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Abstract Based on the principles of rational continuum mechanics and electrodynamics (see Truesdell and
Toupin in Handbuch der Physik, Springer, Berlin, 1960 or Kovetz in Electromagnetic theory, Oxford University
Press, Oxford, 2000), we present closed-form solutions for the mechanical displacements and stresses of two
different magnets. Both magnets are initially of spherical shape. The first (hard) magnetis uniformly magnetized
and deforms due to the field induced by the magnetization. In the second problem of a (soft) linear-magnetic
sphere, the deformation is caused by an applied external field, giving rise to magnetization. Both problems
can be used for modeling parts of general magnetization processes. We will address the similarities between
both settings in context with the solutions for the stresses and displacements. In both problems, the volumetric
LORENTZ force density vanishes. However, a LORENTZ surface traction is present. This traction is determined
from the magnetic flux density. Since the obtained displacements and stresses are small in magnitude, we
may use HOOKE’S law with a small-strain approximation, resulting in the LAME-NAVIER equations of linear
elasticity theory. If gravity is neglected and azimuthal symmetry is assumed, these equations can be solved
in terms of a series. This has been done by HIRAMATSU and OKA (Int J Rock Mech Min Sci Geomech Abstr
3(2):89-90, 1966) before. We make use of their series solution for the displacements and the stresses and
expand the LORENTZ tractions of the analyzed problems suitably in order to find the expansion coefficients.
The resulting algebraic system yields finite numbers of nonvanishing coefficients. Finally, the resulting stresses,
displacements, principal strains and the LORENTZ tractions are illustrated and discussed.
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List of symbols
General quantities

v Barycentric velocity (m/s)

v, Barycentric surface velocity (m/s)

Velocity of a singular surface (m/s)
Normal velocity of a singular surface (m/s)
Normal vector (1)

nth Legendre polynomial (1)

Radius of the magnetic sphere (m)
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r Radial spherical coordinate (m)
r Dimensionless radial spherical coordinate, 7 = r/r (1)
D Polar spherical angle, ¢ € [0, =] (1)
X Cosine of polar spherical angle (1)
& Radial cylindrical coordinate (m)
£ Dimensionless radial cylindrical coordinate, & = &/r (1)
Z Axial cylindrical coordinate (m)
Z Dimensionless axial cylindrical coordinate, 7 = z/r (1)
10 Azimuthal angle, ¢ € [0,2 ) (1)
u Displacement vector (m)
Uy Radial displacement component w.r.t. e, (m)
Uy Polar displacement component w.r.t. ey (m)
Uy Azimuthal displacement component w.r.t. e, (m)
()" Interior of magnet
()E Exterior of magnet
ON Problem of uniformly magnetized sphere
()™ Problem of linear-magnetic sphere
(T) A normalized dimensionless function (1)
{e;} Local orthonormal basis, i € {r, 9, ¢} (1)
e; Cylindrical axial unit vector (1)
e Cylindrical radial unit vector (1)
1 Unit tensor, 1 = Y3_, ¢; ® ¢; (1)
1, Interface projector, 1, =1 —n ®@n (1)
3ij KRONECKER delta (1)
\% Nabla operator, V = er% + eﬁ%% + eq)ﬁ% (1/m)
\Y/! Surface nabla, V, =1, - V (1/m)
H Mean curvature, H = —%V, -n (1/m)
Mechanics
o Cauchy stress tensor (N/m?)
0 Cauchy surface stress tensor (N/m)
0ij Components of o w.r.t. {e; ® €}, 1, j € {r, ¥, ¢} (N/m?)
ovM Equivalent VON MISES stress (N/m?)
e Linear strain tensor (1)
&ij Components of € w.r.t. {e; ® e}, 1, j € {r, ¥, ¢} (1)
A; A principal strain value, i € {1, 2, 3} (1)
0 Mass density (kg/m?)
o1 Surface mass density (kg/m?)
A LAME’s first parameter (N/m?)
nw LAME’s second parameter (N/m?)
Electrodynamics
B Magnetic flux density (T)
53] Potential of free electric current (A/m)
9o Amplitude of an external field $ (A/m)
Vin A potential of $3, where ) = —VVj, (A)
D Potential of free electric charge (C/m?)
E Electric field (N/C)
M MINKOWSKI magnetization (A/m)
My Strength of the magnet’s uniform magnetization (A/m)
P Polarization (C/m?)
"o Vacuum permeability (N/A2)
Iy Relative permeability (1)
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) Vacuum permittivity (A2s? /(N m?))
q Total electric charge density (C/m?)
q" Free electric charge density (C/m?)
q" Bound electric charge density (C/m?)
q,t Singular free electric charge density (C/m?)
q; Singular bound electric charge density (C/m?)
J Total electric current density (A/m?)
JE Free electric current density (A/m?)
Jr Bound electric current density (A/m?)
J: Singular total electric current density (A/m)
J 5 Singular free electric current density (A/m)

! Singular bound electric current density (A/m)
J f Free diffusive electric current density (A/m?)
J 1; Singular free diffusive electric current density (A/m)

Mixed mechanics and electrodynamics

f L Volumetric LORENTZ force density (N/m?)
Vi Surface LORENTZ force density (N/m?)

1 Introduction

In certain materials, mechanical strains and stresses can be induced by electromagnetic coupling. The special
case of deformation of magnetic media due to a magnetic field is often referred to as magnetostriction. In
commercial (hard) permanent magnets, this effect, which is due to their own remanent electromagnetic field,
is relatively small and therefore often neglected. Nevertheless, for a representative case, it is our goal to
determine the magnitude of the eigenstresses as well as the size and the shape of deformation in order to
validate this assumption. Furthermore, in (soft) linear magnets stresses can be induced by external fields. Here,
the mechanical stresses vary with the externally applied field. For real magnets, both problems are relevant.
Figure 1 illustrates that the initial magnetization curve can be approximated by a linear-magnetic model, which
is valid up to certain magnitudes of the magnetic field. Therefore, one can employ this model in order to
compute strains and stresses for that part of the magnetization process. Once the point of magnetic saturation
is reached, there may remain a magnetic flux—even if the external magnetization field is deactivated. This is
referred to as the remanent field, which can be modeled by a constant uniform magnetization. Because of the
relevance of soft and hard magnets in technical applications we analyze both problems for a similar geometry.

We start by analyzing the eigenstresses of an uniformly magnetized body, which has the form of an ideal
sphere before magnetization. The magnetic flux density due to the body’s magnetization causes a LORENTZ force
density on the surface of the sphere. Thus, deformation and eigenstresses are induced, which are small so that

AlIM]|

Y

Fig. 1 Comparison of magnetization models. The line (a) denotes a remanent uniform constant magnetization, (b) represents
a linear isotropic magnetization model, and (c) shows a real hysteresis loop with initial magnetization curve. Magnets that are
modeled by (a) or (b) are referred to as hard and soft magnets, respectively
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we can work with linearized strains in combination with HOOKE’S law. Later we will examine the deformation
and stresses of a linear-magnetic sphere due to an uniform external magnetic field. From a mathematical point
of view, the magnetic fields in both problems are closely related, see [7, Sect.5.11] and we shall reveal further
similarities for both stresses and displacements w.r.t. the two considered magnetic problems.

As shown in [5], the LORENTZ surface force density in these problems can be calculated from the jump
of the magnetization and the average of the magnetic flux density on the magnet’s surface. The solution for
the magnetic flux density of a uniformly magnetized sphere is well known, cf. [4,7,16]. We briefly restate a
solution method based on a series expansion in order to show similarities in the algebraic structure w.r.t. the
mechanical problem.

The elastic problem in spherical coordinates under the assumption of azimuthal symmetry and vanishing
body forces was solved analytically by HIRAMATSU and OKA in terms of a series expansions containing
LEGENDRE polynomials, see [6]. The authors used their method to analyze tensile strengths of rocks, loaded
with uniform pressure in small regions centered around the poles. The method is employed in many other
applications with spherical bodies. For example, in [11] the effect of equatorial pressure loads was analyzed
and in [18] a hollow internally pressurized sphere was investigated, which, in addition was loaded by an outer
pressure at regions around the poles. However, in the magnetic problems in this paper, there is no uniform
pressure loading.

In the problem of a uniformly magnetized sphere, the LORENTZ traction has a radial as well as a polar
component, which both depend on the polar angle. In order to specialize the elastic solution to the boundary
conditions of this problem, we investigate the jump condition of linear momentum in combination with the
series solution of HIRAMATSU and OKA. The dependence of the radial stress o, on the polar angle is given
by LEGENDRE polynomials. Consequently, the radial component of the LORENTZ traction is expanded in a
FOURIER-LEGENDRE series. However, the dependence of the shear stress o,y on the polar angle is given in
terms of derivatives of the LEGENDRE polynomials. Therefore, we modify the FOURIER-LEGENDRE series
technique and expand the polar traction component by employing derivatives of LEGENDRE polynomials as
well. The same can be said for the case of a linear-magnetic sphere in a uniform external field.

It is shown that the FOURIER-LEGENDRE expansions of the force components are finite. Hence, the jump
conditions of linear momentum directly yield finite sums for the displacements as well. The resulting closed-
form solutions for the displacements and for the stresses are discussed.

Similar problems have been investigated in the literature. For example, in [1, Sect. 10.4] the strains in a
magnetized sphere were studied. However, a purely radial surface traction was obtained. Therefore, the author
obtained a spherically symmetric problem, which he solved by a technique outlined in [9, Sect. 173]. Another
noteworthy examination is given by [3, Sect. 8.4]. The authors study a spherical cavity, which is also uniformly
magnetized, and surrounded by a non-permeable medium. They found a traction with nonvanishing radial
and polar components, similar to the results presented in this paper. However, they refrained from solving the
elastic problem. Furthermore, [12] examined deformation in ellipsoidal and spherical ferrogel samples due to
an uniform magnetic field. The authors also obtained a purely radial surface traction and solved their problem
analytically in cylindrical coordinates.

In the literature, the magnetic traction is often defined in terms of the normal component of the MAXWELL
stress tensor at a surface. The definition of this tensor is based upon an identity of the volumetric LORENTZ
force. In this paper, the MAXWELL stress concept is not directly applied, because of various problems, which
were detailed in [13]. Rather the explicit LORENTZ force densities for regular and singular points are used, as
it was recently explained in [5, Sect.3.2.3]. In the discussed problems, the volumetric force densities vanish,
whereas surface densities remain. Physically, these forces are induced in a very thin volumetric region, i.e.,
at the surfaces of the magnets. In this region, the magnetization is characterized by steep gradients. As these
regions cannot be resolved in a large-scale continuous solution, they are modeled using the mathematical
concept of singular surfaces.

2 Governing equations and constitutive laws

In this section, we briefly state the governing equations for our problems. We start with the electromagnetic
constitutive equations and proceed by combining them with the electromagnetic equations in the stationary
case. The employed electromagnetic force model is examined in context of the problems. The obtained force
densities serve as momentum sources in the balance of linear momentum, which is analyzed for both problems
in what follows.
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2.1 Electromagnetic constitutive equations

In ideal magnets, there are no polarization and no regular and singular free charge density, i.e., P = 0,
qf = (0, and q,f = 0, respectively. There are no conductible contacts to the spheres; therefore, the regular
and singular free diffusive electric current densities also vanish, jf =0and j £ = 0. The media outside the
spheres are assumed to possess no electromagnetic properties, so that all of the aforementioned fields vanish.
The surfaces of the magnets still constitute jump surfaces, albeit without intrinsic properties. The differences
in both considered problems w.r.t. the magnetic behavior are:

Problem I: Uniformly magnetized sphere The magnetization in the case of the uniformly magnetized sphere
is the solenoidal field M ,, = Moe,, where My = const.

Problem II: Linear-magnetic sphere In the problem of a linear magnet, we have the relation B = pou:$ in
the interior. As it will be shown, the magnetization M , in that problem is uniform, if the externally applied
field is uniform and solenoidal.

2.2 Electromagnetic field equations
In stationary problems of bodies at rest MAXWELL’S equations reduce to
VXxE=0, ¢V-E=¢'—V-P, nx[E]=0, en-[El=q' —n-[P] (2.1
for the electrical problem and to
VxH=j, vV.9=-V.M ax[H1=j, n-[9H]=-nx[M] 2.2)

for the magnetic problem. For an overview of the full equations and the used operators see Appendix A. We
note that, because of the constitutive relations, the first set of equations reduces in both problems to

VxE=0, V-E=0, nx[E]=0, n-[E]=0. (2.3)

There are no sources in these equations. Hence, the electric field vanishes everywhere, i.e., E = 0, indepen-
dently of the magnetization. As we shall see there are some differences in the magnetic behavior depending
on the case. Nevertheless, note that the magnetization of both problems is solenoidal and uniform. Therefore,
the equations of magnetism reduce to

VxH=0 V-H5=0, nx[H]1=0, n-[H]=-nx[M] (2.4)

for both problems analyzed.

2.3 Electromagnetic forces

We make use of the LORENTZ force model detailed in Appendix B. In both problems, we have V. x M = 0.
With the other constitutive relations, the LORENTZ volume force density becomes:

P
fL=qE+JxB=(qf—V~P)E+<qfv+jf+¥+vXM)xB=0, (2.5)

i.e., there are no electromagnetic body forces in both problems. However, the LORENTZ surface force density
does not vanish:

Y=g (E)+J, x (B)
= (g —n-[PI)(E)+ (qjv, + j5 — wil[P]+n x [M]) x (B)
= (n x [M])) x (B). (2.6)

This density gives rise to elastic deformations.
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2.4 Mechanical problem of elasticity

On the mechanical side, we start from the stationary balance of linear momentum. We neglect gravitational
forces p f. Then we have in regular points:
V.o=0 2.7

and jump conditions for points on the boundary of the sphere (singular interface):

n-[ol=—f". (2.8)

The magnetization in the uniformly magnetized sphere is axial. Hence, it would be consistent to assume
transversal isotropic material behavior. However, we assume the deviation from purely isotropic behavior
to be negligibly small, cf. [1, Sect. 10.4]. In the other case, the linear-magnetic sphere is isotropic in its
magnetization—here the assumption of isotropic elastic behavior is not in contradiction to the magnetization
model. Moreover, we put & = 0 in the exterior and employ HOOKE’S law for isotropic media with the
assumption of small strains, i.e.,

o =Atr(e)l +2ue, where & = %[V®u+u®V]. 2.9)

Both problems are free of body forces and possess azimuthal symmetry. For spherical problems of linear
elasticity in this setting, it is convenient to make use of the analytical solution by HIRAMATSU and OKA.

3 The method of Hiramatsu and Oka

For the considered problems, we directly obtain the LAME-NAVIER equations in the form:
A+ w)V(V-u)+ puAu =0. (3.1)

The problems are azimuthally symmetric, and there is no azimuthal loading. Consequently, we choose the
following semi-inverse ansatz for the displacements:

u(r,v) = u,(r,%)e, +uy(r, ¥)ey, (3.2)

where {e,, ey, ey} is a local, spherical, orthonormal base. This problem of elasticity in spherical coordinates
has been solved by HIRAMATSU and OKA [6] before. Their solution for the displacements and stresses is given
in terms of a series containing LEGENDRE polynomials, P, (cos ¢}). Here, the components of the stress tensor
are obtained from ¢ = oj;e; ® e, where {e;} is the aforementioned local, spherical, orthonormal basis. We
specialize their results for an interior region and drop all terms that violate regularity at r = 0. By using a
dimensionless coordinate 7 = /R and after substituting x = cos ¢}, we find for the displacements:

n +n—-2
~ ~n+1 ~n—1
uy (7, 9) = Z [ o) R — R W } P, (x), (3.3a)
[ (m+3)2+n+5 dP,(x)
F,9) =R — K A"t B | 3.3b
uy (7, 9) ;[ 2t hanta T i) (3.36)

The stresses read:

X[ P—n=3%+0+Dn-2) n
[— AnF" 4 2n(n — 1) B,i"~ :|P,,(x), (3.30)

= 2n+3
(n+3)——n+2
o9y (F, ) = 1 Z[ A "+ 2nB, " 2]P(x)+
= 2n+3

% (n+3)ﬁ+n+5 1R
+“,§[_ T Dan g3y A 2B } TP (3.3d)
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© rn+3)E—n+2
090‘/’(’77 ﬁ)ZMZ[ 2nM+3 Anfn+2an;n2:|Pn(x)+
n=0

X[ i+ +n+5 4P, ()
- A" 2B ~n—2 n e .
+M,§[ (nt D@n 13 T TR } 1g o), (3.3¢)
©r n(n+2)%+n*+2m—1 P
r r, ) = — o An"n 2n —1 Bn~n—2 n , 33f
7o 0) MX_;[ (n+ 1)(2n +3) P4 2(n — 1Bt ]—dﬂ (3.3f)
o= e D=0 (3.30)

The goal is now to find the coefficients A, and B, in both problems by exploiting the jump conditions of linear
momentum. Since the LORENTZ surface force is contained in these conditions, it has to be specified in order
to proceed. This force depends upon the jump of the magnetization and the mean value of the magnetic flux
density, which is calculated in the next section.

4 The magnetic field

For the problem of the uniformly magnetized sphere, it is convenient to determine the free current potential,
$), first, instead of the magnetic flux density, B. This is a well-known problem covered in many treatises of
electrodynamics, e.g., in [4,7,16]. It is commonly used to demonstrate several solution techniques. We briefly
review a solution by means of a series expansion, cf., [4], since this method is closely related to the solution
of the elastic problem.

The obtained solution of a uniformly magnetized sphere can be modified to the case of a linear magnet
under the influence of an uniform exterior field. This is done by employing a neat trick as demonstrated in [7,
Sect.5.11].

4.1 Uniformly magnetized sphere

Due to the curl-free relation V x §) = 0 both inside and outside the sphere, we may introduce a scalar potential
by putting $ = —VVy,. Since V - $ = 0, we obtain a LAPLACE problem for the potential:

AVy =0 inside and outside the magnet,
n-[VVpll=n-IMyll, nx[VVh] =0 between the magnet and the exterior, and “4.1)
1lim V=0 at infinity.
F—00

The general solution of the LAPLACE equation for problems with azimuthal symmetry that is regular at the
poles is given by:

o
V. 9) = D (Cof" + DuF D) Py(). 4.2)
n=0

We denote the potentials inside and outside of the magnet by Vél and Vn? , respectively. Regularity of the
potential requires that all C,, = O for the interior solution. Also, since the potential must vanish at infinity, we
have D, = 0 in the exterior solution. We may therefore write the potentials as:

o o0
Vo= Caf"Py(x), VO =) Dy VP (x). (4.3)
n=0 n=0

The coefficients C,, and D,, are determined by the jump conditions. The tangential jump condition immediately
yields withn = e,:
dv}
VVal=0 = —&
e, x [VVnl a0

v
i d

r=

= C,=D,. “4.4)

r=1
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The right-hand side of the radial jump equation for the potentials is given by:
e - [Myll=e - (0— Mge;) =—Mycost = —Mox = —MoyP(x). 4.5)

Therefore, the radial jump condition reads:

dvol avl
e - [VVnll = —MoPi(x) & —2|— —|=—-RMyPi(x), ie,
dr 5oy dF =
o0
> Ca@n+ 1)Py(x) = RMoP(x) = Ci1=%RMy, C,=0VneN\(1}. (4.6)

n=0

Consequently, the scalar potentials are fully determined and the current potential reads:

My dPi(x) My __ dPi(x)
fjla) = T3 (Pl(x)er + do €y and ﬁ% = _?r 3 —2Pi(x)er + ds ey |- 4.7)
The interior solution is homogeneous, because of the simple relation:
dp
Pi(x)e, + dlz;x) ey =cosde, —sinvey = e;. 4.8)

After using this relation in order to characterize the constant magnetization and by employing the equation
B = uo($H + M), the magnetic flux density reads:

.2 dPy(x) 2 ,
B(D = §,LL0M0 Pi(x)e, + T ey | = gquo(cos Ye, —sinvey), (4.9a)
2 1dP 2
BY = §u0M07_3 (Pl (Der — 5 (;;x)el,) = 5,L()Mof—%cos de, + 3 sindey). (4.9b)

The field characteristics are shown in Fig. 2.

max

e

(@)
Fig. 2 Streamlines of the fields $) ;) and B ;, for a uniformly magnetized sphere. Colors indicate the norm of the corresponding

field. The geometry of the sphere is outlined in black. a Free current potential §3 ;. b Magnetic flux density B , (color figure
online)
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4.2 Linear magnet in an external field

The method outlined in [7, Sect.5.11] starts by noting that the solution for the magnetic flux density and the
free current potential in the interior of the previously analyzed permanent magnet can be written as:

B, = 3uoM,, %\, =—-1M,, (4.10)
where M ® = Mye,. The field equations are linear, consequently, we may superpose the solution by a uniform
external field, $5, say. The corresponding superposed flux density is BS = wo$S. In the interior of the magnet,
we have:

B = po(9°+3M,)., 9'=9%°—1IM,. (4.11)

Now, one requires the linear relation BS! = ,uopcrﬁSI to hold and determines M , with a given relative
permeability p;:

ur — 1
HO(ﬁS + %M(II)) = /LOMr(fJS - %M(n)) & My =3 d fJS- (4.12)
2+ pr
By choosing HS = Hoe, we find for the modified solution:
Mo=34"1g,. (4.13)
2+ py

And therefore the relevant superposed fields of the linear-magnetic sphere become:

3up .
B = Ho905 ;r (cos Ve, — sindey), (4.142)
pr—1__ I —pr 37 .

B3O = uosﬁ()([l + 2—2; o 3] cos Ve, — [1 Ly Mir 3] sin 17319), (4.14b)

and
9 = 005 (cos ey —sindey), (4.14¢)

,er—1N73 1_Mr~,g .

f)suozﬁ ([1—{-2 r ]cosz?e —[1-1— r *]smz?e . 4.14d
an 0 2 + e r 2 + e s ( )
In what follows we define for practical reasons BI(H) = B?J), B%) = B?II()), .61(11) = 53%), and 3'3% = 3‘3?8

These fields are visualized in Fig. 3.

5 Lorentz surface force density and suitable series expansions

By means of the previously determined magnetic flux densities (4.9) and (4.14) we may now examine surface
forces of the form:

Y = (n x [M]) x (B)

for both problems. We start by calculating the mean value of the magnetic flux density in both cases at the
sphere’s surface. Then we proceed by determining the tangential jump of the individual magnetizations. The
force densities follow, and the components are expanded in such a manner that an algebraic system is directly
generated from the jump equation of linear momentum. Then the unknown coefficients of the elastic solution
can be determined easily.



544 F. A. Reich et al.

max

(a) (b)

Fig. 3 Streamlines of the fields $ ¢, and B, for a linear-magnetic sphere. u, = 100 (steel) was used for visualization. Colors
indicate the norm of the corresponding field. The geometry of the sphere is outlined in black. a Free current potential $) ). b
Magnetic flux density B, (color figure online)

5.1 Mean value of the magnetic flux

The mean value of the magnetic flux on the surface of the uniformly magnetized sphere is calculated as:

(B,)=1(B" +B°

] o]

Vi1 = $HoMo(dcos Ve, — sinDey). (5.1)

For the linear magnet the mean value of the total field reads:

3 1oHo
(Bu) = 3By + Bl = 557
T

[2ur cos e, — (1 + pur) sindey] . 5.2)

5.2 Tangential jump of magnetization

By using n = e, the vector product can be evaluated and we obtain for the uniformly magnetized sphere:
n x [M ]l =— Mope, x e, = —Mpe, x (cos Ve, —siney) = Mysinte,. (5.3)
This also directly applies to the linear magnet, because in that case My = 3(ur—D/2+u:) 0. Hence:

Hr

2+

n x [M 4] =390 sin e,. 5.4

5.3 Force densities

We compute the force in both cases:

L —mx[M,]) x (B,) = é//,oMg(sinzl‘}e, +4sin ¥ cosVey),

I
-1
%(Z'L:ﬁ[(l + wr) sin’ve, + 2ursin ¥ cos dey].  (5.5)
T

Note that the radial and polar components of both force densities merely differ by a constant factor. The
components show the same dependence on the polar angle, see Fig.4. However, the resulting vectors differ
significantly in direction and magnitude, cf., Fig.5. Due to their same angular dependencies, we can examine
both problems simultaneously by defining:

fII_I(H) = (n X [[M(H)]]) X (B(H)> = %Moﬁ

50— /LOM(%’ a® = %’ b — %7 &0 — MOf)(Z)’ a®™ = %(Mr - 1)(1 tﬂr)’ pm — 9Mr(/'br - 12)
(2 + pr) (2 + pr) s
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0.35 = 5
’f‘ “\\
v N
7 ~ e T TSN N T
4 \, - N,
!'r \\ // \\
’ 4
4 A 3 P AN
0.20 ~ . 7 N
/ \\ o 4 \\
. ] 7 \
/ N ’ \
/ \ / \,
x / \,
/ \ / \
J \ \\
4 / A \\
J 9
0.5 1.0 1.5 0.5 1.0 1.5

@ ' )

L L L
fi-er fr-es |.f1|

Fig. 4 Components and magnitudes of the LORENTZ surface traction for both problems plotted against the polar angle ¥ € [0, 7/2].
In b, u; = 100 was used for visualization. a Uniformly magnetized sphere, all values normalized by 6 . b Linear-magnetic
sphere in an external field, all values normalized by ¢ ™

Fig. 5 Qualitative representations of the LORENTZ surface traction for both problems in a half-plane of symmetry. Note that
different scaling factors were applied. In b, ;, = 100 was used. For visualization purposes cylindrical coordinates (&, z) were
used for a constant azimuthal angle. a Uniformly magentized sphere. b Linear-magnetic sphere in external field

with the functions:

fr(®) =sin®® =1—x2, f3(®) =sinvdcos® = xv/1 — x2. (5.7
Thus, we denote compactly:
.fll-‘(l) =5"a"fr(¥)e, +b" fy(D)ey), fI;(II> =" a®fr(D)e, + bV fy(D)ey). (5.8)

The angular functions in the components of the force, f, and fy are now expanded in a suitable manner in
order to solve the elastic problem successively.

5.4 The radial function

The dependence of the radial stress o, on the polar angle is solely given in terms of LEGENDRE polynomials,
see Eq.(3.3c). The radial component of the LORENTZ force density is directly connected to the radial stress
by the jump condition of linear momentum. In order to derive an algebraic system, we choose to expand the
function f, (') in LEGENDRE polynomials, namely:

L@ =1=x*=>"¢,P,. (5.9)
n=0

‘We note the formulae:

Ppx)=1, P(x)=13x*—1) & x*=1Px)+3Px) (5.10)
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and write directly:

1-x2=2Px) = 2P,(x) = co=3% c=-3 ¢, =0VneN\{0,2}. (5.11)

5.5 The polar function
The dependence of the shear stress o,y on the polar angle is exclusively given by derivatives of LEGEN-

DRE polynomials, cf., Eq. (3.3f). Due to the mathematical structure of the tangential jump equation of linear
momentum, we expand the polar function fy (¢}) in the form:

—  dP,
@) =xVT—x2 =3 ku (5.12)
n=I

We start by representing x with:

sz 1d Gx 5 =3 N ldPZ 1 1 dp, (5.13)
[E— —_—— — = 35X X = = 0 . .
dx  2dx 3 dx 31 —x2dv
When using this relation the polar function follows:
1dP,
fo(® )——gd—; & k=-1 Kk =0vneN\(0,2). (5.14)

Note that kg is not contained in the series and therefore arbitrary.

6 Solution of the elastic problem

By virtue of the previously expanded generalized surface force densities for both problems, the jump equation
of linear momentum can be evaluated and yields algebraic equations for the unknown coefficients of the
displacement field, A, and B,. We recall that stresses outside the magnet are neglected and that o, is zero
inside the magnet due to the semi-inverse ansatz. Using that the jump equation reads:

n- o= _flf(l/m with n-[lo ]l = —€r -0 (i =1,9) (6.1)
yields after projection onto e, and ey:

e, .o'wn)(f — ], 19) -e, = fi‘(m(l}) e, & Ur(,[,m)(r =1 19) & T (mnf (19)

N 6.2)
er -0 (I/II)(r = 17 19) ° 819 = .fI]-‘([/n)(ﬁ) : eﬁ @ o (':;H)(r = 17 19) = G(I/[I)b([/]])fl? (ﬁ)
These two relations read explicitly:
00 2, 2\ —
/,LZ B (n n 3)M +m+ 1) 2)A““”+
~ 2n+3 "
+ 2n(n _ l)B (I/II)i| Pn (x) — % a7y (I/II)PO(X) (I/II) “/")Pz(x) (63)
and N 5
nn+2)>4+n"+2n—-1 dP,(x) 1 dpP
M [ L) n A (1) 7, (1) 2
— A 2(n — 1)B _— = b —=. 6.4
M,;[ i+ D2 +3) n t2n=DE, } i) 37 - oY

Since two polynomials of the same rank are equal if and only if their coefficients are equal, we read off the
following relations:

G 1m0 ,LL( + 3)A(I/TI) (6.5a)
& W g am /L%ﬁA;m) +4u B(I/II)’ (6.5b)

2
3
25
39
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and for n € NO\{0, 2}

0=—[("" —n =32 + (1 + D(n = 214" + 2n(n — )2 +3)B,", (6.5¢)
_%& g, am /‘6(21 £ %)AS/IU + 2MBQ(MD’ (6.5d)
0=—[nn+ 2)% +n®+2n— 1AM 4+2(n — D(n+ 1)(2n +3)BM™. (6.5¢)

Alternatively, one could employ the relations of orthogonality shown in AppendixD to find these equations.
The solution of this generalized algebraic system is:

A A
& () py 1 _, & 2(8 m +7)a " 4+3 ﬁb I

& /1y 2a (1

A(I/II) — , A(l/ll) — , B (I/11) — _ 66
0 C 3ﬁ+2 2 z 1+%% 2 z 6(19/§+14) (6.6)
All other coefficients vanish, the problem is solved, and the series in Eq.(3.3) turn into finite sums.
The sphere’s displacements in both problems are given by:
(/1 R R R
"G 9) = R (1457 + (283" — JAgmE) Paco) . (6.7a)
2 (/1) N dP
0y 9) = RO By = Agm sk 4 DR, (©70)
and due to symmetry we have u," (7, ) = 0. The stresses follow as:
(IlII)(r 19) (I/II) 3 (2 + 3%)14’\(()1/11) (4B (1D + %%L W) ~ 2) PQ()C):I (683.)
ofy ) =6 (34 2) Ag" + (4B + 52 AL Pao) +
. o\ d2Pr(x)
+ (232(1/11) (3 4 3 ;,L)A(Im) 2) 57 :|’ (6.8b)
(1/11)(,, 19) (1/11) : (% + %) A"(()I/II) + (4é2(1fn> + %%AAEI/II)FZ) Pz(x) +
~ dPpP
+ (232(1/11) _ (% Zi%)A(I/II) 2) ot ¥ dng)C)]’ (680)
(I/H)(r 9) = J(uu) B(IIII) (3 + 21 ) (1/11) 2] d];ZI;X) ’ (6.8d)

and the shear stresses ,%"(7, ) and cr“"”(r ) vanish. The enclosed functions related to LEGENDRE
polynomials are:

dp d’p
2(x) = —3sin¥ cos and 2(x)
dy do?

The employed constants are in case of a uniformly magnetized sphere:

= 3sin?® — 3cos’®

Pr(x) = %coszﬁ — %,

. 1 . 7 R 7(1+2%)
O =poMg, Ay = —, Ay=——, By =———F (6.9)
6+9ﬁ 14 + 19; 252—1—342;

For the linear-magnetic sphere under the influence of an external field of magnitude ), the resulting
constants are

A o2 —1)
(II) (I T
= 1093, Ay = )
° O T @+3h2+u?
. 63(uy — 1) . 3(e — DT+ 8% + (T+ 112) )
;I) — (/’Lr ) , Bz(u) - _ 2 1z ) (610)

(1441952 + )2 2(14 41952 + )
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7 Analysis of the results

We start the section with a brief analysis of limiting cases for the LORENTZ traction of the linear magnet w.r.t.
the relative permeability .. Then we proceed to examine the solutions of the elastic problems: Displacements,
strains, and stresses of both spherical problems will be evaluated and discussed.

7.1 Paramagnetic and diamagnetic force limits

Depending on p, the amplifying function for the linear magnet can be significantly higher in magnitude than
the corresponding functions of the permanent magnet. In what follows we will refer to media with u, < 1
as diamagetic and those with u; > 1 as paramagnetic. It is interesting to note that the change of force in the
linear magnet due to change of relative permeability p, is limited. This can be seen by examining the relevant
factors of the force components @ ™ and b™ in Eq. (5.8):

9 (ur — (1 9 —1
lim a® = fim 2= DAEm) 9 o i oD g g
=00 w002 (24 puy)? 27 oo w00 (2 4+ pup)?
9 (ur — (1 9 —1
lim a™ = lim _w =—2 . lim »™ = lim QM(LZ) =0. (7.1)
e\ mN\O 2 (24 ur) 8 \O w0 (24 )

Hence, the force limits of the linear magnet w.r.t. the relative permeability are explicitly given by:

9
lim f E‘m) = > MOYJ% sin ¥ (sin e, + 2 cos vey) , (paramagentic force limit) (7.2a)
pr—>00
9
lig0 i = -3 11093 sin* e, . (diamagnetic force limit) (7.2b)
Hr

Thus, with the LORENTZ force model a purely normal traction can only be obtained in the diamagnetic force
limit. For the permanent magnet, a purely normal traction is impossible.

7.2 Displacements

The dimension and scale of the displacements are primarily governed by the factors Ré “" .~ !. Therefore, the
normalization u"" = R6 """ is employed. By considering Fig. 6 it can be seen that the displacements
at the poles and the equator are purely radial in both problems—this property is independent of the problems’
physical parameters. Note that for a fixed 7, the largest displacements neither occur at the poles nor at the
equator. This can clearly be observed in Fig. 6¢c, d. The angle of largest displacement for a given 7 depends
upon the material parameters */u and pi;.

Furthermore, the equatorial plane is a plane of symmetry for the displacement field in both magnetic
problems. For this reason, the components of displacement in Fig.6 are only visualized in the region ¥ €
[0, ©/2]. In the remanent magnetic problem, the polar displacement is always positive. The same holds for the
linear magnet, provided that the considered medium is paramagnetic. There is always a change of sign in the
radial displacement of both problems—this is clearly visible in the figures with variation of the polar angle,
see Fig. 6e, f.

Note that all displacements in Eq. (6.7) are linear in the sphere’s initial radius R. However, the magnitude
of the problems’ displacements is primarily governed by the factors & “™/.. For example, consider a permanent
magnet with a remanence of about one tesla and steel-like elastic behavior. Here, the factor is of the order
1073, In the linear-magnetic sphere, this ratio can be increased by enlarging the external field within the linear
region of the virgin magnetization curve. Hence this increase is limited. In practice, it is therefore difficult to
measure displacements of magnets with small spatial extension.

7.3 Strains

First, the strain tensor € is formed according to Eq.(2.9),. Due to the structure of the displacement field, the
component matrix of this tensor w.r.t. the orthonormal spherical basis possesses off-diagonal entries. Therefore,
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Fig. 6 Displacements for both the permanent magnetic sphere and the linear-magnetic sphere in an external field. The ratio
A = 1.27 was used for both cases and pu, = 100 for the linear magnet. In a, b, the normalized displacement vectors on the
surface are visualized. In ¢, d the normalized displacement components and the displacement magnitude are depicted on the surface
for selected angles. The radial dependencies of the displacement functions are plotted in e-h. Here, e, g are w.r.t. the permanent
magnet, f, h w.r.t. the linear one. a Permanent magnetic sphere. b Linear-magnetic sphere. ¢ Permanent magnetic sphere. d

Linear-magnetic sphere. e Radial displacement component ftﬁl) . f Radial displacement component 1291). g Polar displacement

component ﬁg). h Polar displacement component 12,(,11)

the magnitude of the largest (and smallest) strain cannot be read off directly. Rather, the eigenvalue problem
has to be solved to acquire the principal strains A; of the system. This yields:

1
Ay = 3 |:8rr + epp = \/83, + 812919 + 48319 — 28,,81919i| . A3 = gyg. (7.3)
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Fig. 7 Normalized principal strains A; for the linear-magnetic sphere. In a, the strains are plotted against the polar angle for a
fixed $)o on the surface. In b, the strains and the radial displacement component are plotted against the magnitude of the external
field at the pole ¢ = 0, 7 = 1. The ratios */; = 1.27 and u, = 100 were used. a Principal strains on the surface of a spherical
linear magnet. b Principal strains and the radial displacement component of the linear-magnetic sphere
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Fig. 8 Normalized principal strains A; on the surface of the permanent magnetic sphere. The ratio »/u = 1.27 was employed.
For normalization Ai(” =g® u_lAi“) was used

Note that the strains &y, and &y, vanish since u, = 0. The magnitude of all strain tensor components is
governed by the factors & ™ ~!. Therefore, the magnitude of the principal strains is determined by these

factors as well. The normalization A" = & ™ p~! A" is employed. We are interested in the principal strains
w.r.t. the initial magnetization process and the remanent eigenstrains once the external field is deactivated.

The normalized principal strains on the linear-magnetic sphere’s surface with ., = 100 are shown in Fig. 7.
The principal strains of largest magnitude are located at the poles. Therefore, the strains due to magnetization are
analyzed there. In our physical model, all resulting strains have the same normalization factor, i.e., 6 @~ =
Mof)(z) M_l, which is quadratic in the magnitude of the external field. Hence, the strain functions are quadratic
in the magnitude of the external field. This can also be seen in the figure.

Often a ratio of the form (¢—fo)/¢y is measured in order to analyze the magnetostriction effect, where ¢
and £ denote some characteristic deformed and undeformed length measure, respectively. However, such a
ratio can underestimate the true size of the strains. To show this, consider the ratio #-/Rr at the pole. In order to
compare this ratio with the normalized principle stresses we scale by & ™ ~!. The resulting normalized ratio
is equal to u,. Therefore, the normalized radial displacement is also visualized in Fig.7 at the pole ¢ = O,
7 = 1 for a variation of the external field. As can be seen, the largest strain value is almost 100 % larger than
this (potentially measured) value. Of course, the quadratic strain behavior is only valid for the initial phase of
the magnetization process, because a linear model was employed, where w, = const, cf., Fig. 1. For higher
amplitudes of the external field, the model has to be extended, e.g., i+ ($)) has to be prescribed.

The principal strains of the remanent magnetic problem can be seen in Fig. 8. The resulting graph is similar
to the previously shown paramagnetic case, albeit with a difference in magnitude and polar angle dependency.
Due to the symmetry of the displacements w.r.t. the equatorial plane, the principal strains are symmetric to
this plane as well. The same holds for the mechanical stresses.
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Fig. 9 Stresses in a spherical magnet due to the remanent magnetic field for selected polar angles, normalized by 6 . For
visualization, the ratio 4/, = 1.27 was used to represent steel. a Radial stress &, (7, 9). b Polar stress &1;11; (7, ¥). ¢ Azimuthal

stress &é;’, (7, 9). d Shear stress &r(g 7, )

7.4 Stresses

The scale and dimension of the stresses in Eq.(6.8) are governed by the factors & . This motivates the

normalizations al.(;’") =0 “““&l.;’"). The normalized stresses are visualized in Figs.9 and 10. It can be seen there

that the boundary conditions are satisfied. For example, at the poles we have f hm(? =19 =0 =0.
Therefore, we musthave 6,/ (F = 1,9 = 0) = &r%'” r = 1,9 = 0) = 0, as can clearly be seen in the graphs.
The solutions of the linear problems of elasticity satisfy the boundary conditions; therefore, they are complete
and unique (up to rigid body modifications).

In the problem of the remanent magnetic sphere, the azimuthal stress and the nonvanishing shear stress
are always positive, cf., Fig.9. The same holds for paramagnetic media in the magnetization process, as can
be seen in Fig. 10, where p; = 100. In both demonstrated problems, the polar and the azimuthal stresses are
considerably higher in absolute value than the other stress components. In general, this does not hold in case
of diamagnetic media.

For both problems, there are noteworthy symmetry relations of the stress functions w.r.t. the polar angle.
We find that the functions:
dPy(x) d2p,

, and ——=
do dy?
are even functions w.r.t. the angle ¥ = 7/2, e.g., P>(cos("/2 + «)) = P>(cos(7/2 — «)). Also, dP2(x)/d» is an
odd function w.r.t. this angle. Therefore, the stresses

Py(x), cotv

o F, D), o), o, D)

are even functions and ar(g”) (7, v) are odd functions w.r.t. = 7/2. For this reason, the stresses in the Figs.9

and 10 are only plotted for angles © € [0, 7/2]. Moreover, dP2(x)/d9 constitutes an even function w.r.t. the angle
© = 7/4. Therefore, we have, for example, 62‘;”(?, Y = 7/g) = &rilif,[’(F, ¥ = 37/g). This can be seen in the

figures.



552 F. A. Reich et al.

~ (1) ~ (1)

Grr T99
7o S N — — 8
) I — L
i — -
o
1 = R v— 7
T _ 4 -\\\\
0.2 0.6 1.0 0.2 0.6 1.0
(a) (b)
o e
4
8 7’
e 3 =
a _—
2 L—
// /—/
6 et 2 — —
P 1
i N I I
4 e ;
T 7
0.2 0.6 1.0 0.2 0.6 1.0
(c) (d)
Y =0x 9 =1/8x 9 =1/ax 9 =3/sx 9 =1/2x

Fig. 10 Stresses in the linear-magnetic sphere due to an external field for selected polar angles, normalized by ¢ ™. For visual-
ization, the values */u = 1.27 and p; = 100 were chosen. a Radial stress 6, (7, ©). b Polar stress 61;? (7, 9). ¢ Azimuthal stress
6(/52)) (7, ). d Shear stress &r(g)(F, %)

Given these stress functions, one may be interested in an equivalent one-dimensional stress measure and
its magnitude. We start from the VON MISES equivalent stress concept for ductile media:

2000 = (0rr — 099)” 4 (0rr — 0y)” + (099 — py)” + 60

Since each stress component is linear in the factors ¢ ™, the equivalent stress can also be normalized by

V(K}? =6 ‘”‘”&V(K};). For a spherical permanent magnet with a remanence of one tesla, this factor is approximately
one megapascal. For the problem of a linear-magnetic sphere, this factor varies with the magnitude of the applied
external field. Consider the normalized equivalent VON MISES stresses shown in Fig. 11. For the permanent
magnet, the function 6\& is of order one, independent of the remanent field. Realistic variations of */. do
not change this property. Hence, for this problem the magnitude of the equivalent stress on the surface is
approximately given by the factor 6 .

For a linear magnet in an external field, the situation is more complex. The stress amplitude varies with the
factor 6 ™ and with relative permeability u,. For example, for u, = 100, 6&[}[ is of order ten. Therefore, one
needs to take care when examining the state of stress in magnetization processes. However, the stresses are
limited w.r.t. variation of x;. This can be seen by studying the limits of the sources, i.e., the LORENTZ traction
limits in Eq.(7.2), examined in Sect.7.1. Also, in diamagnetic problems, one can show that the maximum
equivalent stress values are located at the center of the deformed sphere. Note that if the considered magnet
is too brittle, the VON MISES equivalent stress concept might not be applicable. In this case, the hypothesis of

RANKINE could be applicable, which considers the highest principal stress value.

8 Conclusions

After a brief summary of the governing equations and constitutive laws of magnetostatics and elasticity, we
computed the magnetic force on spherical bodies for two cases. First, we considered a permanent magnetic
sphere and second, a linear-magnetic sphere in an external field.
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Fig. 11 VON MISES equivalent stress for both problems. For visualization, the values 4/ = 1.27 and u, = 100 were chosen. a
Sphere with remanent magentic field, normalized by ¢ . b Linear-magnetic sphere in an external field, normalized by ¢ ™

We started by reviewing the magnetic fields of the problems and computed the individual body and surface
LORENTZ force densities with the theory detailed in [5]. In both cases, the LORENTZ force model yielded
vanishing electromagnetic body forces and nonvanishing electromagnetic surface tractions. In the considered
problems, the tractions possess both radial as well as polar components—hence the loadings are not spherically
symmetric. This seems noteworthy because some authors obtained purely normal traction loadings, see [1,12].

The computed LORENTZ tractions are azimuthally symmetric, therefore, the analytic solution of HIRAMATSU
and OKA for the LAME-NAVIER equations was applied. It was shown that the boundary conditions of our
problems in terms of their general solution are suitably expandable in (modified) FOURIER-LEGENDRE series.
The components of the force densities in both problems show the same dependence on the polar angle.
Therefore, the FOURIER-LEGENDRE expansions possess the same mathematical structure and can be treated
simultaneously in the elasticity problem. Examination of the jump condition of linear momentum led to an
infinite linear algebraic system. However, due to the structure of the traction, only a few coefficients of the
series do not vanish. Hence, the series becomes finite and the displacements and stresses can be stated in closed
form.

During the analysis it was shown that the occurring displacements in technically relevant situations are
small, as to be expected. The displacement fields possess symmetry w.r.t. the equatorial plane. It is interesting
to note that even though the loading is azimuthally symmetric, the displacements at the poles and the equator
are not maximum in magnitude. This property is independent of the material parameters and, in case of the
linear sphere, of the external field strength. Nonetheless, the exact polar angles of largest displacement on the
surface are determined by these parameters.

Remarkably, the largest total change in diameter w.r.t. the undeformed sphere can be observed either in the
equatorial plane or at the axis of symmetry. Often, the strains in a system are estimated by dividing the largest
measured length change with its reference length. Due to the fact that the displacements are not spherically
symmetric, there are shear strains w.r.t. the spherical coordinate system. The largest strains of the problems
were computed by solving the eigenvalue problem. In the problems examined above, the largest principal strain
is about 100% larger than the simple strain estimation.

Analysis of the stresses showed that the circumferential stresses are largest in magnitude. Therefore, the
equivalent stress measures are primarily governed by these. For the permanent magnetic sphere, it was shown
that the magnitude of largest stress can be well estimated with the factor 6 © = ,u,OMg. However, in the case
of the linear-magnetic sphere, the largest stress cannot solely be estimated by the factor 6 © = p,oﬁ%. This
is due to the fact that the amplifying functions for the linear-magnetic case are not of order one but rather
strongly depend upon the value of relative permeability .. In the example illustrated above, the magnitude of
amplifying function of the equivalent stress is about ten.

In conclusion, the spherical magnetostriction problems were solved analytically in closed form. The solu-
tions are firmly based upon the LORENTZ force concept. In the future, these analytical solutions may serve for
validation of numerical magentostriction solvers that also incorporate this force concept.
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Table 1 MAXWELL’S equations and equations of non-free electric charge

Regular points Singular points
FARADAY’S law of induction % +VXxE=0 —[Bllw, +nrn x[E]=0
GAUSS’S law for magnetism V-B=0 n-[B]=0
AMPERE’S circuital law % —vx9H=-J" —[®wy —n x [H] = —Jg
GAUSS’S law V-D=4 n-[®]=q'
Non-free electric current - % —VxM=-]J" [PIwi —n x [M] =—J;
Non-free electric charge —V.-P=¢" —n-[P]=gq;

A Maxwell’s equations

In problems of continuum physics, steep gradients of fields may occur within the body. These are modeled by
so-called singular surfaces at which the physical fields become discontinuous. These surfaces are often referred
to as interfaces and points on them as singular. In these points, the differential equation of the surrounding
(continuous) bulk do not apply. This also holds in the theory of electromagnetism, i.e., MAXWELL’S regular
equations do not hold everywhere. The governing equations can be derived from balance equation in a rational
manner, as described in [17]. In a domain containing a singular surface, the balances of electric charge and
magnetic flux are analyzed by virtue of generalized integral and flux theorems. Limit processes yield equations
for singular points that are particularly helpful for characterizing boundary and transition conditions.

The results of this approach are compiled in Table 1. Interface densities are marked by the index /. The
symbol w; denotes the normal component of the interface velocity, i.e., n - w. Double brackets denote the
jump operator, which is defined as follows. An interface / dissects a domain in two regions, £2_ and £2. Let
x be a continuous field in the domains £2+. The jump of this field is then

[x e, O = x4 8) — x—(xp,8), xe(x4,0) :ZXiliLnx)lc(xi) , X+ €2y, x,€el. (A.1)

Of course, there is some arbitrariness which side is referred to as + or —. However, this causes no problems
when applying the chosen definition everywhere. In this paper, we employ the convention that — and + refer
to the inside and outside of the spheres, respectively. The direction of the normal vector is defined to point
from the — into the + domain. In this paper, n = e,..

In the context of continuum physics, the symbols in the equations of Table 1 are identified in this paper
as follows. The fields E and B are referred to as the electric field and the magnetic flux density, respectively.
They are not independent of each other. Rather, they are parts of a four-dimensional space-time tensor. The
same holds for the fields ® and $), which are called charge potential in matter and current potential in matter,
respectively. Their definition is based on the balance of free electric current. Moreover, the quantity g denotes
the free electric charge and J f the free electric current. If the index “f” is exchanged with “r”, densities w.r.t.
the balance of bound electric charge will result. This balance gives rise to potential fields P and M, which are
properly called bound charge potential and bound current potential, respectively. In this work, they are referred
to by their more common names, i.e., polarization and (MINKOWSKI) magnetization. Since the balances of
total, free, and bound electric charge are not independent of each other, the following relations hold:

9=q'+q¢", J=I"+J", H=LB-M, D=gE+P. (A.22)

In these formulae, the MAXWELL-LORENTZ aether relations were incorporated. They connect the potentials of
total electric charge and of total electric current with the fields E and B. It can often be beneficial to decompose
the free electric current density into a diffusive (j f) and a non-diffusive part (g'v), that can loosely be referred
to as non-convective and convective electric current densities, respectively:

T =g v+ I =qgf, + . (A.2b)

Here, v denotes the barycentric velocity of a medium. A theory of mixtures in context of electromagnetism is
detailed in [5]. For a review of continuum electromagnetism see [8].
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B Lorentz force model

There is no general consensus on the precise form of the electromagnetic coupling in the literature. This
was already stated in [17, p.686], where it is argued that there are laws of interaction that cannot be stated
in a general manner. For this reason, some authors avoid a specific definition during thermodynamics based
investigations, for example in [8]. However, there is general agreement that all coupling models coincide when
magnetization and polarization vanish. That is, when ¢ = ¢f and J = J' there holds:

fY=4¢"E+ J' x B. (B.1)
The authors follow [10] and model the force coupling in regular points with fotal densities ¢ and J by:
fY=¢E+ J x B. (B.2)

The basic concept of this equation is the idea that all charges and currents induce forces independently of their
nature, i.e., in this context there is no difference between free and bound charges and currents. By using the
relations of Table I and Eq. (A.2), this force model can be rewritten to show all specific contributions:

5 oP
fL:(qf—V.P)E+<q‘v+jf+W+VxM)xB. (B.3a)
It is possible to find the identity

9
szv.m—a—f where m:—%(eoEz—l—ﬁBz)l—}—eoE@E—i—ﬁB@B, ¢ =ecE®B. (B3b)

Based on this identity, a volumetric limit process of the balance of linear momentum yields the following
corresponding surface traction:

fY=q,(E)+J, x (B). (B.3¢)
In this equation, mean values were used. The mean value of a field is defined analogously to the jump, viz.:

(X D) = 3 (e ) + x— (D], xe (e 1) :=xiliinx>l((xi), Xt €4, x,€l (B.3d)

For the surface traction, it also possible to employ Table I and formulae analogous to Eq.(A.2) in order to
show specific contributions:

Y =(q} —n- TP (E)+ (gv, + jT —w [P1+n x [M]) x (B). (B.3e)

The precise steps of this derivation are detailed in [5].

C Balance of linear momentum for regular and singular points
In regular points, the balance of mechanical linear momentum can be denoted by:

%(pv)+V~(,ov®v—a)=,0f—l—fL. (C.1)

Note that the source of body forces is decomposed into the classical density p f, which is proportional to mass,
and an electromagnetic source f L The former density can be regarded as gravity, the latter as the LORENTZ
force. Here, o denotes the pure mechanical stress tensor. By using the abbreviation

V,:=1,-V where 1, =1-n®n, (C.2)

the balance for points on a singular surface can be denoted by:

9
g(pzv,)—w-Vz®(,0/v,)+V,~(pzv1®v1—az)—ZHnm =n-[o+pw—-v)@vl+of,+fr (C3)

where the mean curvature is defined by V; - n = —2H. In this formula, there are also surface source densities
of gravity and electromagnetism. If the singular surface is without intrinsic structure, this balance significantly
simplifies and reads:

n-fo+pw-—v)Qv]=—fL (C.4)
The LORENTZ surface traction is not (purely) intrinsic to the interface. Rather this density is closely related
to regular field values in close proximity of the surface as detailed in Eq. (B.3e). For thorough reviews of the
balance equations for regular and singular points see [2,14,15].
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D Some formulas regarding Legendre polynomials

The polynomials P, (x) satisfy LEGENDRE’S differential equation,

i |:(1 _ xz)dPn(x)
dx

} +nn+ 1P, (x) =0, (D.1)
dx

where x € [—1, 1]. The polynomials can be computed by virtue of RODRIGUES’ formula:

P,(x) = [(x D"l => Pix)=1, P(x)=x, P3(x)= %(sz -1 ... (D.2)

n! dxn
In context of the analyzed problems, the following relations of orthogonality are helpful for series expansions:

1

1
2 dPy,(x) dP,(x) 2m(m + 1)
Pp(x)Py(x)dx = ———3§ 1 —x? dx = Spm.- D.
/ m (X) Py (x) dx 1 nm s /( x°) dx dx X 1 nm (D.3)

x=-1 x=—1
The first relation is common knowledge, the second can be proved as follows.

Proof Form an integral of zero value:

1
1
/ d [(1— 2) ’”( )P(x)} dx:[(l—xz)%ﬂ,(x)} =0. (D.4)

dx x=—1
x=—1

Use integration by parts for this integral and LEGENDRE’S equation:

1
02/1[(1_ )dP (x)]P(x)dx+f(1 dP (x)dP (x)

dx d S dx dx
x=-—1 x=—1
dP dPy(x) dp, (x)
=-—-mm+1) [ Pn(x)P,(x)dx + [ (1 — (D.5)
S dx dx
x=—1 x=—1
Insertion of orthogonality relation (D.3); yields the formula. O
By noting that dPx(x)/d9 = —+/1 — x2 dP.(x)/dx, formula (D.3); is equivalent to the useful relation
1
dP,,(x)dP,(x) 2m(m + 1)
dx = . D.6
fdl? aw T 2mt1 ™ (D-6)

x=—1
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