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Abstract

We have been successfully welding bulk metals dssirdilar metals by

microwave radiation, by using metal powder partiglethe weld zone. In

this paper, we have tried to explain the insightlgfctromagnetic field

penetration into spherical conductive powder pksicand its spatial

oscillatory distribution. This new developed theama explanation here,

gives insight as to how the entire weld zone vollreomes heat source;
via absorption of microwave radiation, and thus thiocess of welding

with microwave radiation, is with inertia less heednsfer, volumetric

heating with inverted temperature profile.

1. Introduction

It is well known that the metals reflect microwakediation, and have few
microns of skin depth. Thus bulk metals cannot &&téd as the AC Electromagnetic
field penetrates ‘skin-deep’ that is about few mitiat 2.45 GHz for copper, thus
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most of the EM energy is reflected. But recentlyulgg of the microwave radiation of
2.45 GHz, we have joined bulk metals of similar digsimilar nature, (Copper, Mild
Steel, Stainless Steel, Inconel), using metal powde@bout 40 micron sizes. Refer
Figure 1 for photographs of metals (bar-pipes)gdiby microwave radiation [1-3].
Figure 2 gives scanning electron microscope observahowing regular cell like
structure in the weld area and its uniformity. Qwelding experiments are done in
decimeter range of 2.45 GHz microwave radiationesonating cavity of 900 Watt.
As to how the metals in powder form absorb microsvamdiation, the suitable
theoretical explanation is still not made availablée have attempted to develop
theoretical explanation of microwave energy absonpby metal particles of micron
size, via Mie theory of electromagnetic scatteriagd diffraction [4-6]. The
developed concept gives spherical harmonics ines@ag of microwave radiation via
spherical objects; and derives ‘spatially’ oscillgt transmission and reflection
coefficients. These scattering coefficients requipberical Henkel's and spherical
Bessel's function, and its approximate calculatiaresdone via [10-21]. The profiles
of Electromagnetic Energy absorbed inside the splae plotted and suitable
explanation about its nature is derived. The bpsitetration of EM field inside the
conductive sphere of small size as explained is faper, gives electromagnetic
heating via loss tangent in Electric case and J@uakuction) heating in Magnetic
case, is elaborated. This paper is not about adgestof microwave welding over
conventional schemes; nor to discuss its metattatgidvantages of microstructures,
mass transport, strength of joined metal partsnbephysics of microwave welding,
thermal runaway; but to get into physics of abdorpbf electromagnetic energy,
which is responsible for inertia less heat transéed inverted temperature profile
and volumetric heating of join zones, while weldihg bulk metal parts, via use of
metal powders, in microwave resonance cavity apfaic

The paper is organized as seven main sectionsioB8e2t deals with basic
microwave energy dissipation in material, concephigh loss case and low loss
case, reflection of microwaves, concept of skintdemd effective conductivity, and
reasons of high rate of microwave absorption atatédl temperatures in ionic and
covalent type crystals. Section 3 gives idea abioigraction of electromagnetic
radiation with spherical objects scattering, theai@f refraction in highly conductive
interface, Effective Media Approximation (EMA) fonetal conductor sphere coated
with thin mantle of insulator, expansion of planawes into spherical harmonics,
partial electric and magnetic modes and mode fanstion a sphere, spatially
oscillating reflection and transmission coefficemia Mie solution. Section 4 gives
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elaboration on the power per unit volume absorbesdtared and terminated, and
approximations for Mie coefficients of transmissiamd reflections. Section 5 deals
with expansion coefficients of Mie solution withopg of power inside the spherical
sample and field plots, for various cases of dielepermittivity and metal powder

radius, its coating thickness. Section 6 is obdemaabout several plots and
discussions derivations of the paper to arrive rbable theory of heating via
microwave radiation as done in experiments of metdtling, giving elaboration on

physical construction of microwave radiation peagtn its electric heating its

magnetic heating and thereby inverted heat prdfileheat conduction diffusion

equation. This section is followed by conclusiond eeferences.

2. Microwave Energy Dissipation in Material

Any of the heating process that uses electromageatrgy can be characterized
by skin depth and reflection coefficient; which dumction of material properties
mainly dielectric permittivity and effective condiwity. Absorption of microwave
radiation depends upon material properties chataeté via imaginary dielectric
permittivity e« (wheree = e(- ie«) loss tangent that isand = et /e(, or effective

conductivity s o ~ we Materials are characterized by high loss fand 3 10° L

and low loss fortand £ 10" 3. At normal room temperature, dielectric lossesoaf-|
absorption materials are caused by displacemehbwofid charge carriers in such a
process as atomic lattice vibrations and dipolaieatation. Among the low loss
materials are for example pure-oxide6Al,O3, BeO,SiO,) and nitrides

(AIN, BN, SigN). At the elevated temperatures microwave absorptiormost
material grows sharply. This is due to onset oftla@oprocess. This is characteristic
of both with ionic (Al,03, ZnO,) and covalent(SizN, AIN) bonding. A sharp
increase in microwave loss factor starts at abfdt- 05T, T, the melting

temperature of the material; as the bonding betwiees in ionic crystal, and
covalent bonds, starts breaking and electronsdsetimaterials begin to populate at
conduction band. Thus as the temperature rises axaanore microwave radiation
gets absorbed and this is cause of thermal runamdyquick melting of materials
under microwave radiation.

The frequency dependence of dielectric permittivdigtermines the peculiar
feature of heating by EM radiation of differentdtency. In conventional furnace
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heating, energy is transferred to the material Hrmal electromagnetic radiation
with maximum intensity in infrared (IR) range. Thkin depth (penetration) of IR

w3 10837t s very small | £10%m in most solids. Therefore the energy
absorption is localized within thin layers near tkarface. As a result the
conventional heating essentially depends on heasfier from hotter-near surface
region to colder bulk of material. In microwave dfeency range, the absorption
properties of non-metallic material vary greathe foss factortand varies at room

temperature froml0 4 -10°3 (pure alumina silicon nitride) up to 1 and higlier

carbides, borides, some oxides, inter-metallic cmmpls). Correspondingly, the
penetration depth varies from meters to fractiora ahillimeter. Thus the dielectric
properties of material along with temperature cliaicomposition microstructure
are of paramount importance for efficient use o€nmivave radiation for material

processing.

In a DC electric field the local density of the emereleased at any point of the
material isw(r) = s| E(r)|* in Watt/ cm®, s denoting the static conductivity of
material. For an AC field, we can write from didlcloss (the imaginary part of the
dielectric complex function;e = et~ ie«) an effective conductivity assqg =
epe®; (ep = 88" 10 12 F/m) which manifests as factor for dielectric heating i
microwave radiation. Similarly, magnetic lossés= nf- inf() can manifest as
effective conductivity in AC field as o = mymiw, (my = 4p” 107 H/m). So in

general, we may write total energy density (WattiMee) released in AC field as
follows

w(r) = w(ege $E(r)|* + myméH(r)|? )/2. (1)
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(1b) Steel pipe

Figure 1. Photographs of metal joints via microwave radiatio

In a Microwave oven with 2.45 GHz, the standing vgatterns for electric and
magnetic field maximaE, 5 and H,,5x are separated by about 3 cm, thatl i&4
of microwave signal of wavelength 12.2 cm, in figgmce. This separation is for
single mode cavity; though presence of mode stimrekes the fields uniform. One
can therefore place the sample Bt,5 position or H5, position, for electric
heating or magnetic heating by comparing the vahiesye 'E,%ax and mym® r%ax.
Thus loss factor of permittivitfe = et - ie, or tand, = e/et) and permeability
(m=nt- im¢ or tand,, = m¢/nt) are primarily responsible for absorption of

microwave energy, of electric type and magnetietyp
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Figure 2. Scanning electron microscope observation.

Depth of penetration of AC EM field in dielectridttvloss tangent [4] is given
as

_ c\/21+,/1+(tand)2 ZE\/gt @

T w ettand)? w

Here ¢ = 3" 10° cmys, andw = 2pf. At 2.45 GHz, for relative permittivity of
€=3-i0003 e=3-il ande =3- i30Q the penetration depths are 1566 cm, 6.8

cm and 0.156 cm, respectively, with loss tangern®.88099, 0.333 and 100. For a
normal incident of microwave on a plane boundaryvben the material and vacuum,
the fraction of reflected power [4] is

_1- \/2e61+ (tand)?| + e¢\/1+ (tand)?
1+ \/2e41+ (tand)?| + e(I‘\/1+ (tand)?

R ®3)

For the case of highly absorptive materials, cfeesbias tand 2 0.1, the effective

conductivity is typically so large that a strondleetion of radiation from surface
inhibits ‘bulk’ microwave heating. The absorbedctian of microwave power can be
estimated approximately as [4]:

- 2
1- R = 2,/—e¢tan 5 (4)

Bulk metal cannot be heated in microwave radiatibime AC EM field penetrates
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skin deep, thus most of the microwave energy idectfd. For copper with

conductivity s = 58~ 10’ S/m at 2.45 GHz, with free space permeability =
1.2566" 10°® H/m, the skin depthl =1,/pfsmy is 1.3 micron. Iron having static

conductivity about four-five times less will theoe¢ have skin depth of about 2.5-3
microns. At this microwave frequency 2.45 GHz, ki@gnesium, Tungsten and Zinc
metal have skin depth as 2.17 micron, 2.3 microth 2154 micron, respectively.
Therefore metal-particle of size comparable todkia depth, can couple microwave
radiation. Indeed compacted powder of metal campleotd microwave, with particle
size of few microns. From the above discussionsywite the expression that gives
microwave energy dissipation as [4, 6]

wir) :%[we¢E(r)|2 sumH() P+ s EO P +siEOP] ©)

with s electronic conductivitys; ionic conductivity. The above has components

as first one, dielectric loss, owing to re-orieitator distribution of induced or
permanent dipoles. The second one is the magresttc dwing to re-orientation of
magnetic domains. The third one is Joule loss duwitrents with electrons and ions
as charge carriers. The Watt/Volume, of above esgioa (5), requires knowledge of
the local amplitudes and distribution of EM fieldsside the particle, which is
derived from full solution of Maxwell's equationoFexample, a highly conductive

samples = 58 10’ S/m will be having effective dielectrie = i(s / weg), that is

abouti(4” 10%) at 2.45 GHz, a very largéand, will absorb EM energy.

Assume a spherical particle witmf¢=0 and with low dielectric loss
tangene << 1 in uniform electric field Ey. The quasi static case [4] is assumed
with| ekR| << 1, whereR is the radius of spher& is free space wave number (that
is, w/c), gives Ejnsige = 3Eg/(e+ 2), the field inside sphere. The field inside is
attenuated ife > 1, the actual case. The Electric-energy absorbed &attric

heating) by this sphere is [4]

W, :lw?Jﬂ 2e e'il:épR3 = 6pe e'lR3WE2/|e+2|2 (6)
E72  ev2 9773 0 0 '
Similarly we write Magnetic-energy absorbed (cakgnetic heating) by magnetic

losses in sphere kept in uniform magnetic fielg as [4]
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Wo =6 3412 2
M = 6pmym&WHG /| m+ 2|“. ©)

For conductive material, the external electricdfiehay be suppressed to a large
extent inside the metallic sphere, even when tlkusais small compared to skin
depth. Then, we may assume that heating cannotud®eadelectric field absorption.
We may now say then heating of such a particle beerafficient if kept in magnetic
field maximaH 4. Though the efficient energy absorbed is magnatigaiture, for

this highly conductive particle, yet heating is adtie type, Joule heating. The
magnetic field which has penetrated inside theiglart‘induces’ currents in the
sample and this current is responsible for heatimg particle. But a point is
mentioned that while particle size is smaller thifwe skin depth, the heating
(electric/magnetic) is volumetric in nature, asegi\oy above formulas (6) and (7).

Usually the material that has significant magndtsses ~wméi?, also
exhibits ‘strong dispersion’ ofr and it can be assumed that in microwave ranges of
w, the relative permeabilityy ~1 for most materials. Thus optimum heating of

small samples with high conductive samples with thelectric losselt << 1 occurs
in Epay Of standing wave applicator (oven).

3. Microwave Interaction with Spherical Metal Particles with Dielectric Oxide
Mantle - The Principle of Scattering

3.1. General interaction of microwave with conductie material

A very simple and naive way to visualize the electagnetic wave interaction
with metal is via Snell's law of refraction that relative refractive index is
m =sing; /sing,. Whereas the metals exhibit a very high value hotive index,

indicate that for any incident angle the refractamgle g, tends to zero, meaning

that any incident electromagnetic radiation falliog the plane metal surface, will
bend towards the normal, irrespective of incidengle, [6], Figure 10a. The
propagation of the refracted electromagnetic ramhatinside highly conductive
material is always perpendicular to the surfacebofindary, irrespective of the
incident angle. But till what point inside the nletibes the radiation propagate,
obviously up to the skin depth (that is about feierons in pure metals); and most of
the energy of radiation is reflected back from thlane metal boundary. This
interaction is a surface phenomenon [6]. That isilaMEM radiation is incident on
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the metal sheet; it induces collective oscillati@fissurface conduction electrons’.

The real wave propagation will occur at the surfagedirections) only at resonance
condition, and decaying evanescently in thdirection, up to skin depth. The

resonance condition, will have no reflection thoughppens at negative value of real
part of dielectric permittivity of metals at padlar frequency. This surface

(resonance) phenomenon is shown in Figure 6b. &&fie from metal sheet is

though almost 100% (except for surface resonanae)this is not true for metal

sphere having radius of curvature less than theeleagth of radiation inside the

metals. The order of wavelength of radiation ingtieemetal isl j,,sige ~ 2p!, that is

in the order of skin depth. A radiation of frequgrz45 GHz in the free space
having wave length of 12.2 cm will have about 1@nmns of wavelength inside
small copper sphere. Therefore for small metal sgghef radius of few tens of
microns there is possibility of penetration of &atin into the sphere, and by virtue
of Snell’s law the entire radiation is refractedmal to sphere surface concentrating
towards the centre of sphere, Figure 10b. Thisaserbhenomena get bounded when
the metal particles small with circumference arenparable to wavelength inside
metal, that is2pR ~ | jsige This interaction is depicted in Figure 6b.

A plane wave of electromagnetic is diffracted byadject placed in its path.
The various interactions are summarized in FigureviSere a spherical object is
placed in an electromagnetic field having incidematzelength of the radiation ds
We are interested in the elastic scattering, aftedenagnetic radiation and spherical
object. The nature of scattering, depends on wagéheof incident radiation, that is,
| ; the size parametex = 2pR/1 = kR whereR is the radius of spherical particle,

k is the free space wave numbék =2p/l ); and complex refractive index,
m = Rg(m) - i Im(m) of the particle with respect to the surroundindaskc

scattering is classified as Rayleigh’'s scatterinbaracterized by non-absorbing
spherical particles of small spherflsx| <<1 more specifically| mx| <<1) and

Mie scattering where object is still spherical, yet size restrictions and assumes
absorbing/non-absorbing particles [6]. We shaltdkéng Mie scattering and develop
the theory of microwave absorption and its heatifigsmall micron sized metal
particles; used for welding of bulk metals, in misave oven. Let us take microwave
radiation of 2.45 GHz; having the wave length ieefispace 12.2 cm, in free space.
The spherical particles what we are using as powtlenetals (copper, nickel, iron,
silver, etc.) for welding are having siZ = 20nm. Thus the size factorin our case

is 103" 103, thus x << L.
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The core of metal particle actually is surroundgd'dxide’ layer a dielectric.
This ‘oxide-layer’ prevents the percolation of cantivity between the particles, and
increases the dielectric heating. The thickneshisfmantle of dielectric oxide on the
conductive powder is about 0.3 to 0.6 microns.

Effective Medium Approximation [9, 23] (EMA) givesesultant dielectric
permittivity for a spherical core with parametr surrounded by insulator oxide
of relative thicknessd =t /R, wheret is the thickness of oxide-mantle, aRds

the radius of core; via following quadratic equatiofor relative volumetric
concentration of the core soli@ [9].

4befy +2b(3C - 2) +e(g- 3aC)lecy +6[g3C - 2)- 2aCl=0.  (8)
The parameters are
x=1+d,g=2¢e +e; +[2e. - & )/x],b=2¢e +e, +[(g - e )/x°],
and

a =[1- (¥x°)[2e +ec - {6/((1- x*)(ec - &)(Inx))}] +[3e /x°].

For instant placinge; = 4, Ree. =12 d = 001, we get ¢ =3553 b = 447,
a =108 and for C = 06, the effective permittivity is obtained from theaglratic
equation of EMA aReegs = 71

For Ime, =10%, we getg= 294" 10*, b = 003" 10*, a = 294" 10* and
for C = 06, the effective permittivity from quadratic equatioof EMA as
Imegs = 323

Therefore a core of highly conductive sphere af@‘=12+i104 with an
insulating mantle ofe; = 4- i0, of mantle thickness on the core df=t/R, is
making the effective permittivity ase¢ =12- 1323, Physically we may interpret

these phenomena as; the presence of a thin mantielping the electromagnetic
radiation to penetrate the sphere to a greatehdeptards the centre of sphere, else
the penetration of radiation would have been lithite skin deep that is only at
surface. Figures 7-8 elaborate this with Figur@®is observation makes us believe
that presence of thin insulating mantle helps thecteomagnetic radiation to
penetrate into the volume, thereby enhancing valtimbeating; else it would have
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been surface heating for pure conductive core spfigris phenomenon is explained
via Mie solution in subsequent sections and in FEg® and 7.

Figure 3. Various modes of scattering of electromagnetidatazh by spherical
particle.

Figure 4. Plane wave, travelling iz direction (in medium 2), strikes a sphere
(medium 1); the rectangular and spherical coordmate marked.

3.2. Expansion of plane incident microwave field ispherical harmonics

A periodic electromagnetic (EM) wave, incident onmaterial body of any
description (in our case spherical), gives risa forced oscillations of ‘free’ as well
as ‘bound’ charges, in phase or in synchronism with applied field. This
constrained movement of free or bound charges péh durn a ‘secondary’ field
both inside and outside the body (particle). Weuas the particle (body)
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dimensions are larger than the relaxation lengthhenfree and bound charges. The
resultant field at any point is then ‘vector’ sufrpaimary and secondary fields [4, 6].
In general the forced oscillations fail to matck ttonditions prevailing at the instant
the primary field was first established. To enstuffilment of the boundary
conditions at all times a transient term must béeddfrom the natural modes with
suitable amplitudes [6]. Such transient oscillagiomowever, are quickly damped by
absorption and radiation losses, leading only stetate, and those are synchronous
terms. We are interested in the steady state tewhih ultimately decide the
particle’s way of absorption of the incident micieowe radiation.

Refer Figure 4, the Electric and Magnetic fieldsnzerked for plane (incident)
wave in medium 2 travelling im direction, are represented (expanded) in spherical
harmonics as [4-6]:

n(@n+D) ) in®),), ©)

= ikoz- iwt _ - iwt
E; = a,Eqpe Egqe n(n+1)

n=1

¥
yHoeikzz- wt __ KoBo im  n(2n+1) m@ +in® y (10)

Hi =a mw n(n+1) " eLn o,n
n=1
(6h] 1 cos. ﬂplsm .
m::Ln = qu )Pn(COSQ)SmJ ( ) Jn(k2 ) ‘Hq J ( ), (11)
W@ =MD (RIRNeosa)Sh (1) + e TkaRin (R Smj ()
O,J.n k R 2 cod k R 2n\ "2 os
[KaRin(koR)]Pi(cosa)2s (). (12)

k Rsmq

The prime denotes differentiation with respect tguanentk,R. The spherical

Bessel's functions of size parameter [8]= k,R are represented ag,(x), and

Legendre polynomials of first kind ara}(%. The above expression (9-12) is EM

plane wave expansion in spherical harmoriks radius of sphere particle on which
the plane wave is incident, the sphere is at tigimrThe EM properties of sphere
particle are represented a5, m while the surrounding has EM properties

represented a®,, m,. Therefore the refractive index of the sphericattipke
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compared with surrounding im = ,/(em )/ (eom, ); actually a complex quantity,
(4, 6].

3.3. Reflection and transmission of EM field inside andoutside spherical
particle

The plane wave now gets reflected from the partieled for r > R, the

reflected EM components are

¥
n 2n+1
n(n+1)

(alm® - ib'n® ), (13)

— - iwt
Er = Eope 0,1,n e,L,n

Hr :-ﬁEoe'th
Wit

¥ in 2n+1( r-(3)

Al (3)
n(n +1) bame? n *ianng p)- (14)

The transmitted component expressions for EM fieMenr < R, are

¥on(en+) ) @
_ - iwt : t (L aat (1
Fu = e nzllnm(anmovl” - ibrngn), (15)
¥
_ ok o e n(2n+1) @) Lt ()
Hy =- wimy Eoe ! n(n +1) (bnmey p +ianng’ )- (16)

The functions mg’) and ng’) comes whenj,(x) appearing in plane wave
oqun o']"n

expansions is replaced by spherical Henkel's fomstihr(]l)(x). Also note thatk;
replacesk,, inside the sphere particle that is in the transmaiexpression, to get the

EM fields inside the particle. For the boundary rat R, we have properties,

ki =mky, x=kyR, kR =mx andm=./(em)/(e,m ). Say for metal particles

if the refractive index is very large, the waveldngf the EM transmitted into the
metal is very small, that is of the order of skapth.

The boundary conditions [4] at= R are
(r)” (B +E/)=(r)" Ey, 7)
(r)" (Hi +H)=(r)" (Hy). (18)

From above we get two pair of inhomogeneous egusititor the expansion
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coefficients
ahjn(mx) - ahh{d (%) = jn(x), (19)
myan[mx, (M) - maf[ xhiP ()] = mlxjn ()] (20)
and
mym,j (M) - mbfh (x) = myjn (x), (21)
b5 [ (m)] - mEE [P (] = nfxjn (x)]" (22)

From above we get the magnetic and electric réflectoefficients as

= Mn(mxin ()] - myin () [mxin(mx)] 3
T mn(m)[XH (18- mphf® () [mxjo(mx)]®

o = - MinOOImXia (MR - mpm? i (M) xin (9]
mhf® () [mxin (m)]®- mpm?j (mx)[xh (x)]¢

__einMIa ()] - efn(Imxin(¥]° 24)
ey in (MY [XHP (1%~ e,n P (x)[mxi, (mx)]®

This gives the transmitted coefficients inside sphgarticle as follows

= in00 + 2l

(M)
ot = MOXn0IT + mEACKD L _ a0+ IRV o)
[mxjn(mx)]¢ Mjq (MX)

For particles having very large conductivity or ulstive capacity(e; / e,) relative

to surroundings, and radiu§R) of sphere particles not too small size (say,
comparable to wavelength of EM radiation in mediunsphere); the above
coefficients of reflection can be simplified by iad following asymptotic
approximations [7]

. -1 n+1
jn(mx) = - C0S Mx- —=p, (26)
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[mxjn(mx)]¢E sin mx- nTﬂp , (27)
(1) = 1 el mx
hy” (mx) rm( i)' e™, (28)

With these we get

r=_ in(¥) r=_ [Xjn(x)](
TR T 0] )

Since hr(]l)(x) = j,(x) +in,(x), these coefficients above can be put in form
al Zie%sing,, b =ie'% singg, (30)

_ in(®

where tang, = o (9 andtangf =
n

: (

[xin(9]

[x (1

These are Mie solution of the Maxwell equation, akhdoes not distinguish

between different types of losses (electric/maghidile). They combine dielectric
and Joule losses in a single dielectric functibat ts,

+s; +
e1=e+iM=e¢- et j e Sc (31)
w W

and considers them as unified dielectric, wheee is used in microwave energy
absorption formula (5). Moreovera), and by, are explicitly depending on the

refractive indexm = \/ﬁ (assuming the medium surrounding the sphere partic
is free spacamy = ey = 1), indicates complete separation of dielectric andmetic
losses is difficult, in general. Calculations oéske Mie coefficients are described in
details via various methods in [10-21].

3.4. Physical interpretations of mode functions

When metallic spherical particles are irradiatestiltating electric field causes
collective oscillations of conduction electrons rretals. The Columbic attraction
between the negative and positive charged nuched ¢apulsion among electrons)
causes a restoring force to arise when electrondcie displaced relative to nuclei,
resulting in oscillations of electron cloud, a dgoFigure 6b and Figure bn =1

mode-1 electric lines of force). The dipole ostiia is most prominent, for small
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spheres, with circumference of the order of waveytle of EM radiation inside the
metal (2pR ~ | jhsiger SAY, 10 microns). For still larger size of mefaheares electric

Quadra-pole and higher modes are formed, whicthedselectron cloud oscillating
parallel and remainder oscillates anti-parallelg(ffé 5, mode-2 electric lines of
force). From above derivations of previous sectiaves found that the primary EM
fields excite certain ‘partial oscillations’ in ttepherical particle. These are not the
natural modes of sphere for all are synchronouk thi¢ applied field. These partial
oscillations and their associated fields, howewaee, Electric and Magnetic type for

some reasons that were set forth wafy' are the amplitudes of oscillations of

magnetic type andb,rft are amplitudes of oscillations of electric typ&gufe 5 gives
the first four modes of these Mie solutions [6]r fmartial modes for Electric and
Magnetic lines of forces.

The incident microwave radiation is linearly potad, travelling inz with E
vector towardsx axis. At large distance from the spherical pagtithe radial
component of the secondary field variesl,éu:‘.2 while tangential components,

and E;; varies asl/r . In this radiation zone the field is transversehte direction

of propagation. These tangential components arpepeicular to each other and
generally differ in phase. The secondary radiafimm the spherical particle is
elliptically polarized. There are two exceptiondledtions, note that whep = 0,

E;j =0 and whenj =90°, E;q = 0. Meaning that when viewed along- or the
y - axis, the secondary radiation is linearly poladizeversely if the primary EM

field is un-polarized, the secondary field is pallyi polarized depending on the
direction of observation.
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Figure 5. Electric and magnetic lines of forces of first fomodes of partial
oscillation on sphere.

Figure 6. Interaction of metal and EM radiation.

4. Absorption of Microwave Energy in Scattering viaSpherical
Particle and Expansion Coefficients

The resultant field at any point outside the sphafrd=igure 4 is the ‘total-
radiation’; that is sum of incident field and refled field.

E=E +E,, H=H; +H,. (32)
The radial component of the total complex energwfVector is [4, 6]
»_1_. = _1,_ = =
S, _EE H _E(Equ - F Hq)
_1 P T LT
—E[(Ei +Er) (Hi +Hr)]
1 = .1 = .1 = .1
ZEEI H|+§Er HF+EEI Hr"'EEr Hi (33)
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After resolving we get three terms for energy flasvfollowing:

« 1 _
Sr =5 (EigHj - Ejj Hig)

+

(Erquj B Erj Hrq)

(Equrj + Erquq - Eij I:rq - Erj I:iq)- (34)

+
Nl N

The real part ofSt integrated over a sphere of radis concentric to the

spherical particle which is diffracting the EM fie{Figure 3), and is just outside the
particle, is equal to net flow of energy acrosssitsface. If the external medium, i.e.,
medium-2 is perfectly dielectric, having wave vectk, = wy/eom,; and the
spherical particle is assumed to be non-conductingn the net flow across any
surface enclosing the particle sphere, must be. zZkrtnowever, the energy is
converted as heat within the sphere, the net floegual to the amount absorbed and
is directed into the sphere. The total energy diexbby sphere is [4, 6]

p2p

W, = - Re S:R2 sinqdj dg. (35)
00

The first term in expanded resolved expression (345: is the flow of energy
in the incident EM field. When this is integrateeeo a closed surface, this gives zero
as long as the medium is non conducting, i®,,= 0. The second term (34) is
outward flow of energy for the secondary scatteradiation from the diffracting
sphere. This scattered energy is [4, 6]

P 2p
Re  (EqHyj - Ejj Hyq)R?sinqdad . (36)
00

Wg =

N[

The third term in the expression (34)3’,5‘ must be equal to in magnitude to the
sum of absorbed and scattered energies, meaning
W =W, +Ws
p2p

Re (Eiq
00

it Erquj - Eij Hrq - Erj ﬁiq)Rz sinqgdqdj . (37)

T

N
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W, is therefore is the total energy derived from fhémary EM field and is

dissipated as heat and scattered radiation. TouletdcWg and W;, we make

r ® ¥ and use asymptotic values fgf(x) and h,(11)(x), as indicated in previous
sections; putting them in the expressions of fieluctions that isg;, H; and E,,
H,, then evaluating the integral above by help ofoielhg identities for Legendre

polynomial [7]

P
%ﬁﬂ + Lz RIPL sinqgdg
0 g 044  sin“q
O, n 1 m!
= 2 (n+2! (38)

2n+1(n- 1)! nn+1), n=m

Pn dRT, PpodRp

sinq dg sing dq sinqdq =0 (39)

0

The mean energy flow iz direction per unit areém2) is [4, 6]

_1.2]e
(Sz)=5Ep EZ (40)
For completion, we define the cross-sections ofousr scattering terms. The
scattering cross section [4, 6] is defined as #ti® of the total scattered energy per

second to the energy density of the incident ENtifithat is, Qs =Wy /(S,). Thus
the scattered energy and scattering cross sestion i
¥
E§ [e r2 ., n2l?
Ws=p—,—= (2n+1) |ay| +|by|

2 e oo
op ¥ 2 2
Qs=—2 (2n+1)‘arr]‘ +‘b§‘ m?. (41)

K2 n=1

The sum of absorbed and scattered energy ancbiis sectio{Q =W, /(S,)), is
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2 ¥
Wo=p0 |2 Re  (2n+1)(ah +b),
kg VM2

¥
Q =2Re (2n+1(a} +b)m? (42)
I(2 n=1
If the conductivity or the inductive capacisy / e,, relative to the surrounding is
large, that is| mx| >>1, then
¥

Qs » 2—2 (2n +1)( sin? g,, + sin® gf),
K2 n=1

Q »PLRe i(2n+1)(é% sing, + % singf). (43)
k

2
2 n=1

For non absorbing spherical particlg, and gf, are real, and we g&)g = - Q.

5. Approximations for Expansion Coefficients

5.1. The case when radius of spherical particle larger than wavelength of EM
field inside the particle | x| = | kR | >>1

The expansion coefficients are difficult to evatuarhus we can have limiting
cases, the first one being | = | kR | >>1 meaningR >>1 1 /2p radius of particle
is several times the wave length of the EM wavémshe sphere. For this case, we
get [7]

r ~.n_-ix Msina- mymcosatanb
a, Si'e ,

m - impmtanb
b, = - i ix M cosatanb - .mzmsma’ (44)
m tanb +impm
a=x- nti b = mx- n+1p. (45)

The expansion coefficients are oscillating funcsion= k;R and n, oscillating

between zero and one. If faj,, we replacen by n+1, thenaj,; = b/, meaning



THEORY OF WELDING OF METALLIC PARTS IN ... 145

the amplitude of electric oscillations of orderhas same amplitude of magnetic
oscillations of next higher order.

5.2. The case when radius of spherical particle ismaller than wavelength of
EM field inside the particle | x| = | kR | <<1

The approximations [7] for spherical Bessel's arehkel's functions are

. _ AN n! n _ n+1 2
=25 ¥ U Ghagaey X T

),y 1 (2n)! 1
hr(1)(X) —;—n! N + ..., 6)
al =i 22”n!(n +1)! x2n+1 N

mpl(n+2) + (n+3Im*] - m[(n+3) + (n+Ym” -

AS Mp-m- (@n+2)(2n +3) - N
2n 2n+1
b =i 2 r'1!(n+1)!' X 5
(2120 +1)! m (n + 1) + mpm?n
_ oo m[(n+)+(n+3Ym’]- mm(n+3+(n+m’
B= m-mm (@n+2)(2n+3) X“ . (48)
For | x| <<1 further simplification gives
r=i X 1 2 2112
A =3mrom MM g[”l(2+m ) - mp(1+2m")]x* (49)
r :i_ n].- rnZ 5
%2 = 1572m +3m, (50)
r= 2 x> 2 1 2 211y.2
) R — m - mpm© - E[rq(1+2m )- mp(2+m?)]x* , (51)
, 2
r=_1 _M-mm s
=__ 1 2 x2. 52
2 15 3y + 2mym? (52)

If m =mp, then further simplified expressions are
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. - 2 4
r~ | 2_ 5 I’E_ﬂ m”-1 3_ 1m-1 5
aEgEm - b 3 m2e2. WOpfeg
: 2
r= | m-1 5
=_ = 53
b2 Bomsa (53)

When the ratio of radius to wavelength is so srifalt x> can be neglected w.r.t.

X3, only first order electric oscillations need beemkinto account that is{ (and

not aj, ).

— - .
I = 2 m 1 X3 = _ AX?J el 62 . (54)
3m?+2 3 e +2e

5.3. The total power absorbed by small spherical ni&l particle

Equation (5) ofw(r) requires the knowledge of local amplitudes of Eid
field, and thus is not very suitable for analytiagalestigation. The absorbed power
by spherical particle i8V, =W - W;. Using (41) and (42) as derived in previous
sections, we have from Mie solution the analytieapression, we write power
absorbed by a spherical particle irradiated by @BN wave as

EZ [e ¥
W=-p=2 |22 (2n+1)[Re(ay +bf)H ay [*+|by 2. (55)
ky V2

When the centre of the particle is placedEat,, of standing wave (oven), then we
have approximation (56), [8]

EZ [e ¥
We =-p—2 |22 (n+1)(Re1+(-1)"a)
ks V2 oy
+[1- (D" PoR} +[1+ (- )" af 2 +[1- (-1 bR |2 (56)
When spherical particle placed in magnetic fieldkime H .5, of the standing wave
(oven), we get approximation (57), [8]
2 ¥

E
Wy =-p—2. %2 (2n+1)(Re[1- (-1)"]%a}
ks VM

1+ OO +[1- ()" an [ +[1+ ()" bG 2 (57)
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Although all the above expressions we are gettsxhfinite series in practice just a
few terms is sufficient for small particles << 1. The microwave power absorbed
for various spherical material of differenand is shown in Figure 5, where the
placement of spherical particle is Bf,,x and H 5y Of standing wave inside oven

cavity resonator.

Figure 7. Power absorbed by spherical sample placed in fitledMaxima and
Magnetic Maxima, with respect to size parameter kR

From Figure 7; third plot, it is seen that heatingH .5« position is better for
samples with high electrical conductivitgd =~ 90°, with dimensions, not much
smaller than skin depth. For sample with=3- i30Q0 the skin depth is
| =0.156cm; with kR=1 (in Figure 7) meansR =19cm, at 2.45 GHz

microwave radiation. Figure 7 also shows that Ingatit electric field maximum
position is better for spherical samples with lavd anoderate dielectric logsand)

and for very small samples (much smaller than slépth). The skin depth for
e = 3- i0.003 is 1556cm, with tand =10° 10°% For e = 3- i1, the skin depth is
6.8cm with tand = 0.33, for 2.45 GHz microwave radiation. When the spladric
sample size is large, say fox >>1 (larger than wavelength), heating equally
effective in electric and magnetic maxima.

In earlier section, we stated that metal powder thas coating of oxide
insulator, and via EMA the effective property wésoacalculated. Figure 8 shows the
highly conductive core ok, =12- i10%, with presence of thin insulator of oxide
d =t/R has effective permittivity values much differenarh pure reflecting metal.

The modification in loss tangent in presence ofiotar thin mantle of insulating
oxide shows the initial high loss tangent gets &utimlly reduced.
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Figure 8. Effective dielectric permittivity in presence ofamtle of insulator above
spherical conducting shell with respect to maritiekiness.

This effect of reduction in loss tangent is advgatas in electric field
absorption, for the metal powders, in other woriis ghe EM field absorption
throughout the volume. Mapping of electric field spherical sample is via aid of
transmission (Mie) coefficients, (15)-(25). Use tifese expressions gives the
mapping of electric field inside spherical samplEgure 9 plots the normalized

square of electric field Et2 / Eg) at g = 0 direction, gives idea of Electric energy

released inside the sphere, for various values.gf for a metal coree, =12 - iz0*

covered by insulatofe; = 4) of various specific thicknesséd = t/R).

Interesting inference can be drawn from Figure :1eWthere is no insulation
layer, the electric field penetrates and decaysoeaptially very fast within few
fractions of centimeters into the sample. Thiskie kin deep penetration of Electric
field into highly conductive sample. As the manttesulator grows in thickness
(d = 0.004), the electric field penetrates more into the sglaésample and towards

the centre. After some thicknegs ~ 001), the electric field converges towards the

centre of spherical sample, near the centre.
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Figure 9. Square of normalized electric field mapping witspect to radius of
spherical conducting shell for different insulatimgntle thickness.

6. Observations

The square of electric field is measure of the @adfi power absorbed locally
from the incident microwave radiation. With an iease in thickness of mantle of
oxide layer around the conductive core metal, tleetec field distribution of the
absorbed power changes from a regular skin effeatrion uniform distribution that
exhibits a spatial oscillatory structure of a sfiedcale associated with wave length
inside the spherical particle (Figure 9). The fiegddhaving pronounced maximum
towards the centre, which is specific to sphergtape and can be associated with
converging of spherical electromagnetic wave. Adow to effective medium
approximations the real part of effective permityivs higher than imaginary part of
effective permittivity for larger specific thickresof mantle; helps in making the
electromagnetic field penetrate the sphere.

The above discussion was with one spherical partial electromagnetic
radiation. For a multi-particle system, we can sctile same theory by suitable
multiplication; considering the multi-particle sgst does not interact with each
other. The power absorbed by multi-particle sysethus

Wsample = NWparticle: (58)

where Wyarticle cOMes from Mie solution of (55)-(57). The packingsample, if we

assume cubic lattice with spherical particles diua R with separation between the
particles asD, packed; then the expression of volume fractiothis cubic packing
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is
_ e
rp=—=% (59)

D 3
1+ —
2R

with, r . = p/6 as percolation limit for the simple cubic latti{&8]. For separation

distanceD equal to 0.1 of diameter of the spherical partitie r 1 is 39% and for

D= 02" (2R) and D = 03" (2R), the volume fraction of packing reduces to 30%

and 24%, respectively. With this, we get numbersigmN for use in (58) as [23],
With Vsample @nd Vpariicle @s volume of the sample and volume of the particle

respectively.
- r stampIe. (60)
Vparticle
We can say for small sized spherical particles pddk the volume, when radius
is smaller than wavelength the inter-particle iat¢ion is small and above rule can
be utilized for estimation of watt/volume of elemtragnetic radiation absorbed by
the sample several of spherical small metal powghaticles packed in sample
volume. For large sized spheres, the above estimédi invalid. In our bulk metal
welding case Figure 1, we are packing the weld zopethe metal powder of
approximately 40 micron diameter, and doing thecpss by microwave heating at
2.45 GHz. recently we did experiments on INCONEI8lloy joining by use of
Nickel powder.

Figure 10. Summary of penetration of EM field into metal smheand its
convergence.
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Figure 7 and Figure 9 give very interesting obskowa From Figure 7, the curve
number three, states that when we see at scalgsivatar to skin depth, the heating
is due toH 4y That is if we assume radius of metal-particle ésyvsmall R < |
smaller than skin depth, we would have EM absormpgfficient if the particle is
placed in Hp,. We assume that full penetration of magnetic fieldhis metal
particle having radius lesser or compared to sléptil The picture of this is
depicted in Figure 10c. This magnetic field pertesahe particle induces a current
which flows perpendicular to the external magnégtd. This current flows in the
equatorial plane, the skin effect (via skin degthjmposes exponential dependence

of current magnitude on the radi(is); that is,

_(R-1) (R+r)
J~e | ~e . (61)

The currentsJ; and J, are induced diametrically opposite as shown inufgdLOc.

Since we are talking of a spherical samBle<<| skin layers holding the currents
as in (61) merge and penetrate, and we have rasulterent superposition of the
two currents, and when approximated, givés= 2|r|/I, having maximum at

r = R This current gives Joule loss as proportionaUl?o Thus released power in

small sphere due to Joule loss is proportionaﬂ(?o/l 2 This is induction heating of

Figure 10c, via magnetic field for a spherical skamgf size very small to skin depth.

So we can infer that when a composite materialainatconductive metal particles

embedded in a low loss host material it absorbsawiave radiation due to magnetic
polarization of particles [24]. The oscillating nmegic component induces electric
currents (Figure 10c) in the particle, and depemdin the size the currents may be
stronger than that driven directly by Electric di€Figure 6b).

Most of the material processed by us for bulk metalding is heterogeneous.
For example metallic powder with oxide coating lastages of densification remains
two composite mixture of solid material in grainsdavoids between the grains.
Composites formed as dielectric matrix of with nhetrticle inclusion (Figures 7, 8)
are good absorbers of microwave radiation. Scakiofo-structural non uniformity
is much less than electromagnetic wavelength inidecomposite; and via average
description the dielectric properties, the inteiacbf electric field is observed.

Whatever be the mode of absorption, either eledigid or magnetic field of
microwave radiation we have established that tHametric penetration of energy



152 SHANTANU DAS, AMIT BANSAL and APURBA KUMAR SHARMA

takes place and this is the most advantageousrparelding by use of microwave
radiation. The temperature change of the voluntaus given by diffusion equation
(62) with a sourcew(r) ~ s¢E(r) right inside the sample volume. The source

enters in scale of sub nano seconds as speed dgation of microwave radiation
into the volume, thus we call the inertia-less heansfer. In (62)r, c, k are

density, specific heat and thermal conductivityspectively of the sample volume,
and T(r, t) is the Temperature function of space-time.
rc\,w= KRIZT(r, 1) + w(r). (62)
Therefore the difference between the conventiomatihg (say TIG welding)
and microwave heating is volumetric heating, that e deposited directly inside the
sample viaE(r) or H(r). The thermal conduction expression (62) has voltimet

heat sourcew(r) in microwave heating case; whereagr) is localized in near

surface layer in conventional TIG welding. Figutecharacterizes the joints done by
microwave radiation.

The summary of microwave penetration to a highhnhdiwtive sample is
explained in Figures 10a and 10b. The high refvactndex makes the incident
radiation to propagate normally to skin deep lenigiside the conductive sheet
(Figure 10 a). The spherical conductive sample wdftact all the EM radiation
towards centre, but will propagate few micronsdesthe shell surface; however if
the radius of spherical sample is small as few sldpths then radiations will be
converging inside towards the centre; having marinfield near centre, (Figure
10b). If the radius is very small even smaller tis&in depth then we get uniform
field instead of spatially oscillating one as peteMolution of transmittance and
reflectance.

Figure 11. (a) Typical microwave processed SS-316 joints Nligrostructure of
joint zone (c) XRD spectra of the joint area (deWiof line mapping at the joint
zone.
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7. Conclusions

We have tried to explain the nature of heating thatolumetric inertia-less in
nature what we observed in experiments of joinhmgliulk metals with use of metal
powders via use of microwave radiation. The elebtnamics aspect of the Mie
solutions in spherical coordinates gives insightnutrowave energy profile of
electromagnetic radiation inside spherical samptds metallic spheres. The
discussion gives efficient heating in electric asllvas magnetic field, and field
penetration inside the sample of size comparabléewo skin deep lengths. The
penetration of the field is the cause of high heptates as compared to conventional
heating methods. Special studies in respect td fiddt of multi layered spherical
structure; experimental measurements of dieleptienittivity vis-a-vis temperature,
mantle oxide layer for coated conductive metal pensdwelding experiments with
nano-sized powder, and with millimeter wave in thidvanced welding method
developed are planned as future advancements @aaié st
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