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Abstract The stress and displacement fields are determined inside and outside a circular inclusion located in
the vicinity of a circular void in an infinite elastic solid, within a circular cylinder, or near the free surface of a
half-space, in the case when the inclusion is characterized by a uniform eigenstrain of the antiplane shear type.
The fields are obtained as the sum of their infinite-medium stress fields and the calculated auxiliary fields. Itis
shown that the fields outside the inclusion follow directly from the extended Milne-Thomson circle theorem,
but not the fields inside the inclusion. The overall fields are interpreted as the superposition of the infinite-
medium fields from the actual and the image inclusion of the appropriate location, radius, and eigenstrains. The
stress amplification is evaluated for the inclusion approaching the boundary of the void, cylinder, or half-space.
The configurational forces are then evaluated, associated with a relative translation of the void and inclusion,
or the expansion of the void or inclusion. The J and M integrals along the boundary of the void are evaluated
without using the solution of the entire boundary-value problem, but only the stress field for an inclusion in
an unvoided infinite medium. This is accomplished by incorporating the result that the circumferential shear
stress along the boundary of a traction-free circular void in an infinite isotropic solid under antiplane shear is
twice the circumferential shear stress along the corresponding circle in an infinite solid without a void, under
the same loading conditions. The energy release rate associated with a self-similar expansion of the inclusion
is calculated from the determined elastic field around the inclusion and from the evaluated total strain energy
of the system. The configurational forces on the inclusion in a circular cylinder and near the free surface of a
half-space are also determined and discussed.

1 Introduction

This paper is devoted to the analysis of elastic fields around a circular inclusion in the vicinity of a circular void
in an infinite isotropic solid, inside a circular cylinder, and near the free surface of a half-space, under antiplane
strain conditions. The analysis is of interest for the study of displacive/martensitic and stress-induced phase
transformations, twinning in ceramic and crystalline materials, interactions between precipitates and voids,
and the analysis of piezoelectric fibers embedded in a matrix material. Previously, the antiplane eigenstrain
problem of a circular or ellipsoidal inclusion was addressed mostly for the inclusion in an infinite or semi-infinite
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medium, albeit with the included elastic anisotropy [1-4], or with the more involved material models, such
as those of nonlocal elasticity [5], couple-stress elasticity [6,7], piezoelectric materials [8—10], functionally
graded materials [11], or nonlinear elasticity [12]. A related problem, of interest for the mechanics of composite
materials, is the problem of a circular inhomogeneity near a void or another inhomogeneity, under remote
loading. This was analyzed in great detail in [13, 14] by the procedure referred to as heterogenization. Circular
inclusions with imperfect interfaces were considered in [15, 16]. The evaluation of the stress and displacement
fields due to internal sources of stress is of great importance for the study of various problems in materials
science [17-20]. For example, the evaluation of the attraction exerted on the dislocation by the free surface
of void plays a prominent role in the study of a void growth by dislocation emission [21-25]. The interaction
between a screw dislocation and an elliptical inclusion was considered in [26]. A curved mode III crack in a
circular cylinder or near the free surface of a half-space was studied in [27]. A comprehensive review of recent
works on inclusions can be found in [28].

In the present paper, we derive the stress and displacement fields in an infinite isotropic elastic solid
weakened by a circular cylindrical void, due to a nearby circular inclusion characterized by uniform eigenstrain
of the antiplane shear type. The fields are obtained as the sum of their infinite-medium stress fields and the
calculated auxiliary fields. The fields outside the inclusion follow directly from the extended Milne—-Thomson
circle theorem [29-32], but not the fields inside the inclusion. It is shown that the overall fields represent the
superposition of the infinite-medium fields of the actual and the image inclusion having appropriately specified
location, radius, and eigenstrains. The obtained results complement classical results for a screw dislocation
and a concentrated line force near the free surface of a void or a half-space [33-35]. The analysis also delivers
the results for the inclusion within a circular cylinder and near the free surface of a half-space. The stress
amplification is evaluated for the inclusion approaching and, in the limiting case, becoming tangent to the
boundary of the void, cylinder, or half-space.

The second objective of the paper is the determination of the configurational forces acting on the void
or inclusion in the framework of configurational mechanics. The evaluation of material forces on defects by
using the J and M conservation integrals is particularly effective in cases when they can be evaluated without
solving the entire boundary-value problem under consideration. A number of such cases were considered in
the past, such as the evaluation of the energy release rate for an edge crack or the plane version of conical
crack [36], semi-infinite and finite crack under concentrated load, ligament between two semi-infinite cracks,
or a wedged open crack [37], and the attraction of a dislocation to a notch tip and bicrystal interface [38]. The
configurational force between an edge dislocation and circular void by evaluating the J and M integrals around
the boundary of the void was determined in [39], and on a screw dislocation near a circular elastic inhomogeneity
in [40]. The expression for the configurational force between two inhomogeneities in an infinite matrix under
remote loading was derived in [41]. In the present paper, we determine the configurational force exerted by
the free surface of a circular void on a circular inclusion with uniform eigenstrain. The configurational force
is calculated by evaluating the J integral along the boundary of the void, without resource to the solution of
the entire boundary-value problem. This is accomplished by using the result from [32] that the circumferential
shear stress along the boundary of a circular void in an infinite isotropic elastic solid under antiplane shear is
twice the circumferential shear stress along the corresponding circle in an infinite solid without a void, under
the same loading conditions. It is shown that this force depends on the magnitude of total eigenstrain, but not
on the ratio of the eigenstrain components. The M integrals around the void and inclusion are also evaluated
by using only the infinite-medium stress field. The energy release rate associated with a uniform expansion
of the inclusion is then calculated and related to the M integral around the inclusion, which differs from this
energy rate. The configurational forces on the inclusion in a circular cylinder and near the free surface of a
half-space are lastly determined.

2 Circular inclusion near a void

Consider a circular cylindrical void of radius a in an infinitely extended isotropic elastic solid, and a circular
cylindrical inclusion with its center at point C, at distance d from the center O of the void, Fig. 1a. The radius
of the inclusion is b < (d — a), so that the entire inclusion is outside the void. The bonding between the
inclusion and the surroundings is assumed to be perfect. The prescribed uniform eigenstrain in the inclusion
is of the antiplane shear type, with the components (€2, €2,). The corresponding out-of-plane displacement
isw® =2p(e}, cosg + €2y sin @), where (p, ¢) are the polar coordinates with respect to the center C of the
inclusion. When the inclusion is inserted into the solid nearby the void, the stress field around the void can
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(a) (b)

Fig. 1 a Circular inclusion of radius b in an infinite medium near the void of radius a. The eigenstrain of the inclusionis (€7, , €?,).
The centers of the inclusion and void are at distance d. The distance from C to an arbitrary point on the boundary of the void
is pg. b Inclusion in an infinite medium without the void. The dashed-line circle coincides with the boundary of the void in a
voided infinite medium from part (a)

Fig. 2 The auxiliary problem in which the void in an infinite medium is loaded over its boundary r = a with self-equilibrating
traction 6,,(a, 0) = —UZO, (a, 0), where 020, (a, 0) is the radial shear stress component along the circle r = a in an unvoided
infinite medium from Fig. 1b

be determined by superposition. First, the stress distribution is found due to the inclusion in an infinite solid
without the void (Fig. 1b). Denote the polar components of this stress field by GZO, (r,0) and ozoe (r, 0), where
(r, 9) are the polar coordinates with respect to the center of the void, as indicated in Fig. 1. Second, the auxiliary
problem is solved for the void in an infinite medium, loaded on its surface r = a by the self-equilibrating
(image) traction 6, (a, 0) = —o?r (a, 09), as sketched in Fig. 2. The stress distribution of the original problem
from Fig. 1a is the sum of the stress distributions for problems from Figs. 1b and 2, i.e.,

0 (1, 0) = 00.(r,0) + 6, (r,0),  039(r, 0) = 05 (r, 0) + 629(r, ). (1)
Likewise, for the displacement field,

w(r, 0) = wl(r, 0) + w(r, 0). )

2.1 Circular inclusion in an infinite medium

The stress field for a circular inclusion in an infinite solid is well known [34]. Expressed in polar coordinates
(p, @) with respect to the center of the inclusion (Fig. 1b), it can be written as
0,in __ ° 0,in __ .
O = —HEp, Op = —HEz,

o =~ /M€l ol = u?/phel,

3)
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where €2, = €2, cos g + ez‘y s.in ¢ and ez‘(p = ez'y cos g — €7, sing. The shear modulus is p, and the superscripts
in” and “out” designate the inside and outside inclusion fields. The displacements are

Wi = pes, Wt = %/p)es,. @)

The rigid body displacement is chosen such that w®" = 0 at the center of the inclusion. The stress discontinuity
across the boundary of the inclusion is Aoy, (b, @) = —2p€s,.

When rewritten in terms of the polar coordinates (r, ), the outside stress field takes the form

2
oo (1 ) = ’;ﬁ [[@+ 7 cose —2ar] ez, = [@ = ) sin] er, |
)
2
o0 (r, 0) = {[(d2 r?)sin] s, + [(@* + %) cos6 - 2dr] e2, |

where
0> =d* —2drcosd + r?. (6)
The corresponding displacement field is
2

w9y = z [(rcos@ d)es, + (rsinf)e’ ] @

Along the circle r = a, the radial and circumferential shear stresses (omitting the superscript “out’) are
ub?
- {[(@? + a?) cos6 — 2da) ez, — [(@* — aP)sino] ez, |
o
2 8)
azoe(a, 0) = s 7 {[(a’2 —a?) sin@] €+ [(a’2 +a%)cosf — 2da] ez'y}
Pa

od(a,0) = —

in which ,oa2 = d? —2da cos 6 4 a? is the square of the distance from the center of the inclusion to an arbitrary
point on the boundary of the void.
The inside stress and displacement fields are

0,in __ . e __ o o _:
0, = M, €, =€;,c080 + € sinb,
0,in . . . ° ©)
04 = M€y, € =¢; cos6 —el sinb,
and
whi"(r, 0) = (rcos® — d)el, + (r sinO)e?,. (10)

The total strain energy (per unit thickness) is the sum of the strain energy inside and outside the inclusion. For
inclusion in an infinite medium without void, this is

27 2
T Om2 01n2 pdpd(p+ Oout2 O°“t2)pdpd<p (11)
ZM

Upon substitution of stress expressions and integration, it follows that the same amount of energy is stored
within the inclusion as it is outside of it. The total energy is

Ef = (et +e8?) b (12)
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2.2 Auxiliary fields
If ozor (r,0) and azog (r, 0) are stress components in the infinite medium outside the circle r = a (Fig. 1b), the
auxiliary stress components 6., (r, 0) and 6.4 (r, 0) for the problem in Fig. 2 can be determined from

R a’ R a’
62 (r,0) = —r—zof, (@*/r,0), 6.0(r,0) = = Y (a*/r,0). (13)

This follows from the circle theorem [29,30], extended to antiplane strain elasticity in [31] and [32]. By using
the infinite-medium stress expressions (5), the auxiliary stress components (13) become

b2
Gor(r,0) =22 {[(a2 +d*r%)a®) cos O — 2dr)] €%, + [(a® — d* [a®) sin 0] e;y} ,
g (14)
6.0, 0) = {— [(a® — d*?/a?) sin6] €2, + [(@® + d*r?[a®) cos 6 — 2dr] egy} ,
0
with
d2
p* =a* —2drcos® + — r’. (15)
a

The corresponding displacement field is obtained from (7) by replacing there r with a®/r and > with
(a®/r?)p?. This gives

r2b? a? a?
w(r, 0) = az_,éZ [(7 cosf — d) €+ (T sin@) ezy:| + C (16)

where C is an arbitrary constant. The auxiliary fields are derived by using the Fourier series method, without
invoking the extended circle theorem, in “Appendix A”.

3 Image inclusion

The auxiliary stress field (14) can be rewritten as

b2
G (r,0) = _K 4* {[(df + r2) cosf — 2d,r| €l — [(df — rz) sin 6] e;_‘y} ,
o (17)
Gr(r,0) = l:): {[(df - r2) sinf] el + [(df + r2) cos§ — 2d,r| GZy}
*
where 5
a a . e
di=. bo=3b. (5 er) = (~eten) (18)
and
a2
0 =d> —2d,rcosf +r* = d—2,52. (19)
The corresponding expression for the displacement is
b2
D, 6) = 2% [(r cos® — dy)er, + (r sine)e;fy] +C (20)
P

where C» is an arbitrary constant, related to C; from (16) by C, = C| — (bz/d)egx.

If (20) is compared with (7), and (17) with (5), it is recognized that the stress and displacement fields of
the auxiliary problem can be interpreted as the infinite-medium fields corresponding to an image inclusion of
radius b, = (a/d)b and eigenstrain (€, e;‘y) = (—€2,, ez'y), with its center placed at the distance d,, = a? /d
from point O (Fig. 3). The radius of the image inclusion is constrained by the condition b, < (a —d.), because
d > (a + b). These results, not previously noted in the literature, complement the classical results for a screw
dislocation near the free surface of a void or a half-space, where the opposite image dislocation is placed at the
mirror position, and a concentrated line force near the free surface of a void or a half-space, where the image
line force of the same sign (same direction as the actual force) is placed at the mirror position across the free
surface [33-35,42,43].
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Fig. 3 A circular cylinder of radius a with the inserted inclusion of radius b and eigenstrains (€2, €?,). The center of the image
inclusion of radius b, = (a/d)b and eigenstrains (—e?,, e,y) is at the distance dy = a? /d from the center of the cylinder, where

d specifies the center of the actual inclusion. The radii r, p and p, specify the position of an arbitrary point of the cylinder relative
to O, C and the center of the image inclusion

4 Total stress and displacement fields

The total stresses are obtained as the sum of the infinite-medium and auxiliary stress fields, according to (1).
Outside the inclusion, from (5) and (17), it follows that

o(r,0) = — { (d* +r?) cos 6 — 2dr] el — [(d2 r?) sin 6] Zy}
/Lbz [ d2 * 2 2
{ +r?)cosO — 2d,r] ek, — [(d7 — r?) sind)] Zy}
(2D
o' (r,0) = { r2) sinf] e?, + [(d2 + r2) cosf — 2dr| eZy}
+— Mbi {[(d2 r?)sin@] €, + [(d2 + r%) cos 6 — 2d,r] € }
4 * ey -
*
In particular, the circumferential shear stress along the boundary of the void is
°“t( 0) = 2ub? {[(d2 —a%)sin 0] € + [(d2 +a%)cosd — 2ad] € } (22)
- ,04 X zy
a

where ,oa2 = a® + d* — 2ad cos #, which is twice the circumferential shear stress along the corresponding
circle in an infinite medium without the void, in accord with the general result of the antiplane strain elasticity
established in [32]. The corresponding result for the plane strain elasticity was previously derived in [44].

Figure 4 shows the variation of the shear stress 0209“‘ (a, 0) around the void in the case when the inclusion
(of the same radius as the void) is away from the void (d = 3a) and when it is touching the void (d = 2a). In
both cases, the inclusion is characterized by equal eigenstrain components €2, = €2,. The pronounced stress
amplification occurs as the inclusion approaches the void.

Inside the inclusion, from (9) and (17), the stresses are

o (r, 0) = — (€2, cos O + €2, sin 6)
wb? (o 5 ,
_ {[(d +r?)cosO — 2d.r] €k, — [(d2 —r*)sin6] e y},
, oF | .
o (r, 0) = —p(e;, cosf — €z, sin )
ub?

+

pi* {[(df —r?)sin6] e, + [(d} +r?) cos — 2d,r| Zy} :
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Fig. 4 The variation of stress o4 (a, 0) along the free surface of the void of radius a due to an inclusion of radius b = a with its

center at: a d = 3a, and b d = 2a (inclusion tangent to the void). The plots correspond to €7, = €7, = €°
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Fig. 5 a The variation of the stress components along the x-axis in the cases d = 3a. The radii of the void and inclusion are equal
to each other (b = a), €7, = 2¢°, and €7, = €°. b The variation of the corresponding displacement

The corresponding displacements are obtained by substituting (7), (10), and (20) into (2). The result is

b? b2
wl(r, 0) = = [(r cos® — d)e?, + (r sin e)e;y] + = [(r cos® — dy)er, + (rsin e)e;] e
p p? )
, (24)

. b
w'(r,0) = (rcos — d)e?, + (rsin 9)e;y + ,0_; [(r cos — dy)el + (rsin Q)E;‘y] + C,.
*

The angle 6 for the field inside the inclusion is in the range |0| < arcsin(b/d). If the condition is imposed that
the displacement vanishes at infinity, the constant C» = 0. Figures 5a and 6a show the variation of the stress
components o, = 0,y and 0,9 = 0,y along the x-axis in the cases d = 3a and d = 2a, if the radii of the void
and inclusion are equal to each other (b = a) and ez'y = 2¢;,. In the latter case (d = 2a), the inclusion touches
the void at x = a. The shear stresses o, and o,y both relax to zero at the contact point and vary within the
inclusion in a strongly nonlinear manner, in contrast to their almost linear variation with x in the case d = 3a.
A similar observation is made for the displacement variation within the inclusion, shown in Figs. 5b and 6b.
The stress discontinuity of oy at x = d % b is of magnitude 2e?,.

4.1 Inclusion in a circular cylinder

The preceding analysis also delivers the solution for an inclusion within a circular cylinder, whose boundary
r = a is traction-free (Fig. 7). The stresses and displacements inside and outside the inclusion are again given
by expressions (21)—(24), with the geometric parameters as indicated in Fig. 7. The circumferential shear stress
along the boundary of the cylinder is o9 (a, ) = 20100 (a, 0), where azoe (a, 0) is the circumferential shear stress
along r = a corresponding to the inclusion in an infinite medium. The plots of the shear stress 0,4 (a, 6), for
the configurations from Fig. 8, are shown in Fig. 9. The stress amplification increases as the inclusion moves
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Fig. 6 a The variation of the stress components along the x-axis in the cases d = 2a, so that the inclusion touches the void. The
radii of the void and inclusion are equal to each other (b = a), sz'y = 2¢°®, and €7, = €°. b The variation of the corresponding

displacement
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Fig.7 Circular cylinder of radius a with the inserted inclusion of radius b and eigenstrains (€, €2,). The center of image inclusion
of radius b, = (a/d)b and eigenstrains (—€?,, e;y) is at distance dy, = a2/d from the center of the cylinder, where d specifies
the center of the actual inclusion. The radii , p and p, specity the position of an arbitrary point of the cylinder relative to O, C
and the center of image inclusion

(b)

Fig. 8 Circular cylinder of radius a with the inserted inclusion of radius b = a/3 and eigenstrains €, = €7, = €°. The center of
the inclusion is at the distance: ad = 0, b d = a/3, and d = 2a/3 from the center of the cylinder

away from the center of the cylinder. Figure 9b shows the most pronounced stress amplification in the case
when the inclusion is tangent to the cylinder. The stress amplification is localized in the region around 6 = 0.
The circumferential shear stress at § = 0 is

b2
Gz()gllt(a, 0) = ZI'LEZ.Q m (25)
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Fig. 9 The variation of stress o4 (a, 0) along the free surface of the cylinder with the inserted inclusion of radius b = a with its
centerat:ad =0 andd = a/3, and b d = 2a/3, as shown in Fig. 8. The plots correspond to €7, = €7, = €*

In the case d = 0 (inclusion concentric with the cylinder), the stress expressions (21) and (23) simplify to

p: b2 b: b2
OUt(r 9) - Mfzr (a_z - r_z) ) OUt(r 9) - MEZQ ( 2 + _2) ) (26)

r
. b2 . b?

oM, 0)=ped. | —= —1 o, 0) =pe | —= —1 27
zr\'» zr a2 ’ 76\ z0 az

where €7, = €7, cost + €7, sin6 and €y = €7, cos 6 — €2, sin 6. The displacement expressions (24) simplify
to
2

b b b?
w(r,0) = — €2, cos O + ( + —2) rez, sind,
r r

(28)
. b2
w'(r,0) =rel, cosf + (a_2 + 1) regy sinf.

The displacement is imposed to be zero at the center of the inclusion (r = 0). If § = a — b < b, the dominant
stress is cf"“t A 2juely. The stresses inside the inclusion are am ~ —2(8/a)pes, and oy = —2(8/a) el

5 Complex potentials

The complex potential for the infinite-medium displacement field inside the inclusion, considered in Sect. 2.1,
is %" () = pu(z — d)e®, where z = x + iy and ¢® = =€ v+ ie?, is the complex state of eigenstrain. The

potential @%in(7) is defined so that, relative to the initial state before the stress-free eigenstrain transformation
took place, the displacement w®™ = (1/1)3J[®%"(z)], where I denoted the imaginary part. The stresses
follow from o™ + io%" = d[@%"(z) — ®°(2)]/dz, with @*(z) = 2u(z — d)&* as the potential for
the eigenstrain dlsplacement w®(z) = (1/w)I[P°*(z)]. The complex potential for the infinite-medium field

outside the inclusion is @%°%(z) = —ub?g®/(z — d), where the overline denotes the complex conjugate.

The displacement is w?°" = (1/)3[@°%(z)], while the stress components follow from ozoyom +io%M =

d@°%(z) /dz. Tts polar components are deduced from aogout oy = (05 4 io%™™) exp(i6). In the

above derivation, it may be noted that, by the circle theorem, <DO*°‘”(§) = O " (b*/7), where ¢ = z — d.
The complex potential for the auxiliary field can be determined from cﬁ (z) — 3" (a*/z), which gives
n ZS. E* bz
®(z) = pub* ——— = —ub? — 8% & =¢" 29

The complex potential for the overall field outside the inclusion is @°%(z) = @ (z) + d(2),ie.,

—e ° —e =% bZ
oM =t (- )= b2—8 ) AL 30
@) =u ( —d a2 —dz KT —a M e, et 30)
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The stress components follow from 00‘“ + iod" = d@°"(z)/dz, while the displacement is w®" =

(1/w)I[D°"(2)], up to an arbitrary constant
The complex potential for the overall field inside the inclusion is @' (z) = ®%n(7) + @ (z). This gives
e* b2
= —d)e® — b —U— 31
i = pu(z—d)e® —u p— MdE (31
The displacement is w = (1 /,u)S[d)i“ (2)], up to the same constant as in the expression for w°", in order to

preserve the continuity of displacement across the boundary of the inclusion. The stresses within the inclusion
follow from ¢!} + iol} = d[@™(z) — @*(2)]/dz.

~ z¢e
D7) = u(z — d)e® + ub? e

5.1 Remarks on the extended circle theorem

The Milne-Thomson circle theorem for irrotational two-dimensional flow of incompressible inviscid fluid
[29,30] has been first applied to solid mechanics problems by Smith [31] in his study of the interaction between
screw dislocations and circular inhomogeneities, and by Lin et al. [32] in their study of elastic materials with
damage zones. In particular, the latter authors list the following formulas for the stress components in the
matrix, outside the circular inhomogeneity in an infinite medium, due to the source of stress, which is outside
the inhomogeneity:

2 2
M 0) = 00 (r, 9)+,\—o (a®/r,0), oM@, 0) = Qe(r,e)—xi’—zafe (a®/r0). (32

The superposed 0 designates the stress field in a homogeneous infinite medium, A = (u1— um)/(1+um), and
(u1, oM ) are the shear moduli of the inhomogeneity and the matrix, respectively. The stress components (32)
follow from the circle theorem: The complex potentials for the stress field inside and outside the inhomogeneity

are @1(z) = (1 + M)@°(z) and M (z) = @°(2) + )»50(512/2), where ®°(z) is the complex potential of the
homogeneous problem. Referring to relations (32), itis stated in [32] that “the relations are universal in the sense
of being independent of any particular loading.” While this statement is fully applicable to many problems,
such as those of screw dislocation or concentrated line force near an inhomogeneity, or an inhomogeneity in
an infinite medium under remote loading, it does not apply to the problem of an eigenstrain inclusion near an
inhomogeneity, because the relations (32) deliver correctly only the stresses outside but not inside the inclusion.
Indeed, if the inhomogeneity is a void (A = —1), they yield within the inclusion the incorrect field

. Cl2 . 612
ol (r,0) = —pes, (1 — r—z) . 0np(r,0) = —pe, (1 + r_2) , (33)

rather than the correct field specified by the expressions (23) from Sect. 4.

The remark made in this section is cautionary, relevant for the case when the cause of stress is an eigenstrain
inclusion. The wide applicability of the extended circle theorem to other antiplane strain elasticity problems
is remarkable, as demonstrated by Honein et al. [13,14] in their comprehensive analysis of two or more
inhomogeneities under remote or other type of loadings by the procedure they refer to as the heterogenization.

6 Inclusion in a half-space

If the inclusion is near the free surface of a half-space (Fig. 10a), the image inclusion is positioned symmetrically
with respect to the boundary of a half-space, its radius is equal to the radius of actual inclusion (b), and its
eigenstrain is (€, € ) = (—€2,, z») This can be compared with the well-known cases of screw dislocation
near the free surface of a half-space, where the opposite image screw dislocation is placed at the mirror position
across the free surface, and a concentrated line force near the free surface of a half-space, where the image
line force of the same sign is placed at the mirror position across the free surface [33-35]. The displacements
inside and outside the inclusion are
2

in ° ° b * *
[(x — o)l + yezy] +s [(x +o)er, + yezy] , (34)

g
Il

b? b
w = 2 [ ot +ven [+ 75 [ kot + ey (5)
*
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(a) (b)

Fig. 10 A circular inclusion of radius » with its center at distance ¢ from the free surface x = 0 of a half-space. The image
inclusion of the same radius is at the mirror image location, characterized by the eigenstrain (€}, e;*y) = (=€, €,

' 1
B U
R h
A} I
)
)

N N

0oy (") 02y (1)

Fig. 11 The variation of stress o,,(0, y) along the free surface of a half-space due to inclusion of radius b with its center at: a
¢ =2b, and b ¢ = b. The plots correspond to three selected ratios of €, and €2,

where p? = (x — ¢)? 4+ y? and ,of = (x + ¢)?> + y?. The corresponding complex potentials are

2
D" (z) = pe® (z —c— b
zZ+

ub* _, b’
8 J—

&°. 36
z—c Z+c (36)

) , ©0ut(z) - _
C

The complex potential for the eigenstrain displacement is @°(z) = 2u(z — ¢)e®, such that azi;‘, + i azi; =
d[P™(2) — @*(2)]/dz, while w™ = (1/,0)3[P™(2)].
In particular, the nonvanishing shear stress along the free surface is

0.y (0 )_200 _2M—l)22 . 2 2\ e 37
U y) = Uzy( )= cyes, + (¢ y)ezy : @37

(62 + y2)2
This is plotted in Fig. 11 in the cases ¢ = 2b and ¢ = b, for various ratios of €7, and €?, . In the case ¢ = b,
the inclusion touches the free surface at x = 0. In this case, there is a significant buildup of stress near y = 0,

albeit the stress diminishes with y more rapidly than for ¢ > b. Also, for €2, = 0 and €2, > 0, there is a

buildup of negative o, within |y| < ¢, reaching the maximum magnitude 1 (b/ 2¢)% at y = 4+/3¢. In general,
the curves are symmetric with respect to y = 0 in the case €2, = 0, antisymmetric in the case €2, = 0, and
asymmetric in the case when both €?, and €2, are nonzero.

The variation of the corresponding surface displacement, determined from

2b2

w(0,y) = m

(ves, — cely). (38)
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Fig. 12 The variation of the displacement w(0, y) along the free surface of a half-space due to an inclusion of radius b with its
center at: a ¢ = 2b, and b ¢ = b. The plots correspond to three selected ratios of €, and €2,

x/b

Fig. 13 a The variation of stress components along the x-axis in the cases ¢ = 2b, €7, = 2¢*, and €7, = €°. b The corresponding

displacement variation

1.5¢ 2
(a) (b)
1t Y 1
0
.W
= -1
~
<)
-2
-3
4 ‘
0 1 2 3 4 5 6 7
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Fig. 14 a The variation of stress components along the x-axis in the cases ¢ = b, €7, = 2¢°®, and €, = €°. b The corresponding
displacement variation

is shown in Fig. 12. Both the stress components and the displacement are proportional to (b/c)?, so that
doubling the radius of the inclusion at fixed ¢ quadruples their values.

Figures 13a and 14a show the variation of the stress components and the displacement along the x-axis
in the cases ¢ = 2b and ¢ = b, if €7, = 2¢?,. The stress discontinuity of o7y at x = ¢ & b is of magnitude
2i€3y,, as in the infinite medium. The corresponding displacement variations are shown in Figs. 13b and 14b.

The displacement vanishes as x — oo, while at x = 0 the displacement is —(2b%/ c)eg,.
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7 Configurational forces between a circular inclusion and a void

We next evaluate the configurational forces on the void and inclusion due to changes in their relative position
or their radii, caused by diffusional or diffusionless processes and transformations within the material, without
explicitly accounting for the origin and details of such physical changes. The J, integral for the antiplane strain
infinitesimal deformations is defined in terms of the Eshelby stress tensor Py, by [45]

Jy = f(Pxxnx + Pyxny) dl, Pyy = Wlgx — 0qlizx, (@ =2x,Y), (39)

where 8, denotes the Kronecker delta, and d/ is an infinitesimal arc length. For linear elasticity, the strain
energy density is W = (azzx + azzy) /(2w). Expressed in cylindrical coordinates, (39) can be cast in the form

_7‘

When evaluated over a closed contour which does not embrace a singularity or a defect, the integral in (40)
vanishes. Such contour is a closed contour around the void and inclusion, along the positive x axis, and around
a remote circle of large radius R > (a, b, d), as shown in Fig. 15. The contributions to J, along the lines just
above and below the x-axis cancel each other, and the contribution from the remote circle vanishes because
stresses fall off as 1/R? in the limit R — oo, as in an unvoided infinite medium (at large R, the stress field is
increasingly unaware of the presence of a void near the inclusion). Thus, J, = J;’O‘d + J)‘CnCl =0,i.e.,

A [(63 — 02) cos O + 20,029 db. (40)

])icncl — _J;oid' 41)

The J, integral along the boundary of the void is
. a 2
Jyod — — / o2 (a, ) cos6db, (42)
2p Jo

because o, (a, 8) = 0 in (40) along the circumference of the void. By incorporating the stress expression (6)
into (42), there follows

Jyod — 4,uab4{ [(d2 - az)zll] e;xz

(43)
+[4d%a’ I, — 4da(d* + P I + (d* + a*)* Lu] ez'yz}'

Y

Fig. 15 The closed contour around the void of radius a with its center at O, and the inclusion of radius b with its center at C,
used to evaluate the J and M integrals. The radius of the remote circle R — oo



656 V. A. Lubarda

0.05¢
—b/a=1/5
---bla=1/3
004t | bja=1/2
1
I 1
= 0.03 \
~ \
=002
0.01t
0

Fig. 16 The variation of the configurational force J',CVOiGl with d /a for indicated values of the ratio b/a. The scaling force parameter
is Jy = 4mpa (ez'xz + ez'vz). At far distances from the void, the configurational force J}°¢ tends to zero as (d/a)~'. The left

endpoints of the curves (d/a = 1 + b/a) specify the maximum configurational force corresponding to a selected value of ratio
b/a, which is given by (45)

The integrals appearing in (43) are specified and evaluated in “Appendix B” of the paper. The coefficients in
front of ez'xz and ez'yz are equal to each other, so that (43) becomes

void __ 4 d 02 o2
L = /o) s (sz +ezy), d> (a+b). (44)

This represents the energy release rate associated with an imagined void translation within the material toward
the inclusion (by diffusion or otherwise), keeping the position of the inclusion fixed, i.e., the material or
configurational force on the void exerted by the inclusion. An interesting outcome of the analysis is that the
configurational force between the void and inclusion depends only on the magnitude of total eigenstrain, and
not on the ratio of the eigenstrain components. Thus, the force is the same if a given amount of eigenstrain is
applied as either €7, or €?,. The force on the inclusion exerted by the void is equal in magnitude and opposite
in direction. The maximum value of the force on the void is reached at the minimum distance (dmin = a + b)
between the centers of the inclusion and void for which the presented analysis applies. This force is

gvoid a4 l+b/a (.2 .2)'

x,max — FTH (2+b/a)3 €2x +€zy (45)

The variation of JXV"id with d /a for several values of b/a is shown in Fig. 16.

7.1 Total strain energy

The total strain energy in the medium with the inserted inclusion near a traction-free void is the sum of the
strain energy term corresponding to an inclusion inserted in an infinite medium far away from the void, which
is given by (4), and the term dependent on d, which accounts for the interaction between the void and inclusion,

Er = 7pub? (e;xz n e;yz) + Er(d. b). (46)

The energy E7 canbe conveniently determined by noting that its negative gradient with respect to the distance
between the inclusion and the (fixed) void must be equal to the configurational force on the inclusion, i.e., in
view of (41) and (44),

A

—aET = 47‘[/,L (6.2 =+ 6.2) —adb4 . (47)
ad w Ty ) @2 = a2)3
Upon integration, this gives
2 o2 o2 aZb4
ET = —TTN (sz +Ezy) m, (48)
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up to an immaterial constant term. Consequently, by substituting (48) into (46), the total strain energy becomes

212

_ 2 o2 o2 ab
ET = JTILb (sz + GZy) |:1 — m} . (49)

The following quantities are also evaluated from (49):
—a dET — 27 na? (€°2+6°2) é 4% (50)
oa M TN G) (e 1P
IET 2l er e b\> (b\* 2

_bW—ZJT,ua (sz +€zy) — ; + Z m , (&2))

which will be compared with the M integrals evaluated in the next section.

8 M integral evaluation

From the general expressions given in [46,47], the M o integral of antiplane shear, with respect to the coordinate
origin at O, can be expressed as

Mo = f(Paxnax + Paynoz)’) d/, Paﬁ = W(saﬂ — Ozallz, B, (a,B=2x,y), (52)

with the sum on repeated «. Expressed in cylindrical coordinates, (52) becomes

72

Mo = —
0=

(02 — 02 db. (53)

zr

By using the same closed contour from Fig. 15 as in the evaluation of the J, integral, the contribution from
the remote circle M g — 0as R — oo, because stresses decay as 1/R? far away from the inclusion. Thus,

MR 4+ Ml = 0, where
. a [
MyPd = o /0 02 (a, 0)do. (54)

Upon using the circumferential shear stress expression (6), the integration in (54) gives

M = B[ @ — @) Is) e (55)
+ [4d2a? I6 — 4da(d* + a*) b + (d* + a®)* 3] EZyZ}'

The integrals appearing in (55) are defined and evaluated in “Appendix B”. Their substitution into (55) yields

void __ 2 s /@ +1 0 o
ME* = 2mpa b s (e2+e2). (56)

Physically, the ratio M Z)Oid /a represents the energy release rate associated with isotropic void growth (by
material absorbtion over the surface of the void), keeping the position of the inclusion fixed relative to the
center of the void. Indeed, the comparison of (56) with (50) shows that M g"d = —a(dE7/0da).
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Fig. 17 The variation of a M g’id andb M, é"id with d /a for indicated values of the ratio b/a. The scaling parameters for both plots
are Mo = M¢ = 2w pa? (e;f + e;_\.z). At far distances from the void, M g’id and M, é"id approach zero as (d/a)~* and (d /a)~2,
respectively

8.1 M integral around inclusion

By using the well-known relationship between the M integrals relative to coordinate origins at O and C, one
can write

Mmcl Mlncl+d Jmcl (57)

and from the relationship Mg’id +M iO“CI = 0, there follows
Mmcl ( v01d + d- Jmcl) (58)

Thus, by substituting (56) and J;“Cl = —J;’Oid from (44), the M¢ integral around the inclusion is found to be

ME = 27 pa®(b/a)* (59

1 (6. 2 + €® 2)
[(@/ay =112 V= o)
Ifd>»a, M g‘d approaches zero, as if the inclusion was in an infinite medium without void. The variation of
M g’id and Mé‘”d with d/a for several values of ratio b/a is shown in Fig. 17. In the limiting case d = a + b,
the two integrals are M = 2mu(e2? + €27)b? /(2 + b/a)* and M = —MPS  + (@ +b) - IV

C,max O ,max C,max X,max*

8.2 Expansion of the inclusion

The M g‘d /b is not proportional to the energy rate associated with isotropic growth (expansion) of the inclusion
(0ET/0b), which is given in (51). If the specific configurational force ( f) is introduced, the rate of total strain
energy associated with uniform expansion of the inclusion can be expressed as [48]

dET o 1 0.in 0,out A o
T =) Feebde f=15(af"+ai™) | 460 € (60)

where 6;; (b, ¢) are the stress components of the auxiliary problem along the circumference of the inclusion
(p = b). The specific configurational force is thus

0,i 0, 0,i 0,
f = ( m + ozxout)p:b 62.,)6 + (Gz)rln + UZyOUt)p b + 2 (GZXEZX + O'ZyEZy)p b . (6])
From the infinite-medium stress expressions listed in Sect. 2.1, it follows that the first two terms in (61) are

0,in 0,out ° 0,in 0,out °
(o™ +o; )p:b €x T ( + oz ) <
= (62)

=—u [ez'xz + ez'yz + (ez'f € ) cos 2¢ + 2€Z, €7, sin 2¢] .
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Incorporating the expressions for the auxiliary stresses from Sect. 2.2, the third term on the right-hand side of
(61) is found to be

i e A e R . 1 sin?
2 (szEU + ozyezy)p_b = 2ub? (Euz + ezyz) (? —2b? o ) (63)
- b b

where p? = (d — dy)* + 2(d — d)bcosg + b*, di. = a*/d, and b, = ab/d. Thus, the local specific
configurational force, orthogonal at each point to the circumference of the inclusion, is

f=—nu [GZ‘XZ + eZ‘yZ + (GZ‘XZ - eZ‘yZ) cos 2¢ + 2€Z, €7, sin 2go]
1 sin? ¢ (64)
2 o2 o2 2
+2/_Lb* (sz +€zy)(_2 —2b —4)
P Pp

The substitution of (64) into (60) and integration give the expression for the rate of energy associated with a
uniform expansion of the inclusion,

IET o2 o2 o2 o2 2b2
= = 2 ub (sz + € ) — 4w ub (sz +€; )

a

in agreement with (51). The second part of the above expression is recognized to be SET /8b, where E7 was
defined by (48). The comparison of (65) with the M integral around the inclusion (59) shows that

aE Mil’lCl
_8_bT — _2mub (e;,f + e;yz) +2—C (66)

Thus, the energy release rate for a self-similarly expanding inclusion is not equal to the M¢ /b ratio around the
inclusion; cf. [8] where this distinction was not made.

9 Configurational forces on the inclusion in a circular cylinder and in a half-space

The preceding analysis delivers the expression for the configurational force on the inclusion within a circular
cylinder whose boundary r = a is traction-free (Fig. 7). This follows from (44) by replacing b with ab/d, and
d with a?/d. The result is

J)icnd _ 47‘[/,L(b/a)4 (EZXZ + e;yz) , d<(a-—D). (67)

d
[1 - (d/a)*P
The rate of strain energy associated with a uniform expansion of the inclusion is given by (65). In the case of
a concentric inclusion within a cylinder, the total strain energy is obtained from (49) by taking d = 0, which
gives

b2
Er = nub? (1 — a_2) (eg,f + e;}?) . (68)

This can also be independently derived by integration from

1 2 b . . 27 ra
Er=s. [ /0 /O (05" + o™ %) pdpde + /0 /b (002 4000 2) pdp dgo] (69)

where the stresses are specified by (26) and (27). The M integral around the concentric inclusion is MicnCl =

27 w(b?*/a)? (€;x2 + e;y2), while the specific configurational force and the energy release rate are

b? OF
f=—u (l — 20—2) (ezxz +ez'y2) , _B_bT =2nbf, b<a. (70)
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Fig. 18 a The variation of the strain energy E7 (normalized by EJ** = wpa®e*?/4) with b/a, according to (68), where

e*? = ez'xz + ez‘yz. b The corresponding variations of —d E7/db and MiC“CI/b (normalized by 27 j1ae®?)

The plot of E7 (normalized by E %1‘“) is shown in Fig. 18a. Of all inclusions of radius b < a, characterized
by the same uniform eigenstrain and inserted into a concentric cylinder of radius a, the largest strain energy
corresponds to the case b = a//2. The plots of —d E7/db and Mg‘d/b are shown in Fig. 18b.

If (a,d) — oo, whilea —d = c, (67) gives the expression for the force on the inclusion whose center is at
distance ¢ from the free surface of a half-space (Fig. 10). Alternatively, this expression can be obtained from
the expression (37) for the shear stress along the free surface, by performing the integration

incl 1 © 2 b4 2 2
incl __ — . b
I = ‘m/_m o500 dy = —mp s (€2 +e?) b

The M integral around the inclusion and the energy release rate associated with the expansion of the inclusion
in this case are

incl b o2 o2 dET b o2 o2
MC =TT 2—62(sz +€Z}’)’ —WZ—T[HJ) 2_(:_2 (sz +62y)’ Czb, (72)

the total strain energy being E7 = Eg[l — b?/(4c?)], with EO = mub? (E;XZ + EZ.)Z)

10 Conclusions

We have derived in this paper the expressions for the stress and displacement fields in an infinite isotropic elastic
solid, weakened by a circular cylindrical void, due to a nearby circular inclusion characterized by uniform
eigenstrain of the antiplane shear type. The fields are obtained as the sum of their infinite-medium stress
fields and the calculated auxiliary fields. The fields outside the inclusion follow directly from the extended
Milne-Thomson circle theorem, but not the fields inside the inclusion. It is shown that the overall fields
(21)—(24) represent the superposition of the infinite-medium fields of the actual and the image inclusion. If

the eigenstrain components of the actual inclusion are (€7, €?,), the eigenstrain components of the image
* *

inclusion are (€7, ezy) = (—€2, €?)). The radius of the image inclusion is b* = (az/d)b, where a is the
radius of the void, b is the radius of the actual inclusion, and d is the distance between the centers O and C of
the void and inclusion. The center of the image inclusion is at the distance d* = a?/d from the center of the
void. The analysis also delivers the results for the inclusion within a circular cylinder and near the free surface
of a half-space. The stress amplification is evaluated for the inclusion approaching the boundary of the void,
cylinder, and half-space, being tangent to them in the limiting case.

The second part of the paper is devoted to the determination of configurational forces acting on the void
and inclusion. The configurational force associated with a translation of the void is calculated by evaluating
the J integral along the boundary of the void, without using the solution of the entire boundary-value problem.
This is accomplished by incorporating the result that the circumferential shear stress along the boundary of
a circular void in an infinite isotropic elastic solid under antiplane shear is twice the circumferential shear
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stress along the corresponding circle in an infinite solid without a void, under the same loading conditions.
The configurational force, given by (44), depends on the magnitude of total eigenstrain, but not on the ratio of
the eigenstrain components. The force on the inclusion exerted by the void is equal in magnitude and opposite
in direction. The maximum value of this force is reached at the minimum distance between the centers of
the inclusion and void for which the presented analysis applies, which is when the inclusion is tangent to the
void. The interaction energy between the inclusion and void and the total energy (E7) of the system are then
evaluated. The M integral around the void is calculated by using only the infinite-medium stress field. The
derived expression (56) is shown to be equal to —a(d E7/0da), if the surface of the void is traction-free. The
M integral around the inclusion is given by (59) and is related to the energy release rate —(d E7/9b) by (66).
The specific configurational force ( /) per unit circumference of the boundary of the inclusion is given by (65).
The configurational forces on the inclusion in a circular cylinder are evaluated in Sect. 9. If the inclusion of
radius b and a prescribed eigenstrain are concentrically inserted in a circular cylinder of radius a, the largest
strain energy corresponds to the case b = a/~/2. The expressions for the J and M integrals for the inclusion
near the free surface of a half-space are specified by (71) and (72).

Acknowledgments Research support from the Montenegrin Academy of Sciences and Arts is gratefully acknowledged.

Appendix A: Auxiliary problem by the Fourier series

Since stresses must decay to zero away from the void as r — oo, the appropriate stress function for the
auxiliary problem is
o0

N 1 ~ ~
G(r,0) = ui(r,6) = > — (A,, cosnf + B, sinne) . (A1)
rI’L
n=1

The corresponding radial shear stress is

. o  n ~ ~ L

o, (r,0) = oy = — Z T (A,, cosnb + B, sin n@) . (A.2)

n=1
The constants An and 1§n are specified by imposing the boundary condition 6, (a, 0) = —ozor (a, 0), where
azor (a, 0) is, from (5), given by
ub?
o(a.0) = —— {[(d2 +a*) cos® —2da] €2, — [(d* — a*)sind] e;\,] : (A3)
, o . 3

Here, ,03 = d? — 2da cos 0 + a? is the square of the distance from the center of the inclusion to an arbitrary
point on the boundary of the void (Fig. 1a). By applying the Fourier series analysis, there follows

2 2
~ ub . ~ ub .
An = —7 d):lézx, Bn = 7 d):lEZy, (A4)

with dy, = a?/d. Thus, by substituting (A.4) into (A.1), the stress function of the auxiliary problem becomes

. P 1
B o) =1

zy

Recalling the Laurent series of the function of the complex variable z = (r/ d)e'? [49],

1 — 1
=2 =l (A.6)
n=1"
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by taking the real and imaginary parts of (A.6) it follows that

i cosnf (r/dy) cos6 — 1

— (r/d)" 1 =2(r/dy) cosf + (r/d)?’

"~ (A7)
Z sinnd (r/dy) sin6

S (rfd" 1= 2(r/dy) cos 6 + (r/dy)?

Upon substitution of (A.7) into (A.5), the stress function takes the form

1ub?

& (r, 0) = [(r cos — dy)er, + (rsin 9)e§y] , (A8)

*

where b, = ab/d, ( € ) = ( €2 Zy) and ,o* df —2d,r cos 6 +r2. The corresponding displacement

20 €2y
isw = lI’/,u,, while the stress components are 6,,(r, 0) = BIIA//ar and 6,9(r,0) = r_lalf//a@, which
reproduces (17) and (20). In particular, 6,9 (a, 6) = z00 (a,0).

Appendix B: Integrals used to evaluate J and M integrals
The following integrals were used in the derivation of the J and M integrals in Sects. 7 and 8:

T sin?fcos@dl  w d/a
I = —— = =L — Iy,

08 ~ a8 [(d/a)? - 1P
2

/n cosfdd  4x d/a (f N 1) N a?
0 - a8 [(d/a)z 17 a2 a2’

™ cos? 6 dg 0d0 7 dja}+1 | [ 2
n= [ = S Ty [( #1) +1055)

P 2 2 2
/ cos 0d9 b4 d/a 3 d_+1 +8d— 7
0 &8 [(d/a)? — 177 a? a?

7 sin2 0 do 7 (d/a)2+1
o Y 248 [(d/a)?—1P

o 7 @al+1 [(2 N &
Is = / 8 a8 - )2 7i\zT!) 62
o P8 ad[d/a)?—1] a
where p? = d*> — 2ad cos @ + a*. These expressions were derived by using the formulas listed in [50], pages
148-149, in conjunction with appropriate integration by parts. The expressions were also verified by Matlab

evaluation of integrals.
The integrals used in the evaluation of the Fourier coefficients of the auxiliary problem are:

/” sin 6 sin n6 do T sa\ntl
singsinngdd _ xoaye
p? 2a% \d

/ cos@cosn@d@ 7 d*+a? (a)n+1
0 d ’

Is = =1Is — I,

T2l 242
/ sm@ s1nn0 do  nm (a/d)"
0 " 2ad d? —a?’

= — " [4d*d* + n@d* — a").

/” cos 6 cos n9 do T (a/d)?
0 2ad (d* —a?)3
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