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IN THIS PAPER, WE CONSIDER THE DESIGN OF NEUTRAL COATED HOLES in two
particular cases when the thick coating itself is altered by the presence of some form
of material imperfection. In the first case we consider anti-plane deformations of
a linearly elastic solid when the thick coating applied to the hole includes a screw
dislocation dipole. In the second case, we investigate the design of neutral coated
holes in plane elasticity when the thick coating contains a circular thermal inclusion
and the surrounding linearly elastic solid is subjected to uniform remote hydrostatic
stresses. The design is achieved by constructing particular forms of the conformal
mapping function for the coating itself. Several examples are presented to demonstrate
the resulting solutions. Our numerical results show that the existence of the screw
dislocation dipole or the circular thermal inclusion in the coating exerts a significant
influence on the shape of the neutral coated hole.
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1. Introduction

A HOLE INTRODUCED INTO AN ELASTIC BODY will inevitably disturb the body’s
original stress field and often lead to a stress concentration. MANSFIELD [1| was
among the first to recognize the feasibility of designing a reinforced “neutral”
hole which eliminates any stress concentrations introduced by the hole and hence
does not disturb the original stress field in the uncut body. Relevant studies on
the design of neutral holes and neutral inclusions in composite materials are
abundant and can be found in [2-14]. The concept of neutral inclusions has also
been adapted to the design of cloaking structures [15-17].
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In the aforementioned discussions of neutrality in composites, the compos-
ites themselves are assumed to be free of the presence of dislocations. The ex-
istence of dislocations in solid materials, however, has now been confirmed ex-
perimentally [18]. Considerable efforts have been made to associate plastic flow
in crystalline solids with motions of dislocations (see for example, [19-23]). It
is therefore natural to ask whether it remains possible to design neutral holes
or inclusions when dislocations are present in the composite? Furthermore, it
has been established that the shape of a neutral hole in an isotropic field (or
hydrostatic stress field) is certainly circular [7]. Will this interesting and impor-
tant result persist if the thick coating reinforcing the hole surrounds a circular
thermal inclusion?

In this paper, we indeed address each of the aforementioned questions. We
begin with an investigation of the neutrality of coated holes in anti-plane elastic-
ity when a screw dislocation dipole is present in the thick coating itself. Secondly,
we address the neutrality of coated holes in plane elasticity when the thick coat-
ing contains a circular thermal inclusion and the solid is subjected to uniform
remote hydrostatic stresses. Our method includes the introduction of particular
forms of the corresponding conformal mapping which includes either a logarith-
mic function to account for the existence of the dislocation dipole or a first-order
pole in the case of the circular thermal inclusion. These conformal mappings are
then the key to the successful solution of the corresponding boundary value prob-
lems. We validate and illustrate our solutions via the use of several numerical
examples.

2. Complex variable formulation

Under anti-plane shear deformations of a linearly isotropic elastic material,
in a Cartesian coordinate system, the two shear stress components o3; and o039,
the out-of-plane displacement w and the stress function ¢ can be expressed in
terms of a single analytic function f(z) of the complex variable z = z + izy
as [24]

(2.1) o3 +ios1 = pf'(2),  p+ipw = pf(2),

where p is the shear modulus and the two stress components can be expressed
in terms of the same stress function as [24]

(2.2) 032 = 1, 031 = — 3.

For plane deformations of an isotropic elastic material, the stresses (o011, 022, 012),
displacements (u1,u2) and stress functions (¢1, p2) can be expressed in terms of
two analytic functions ¢(z) and 9 (z) of the complex variable z = 1 +iz2 as [25]
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(2.3) o1 + 022 = 2[¢'(2) + ¢'(2)],
092 — o011 + 2019 = 2[2¢" (2) + ' (2)],
2u(ur + tug) = re(2) — 2¢/(2) — 9 (2),

(2.4) e
p1 +ipe = 1[p(2) + 2¢/(2) + ¢(2)],

where k = 3 — 4v for plane strain and k = (3 — v)/(1 4+ v) for plane stress with
v (0 < v < 1/2) being the Poisson’s ratio. In addition, the stresses are related
to the stress functions through [24]

o111 = —¥1.2, 012 = Q1,15
(2.5)
021 = —¥2.2, 022 = P21.

3. Neutral coated holes in the presence of screw dislocation dipoles

Consider a domain in R?, infinite in extent, containing a hole occupying
a simply connected region {2, as shown in Fig. 1. The hole is surrounded by
a thick coating occupying a doubly connected region So and the coating is per-
fectly bonded to the surrounding matrix occupying the region S;. The coating-
matrix interface is denoted by Lq whilst the traction-free boundary of the hole

%

Hole Q

3
+
FZl

Thick Coating 82

Matrix S1

Fi1G. 1. A neutral coated hole in the presence of a screw dislocation dipole in the thick
coating.
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is denoted by Lo. The matrix is subjected to uniform remote anti-plane shear
stresses (057, 055) while the coating is under the action of a screw dislocation
dipole composed of a screw dislocation with the Burgers vector bs located at
z = z1 and a second screw dislocation with the opposite Burgers vector —bs
located at z = zy (see Fig. 1). Throughout the paper, the subscripts 1 and 2
are used to identify the respective quantities in S7 and S3. Our objective is to
design the shape of the thick coating to achieve neutrality, i.e. to ensure that the
coated hole will not disturb the original uniform stress field in the surrounding
matrix. The incorporation of a dislocation dipole as opposed to a dislocation in
the coating is to ensure the single-valuedness of the displacement field on any
contour in the matrix surrounding the coating.

The boundary value problem for the two-phase composite takes the following
form:

(3.1a) f2(2) + fa(2) = T'f1(2) + I'f1(2),
' fo(z) = f2(2) = fi(2) = fi(2), 2 € Ly;
(3.1b) fo(2) + f2(2) =0, =z € Ly;
fa(z) = 5—3111(,2—2;1)—}-0(1), z— 21,
(3.1c) Wb
fa(z) = —iln(z—zz)—l—O(l), z — 29;
(3.1d) fl(z) = (Cz, z € 51,

where I = p1/po and the complex number C' is given by
(3.2) o - %8 tios
H1

Consider the following conformal mapping function for the coating

(3.3) z=w(
1+
o 5 - 51 ! = n —n _ 1
=gin>— > (@ +a "), E=wl(z), r<fg<,
§ B 62 n=1
where ¢, ap, a_,, n = 1,2,..., 400 are complex constants to be determined,

& = w () and & = w(29). Using the mapping function, the coating in
the z-plane is mapped onto an annulus 7 < [¢| < 1 in the &-plane, the coating-
matrix interface L; in the z-plane is mapped onto |[¢| = 1 in the &-plane, the
traction-free boundary of the hole Ly in the z-plane is mapped onto || = r in
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the &-plane, z = 21 is mapped onto £ = £; and 2z = 29 is mapped onto £ = &

(see Fig. 2). The appearance of the logarithmic function Int = g 1 in the mapping

function is to account for the existence of the screw dislocation dipole.

Im¢&

Re¢

Fi1c. 2. The problem in the &-plane.

By enforcing the continuity conditions of traction and displacement across
the coating-matrix interface L; in Eq. (3.1a), we arrive at

B 20 = fawie) = o+ UHa(F). reigsn

or more explicitly

(3.5) f2(§) = fa(w(§))

C(r+1 .
= (2 )[ 2 214—; anl" +a_p&~ )}
+C(F )|: 5 gl—l—f(a fin—l—@ gn):| T<’§‘<1
2 e ot " B L

By enforcing the traction-free condition along the hole boundary L9 in Eq. (3.1b),
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the following relationships can be obtained

_Cl—T —r*™T +1)]_
(36) d=n= C[I+ 14 r2(I" — 1)]%
P SaC+ D(E - ) +a - DE -5

=1,2,...
+ W[l + 142 — 1] r m=Lge, o,

which demonstrates that a_,, is related to a,. It can be easily checked that in
the absence of the screw dislocation dipole with ¢ = 0, Eq. (3.6) simply reduces
to the result by MILTON and SERKOV |§].

A comparison of Eq. (3.5) with Eq. (3.1c) leads to

b3

(3.7) q = ma

which indicates that ¢ is real if C' is real (i.e., 035 # 0, 057 = 0), and ¢ is purely
imaginary if C' is purely imaginary (i.e., 05 # 0, 055 = 0).

Examples of neutral coated holes are constructed in Figs. 3 and 4 with only
a; # 0 in Eq. (3.6); in Figs. 5 and 6 with only aj,as # 0; in Figs. 7 and 8 with
only aj,as # 0 in Eq. (3.6); in Figs. 9 and 10 with only a1,a4 # 0 in Eq. (3.6);
in Fig. 11 with only a1, a5 # 0 in Eq. (3.6); and in Fig. 12 with only a1, a¢ # 0

-1 -0.5 0 0.5 1

F1a. 3. Neutral coated hole when choosing ReC =0, I'=1/3, r = 0.8, a1 = 1, ¢ = 0.25i,
& =0.85, &2 = 0.95.
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0.5

-0.5

Fia. 4. Neutral coated hole when choosing InC =0, I"=1/3, r=0.8, a1 = 1, ¢ = 0.5,

0.5

Fia. 5. Neutral coated hole when choosing ReC =0, I'=1/3, r =0.75, a1 = 1 — |,
a2 =0.3—0.3i, ¢ =—1i, & = 0.8, &2 = 0.95.

&1 =0.85, & = 0.95.
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05

Fia. 6. Neutral coated hole when choosing InC' =0, I"'=1/3, r = 0.75, a1 = 1 — i,
a2 =0.3—-0.3i,¢g=0.5,& =0.8, & = 0.95.

0.5 b

Fia. 7. Neutral coated hole when choosing ReC =0, I'=1/3, r =0.8, a1 = 1, a3 = 0.17,
q = 0.5i, & = 0.85, &2 = 0.95.
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0.8
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0.2r

-0.6

_08 -

Fia. 8. Neutral coated hole when choosing ImnC' =0, I"'=1/3, r = 0.8, a1 = 1, a3 = 0.17,
q=0.5,& =0.85, & = 0.95.

0.8 q

0.6 J

-02F .

06 .

-0.8F -

Fi1c. 9. Neutral coated hole when choosing ReC =0, I' =1/3, r = 0.75, a1 = i, az = —0.1i,
q = 0.51, & = 0.8, & = 0.95.



414 X. WANG, P. SCHIAVONE

Fia. 10. Neutral coated hole when choosing InC' =0, I' = 1/4, r = 0.75, a1 =i, ag = —0.1i,
q= —0.1, & = 0.7551, & = 0.995i.

T T T T T T
1r i
05 b
' oor + >k b
0.5 1
_1* i

1 1 Il 1 1 1

1.5 1 0.5 0 0.5 1 1.5

Fia. 11. Neutral coated hole when choosing InC' =0, I'=1/3, r = 0.8, a1 = 1, a5 = 0.1,
q=0.3, & =0.85, & = 0.95.
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0.5

Fia. 12. Neutral coated hole when choosing ImC' =0, I' =1/3, r = 0.8, a1 = 1, ag = 0.05,
q=0.8, & =0.85, & = 0.95.

in Eq. (3.6). The values of a,, and r in Figs. 5-10 are those adopted by MILTON
and SERKOV [8] in the absence of the screw dislocation dipole. In all of these
figures, the plus sign “+” indicates the position of the screw dislocation at z = z;
whilst the star “+” indicates that of the other screw dislocation with the opposite
Burgers vector at z = zo. It is observed from Figs. 3 and 4 that the neutral coated
hole is no longer a confocal ellipse construction |26, 27| when a screw dislocation
dipole is present in the coating although only a; is nonzero in Eq. (3.6). By
comparing Fig. 5 with Fig. 1c in [8], Fig. 7 with Fig. 2b in [8], Fig. 9 with Fig. 3¢
in [8], one can conclude that the existence of the screw dislocation dipole in
the thick coating will significantly alter the shapes of the neutral coated holes,
especially those portions in the neighborhood of the screw dislocation dipole. As
the index n of the nonzero coefficient a,, increases, the shape of the coated hole
becomes more complicated (see Figs. 11 and 12).

We show in Fig. 13 neutral coated holes which are symmetric with respect to
both the x1- and z9-axes. The positions of the two screw dislocations comprising
the screw dislocation dipole are also symmetric with respect to the xo-axis.
It is seen that the outer boundary of the thick coating has been significantly
influenced by the nearby screw dislocation dipole. In all the neutral coated holes
shown in Figs. 3-13, the coating is always stiffer than the surrounding matrix
(i.e., I' < 1) in order to achieve neutrality.
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al=1 a1=1, a3=0.2
2
1
<10 N
-1
-2
2 0 2 -2 1 0 1 2
X1 X
a1=1, a5=0.1 al=1, a7=0.03
2 2
1 1
<10 <10
1 -1
2 -2
-2 0 2 -2 0 2
X X

Fia. 13. Neutral coated holes when choosing ImC' =0, I"'=1/3, r = 0.8, ¢ = 0.5,
& = —0.98, &2 = 0.98. In addition, a1 =1ora; =1,a3 =020ra; =1,a5 =0.1or a1 =1,
a7 = 0.03 in Eq. (3.6).

4. Neutral coated holes in the presence
of circular thermal inclusions

As shown in Fig. 14, we consider a domain in $#2, infinite in extent, containing
a hole occupying a simply connected region §2. The hole is surrounded by a thick
coating occupying a doubly connected region Sy with the coating assumed to be
perfectly bonded to the surrounding matrix occupying the region S;. The region
occupying the coating-matrix interface is denoted by L whilst the traction-free
boundary of the hole is denoted by Ls. The matrix is subjected to uniform
remote hydrostatic stresses off = 055 = 0%, 095 = 0. In addition, a circular
region |z — 29| < R in the coating undergoes uniform stress-free eigenstrains
€]] = €59 = €", €]9 = 0. We again adopt the convention that the subscripts 1
and 2 identify the respective quantities in S7 and S5. Our objective is to design
the shape of the thick coating such that the coated hole will not disturb the
original uniform hydrostatic stress field in the surrounding matrix.
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Thick Coating 82 Matrix Sl

F1G. 14. A neutral coated hole with a circular thermal inclusion in the coating.

The boundary value problem for the two-phase composite takes the following
form:

$2(2) + 205(2) + h2(2) = ¢1(2) + 2¢4(2) + ¥1(2),
Rato(2) — 20h(2) — a(2) = Tki¢1(2) = I'2¢)(2) = I (2), 2 € Lu;

(4.1b)  ¢a(2) + 2¢h(2) +1h2(2) =0, 2z € La;
_ 4#26* R2
1+ kK2 2—20

(4.1a)

(4.1c) ¢a(2) =2 O(1), Pa(z) = +0(1), z— zp;

(4.1d) ¢1(2) = Az, ¢1(2) =0, z€ Sy,

where I = uo /1, and the real constant A is related to remote loading through

00 o) 0
o1t oy 0
2

(4.2) 4=

In writing the asymptotic behavior in Eq. (4.1c), we have used the result
given by Suo [28] and Ru [29]. A detailed explanation of Eq. (4.1c) is given
in the Appendix. We emphasize that the definition of I" used here for plane
elasticity differs from that used in the case anti-plane elasticity discussed in the
previous section.
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Consider the following conformal mapping function for the thick coating

+00
(48) 2 =0l€) = e T 3 (@€ ™), £=w'(), rl<]
0

where ¢ is a complex constant, a,, a_,, n = 1,2,..., 400 are unknown complex
constants to be determined and & = w™!(z). Using the mapping function in
Eq. (4.3), the thick coating in the z-plane is mapped onto an annulus r < || <1
in the &-plane, the coating-matrix interface L; in the z-plane is mapped onto
|€] = 1 in the &-plane, the traction-free boundary of the hole Lg in the z-plane
is mapped onto || = r in the &-plane and the point z = 2y is mapped onto
& = & (see Fig. 15). The appearance in Eq. (4.3) of the first-order pole at

n=1

=1 : : . .
& =&, outside the annulus is to account for the existence of the circular thermal
inclusion in the thick coating.

Im¢

Re¢

Fic. 15. The problem in the image &-plane.

By enforcing the continuity conditions of displacement and traction across
the coating-matrix interface L; (Eq. (4.1a)) we arrive at

+o0o
() = tnf(©) = T DEA S e e,
0 n=1
(44) yy(6) = d(uw(e)) = ZAr2 =1 = L — 1)

Ko+ 1

_§2 400
<[ S @ ] rsk s
n=1

§—%o
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The traction-free boundary condition along the hole boundary Ly (Eq. (4.1b))
allows us to determine the complex coefficients a,, a_,, n = 1,2,...,400
uniquely as follows

g€y e
(4.5) n = 7 T4 g Gy = EEEET =1,2,...,400,
where
(46) ﬁzﬁg—l—F(Hl—l)

I'ki—1)+2

A comparison of Eq. (4.4) with Eq. (4.1c) leads to the following relationship
AR? j19e* 1

oVke —1—I'(k1 —1)] €20/ (€0) (&)

(4.7) q=

Inserting Eq. (4.5) into Eq. (4.3), we obtain the following expression for
w'(§o):

ey 955 Y A < N < s
(48) &) =~z T4 502 (1+ﬂ7’_2”+ 1+ Br2n )

Consequently, w'(£p) is uniquely determined from Eq. (4.8) for given values of
I, k1, ka, 7, & and q. Accordingly, the ratio R?use* /0¥ can be further determined
from Eq. (4.7) as follows

R%uge* 1
(49) == = JlalPleoPlre = 1= I'(x1 — 1))

[Sol” S |6l a1
- [_(|§0|2—1)2+Zn<1+ﬁr—2" 1+ pr2e ﬂ

n=1

Note that the right-hand side of Eq. (4.9) is always real-valued.

In addition, we see from Eqs. (4.2)—(4.4) and the Appendix that the mean
stress is uniform in the region S, occupied by the thick coating outside the
circular thermal inclusion and is given by

209 [ (k1 — 1) + 2]

(4.10) o11 + 092 = e , z€85.

It then follows from Eq. (4.10) that the hoop stress is constant along either
L1 or Lo on the coating side as follows

%20 (k1 — 1) + 3 — ko
Ko+ 1
200 (k1 — 1) + 2]

O = , 2 € Lo.
tt ] 2

Ott = ) Z€L17

(4.11)
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F1G. 16. A neutral coated hole when choosing I' = 1.2582, k1 = k2 = 2, r = 0.3, &, = 0.65,
qg=1.

Fi1Gc. 17. A neutral coated hole when choosing I' = 2, k1 = k2 =2, r =0.3, £ = 0.65, ¢ = 1.

Thus the “equal strength” design criterion advanced by CHEREPANOV [30]
has also been achieved.
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Fic. 18. A neutral coated hole when choosing I" = 2.5922, k1 = k2 =2, r = 0.6, & = 0.8,
q=1.

-10 -5 0 5

Fia. 19. A neutral coated hole when choosing I' =3, k1 = ke =2, 7 =0.6, { = 0.8, ¢ = 1.

Mlustrated in Figs. 16 to 21 are the resulting neutral coated holes for three
typical values of the coating thickness parameter r = 0.3,0.6,0.9. The star in
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400

100 -

-100 -

-200 -

-300

-400

-500 -400 -300 -200 -100 0 100 200 300 400 500

Fic. 20. A neutral coated hole when choosing I' = 13.6492, k1 = k2 = 2, r = 0.9, & = 0.95,
qg=1.

20

30

Fia. 21. A neutral coated hole when choosing I = 16, k1 = k2 =2, 7 = 0.9, {§o = 0.95, ¢ = 1.

each figure indicates the position of z = zj, the center of the circular thermal
inclusion. In all the six figures, the coating is always stiffer than the surrounding
matrix (i.e., I" > 1) in order to achieve neutrality. In addition, in Figs. 16 and 18,
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the hole boundary Ls is convex whereas the coating-matrix interface L becomes
non-convex and has a sharp corner; in Fig. 17, the coating-matrix interface Ly is
convex whereas the hole boundary Lo becomes non-convex; in Figs. 19-21, both
the coating-matrix interface L1 and the hole boundary Ly become non-convex.
We observe the general trend that as the value of the parameter r increases,
the minimum value of I" (> 1) must increase in order to ensure that there is
no self-intersecting boundary for Ly and Lo (see Figs. 16, 18, 20). On the other
hand, the value of I' cannot be set arbitrarily large. The above trend can be
more clearly observed in Fig. 22. The pair (r, I") must lie between the two curves
in Fig. 22. We further note that the results in Fig. 22 are valid for any value
of q.

1 1 1 1 1

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Fia. 22. The range of permissible I" for different values of the parameter r with
Eo=147)/2, k1 = k2 =2.

Furthermore, by using the parameters used in Figs. 16-21, from Eq. (4.9) we
calculate that, respectively

R2H28*
o9

(4.12) = —0.06, 0.1695, —2.7231, 3.9898, —659.7846, 779.8345.

We can see from the above that ¢* and ¢” may have either the same or
opposite signs.
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5. Conclusions

Using conformal mapping techniques, we demonstrate that neutral coated
holes in anti-plane elasticity continue to be available even in the presence of
a screw dislocation dipole in the thick coating. A logarithmic function is intro-
duced into the mapping function (3.3) to account for the existence of the screw
dislocation dipole. Numerical examples demonstrate the feasibility of the design
method. The present method can be easily modified to study the more general
case in which the thick coating is under the action of an arbitrary number of
screw dislocations with the sum of the Burgers vectors of these dislocations being
Zero.

Also by means of conformal mapping, we have successfully designed neutral
coated holes when a circular thermal inclusion is present in the thick coating and
when the matrix is subjected to uniform hydrostatic stresses at infinity. All the
unknown coefficients appearing in the mapping function (4.3) are determined
quite simply by Eq. (4.5). Numerical results demonstrate the feasibility of our
design method. Finally, our results support the conjecture that when a thermal
inclusion of arbitrary shape is present in the thick coating, the coated hole can
still be made neutral to an isotropic field.

Appendix

The continuity conditions of traction and displacement across the perfect
circular interface L3 : |z — z9| = R can be expressed as follows

(A1) ¢2(2)+Z¢’2ﬁ¢2(2) = ¢3(2)+205(2) +13(2),

Kap2(2)— 205 (2) —a(2) = Kao3(2) —2d5(2) —3(2)+2u2e™2, 2z € Ls,

where ¢3(z) and 13(z) are the two complex potentials defined in the circular
thermal inclusion whilst ¢2(2) and 12(2) are the two complex potentials defined
in the region occupied by the thick coating outside the circular thermal inclusion,
here denoted by S.

After some simple operations, Eq. (A.1) can be rewritten as

20z
P2(2) = ¢3(2)+71,
(A2) ol
duse* R dpze* 2o
— ihy(z)— F2E 2 Ls.
w2(z)+52+1 z—20 ¥s(z) hotl <L
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By considering the above, we construct the following two auxiliary functions

b2(2), z €S,
() = ¢3(2) 2:22512, |z—z0| < R,
(A3) ¢2(2)+4M2€* R2 . . Sé,
V() = Bz
¢3(2)—m, |z—z0] < R.

It is seen from Eqgs. (A.2) and (A.3) that @(z) and ¥(z) are continuous across
L3 and then analytic in Sa, the region occupied by the thick coating.

The definitions in Eq. (A.3) also suggest that the region of definition of the
two analytic functions ¢2(z) and 15(2) can be extended by analytic continuation
to the circular domain |z—zp| < R through the following;:

_ 4,[1,26* R2

(A4)
kot+1 z—2g

a(2) = ¥(2)

R ZESQ,

which indicates that ¢2(z) is analytic in So whereas 12(2) is meromorphic in S,
(there is a first-order pole at z = zg).

Equation (4.1¢) then follows accordingly. Here we point out that this tech-
nique has been adopted by Suo [28]. We can also use the relationship in Eq.
(A.3) to arrive at ¢3(§) = @3(w(€)) and Y3(§) = 3(w(€)) once ¢2(§) and P2(§)

have been determined.
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