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Application of electromagnetic (EM) field of 10 4 Hz to metals generates induction current, which brings about Joule heating and Lorentz force. Magnitude of magnetic field in the metal surface layer is much larger than the electric field, and hence it is interpreted that induction current is generated by the alternating magnetic field. Induction heating is applied for melting and stirring of molten metals and is utilized for recycling of metals and production of alloys. At 10 5 Hz or more, induction heating of glasses are performed and applied for glass solidification of hazardous wastes. Discussion is made for selection of the induction heating frequency of non-metals, which have considerable conductivity (but less than metals). Heating of non-conductive materials also becomes possible by dielectric loss mechanism, such as drying of woods and heating of conducting ceramics. Above 10 9 Hz range (microwave and millimeter wave), non-conductive organics, inorganic materials and biological bodies (containing water) are also heated by dielectric loss mechanism. Electric field becomes important in this mechanism. Recently, researches of metal and conductive materials' heating are performed using a single mode cavity. Depending on the substances, it is possible to select the usage of either electric or magnetic field. Specific applications are currently being explored. Above 10 12 Hz (tera herz, far infra-red) range, electromagnetic wave has a property of light, and electric field contribution is more significant than that of magnetic field. Recently, interaction between the electric field of light and nano-sized metal particles becomes a hot research area for various applications.

EM field energy application to materials' processing and green technology 1. Frequency range less than 10 5 Hz Direct current (DC: 0 Hz) is applied for heating some conducting materials. Alternative current (AC) at a commercial frequency (50 or 60 Hz) is utilized for heating, as well. Energy consumption of these heating processes is through the Joule heating. However, if they are applied to heating large metal bodies, large current flows, and results in too much energy consumption. Therefore, direct current heating of metals is limited. On the other hand, induction frequency of an order of ~10 4 Hz is usually utilized for metal heating. This frequency is determined considering the optimum between the induction current increase with the frequency and the skin depth thickness (δ) decrease as the frequency increase. δ is expressed by Eq. 1, where σ, µ are electric conductivity, magnetic permeability of the metals and ω is an angular frequency (ω = 2πf, f : frequency)

δ = 2 ωµσ (1)
Magnitude of magnetic field (H) in the metal surface layer can be compared with that of the electric field (E) by Eq. 2 [START_REF] Jackson | Classical Electrodynamics[END_REF], where c is a light speed and λ is a wave length (in vacuum). At 10 4 Hz, δ/λ is estimated to 1.7x10 -7 , suggesting that the magnetic field is much larger than the electric field, and it is generally interpreted that induction current is generated through alternating magnetic field (variation with time).

E/(µHc) ~ ωδ/c ~ δ/λ (2) 
Experimental and simulation studies of metal heating and liquid metal flow are one of the major subjects of this conference. Analysis of the Joule heat and the pinch force (F: Eq. 3) by the induction current are performed, both of which are generated within the skin depth (δ), leading to melting and stirring of metals, respectively. Pinch force (F) is raised by a total current (J). J is expressed by Eq. 4 in terms of a current due to the flowing metal at velocity of v under a high frequency magnetic field ( B = ∇ × A ) and a induction current (j: the second formula in Eq.4), where A and φ are a vector and scalar potential, respectively. F and Q are incorporated into flow and heat transfer equations for establishing the full coupling of EM-flow-heat transfer model.

F = J x B (3) ( ) ( )       - ϕ ∇ - σ       - ϕ ∇ - × ∇ × σ = × σ ∂t ∂ , ∂t ∂ = A = j A A v E + B v J (4) Q = σ|j| 2 /2 (5)
2. Frequency range at 10 5 ~ 10 9 Hz In this frequency range, EM energy field is not usually utilized for bulk metal heating since penetration depth is small. Namely, only metal surface heating cannot raise the temperature sufficiently. On the other hand, heating of non-metals (having lower conductivity than metals) are being performed at this frequency range. Some conducting ceramics such as ferrite particles are heated and utilized for the medical application [START_REF] Hirazawa | Proc. of 6 th Int. Conference on Electromagnetic Processing of Materials[END_REF]. Liquid Si has high conductivity having the same order as that of metals (metallic conductivity). Nevertheless, heating of liquid silicon is conducted at the frequency around 3MHz [3,[START_REF] Wakabayashi | yogyo kyoukaishi[END_REF]. To the author's knowledge, there are few descriptions in the literature discussing selection of this frequency for Si. There are much less arguments on the optimum frequency of induction heating of non-metals, such as glasses and other non-metallic liquids. One of the reasons is due to the fact that very large variation of the electric conductivity with temperature and the frequency, while metal conductivity does not have large change.

Here, it is intended to discuss induction heating and stirring of glass, which is utilized for melting and recycling of glasses, glass fibers, glass consolidation of radioactive matters, melting / homogenization of glass composition. Electric conductivity is low at low temperature, as the soda-lime glass data [5] indicated in Fig. 1(a). Therefore, induction heating of the glasses is not possible unless it is melted by means other heating methods, once, such as by a burner. Generally, induction frequency range in the industrial operation is between several hundred kHz and several MHz, and the temperature of 1000~1500 o C. The electric conductivity is an order of 10 1~2 [S/m], which is much lower than that of metals. The penetration distance can be estimated, assuming the frequency at 1MHz and σ = 10 [S/m] to be 16cm. The distance is much larger than the metals. However, relatively less reports on the induction current distribution is found in the previous literature by the analysis of EM field calculation. Viscosity of glasses also has large temperature dependence and is fairly larger than that of metals (for example: liquid metal order of ~10 -3 [Pa . s], glasses order of 10 0 [Pa . s] at the operation temperature), as an example of the soda-lime glass [6] illustrated in Fig. 1(b), together. Thus, even if Lorentz force is generated by induction heating, induction stirring to overcome the high viscosity is not easy. Some theoretical studies for glass stirring are made and discussed the flows raised by a natural convection or by a forced convection of impeller stirring [7,[START_REF] Nacke | Proc. of 4 th Int. Conference on Electromagnetic Processing of Materials[END_REF]. There are some numerical studies [START_REF] Yoshikawa | [END_REF], in which Lorentz force contribution to stirring has been taken into consideration, however, degree of its contribution has not been quantitatively discussed in detail. At least, it should be noted that Lorentz force contribution to stirring of liquid glass could only be possible at very high temperature of high conductivity and low viscosity conditions are attained, as discussed above. Electric conductivity of liquid glass has frequency dependence, such as too low at low frequency below 10 5 Hz. In order to account for the frequency dependence of the conductivity and to design the heating and stirring operations, impedance analysis of the heating objects and the systems is required, which is usually discussed in terms of equivalent circuits consisting of capacitance, inductance and resistance components. The capacitance of the heating objects is related with the permittivity (ε: dielectric constant) of the materials. In discussing their contributions to heating, ambiguity in separation of the rightest hand side of Eq.6 becomes a problem, where ε r is a relative permittivity and is defined as ε/ε 0 (ε 0 is a permittivity of vacuum). The imaginary part of the rightest hand (related with the energy dissipation) contains a dielectric loss factor ( # ε r ") and a conduction (induction current) loss term. Experimentally measured value is their sum (i is the imaginary unit):

ε ρ = ε ρ ' -ε ρ "i = ε ρ ' -( # ε ρ "+σ/(ε 0 ω)) i (6)
Therefore, it is inferred that glass heating by high frequency EM field could be not only by Joule heating of induction current but also by dielectric heating, though no enough arguments have been presented so far. Moreover, it is not easy to measure the permittivity at high temperature. Thus availability of glass permittivity data in liquid state is very limited, especially. In this article two plots are demonstrated for discussion on the ε r " contribution to the heating at high temperature. The first is a temperature dependence of ε r ' and ε r " of soda-lime glass at 2.45GHz [START_REF]Dielectric Materials and Applications[END_REF] in Fig. 2. Value of ε r " increases with temperature. Although the shown temperature is not high for melting of soda-lime glass, and the frequency is higher in a GHz range. In Fig. 3, permittivity of solid steatite ceramic ε r " also increases with temperature at 10 5 Hz and becomes high enough for the dielectric heating. Here, in both cases, it is hard to determine whether increase of ε r " is caused by an increase of permittivity imaginary part ((genuine) # ε r ") or by a conductivity σ in Eq.6. The apparent imaginary part of the relative permittivity ε r " in Eq.6 is estimated if assuming σ = 10 [S/m] (1250K of soda-lime glass, Fig. 1a) and at 10 5 Hz, so σ/(ωε 0 ) corresponds to ε r " = 1.8x10 6 [-], which could be a very high dielectric loss factor, giving rise to dielectric heating. In this case, the electric conductivity σ, (having a relationship of σ = ωε") is called dielectric conductivity [START_REF] Yoshikawa | [END_REF]. Physical image of the difference in conduction manner might be a movement of charge carrier for long distance, but short range movement in the dielectric current (or displacement current).

In ionic bonding substances, many electric conduction mechanisms exist. Ion mobility in solid crystals could become larger in this frequency range (10 5 ~ 10 9 Hz) depending on temperature. There are many examples of materials where transition from the insulating ionic crystals to electric conductor or semi-conductor occurs, depending on the competitive contribution between ionic and electronic conduction. Therefore it is pointed out that heating of nonmetallic materials by EM field energy and the energy dissipation processes has to be discussed from a view point of the EM field energy interaction with materials itself in this frequency range. 3. Frequency range at 10 9 ~ 10 12 Hz This frequency range is called microwave, millimeter wave and far infra-red (Terahertz) wave, from the lower frequency in this order. Non-conductive organics, inorganic materials and biological bodies (containing water) are heated by dielectric loss mechanism. Heating by microwave EM field energy has been applied to production of various industrial materials, foods, processing and environmental treatment technologies. Microwave generated by an oscillator is multiply reflected on the metal walls in the applicator (chamber) and is aimed to be irradiated to the heating objects homogeneously. This is attempted not only in the domestic microwave oven, but also in the industrial microwave heating facilities.

On the other hand, recently, researches of metal and conductive materials' heating are performed using a single mode applicator. Depending on the substances, it is possible to select the specimen to place in a microwave cavity of either electric and magnetic field maximum position (Fig. 4). The geometries of the electric (E) and magnetic (H) field distributions in a single-mode applicator are also shown in Fig. 4. Generally, EM field energy is expressed as contribution of three heating mechanisms as expressed by Eq. 8. By using a single mode microwave applicator, small enough specimens can be placed and heated at either E-field or H-field maximum positions. It is possible to separate the heating mechanisms or discussion on their interaction with EM field.

2 2 2 2 1 2 1 2 1 Q H E E µ ′ ′ ω + σ + ε ′ ′ ω = (7) 
Joule heating of metals by induction current is also possible in this frequency range, but the penetration distance in the metal is of an order of micron meter, therefore, metal heating is limited to the films or powders. The metal film or particles are well heated in a H-field maximum position. High frequency magnetic field raises the current, but the induction current is written in terms of electric current driven by E-field in Eq.7 (second term). The third term in Eq. 7 is the mechanism originated in inherent magnetic mechanisms of materials [13]. On the other hand, dielectrics such as water and some organics, etc are heated better in E-field maximum positions. Ferroelectric ceramics are well heated, as well. This is a contribution of dielectric mechanism expressed as the first term in Eq. 7. Although single mode heating is limited to specimens of small size (~1cm at 2.45GHz, larger specimen is possible at the lower frequency, 0.915GHz, for example), specific applications using a single mode cavity are being explored. In metals, free electrons experience collisions at finite temperature. The collision frequency is of an order of 10 13~14 [s -1 ], irradiation of EM field of this frequency coincides with that of electron collisions and has an influences on the electric conductivity. An imaginary part of conductivity appears (Electron conduction in metals exhibits a complex conductivity). It is of interest to describe behavior of nano-sized metal particles, because they become dielectric at the EM frequency of 10 15 Hz (visible light range). Nano-sized metal particles have large surface area comparing with their volume. If an electric field is applied, electrons in surface area displace as schematically illustrated in Fig. 5. This change in electron distribution is regarded as the polarization, thus they become dielectric. The surface electron movement or displacement have some resonance at certain EM frequency, and results in large absorption of (EM field) energy. Absorbing of EM field energy varies by adsorption of some molecules on the metal surface. This phenomenon is applied for sensing of foreign molecules.
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Summary

In this study, interaction of EM field energy with materials was discussed by classification with respect to the frequency ranges. Contribution of electric and magnetic field differs depending on the frequency and the materials, such as either an electric conductor or having dielectric polarizability. Magnetic field contributes to liquid metal heating and stirring at 10 4 Hz. Electric field contribution to heating of liquid glass (dielectric heating) at 10 5 Hz in addition to the induction current heating was discussed. On the other hand, field contribution is separated and discussed by using microwave cavity at 10 9 Hz. Electric field becomes major interaction above 10 12 Hz.
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 1 Fig.1: Temperature dependence of (a) electric conductivity[5] and (b) viscosity[6] of soda-lime glass.
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 23 Fig. 2: Temperature dependence of permittivity (ε ρ ', ε ρ ") Fig. 3: Temperature dependence of permittivity of of soda-lime glass [10] at 2.45GHz. steatite ceramics at 10 5 Hz [11].
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 45 Fig. 4: Distribution of electric and magnetic field distributions Fig. 5: Electron displacement in nano-sized metal in TE103 microwave cavity. particles [14]. 4. Frequency range above 10 12 Hz At this range of frequency, EM field has a feature of light. E-field interaction with materials is much important in light.In metals, free electrons experience collisions at finite temperature. The collision frequency is of an order of 10 13~14 [s -1 ], irradiation of EM field of this frequency coincides with that of electron collisions and has an influences on the electric conductivity. An imaginary part of conductivity appears (Electron conduction in metals exhibits a complex conductivity). It is of interest to describe behavior of nano-sized metal particles, because they become dielectric at the EM frequency of 10 15 Hz (visible light range). Nano-sized metal particles have large surface area comparing with their volume. If an electric field is applied, electrons in surface area displace as schematically illustrated in Fig.5. This change in electron distribution is regarded as the polarization, thus they become dielectric. The surface electron movement or displacement have some resonance at certain EM frequency, and results in large absorption of (EM field) energy. Absorbing of EM field energy varies by adsorption of some molecules on the metal surface. This phenomenon is applied for sensing of foreign molecules.
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