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Since the bulk properties such as mechanical and functional properties of polycrystalline materials are
strongly affected by microstructure, the control and optimization of the microstructure are essential to obtain
desirable properties and to develop high performance polycrystalline materials. The application of external fields
such as stress, electric and magnetic fields have been noticed as a useful technique of controlling microstructure of
structural and functional materials. However a magnetic field has never been applied to industrial technologies in
the materials processing due to the difficulty of generating strong magnetic field enough to affect microstructural
evolution of materials. For this reason, there were only a few reports of the observation of microstructural changes
under a magnetic field during annealing, which were motivated not by industrial application, but by the academic
interests. Then strategies for controlling microstructures and properties of materials by the application of a
magnetic field have been suggested particularly since the helium-free superconducting magnet was developed in
1990%s. Nowadays, the application of a strong magnetic field enough to affect the microstructural evolution of
materials can be obtained without difficulty; the generators which can apply more than 10 T magnetic field are
available. Although there have been reported many interesting metallurgical phenomena under a magnetic field,
most of those mechanisms of magnetic field effects have not yet been revealed. The application based on the
fundamental research infrastructure is essential to extensively apply magnetic processing to the technologies for
materials development. Therefore, to conduct the systematic studies of EPM, the fundamental studies are required
o clarify the elemental processes for microstructural development under a magnetic field.

The aim of current work is to obtain comprehensive knowledge of the mechanism of magnetic field effects
on microstructural evolution in iron-based materials in order to conduct the structural and functional controls by
the application of strong magnetic fields. The effects of strong magnetic fields on fundamental metallurgical
Phenomena (diffusion, grain nucleation and grain growth) were investigated to obtain comprehensive knowledge
of the mechanism of the effects of magnetic field on microstructural evolution in iron-based materials. In addition,
the fundamental physical properties of grain boundaries of iron closely concerning with the grain nucleation and
Eowth were also investigated. The following results and conclusions were obtained in each chapter.

In chapter 2, some experiments were conducted to investigate the effect of a magnetic field on the carbon
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diffusion and its solid solubility in pure iron. Measurements Temperature, T/ K

of carbon diffusion in iron under a magnetic field and the 107 130|O 12|(:}011I00 :1_090 9?0

field gradient were conducted with the explosive welded C 0 H=0
diffusion couples of pure iron (99.9 %) and eutectoid steel L % EE_E
(Fe-0.87mass%C). The carbon diffusivities in pure iron were @ L B ; o s
evaluated from the penetration profiles of carbon into iron ,E_ 10k (%) Eﬁ:gr_
measured by secondary ionization mass spectroscopy 2- - 4) } | i NH :t.;:k::a,_
(SIMS) under non-magnetic and a magnetic field conditions ;3 : —
using the solution of the Fick’s 2nd law. Fig, 1 shows the § L

Arrhenius plots of diffusion coefficients of carbon in a- and g 10k

y-iron without and with a 6 T magnetic field and a 45 T/m é - %‘ g

field gradient. The diffusivity of carbon in both a- and y-iron = i e 8

decreased in a 6 T magnetic field by approximately 70 % % E

and 40 %, respectively. The decrease in diffusivity is more B § . 51 . = 3w
significant in a-Fe than that in y-Fe. The activation energy of 070 080 080 1.00 110 120

H 3 -1
carbon diffusion was less dependent on a magnetic field. The it L

Fig. 1 Arrhenius plots of carbon diffusion coefficients
in pure iron under static magnetic fields of 2 -6 T and

the values which was expected from the extrapolating the & magnetic field gradient of 45 T/m.
temperature dependence of diffusivity for without and with a

diffusion coefficients at 1150K was found to be lower than

6 T magnetic field. This would indicate that the carbon penetration into a-Fe may have caused a-Fe to transform
into y-Fe, in which the carbon diffusivity is lower than that in a-Fe in the vicinity of the interface. The logarithm
of carbon diffusion coefficient in a-Fe is a linear function of a magnetic field strength. This suggests that the
activation entropy of diffusion decreases with increase in magnetic field. Consequently, the diffusivity of carbon
in iron would decrease in a magnetic field. The decrease in activation entropy would be due to the
magnetostriction of o-Fe. A “negative” magnetic field gradient can enhance the carbon diffusion in a-iron by
approximately 115 %. The magnetic free energy gradient in a-Fe would give rise to increase in the flux of carbon
atoms. The solid solubility limit of carbon increased by twice when a 6 T magnetic field was applied at the
ferromagnetic temperature ranging from 950 K to 1000 K. The solid solubility limit of carbon will shift to higher
concentration under a static magnetic field, as the free energy curve of ferrite phase will be lowered. In addition,
the solid solubility limit of carbon increased with the increase in magnetic field strength and has a maximum value
at 4 T magnetic field.

In chapter 3, the physical and mathematical models were constructed to clarify the mechanism of the effect
of a static magnetic field and a field gradient on the carbon diffusion in pure iron. These analyses were compared
with experimental results obtained in chapter 2 and the effects of a magnetic field and a magnetic field gradient on
the carbon diffusivity in iron were discussed. At first, the effect of a static magnetic field on carbon diffusion was
discussed from a viewpoint of site occupancy of carbon atoms in bec iron using dual occupancy model. The
carbon atoms occupy the octahedral and tetrahedral sites in bee iron in this model. From the experimental results
in chapter 2, the fraction of the octahedral site occupancies was expected to increase under a magnetic field due to
the change of entropy. The carbon diffusivity calculated on the basis of dual occupancy model was in good

agreement with the experimental results under non-magnetic conditions. Whereas the carbon diffusivity calculated
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on the basis of assumption that all carbon atoms

(a) z X-axis Y-axis Zeaxis M
jocated at the octahedral sites was in good
agreement with the experimental results under a x/.%f W -
¢ T magnetic field. The difference between the . Z :a:m - m1 001 101
entropy of carbon atoms in tetrahedral and
octahedral sites decreases by the application of a ) /;.v A A

magnetic field due to the magnetostriction of #
() - X-axis Y-axis m

ferromagnetic o-iron and its effect on site

occupancy, so that the carbon diffusion would be ) 'J__v ﬂ“l_ A ﬁ,”

retarded. The next, the effect of a magnetic field oo 01 of 01 odi o

gradient on carbon diffusion was analyzed on the  Fig.2 Inverse pole figures for FeqSigB); ribbons crystallized at 853

. i . . . K for 1.8 ks (a) without magnetic field, (b) with a 6T magnetic field
bacis of the Fick's law with potential gradient. applied parallel and (c) perpendicular to the ribbon surface.
Numerically, it was proven that the increase in

carbon diffusion by the application of a negative magnetic field gradient was caused by the increase in flux of
carbon atoms induced by the magnetic potential gradient. The diffusion coefficient was found to increase
monotonically with the increase in strength of magnetic field gradient. In addition, the diffusion coefficient could
be described as the quadratic function of a magnetic field gradient.

In chapter 4, the effect of a magnetic field on the crystallization from amorphous FessSigBi: and
Fers sSijs sBoNb3Cu, alloys has been studied with the aim of observing the nucleation and growth of a-Fe grains
in the amorphous matrix under a magnetic field. Fig. 2 shows the inverse pole figures of the Fes;3SisBi;
crystallized at 853 K for 1.8 ks (a) without a magnetic field (b) with a 6 T magnetic field parallel and (c)
perpendicular to the ribbon surface. The crystallization from an Fe;sSisB;; amorphous alloy under a magnetic
field of 6 T at 853 K causes a development of a {110} sharp texture when a magnetic field is applied in a direction
parallel to the specimen surface. The <001> orientation, which corresponds to the easy magnetization direction in
the {110} textured grain structure, lies randomly in the {110} ribbon surface. The {110} grains preferentially grow,
and the fraction of crystallized volume is increased by the application of a magnetic field of 6 T in Fe73SisB, 3 alloy.
A magnetic field of 6 T could decrease the crystallization rate at the temperature below the crystallization
temperature and increase that at the temperature above the crystallization temperature. Furthermore, there would
be threshold of magnetic field strength between 4 and 6 T where the magnetic field effects on the crystallization
fate would appear. The crystallization of Fess5Sij3sBsNbiCuy amorphous alloy under a magnetic field also
ethanced a {110} texture formation of a-Fe(Si) grains. The preferential nucleation of {110} oriented grains due to
4 magnetic field would be predominantly responsible for the texture formation rather than the preferential grain
§rowth. The application of a magnetic field increased the nanocrystallization kinetics, particularly the nucleation
fate of the ferromagnetic a-Fe(Si) grains from the paramagnetic Fes; sSijs sByNbsCu; amorphous phase. The
Yolume fraction of the nanocrystalline o-Fe(Si) phase was increased with the increase in magnetic-field strength.
A Primary role of the magnetic field may enhance the kinetics of nanocrystallization rather than modify the
the"fnodynamics,

In chapter 5, the grain boundary energy in iron with the purity of 99.9mass% under a magnetic field was
iﬂ"estigated with particular emphasis on the effect of temperature and grain boundary character. From ICP

Yualitatiye analyses, the 99.9% iron was found to include Si, Mn, Co and Cu as impurities. The grain boundary
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energy was evaluated by the dihedral angle £13b L7 I19 13
" ] " —_—-—-
annealed at 1073K (para) | i :

o
o

obtained from the cross-sectional profiles of grain

boundary grooves measured by atomic force %gi 08 : ::g-f

microscopy after determination of grain boundary @

character on the basis of the coincidence site :,Cj 0.6

lattice  theory using FE-SEM/EBSD/OIM §

technique. Grain boundary energy in the iron § B

increased with the increase in temperature under g 02

non magnetic conditions. On the other hand, the (5

energy decreased with the increase in temperature 0 ' L L " PR R

under a 6 T magnetic field. This would be due to § B b A gfgegreeso a

the retardation of grain boundary segregation of  Fig. 3 Grain boundary energy vs misorientation angle around <]1{>
impurities by the application of a magnetic field. ;?g;ggcaxﬁgdﬁ; 193'7931? b iianiaa Ll
In addition, the energy discontinuously changed

around the Curie temperature due to the difference between energetic contribution of the magnetic field to the
Gibbs free energy in ferromagnetic state and that in paramagnetic state. The next, the effect of a magnetic field on
the misorientation angle dependence of grain boundary energies was investigated. Fig. 3 shows the grain boundary
energies at 1073K in the paramagnetic state under (a) non magnetic conditions and (b) a 6 T magnetic field. It was
found that the energy cusps occurred at £3, £7 and £13 CSL boundaries, irrespective of whether a magnetic field
being applied. In addition, random grain boundary energy increased and its misorientation dependence was
enhanced under a magnetic field in the 99.9% Fe. This is also due to retardation of solute and impurities
segregation to grain boundaries by a magnetic field.

In chapter 6, the electron energy loss spectroscopy was applied to measure the local magnetic moment near
grain boundaries in pure Fe and Fe-Sn alloy. The grain boundaries are characterized on the basis of the
coincidence site lattice theory. To make standard curve for determination of the magnetic moment from EELS data,
the measurement of EELS spectra was conducted in pure iron and titanium, which are well-known magnetic
moment. The relationship between white-line ratio of EELS spectrum and the local magnetic moment was
revealed using linearization method. The local magnetic moment at random grain boundary increased by 5 - 9 %
in comparison with the moment at neighboring grains, whereas the moment at £3 grain boundary did not
significantly change. The I3 grain boundary is known to be geometrically coherent boundary, whereas the random
boundary is incoherent boundary. Therefore the local magnetic moment would increase with the increase in the
free volume between the atoms at the grain boundary due to its geometrical disordered structure. The corrected
local magnetic moment at the random grain boundary, which can be obtained by the subtraction of the EELS
spectrum occurred from grains, increased by approximately 20 % in comparison with the moment at grains. This
is in good agreement with the previous calculation result. The local magnetic moments at grain boundaries do not
change in the Fe-0.8at%Sn alloy. This would be due to the relaxation of geometrical disordered structure at grait
boundaries by the grain boundary segregation of tin atoms.

In chapter 7, this chapter gives concluding remarks of this study.
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