases to d*= 26 mm.

A further increase in the thickness of the hardened layer leads to increase in the proportion and
maximum density of the magnetic flux in the layer and to decrease in the flux in the core of the
object. At = 20 mm (Fig. 6), the maximum values of the flux density in the layer and the core
approach each other, but the maximum flux density in the core still exceeds the flux in the
hardened layer. The nominal depth of penetration of the flow reaches the value d*= 33 mm.
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Fig. 6 Same as Fig. 4 with djay = 20 mm

Unhardened layer. For an insufficiently hardened layer, which has higher values of magnetic
permeability and, consequently, lower values of magnetic resistance (Shcherbinin and Gorkunov
1996, Akhmedzhanov 2004), similar dependences are observed (Fig. 7-9).

When the layer depth changes from 0 to 20 mm, the nominal penetration depth of magnetic
flux d~ increases from 21 to 31.5 mm. As can be seen from Fig. 9, at a depth of d* = 20 mm, the
maximum magnetic flux density in the layer is greater than in the core.

Thus, an increase in the thickness of the hardened layer, which differs from the core by lower
values of the magnetic permeability, leads to a significant redistribution of magnetic fluxes passing
through the layer and core, and an increase in the nominal penetration depth of magnetic flux. It is
obvious that an increase in the magnetic flux density in the hardened layer should lead to an
increase in the tangential component of the magnetic field Hx, which can be measured in the
interpolar space of the electromagnet on the surface of the object under study (see Fig. 1). With an
increase in the thickness of the hardened layer, the magnetic resistance of the “transducer-object”
circuit should also increase, which can be determined by the magnitude of the normal component
of the magnetic flux at the pole of the electromagnet By (Shcherbinin and Gorkunov 1996,
Akhmedzhanov 2004). The value By should be additionally influenced by the magnetic
permeability of the layer, which depends on the structure and degree of hardening (Stepanova
2009, Shcherbinin and Gorkunov 1996).

The values Hx and By can be measured using the DIUS-1.15M mobile hardware-software
system described in (Kostin et al. 2018). In this case the value By is determined by the magnitude
of the magnetic field in the transducer-hole of a special shape, made in the magnetic circuit of the
electromagnet (see Fig. 1).

Fig. 10 shows the calculated dependencies of the field Hx and induction By for different
thicknesses of the hardened (curve I) and unhardened (curve II) layers. As can be seen from curves
I, both magnetic characteristics are sensitive to changes in the thickness of the hardened layer, but
their sensitivities are very different. With an increase in depth to 40 mm, the Hx value increases by
about 5 times, and the value decreases by 22%. Comparison of curves I and II shows that a change
in the magnetic properties of the layer significantly affects the sensitivity of the Hx and By
quantities to the layer thickness. These regularities can be used to selectively assess the depth of
the layer and the degree of its hardening.
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Fig. 7 Distribution of magnetic flux density in the “transducer-object” circuit (a) and along the depth of the
object in the central section (b) with the thickness of the unhardened layer diay =3 mm
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Fig. 9 Same as Fig. 7 with djay = 20 mm
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Fig. 10. Dependencies of Hy and By from thicknesses of hardened and unhardened layers

5. Conclusions

As a result of carrying out this study the following can be concluded:

» It has been shown that the hardened layer, which has a higher magnetic resistance in
comparison with the core, pushes the magnetic flux into the depth of the magnetized object. The
nominal depth of penetration of the flow monotonically increases with an increase in the thickness
of the hardened layer.

» It has been found that with increasing thickness of hardened layer, the ratio of magnetic fluxes
passing between the poles of the electromagnet along the hardened layer and the core changes. The
magnetic flux in the layer increases several times and causes a monotonic growth of the tangential
field component on the surface of the steel object.

*Due to the growth of the magnetic resistance with increasing, the value of the normal

component of the magnetic flux at the pole of the electromagnet decreases. In addition, the
measured value is significantly influenced by the value of the magnetic permeability of the layer
depending on the degree of hardening.

The difference in the sensitivity of the quantities to changes in the thickness and physical
properties of the hardened layer can be used to selectively assess the quality of surface hardening
of steel products using the DIUS-1.15M hardware and software system (Kostin et al. 2018).
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