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Chapter 1 Introduction

There are many devices that operate in magnetic fields. Such devices include magnetic fusion reactors, MHD
devices, magnetically levitated vehicles, etc. With the development of high-field superconducting magnets,
problems involving the fracture and deformation of solids and structures in high magnetic fields have been
become important. The stress and strain state in a magnetizable elastic body is caused not only by mechanical
loads but also by magnetic fields. If ferromagnetic materials are used in the high magnetic field, we must
consider the effect of induced magnetization.

To design the magnetic fusion reactors it is necessary to consider the possible influence of the magnetic field
on the fracture and deformation properties of candidate materials. Ferritic/martensitic stainless steels have been
developed for first wall and structural materials applications for commercial fusion reactors. The
12Cr-1Mo-0.5W-0.2C alloy HT-9 is a magnetic stainless steel. It has been extensively tested and shown to resist
radiation damage, providing a creep and swelling resistant alternative to austenitic steels. Incoloy alloy 908, a
ferromagnetic austenitic alloy, is also a candidate conduit material for large-scale Nb;Sn superconducting
magnets of the International Thermonuclear Experimental Reactor (ITER). Recently, the effect of the magnetic '
field on the cryogenic fracture toughness of alloy 908 has been investigated using notch tensile and small punch
tests. While experiment predicts that magnetic fields will not have a significant effect on the toughness of
low-permeability alloy, we should still address the question of whether magnetic fields are expected to influence
the fracture and deformation properties of any structural alloy under any conditions.

In this paper, the magnetic fracture and deformation of ferromagnetic plates is investigated to show the effect
of induced magnetization. We solve a series of magnetoelastic problems for cracked ferromagnetic plates under
bending. Furthermore, we conduct experiments to verify the theoretical model.
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Chapter 2 Basic Equations of Magnetoelasticity

In this chapter, we present the basic equations of the linear theory of magnetoelasticity for both soft
ferromagnetic and magnetically saturated materials.

Chapter 3 Magnetoelastic Analysis of a Soft Ferromagnetic Plate with a Through Crack
under Bending

Following a classical plate bending theory of magnetoelasticity, we consider the bending problem of a soft
ferromagnetic plate with a through crack under a uniform magnetic field. The solution of the through crack
problem may be useful in studying the surface crack problem by the application of the plate theory-line spring
method. The results for the case with a partial crack can be estimated by the formulation of the soft ferromagnetic
plate containing a through crack under arbitrary membrane and bending loads, and the solution of the
corresponding plane-strain problem for the soft ferromagnetic medium with an edge crack. The cracked plate
with simply supported ends is loaded by bending moments, and the magnetic field is perpendicular to the plate
surface. By the use of Fourier transforms we reduce the problem to solving a pair of dual integral equations. The
solution of the dual integral equations is then expressed in terms of a Fredholm integral of the second kind. The
bending moment intensity factor is computed and the influence of the magnetic field on the normalized values is
displayed graphically. Allowing the magnetic field to tend to zero, we have the purely elastic problem. The result
is evaluated for the martensitic stainless steel HT-9. The magnetic field effect can increase the values of the
moment intensity factor. The effect of the magnetic field on the moment intensity factor is more pronounced with
increasing the crack-length to plate-thickness and the plate-length to plate-thickness ratios, and the magnetic
susceptibility.

Chapter 4 Dynamic Bending of a Soft Ferromagnetic Plate with a Through Crack
under a Uniform Magnetic Field

In many cases of strength assessment of structural components from the view point of fracture mechanics, it is
necessary to take into account the inertial effects arising due to the dynamic nature of loadings. This chapter deals
with the scattering of time harmonic flexural waves by a through crack in a soft ferromagnetic plate under a
uniform magnetic field. The plate is engulfed by a uniform magnetic field directed normal to the plate surface and
subjected to incident waves that generate vibratory motion in the transverse direction of the plate. Classical plate
bending theory for soft ferromagnetic materials including dynamic magnetoelastic effects is applied. A limitation
of the theory is that both the crack and incident wave length must be large in comparison with the plate thickness.
Fourier transforms are used to reduce the magnetoelastic problem to a pair of dual integral equations which can
be further deduced to a Fredholm integral equation of the second kind that is amenable to numerical calculations.
The dynamic bending moment intensity factors are determined for different wave frequencies and amplitudes of
the magnetic field. Mindlin's plate theory of magnetoelasticity can be made, of course, but our purpose here is t0
demonstrate the nature of the magnetoelastic coupling using the simplest theory. The elastodynamic plate solution
is recovered when the magnetic field tends to zero. The considered soft ferromagnetic material is the martensitic
stainless steel HT-9. The existence of the magnetic field produces lager values of the dynamic moment intensity
factor. Significant increase in the local moment intensity factor occurs at low wave frequency, and the magnetic
field effect dies out gradually as the frequency is increased.
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Chapter 5 Singular Moments in a Magnetically Saturated Plate with a Through Crack
Subjected to a Uniform Magnetic Field

A ferromagnetic medium is soft magnetic only within a limited range of the magnetization curve and there is a
gap between the soft ferromagnetic range and the saturation point. In this chapter, the singular moments in a
magnetically saturated martensitic stainless steel plate with a through crack under a uniform magnetic field
normal to the plate surface are discussed. The plate is deformed by bending moments at the simply supported
ends. Classical plate bending theory for magnetoelastic interactions in magnetically saturated bodies is applied. A
solution of the magnetoelastic problem is obtained by the method of dual integral equations and the result is
expressed in terms of a Fredholm integral equation of the second kind that is amenable to numerical calculations.
The moment intensity factor for the HT-9 plate is computed to exhibit the influence of the magnetic field. The
results for the saturation model are compared with those for the soft ferromagnetic model. The effect of the
magnetic field on the moment intensity factor for the saturation model is more pronounced than that for the soft
ferromagnetic model.

Chapter 6 Dynamic Bending of a Magnetically Saturated Plate with a Through Crack
in a Uniform Magnetic Field

This chapter presents the scattering of time harmonic flexural waves by a through crack in a magnetically
saturated plate under a uniform magnetic field normal to the plate surface. An incident wave giving rise to
moments symmetric about the crack plane is applied. Classical plate bending theory for magnetically saturated
materials is extended to include dynamic magnetoelastic effects. Fourier transforms are used to reduce the mixed
boundary value problem to one involving the numerical solution of a Fredholm integral equation. Numerical
results are obtained for the dynamic bending moment intensity factors with different wave frequencies and
amplitudes of the magnetic field. The magnetically saturated plate is assumed to be the martensitic stainless steel
HT-9 or the ferromagnetic material Hipernik. The effect of the magnetic field on the dynamic moment intensity
factor increases with the increase of the coefficient [ 2= Bo / ,uoH o » Where By and H, are the saturation values
of the magnetic induction and the magnetic intensity, and L, = 4z x 1077 N/A? (H/m; H: henry) is the magnetic
permeability of the vacuum.

Chapter 7 Experimental and Theoretical Results for Bending of a Soft Ferromagnetic Plate
in a Transverse Magnetic Field

The results of an experimental and theoretical investigation of the bending behavior of a soft ferromagnetic
cantilever beam-plate in a transverse magnetic field are presented. The theoretical model based on a beam-plate
theory for magnetoelastic interactions in a soft ferromagnetic material predicts the deflection and strain for
several values of magnetic field and geometrical parameter. The experiments are conducted on ferritic stainless
steel SUS430 in the bore of a superconducting magnet at room temperature. Thin rectangular strips are prepared.
The specimen is clamped at one end in a brass vise and bent by a concentrated load applied at the other. A laser
displacement meter is used to measure the deflection of the loaded end of the specimen. To measure the strain,
five strain gages are placed on the specimen. The Young's modulus is determined from the data on deflection for
the cantilever specimen. The specific magnetic permeability is also measured with a Vibrating Sample
Magnetometer. A superconducting magnet SM-3 with a 220 mm diameter bore at High Field Laboratory for
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Superconducting Materials, Institute for Materials Research, Tohoku University, is used to create a magnetic field
normal to the wide face of the specimen. The deflection and the strain are recorded as a function of magnetic field,
The experiments show the predicted increase in the deflection and strain with increasing the magnetic field. The
magnetic field effect tends to increase with increasing the length to thickness ratio. No dependence of bending
behavior with the magnetic field on the width is observed. The theoretical results agree very well with the

experimental data.

Chapter 8  Testing and Magnetoelastic Analysis of a Soft Ferromagnetic Plate with an Internal Crack
under Bending

Experimental evidence and a theoretical model are presented for the bending of a through-cracked soft
ferromagnetic plate with fixed ends in a magnetic field. The theoretical model based on a classical plate bending
theory for magnetoelastic interactions in a soft ferromagnetic material is used to calculate the magnetic moment
intensity factor. The experiments are conducted in the bore of a superconducting magnet at room temperature to
verify the theoretical analysis results. The method of strain gages is used to determine the magnetic moment
intensity factor. Ferritic stainless steel SUS430 is used as specimen material. The fixed-end through-cracked
specimen is bent by a normal line load applied at the center of the plate and is permeated by a uniform static
magnetic field normal to the plate surface. A five-element strip gage is installed perpendicular to the crack line.
The sensors on this type of strip gage have an active length of 1 mm and are on 2 mm centers. The strains are
recorded as a function of magnetic field. The magnetic field increases the moment intensity factor. The magnetic

moment intensity factor estimated from the measured strains is in good agreement with theoretical calculations.

Chapter 9 Evaluation of Magnetic Moment Intensity Factors for Cracked Soft Ferromagnetic Plates
using Strain Gages

This chapter presents the results of a study on the effect of magnetic fields on the moment intensity factors in
through-cracked soft ferromagnetic plates with fixed ends. The experiments are conducted on a ferritic stainless
steel with through-cracked plate specimen geometries in a uniform, static transverse magnetic field. Strain gages
are used to evaluate the magpetic moment intensity factors. The experimental results are given for a single
internal crack, a single edge crack, and two symmetric edge cracks. The moment intensity factor is found to
increase with increasing the magnetic field. No dependence of moment intensity factor with the magnetic field on
the load is observed. The magnetic field effect becomes more pronounced as specimen-length to
specimen-thickness and the crack-length to specimen-thickness ratios increase.

Chapter 10 Conclusions

The main results and conclusions of the present research work are summarized. The applied magnetic field
tends to intensity the deformation and fracture behavior of ferromagnetic plates. Therefore, use of ferromagnetic
materials in superconducting structures and magnetomechanical devices should involve the studying the effect of

the magnetic field on strength and fracture properties.
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