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Abstract The Eshelby problem of an infinite homogeneous isotropic elastic material containing an inclusion
is analytically solved using a simplified strain gradient elasticity theory that involves one material length scale
parameter in addition to two classical elastic constants. The Green’s function in the simplified strain gradient
elasticity theory is first obtained in terms of elementary functions by applying Fourier transforms, which reduce
to the Green’s function in classical elasticity when the strain gradient effect is not considered. The Eshelby
tensor is then derived in a general form for an inclusion of arbitrary shape, which consists of a classical part and
a gradient part. The former contains Poisson’s ratio only, while the latter includes the length scale parameter
additionally, thereby enabling the interpretation of the size effect. By applying the general form of the Eshelby
tensor derived, the explicit expressions of the Eshelby tensor for the special case of a spherical inclusion
are obtained. The numerical results quantitatively show that the components of the new Eshelby tensor for
the spherical inclusion vary with both the position and the inclusion size, unlike their counterparts based on
classical elasticity. It is found that when the inclusion radius is small, the contribution of the gradient part
is significantly large and thus should not be ignored. For homogenization applications, the volume average
of this newly obtained Eshelby tensor over the spherical inclusion is derived in a closed form. It is observed
that the components of the averaged Eshelby tensor change with the inclusion size: the smaller the inclusion
radius, the smaller the components. Also, these components are seen to approach from below the values of
their counterparts based on classical elasticity when the inclusion size becomes sufficiently large.

1 Introduction

Eshelby’s eigenstrain method and inclusion problem solutions [1,2] are monumental in the development of
micromechanics. The Eshelby tensor provides a direct link between the actual (induced) strain in an infinite
homogeneous isotropic elastic material and the stress-free uniform transformation strain (eigenstrain) in an
inclusion embedded in the infinite material [1]. This fourth-order tensor plays a key role in homogenization
methods by Mori and Tanaka [3] and others [4-9]. However, Eshelby’s tensor in its original form is based
on classical elasticity and depends only on the elastic constants and the inclusion shape (e.g., the aspect ratio
for an ellipsoidal inclusion [9]). As a result, Eshelby’s tensor and the subsequent homogenization methods
cannot capture the size effect exhibited by inclusion-matrix composites [10—12]. This motivated the studies on
the Eshelby inclusion problem using higher-order elasticity theories, which, unlike classical elasticity, contain
microstructure-dependent material length scale parameters and are therefore capable of explaining the size
effect.
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The Eshelby tensors for a spherical inclusion and a cylindrical inclusion were respectively derived by
Cheng and He [13] and Cheng and He [14] using a micropolar elasticity theory. The same micropolar theory
was employed by Ma and Hu [15] to obtain Eshelby’s tensor for an ellipsoidal inclusion. The analytical
expressions of Eshelby’s tensor for a spherical inclusion embedded in an infinite microstretch material were
derived by Liu and Hu [16] and Kiris and Inan [17]. Zheng and Zhao [18] studied the Eshelby inclusion problem
and obtained explicit expressions of Eshelby’s tensor for a spherical inclusion using a couple stress elasticity
theory. The Eshelby tensor for a spherical inclusion in a microelongated medium was derived by Kiris and Inan
[19]. Zhang and Sharma [20] obtained Eshelby’s tensor for an inclusion of arbitrary shape based on a strain
gradient elasticity theory, with the spherical inclusion problem solved explicitly. More recently, Ma and Hu [21]
provided an analytical form of the Eshelby tensor for an ellipsoidal inclusion using a microstretch elasticity
theory. However, the higher-order elasticity theories used in the afore-mentioned studies other than that in [18]
contain at least four elastic constants, with two or more being material length scale parameters. Due to the
difficulties in determining these microstructure-dependent length scale parameters [22—24] and in dealing with
the fourth-order Eshelby tensor, it is very desirable to study the Eshelby inclusion problem using a higher-order
elasticity theory containing only one material length scale parameter in addition to the two classical elastic
constants. The work reported in [18] appears to be the only study that involves just one additional length
scale parameter, which is based on a couple stress theory modified from the classical couple stress theory [25]
that contains four elastic constants in the constitutive equations but three in the displacement-equations of
equilibrium. There is still a lack of studies on the Eshelby inclusion problem based on strain gradient elasticity
theories involving only one additional elastic constant.

The objective of this paper is to provide such a study. A simplified strain gradient elasticity theory involving
only one additional material length scale parameter [26,27] is used in the current study to analytically solve
the Eshelby problem of an infinite homogeneous isotropic elastic medium containing an inclusion of arbitrary
shape. The procedure to be followed here is similar to that used in [18], where an illuminating Green’s function
based approach is also used. The rest of this paper is organized as follows. In Sect. 2, Green’s function in the
simplified strain gradient elasticity theory is obtained from directly solving the governing equations using
Fourier transforms, which reduce to the Green’s function in classical elasticity when the strain gradient effect
isignored. Based on the Green’s function obtained, the Eshelby tensor is derived in Sect. 3 in a general form for
an inclusion of arbitrary shape, which consists of a classical part and a gradient part. The former contains only
one classical elastic constant (Poisson’s ratio), while the latter includes the length scale parameter additionally.
In Sect. 4, the explicit expressions for the Eshelby tensor are obtained for the special case of a spherical
inclusion by directly applying the general form of the newly derived Eshelby tensor. This specific Eshelby
tensor is position-dependent even inside the inclusion, unlike its counterpart based on classical elasticity. For
homogenization applications, the volume average of this Eshelby tensor over the spherical inclusion is also
analytically determined in Sect. 4. Sample numerical results are provided in Sect. 5 to illustrate the Eshelby
tensor for the spherical inclusion. The paper concludes with a summary in Sect. 6.

2 Green’s function

The Navier-like basic governing equations in the simplified strain gradient elasticity theory are given by [27]

O+ i ij + puuj g — L [+ wuii; + lej,kk]! + fi =0, (1

mm

which are the displacement-equations of equilibrium that have incorporated the geometrical equations:

1
gij = E(ui,j+uj,i), 2.1
1
Kijk = €ijk = 5 (wi,jk + ujik) , (2.2)
and the constitutive equations:
Oij = Tij — Mijkk 3.1)
Tij = A&ydij + 2ueij, (3.2)

Mijk = szij,k = Lz()»lfukrsij + 2pukijk)- (3.3)
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In Egs. (1)-(3.1), u; (i € {1, 2, 3}) are the Cartesian components of the displacement vector, L is a material
length scale parameter(with L> = ¢, ¢ being the strain gradient coefficient used in [27]), A and p are the
Lamé constants, f; are the Cartesian components of the body force vector (force per unit volume), &;; are
the components of the classical (infinitesimal) strain, «;jx are the components of the strain gradient, o;; are
the components of the total stress, 7;; are the components of the Cauchy stress conjugated to &;;, ;i are the
components of the double stress conjugated to «;x, and §;;is the Kronecker delta. Note that the standard index
notation, together with the Einstein summation convention, is used in Egs. (1)—(3.1-3.3) and throughout this
paper, with each Latin index (subscript) ranging from 1 to 3 unless otherwise stated.

The solution of Eq. (1), which is the final form of the governing equations that has incorporated
Egs. (2.1, 2.2) and (3.1-3.3), subject to the boundary conditions of u; and their derivatives vanishing at
infinity, provides the fundamental solution and Green’s function in the simplified strain gradient elasticity
theory, as will be shown next.

The three-dimensional (3D) Fourier transform of a sufficiently smooth function F(x) and its inverse can

be defined as
+00
F(§) = // / F(x)e %dx, 4.1
—00
1 i
F(X) = — F(&)el$*dE, 4.2
M =55 / / / (£)e's*dg 4.2)
—00

where x is the position vector of a point in the 3D physical space, & is the position vector of the same point
in the Fourier (transformed) space, i is the usual imaginary number with i2 = —1, and F () is the Fourier

transform of F(x).
Suppose that #; are sufficiently differentiable and that u; and their derivatives vanish at | x |— oo. Then,
applying Eq. (4.1), the product rule and the divergence theorem gives

+00
(&) = / / / wi(0eTEXAX, iy (6) = —&ik i (E), i (€) = & EEE). 5)

Taking Fourier transforms on Eq. (1) and using Eqgs. (4.1) and (5) will lead to
£201+ L262) [+ 20086) + 1y — 8760 | = f, ©

where & =| & |= (&€ '/?, and EI.O = &; /& are the components of the unit vector & 0= & /&. Equation (6) gives
a system of three algebraic equations to solve for the three unknowns ;. This equation system can be readily
solved to obtain

i (§) = Gij (&) f; 4. (7.1)
where é,-j (&) is the inverse of the coefficient matrix of i; (§) in Eq. (6) given by (see Appendix A)
Ay 1 l L 050 1 040
Gi® = a3 1265 [M (31— &7%9) + 5 e sj] . (7.2)

Taking inverse Fourier transforms on both sides of Eq. (7.1) then yields, with the help of the convolution

theorem, the solution of Eq. (1) as
+00
ui(x) = // / Gij(x—y) fj(y)dy. (®)
—00

where G;;(x), as the inverse Fourier transform of é,'j (&) listed in Eq. (7.2), is (see Eq. (4.2))

+00
1 N .
Gij(X)ZW / / / Gij(&)etxdE. 9)
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Equation (8) gives the fundamental solution in the simplified strain gradient elasticity theory in terms of the
Green’s function G;;(x) defined in Eq. (9).

To evaluate the definite integral in Eq. (9), a convenient spherical coordinate system (&, 6, ¢) in the
transformed space is chosen such that the angle between x and € is 6, with the direction of x being the axis
where & = 0. Then, it follows that &€ - x = &.x; = £Ex cosO, withx =| X |= (xkxk)l/ 2, and the volume element
dé = £%sin6dEdAd¢. Substituting Eq. (7.2) into Eq. (9) yields

27, ® 00

1 1 | 1 o
=g [ [ e [ (o= 80) o g oo o o
0 0 0
1 T 2w {
- Lo 0.0
_8n3/<l/[u (5” 5"’Si)+
0 0

From Eq. (7.2) it is seen that Gij (&) is an even function of & with G[j (&) = Gij (&), and from Eq. (9) it then
follows that G;;(x) is also an even function of x with G;;(—x) = G;;(x). Using this fact and the expression
of G;;(x) in Eq. (10) gives

o0
1 00 1 i& 0 :
py 2#51 $]i| d¢ / mel *cos d‘é’: sin 6d6.
0

10)

oo o0

/ 1+22§26i§xcos9d§: = % / %ngzeiéxcos@d%. — %e—ucos@\/L’ an

0 —00

where the second equality follows from the Euler formula, integration properties of even and odd functions,
and a known integration result in calculus. Also, it can be shown that (see Appendix B)

2
/gl.Og;?cw) — [5,-,- sin?  — x0x9(1 — 3cos? 9)] , (12)
0

where xl.o = x; /x are the components of the unit vector X" = x/x. Substituting Eqs. (11) and (12) into Eq. (10)
then yields

1
1 2 1 1 1 1
lj(X) 167TL/[|:/,L+()\+2/L M)( )] ij ()L-i-sz M)xlx]( ) e

-1

(13)
where use has been made of t = — cos 6 to facilitate the integration.
Evaluating the integral in Eq. (13) finally gives the Green’s function as
0.0
Gij(x) = o —v) [\y(x)aij + X(x)x; xj] ; (14)
where v is Poisson’s ratio, and
2 - 1 2 2 2y — %
W) =213 -4 (1 —e L) +— [2L — (24 2Lx +2LYe L] , (15.1)
X X
2 6L 6L 6L%\ _x
Xy ==({1-=)+(2+=+— )L (15.2)
X X X X
are two convenient functions. Note that in reaching Eq. (14) use has also been made of the identities [28]:
Ev E
2 (16)

b= d+und—2v """ 20+

where E is Young’s modulus.
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The Green’s function derived here in Eqs. (14) and (15.1, 15.2) can be shown to be the same as that obtained
by Polyzos et al. [29] using a different approach based on the use of the Helmholtz decomposition and potential
functions. This Green’s function can also be reduced to the Green’s function in classical elasticity when the
strain gradient effect is ignored. That is, by setting L = 0, Eqs. (14) and (15.1, 15.2) become

Gij(x) = (3 — 408 +xx0]. (17

16 (1 —v)x [

which is the Green’s function for 3D problems in classical elasticity [5,9].

To facilitate the differentiation of the Green’s function needed for determining Eshelby’s tensor, the
expressions given in Eqgs. (14) and (15.1, 15.2) can be rewritten as follows. Note that x; = x;/x = x?
and x; j = 0x;/0dx; = §;;. It then follows that

1
x,,-jz;(&j—x?x?) :>x?x?=8,-j—xx,,-j. (18)

Inserting Eq. (18) into Eq. (14) then gives

Gij(x) = 3

A=) [(W(x) + X)) 8 — X(x)xxij] - (19)

Next, using Eq. (15.2) and the following two identities:

1 2 1/1
;x,ij = 3x—38ij — 5 (;)’ij , (201)
3L 3L\ _x 1 2L 2L\ _» S f1
1+ —+—])e Lxij= —+—2+—3 e L(S,'j—L —e L (20.2)
x?2 X ’ X X X X ij
leads to
4L 1 2L 2L%\ _: 202 2L%7 .
X(x)xx;j =2 -3 +2 —t+t—F+t—x et Sij+\x+———¢1 . 21
X X X X X X ij

Substituting Egs. (15.1, 15.2) and (21) into Eq. (19) finally yields

1
Gij(X) = m [A(X)5ij - B(X),ij] ) (22)
where
1 . 202 2L
A(x)ES(l—v)—(l—e L), B(x)EZ(x-l————e L). (23)
X X X

It can be readily shown that when L = 0, Egs. (22) and (23) reduce to Eq. (17), the Green’s function in
classical elasticity.

Equations (22) and (23) give the final form of the strain gradient Green’s function for 3D elastic deformations
in terms of elementary functions, which is different from the form obtained in Eqgs. (14) and (15.1, 15.2) that
involves x? (= xi/x) and x?(: xj/x) and is not convenient for differentiation. Equations (22) and (23) will
be directly used in the next section to derive the general expressions of the Eshelby’s tensor based on the
simplified strain gradient elasticity theory.
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3 Eshelby tensor

Consider an infinite homogenous isotropic elastic body containing an inclusion. An eigenstrain ¢* and an
eigenstrain gradient k™ are prescribed in the inclusion, while no body force or any other external force is
present in the elastic body. €* and «* may have been induced by inelastic deformations such as thermal
expansion, phase transformation, residual stress, and plastic flow [8].

According to the simplified strain gradient elasticity theory [27], the stress-equations of equilibrium in the
absence of body forces are

Tij.j ~ Mijp.pj = 0, (24)
where the Cauchy stress 7;; is related to the elastic strain efj =¢&jj — 57} through the generalized Hooke’s law:
Tij = Ciju(en — €5p), (25.1)
and the double stress u; jx is obtained from Egs. (3.3) and (25.1) as
Wijp = chijkl (ekip = Kip)s (25.2)
with Cjjy; being the components of the stiffness tensor of the isotropic elastic body given by
Cijii = Aijdk1 + 1 (8ikdji + 88 jic) - (26)
Substituting Eqgs. (25.1, 25.2) into Eq. (24) then yields the displacement-equations of equilibrium as
Ciji(ex — L2kuip.p).j — Cijui(egy j — L7k, ) = 0. (27)

where C;ji; are given in Eq. (26). A comparison of Eq. (27) with Eq. (1) shows that Eq. (27) will be the same
as that of Eq. (1) if the body force components f; there are now replaced by —Cijjx (8:1’ i LZK;:ZP’ pj) and
Eq. (26) is used. As a result, the solution of Eq. (27) can be readily obtained from Eq. (8) as

—+00 “+00
ui (x) = — / / / Gij(x — ¥) Citimef oy + / / / Gijx =) [P Clumiiy 0|y, @8)

The use of the product rule, the divergence theorem and the fact that el*m =0, K;';n » = 0 outside the
inclusion (and thus at infinity) in Eq. (28), together with C;j;; = constants, gives

+00 +00
ui () = / / / Gijk (X = ¥) Citmeiiydy + / / / Gijkp % = VLA (Cramiiyp)ldy.  (29)

Equation (29) is valid for any (uniform or non-uniform) ¢;;, and K;;np. For the Eshelby problem with &/ and
Ky » being uniform in the inclusion and vanishing outside the inclusion and the elastic body being homogeneous
(with C;jg= constants), Eq. (29) can be rewritten as

1) = Ctimély / / / Gijk (X = Yy + L2k, / / / Gij (X — y)dy, (30)
Q Q

where 2 denotes the region occupied by the inclusion.
It should be mentioned that all the derivatives in the integrals introduced so far are with respect to y, which
is the integration variable. However, it can be easily proved that

906G, (x—y) _ 3G, (x—y)

31
0yk dxy 1)
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Using Eq. (31) in Eq. (30) then gives the displacement as

3 3
(X)) = —C i 6 (x — 20 o (X —
ui(x) = C,kzmslmBXk ///Gl,(x ydy | +L Cjklmklmpaxkaxp ///Gz,(x ydy . (32)
Q Q

Let
(F) = / / / Fy)dy (33)
Q

be the volume integral of a sufficiently smooth function F(y) over the inclusion occupying region 2. Then,
Eq. (32) can be written as

u;(xX) = —Cjrmé,y, (Gij)’k + L2Cjklml<;;,,p (Gij)’kp , (34)

where (G;;) is the volume integral of the Green’s function G;;(x —y) defined according to Eq. (33), and the
derivatives indicated are now with respect to x. Inserting Eq. (34) into Eq. (2.1) then yields

1 L?
gij =75 ((qu>,kj + (qu>,ki) Cakim€im + 5 ((qu),kpj + (qu>,kpi) qulmd;ﬂp

= Sijlmgl*m + TijlmpK;;np (35)

as the actual (disturbance) strain, ¢;;, induced by the presence of the eigenstrain, ¢}, , and the eigenstrain
gradient, K[’;np, where

1
Sijim = —5 ((qu),kj + (qu),ki) Cykim (36.1)
L2
Timp = — ((qu),kpj +(G jq),kpl.) Cgkim- (36.2)
Clearly, Eq. (35) shows that ¢; is solely related to &}, in the absence of «;,, ,, and &;; is linked to only k7, , if

gf =0.

l

" The fourth-order tensor S;;j;, defined in Egs. (35) and (36.1) is known as the Eshelby tensor. Since &;;
and 8;} are both symmetric, S;;j;,, satisfies Sjjim = Sijmi = Sjiim (@ minor symmetry rather than the major

symmetry that requires S;ju, = Smnij additionally) and therefore has 36 independent components. From
Egs. (22), (23), (33) and (36.1) it then follows that

1 1
Sijim = “Snn |:A,kj3iq + Axidjq — mq),ijkq] Cykim

2
+ St —v) [(1 — V)L jbig + T xidjg) + L7°(A — 1—‘),ijkq] Cykim, (37

where

[x—yl

1 e L
Q) =(x—-yh, AlK)= <—> [(x) = (38)

Ix =yl x —yl
are three scalar-valued functions that can be obtained analytically or numerically by evaluating the volume
integrals. Clearly, among these three functions only I"(x) depends on the length scale parameter L. As a result,
the Eshelby tensor given in Eq. (37) can be separated into the classical part, SS 1m» Which is independent
of the material length scale parameter L, and the gradient part, Sg 1m» Which depends on L, thereby being
microstructure-dependent. Accordingly, the general form of the Eshelby tensor in the simplified strain gradient

elasticity theory derived in Eq. (37) for an inclusion of arbitrary shape can be rewritten as
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Sijim = Siiim + Siiim: (39.1)
1 1
c
Sijlm = _Snu |:A,kj5iq + A kidjqg — —2(1 — CD,,-J-kq] Cykim, (39.2)
1
G 2
Sijim = St —v) [(1 = )T xjSig + Tkidjg) + L*(A — T)ijig]| Cotim, (39.3)

where the scalar-valued functions A (x), ®(x) and I'(x) are defined in Eq. (38) along with Eq. (33). Clearly,

when L =0 (i.e., when the strain gradient effect is ignored), Egs. (38) and (39.1-39.3) show that Sglm =0
and S;j;m = Slm. That is, the Eshelby tensor obtained in Egs. (39.1-39.3) using the simplified strain gradient

elasticity theory reduces to that based on classical elasticity.
The Eshelby-like fifth-order tensor T;j;,, defined in Egs. (35) and (36.2) links the eigenstrain gradient,
K;;np, to the actual (induced) strain, ¢;;. Since ¢;; is symmetric and K;;np = K,’;ﬂp, Tijimp satisfies Tijimp =

T;jmip = Tjiimp and therefore has 108 independent components (as opposed to 3% = 243 such components).
From Egs. (22), (23), (33) and (36.2) it follows that

L2

a5 {4(1 — V) [(A=T) 1) 8ig + (A=T) i 8jq] — 2[®@+2L% (A — )]

} Cykim
(40)

T:: — ..
ijlmp Jijkpq

as the expression of the fifth-order tensor, with the scalar-valued functions A(x), ®(x) and I'(x) defined in
Eq. (38) along with Eq. (33). Clearly,T; ;) has only the gradient part and vanishes when L = 0 (i.e., when
the strain gradient effect is not considered). In fact, in this special case without the microstructural effect (i.e.,
L = 0), both Sglm and Tjjjmp vanish, and Eq. (35) simply becomes ¢;; = Sglmslf“j, the defining relation for
the Eshelby tensor based on classical elasticity [1], as expected.

It can be readily demonstrated that for a sufficiently smooth function F'(x) the following differential

relations hold:
F;=xiDF,
Fij=xixjDyF +6;;D1F,
Fijk = xixjxxD3F + (8,-jxk)3 D) F,
Fijri = xixjxpx; Dy F —I—(SinkXI)DsF +(5ij3k1)DzF, (41)
Fiimm = xle-ij4F + (x25,-j —|—7x,-xj) D3F + 56;j D> F,
Fijkim = XiXjXgX1Xm D5 F + (8ijx3.x1%m), o DaF + (8ij8k1%m),5 D3 F,

Fijkkm = x,-xjxmxzDsF + (x2 (8,-jxm)3 + 9x,-xjxm) DyF + 7(8,-jxm)3 D F,
where
DiF =5 DoF =& (F' = &) pyF = & (P = 32 4 3

X X
_ 1 4 6F" 15F” I5F'
D4F_x—4[F()—T+x—2—x—3],

_ 1 5 10F® | 45FO 105F” |, 105F’
D5F_x—5[F(>— ED | 455D _ 105) ,

X X x4
(8ijxk); = 8ijxk + Sujxi + Sikx;,
(8,'jxkx1) = 8ijxkx1 + 5k1x,'xj' + 8ﬂx,~xk + Sjkxixl + 5,‘1xj'xk + (Sikxjxl = S[jxkxz + 8k1x,~xj~ + <8,-jxkx1)4,
(8ijxxxt), = 8jixixp + 8 jrxix; + 8i1xjx + 8ixxjxi,
<8i.,-xkx1xm>10 = 8ij Xk X1 Xm + Oik X j X1 X + Sil XjX jXom + SimXpXiXj + 8k Xi X1 Xm =+ 8 jIXEXi Xy
F8 jmXpX1X; + SpXi X j Xy + SkmXiX1Xj + Sym Xk Xi X,
<3ij5k1xm)15 = (8ij 8kt + ik 1 + 8i18 ji ) Xm + (8ijS1m + 8im0 ji + 8i18 jm) Xk + (8i0km + 8ik 8 jm + Sim 8 jr)x1
+(8jmOkt + 8 jkmi + 8 j18mi)xi + (SimSki + SikOmi + 8i18mi )X
(8ij0k1) = 8ijdrs + Sikdji + 8id ji-
(42)
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In Eq. (42), F/ = dF/dx, F" = d*F/dx?, F"" = &*F/dx?, F® = d*F/dx*, and F®= d> F/dx>, as usual.
Also, in Egs. (41) and (42) F can be ®(x), A(x) or I'(x) involved in Egs. (39.1-39.3) and Eq. (40).
Using Eqgs. (26), (41) and (42) in Eq. (39.2) leads to

Sljlm - Kl (x) 8ijdim + Kz (x) Bi1djm + diméj1) + K3 (x)(slmx + K4 (x)(Sl]xlx

+K5 (x)((S,lx x —I—S,mx xl +8/1x x + 8 jmx; xlo) + K6 (x)(x xl xm) 43)
where
K¢ (x) = —4v(1 —v)D1A 2D3® + (1 +3v) D@ 44.1
r () 871(1—\))(1—21))[ v(l =v)D1A +vx*D3® + (14 3v) D2 @], (44.1)
1
KS(x) = ———[-2(1 —v) DiA + D, ®], 44.2
> (%) 8ﬂ(l_\))[ (1 =v) D1A + Dy @] (44.2)
K¢ = x? [-4v(1 —v)DA + vx2Ds® + (1 +51)D3®], (44.3)
37871 —v)(1 —2v) ;
x2
K= —— D3 (44.4)
47 8r(1—v) ’
c x?
K =—" [—(1—v)DA + D3®], 44.5
5 871(1—1))[ (1 =v)D2A + D3] (44.5)
c x
K= _— "~  D,d. 44.6
T (44.6)

It is seen from Eqgs. (43) and (44.1-44.6) that S; ; lm depends only on one material constant (i.e., Poisson’s

ratio v) even for an inclusion of arbitrary shape. Similarly, applying Eqgs. (26), (41) and (42) to Eq. (39.3)
results in

S = Kl (x) 81J8[m + K2 (-x)(Sllajm + 81m811) + K3 (x)(SImX + K4 (x)8l]x1 m

ijlm
+KE () Giuxx + Simx)x) + 8jux)xgy 4 8jmxx])) + K& (x)(xxx)x0,), (45)
where
1 2v(l —v) 29 I+3v 5,
K¢ = DI — L*x*D3(T' — A) — L°D,(I' — A)|, (46.1
! 4n(1—v)|: T2y DT g0 b Dl )= T, LD )|, @eb
1
K¢ =—— [(1—v)DiI — L*DyT — A)], 46.2
i el (O] 2 = M) (46.2)
2
x 2v(1 =) v 22 1+5v ,
K¢ = DI — ———L?x*Dy(' — A) — L°D;(IT —A)|, (463
3 4n(1—v)|: 120 20— 70, b Da )= T, LD )|, @63
L%x2
KY =——— " D3 —A), 46.4
4 (1 — v D3¢ ) (46.4)
KS— % [(1 =)Dl — 2 L2D5(T" — A)] (46.5)
fd — — - .
ST 81l —v) 2 3 :
L2 4
K =——"  _p,r-n. (46.6)

4 (1 —v)
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Clearly, Eqgs. (45) and (46.1-46.6) show that Sl.(j?lm depends not only on Poisson’s ratio v but also on the material

length scale parameter L, unlike s€ given in Eqgs. (43) and (44.1-44.6). Finally, the use of Eqs. (26), (41)

ijlm
and (42) in Eq. (40) yields

L? [_4\)(1 —v)

Tijimp = =) T 8im [xixjxp D3 (I — A) 4 (xp8;j); Da(T — A)]

—(1 = v)xixmxpdji + X jxmxpdis + XiX1Xp8jm + X jx1Xp8im) D3(I — A)

—(1 - U)((X,‘(Sm[,>3 ajl + (xjgmp)3 i1 + (xi51p>3 5]m + <xj51p)3 3im)Da(T' — A)

2vL? @ @
+ﬁ81m XiXjXpXx D5 '—A-— 302 + (x (xp ,j) +9xixjxp)Dy \T — A — 302
O] o}
+7(xp8ij); D3 [T — A — 2 ) |t 2L | xixjxxmxpDs (T — A — e
D D
+{8ijx15mxp) 1o Da\ T = A = 275 ) +{8i8mxp)ys D3 (T = A = 75 ) |- (47)
Equations (39.1) and (43)—(47) provide the general formulas for determining S;j, (= Sgl m TS i m) and

T; jimp for an inclusion of arbitrary shape in terms of the scalar-valued functions A (x), ®(x) and I"(x) defined
in Eq. (38) along with Eq. (33). As volume integrals over the inclusion region €2, these three functions cannot
be obtained in closed forms in general for an inclusion of arbitrary shape. However, for simple shapes such as
a spherical inclusion, explicit expressions can be derived for A(x), ®(x) and I'(x) and thus for the Eshelby
tensor given in Egs. (39.1) and (43)-(46.1-46.6), as will be shown in the next section.

4 Spherical inclusion

The problem of a spherical inclusion embedded in an infinite elastic body and prescribed with a uniform
eigenstrain is directly related to composites filled by spherical particles [4,12]. The closed-form expressions
for the components of the Eshelby tensor for a spherical inclusion will be derived here by directly applying
the general formulas obtained in the preceding section.

Consider a spherical inclusion of radius R and centered at the origin of the coordinate system (x1, x2, X3)
in the physical space. In this case, the three volume integrals defined in Eq. (38) along with Eq. (33) can be
exactly evaluated to obtain the following closed-form expressions:

®(x) = 5 (48.1,48.2)
ZE 4 AR, X ¢ Q;
Ax) SRR xeQ, (48.3, 48.4)
X) = D, .
22 xpo
2 _ 2 £ Lgnh (=
M) = 47‘€LL3 anLR(L—}-R)e L - sinh (){‘), XeQ, (48.5. 48.6)
=L [sinh (X) — R cosh (£)]e7z, x¢Q.

Note that in Egs. (48.1-48.6), x =| x |= (xxxx)'/?, as defined earlier in Sect. 2. These expressions can be
readily shown to be equivalent to those provided in [13] and [18], where different definitions and notation
were used for the three scalar-valued functions. Clearly, ®(x), A(x) and I"(x) given in Egs. (48.1-48.6) are
infinitely differentiable at any x # O.
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Then, it follows from Eqgs. (48.1, 48.3, 48.5), (42) and (43) and (44.1-44.6) that the classical part of the
Eshelby tensor for the interior case with x locating inside the spherical inclusion (i.e., x € Q or x < R) is

c S5v—1 4 —5vp

sC o= T 5. v
iitm = 151 — ) u%m T 50y

(8i18jm + 8imd1). (49)
Next, using Eqgs. (48.1, 48.3, 48.5) and (42) leads to

4
D]A = —gﬂ, DzA = D3A = D4A = O,

4 8
Di® = En(—x2 +5R?), D,®= TR D3d = Ds® =0,

4w L(L + R)e 1 x o
D' = — [x cosh (—) — L sinh (—)] ,
x3 L L

4 (L + R)e_%

DT = — g - :—3Lx cosh (%) + (x2 + 3L2) sinh (%)] , 50)
Dsl" = —% ¢ (x2 4+ 15L%) cosh (7 ) = 3L (26> 4 5L%) sinh (7 )],

Dyl = —% | —sLx (26 +21L%) cosh (7 ) + (x* +45L%” + 105L)sinh (7 ) ].

DsI" = —% [(+°+ 10522 + 945L%x ) cosh (7) = ISL (x* +28L%7 + 63L*) sinh (7]

for any interior point x € 2 (or x < R). Substituting Eq. (50) into Egs. (45) and (46.1-46.6) will then give the
closed-form expression of the gradient part of the Eshelby tensor for the interior case with x locating inside
the spherical inclusion. Similarly, the use of Eq. (50) in Eq. (47) will yield the explicit formula for determining
T;jimp at any x inside the spherical inclusion (i.e., x € Q orx < R).

Note that Eq. (49) clearly shows that for the spherical inclusion considered here the classical part of the
Eshelby tensor, SSI me is uniform inside the inclusion, independent of L, R and x. In fact, SS Im listed in Eq. (49)
is identical to that based on classical elasticity (see, e.g., Equation (3.123) in Li and Wang [9]). In contrast,
the gradient part, Si(j;'lm’ given in Egs. (45), (46.1-46.6) and (50) depends on L, R and x in a complicated
manner, and is therefore non-uniform inside the spherical inclusion and differs for different materials (with
distinct values of L) and inclusion sizes (with distinct values of R). However, if the strain gradient effect is
ignored, then L = 0 and Egs. (45), (46.1-46.6) and (50) give Sglm = 0. It thus follows from Eq. (39.1) that
Sijim = Sg m- LThat is, the Eshelby tensor for the spherical inclusion derived here using the simplified strain
gradient elasticity theory reduces to that based on classical elasticity when L = 0.

Considering that S[(jlm is position-dependent inside the spherical inclusion, its volume average over the
spherical region occupied by the inclusion is examined next. This averaged Eshelby tensor is needed for
predicting the effective elastic properties of a heterogeneous composite containing spherical inclusions. The
volume average of a sufficiently smooth function F(x) over the spherical inclusion occupying region 2 is
defined by

21

R
1 1
<F>”=Vol<sz>///FdV= 7rR3//
Q 0 0

where use has been made of the volume element dV = x2sin#dfd¢dx in a spherical coordinate system.

Letting Sglm given in Egs. (45) and (46.1-46.6) be F (x) in Eq. (51) will lead to <Sglm> .
v

s
/ Fx?sin0dodgdx, (51)
0

[SSIE

Note that in the spherical coordinate system adopted here,

x? = sinf cos ¢, xg = sin @ sin ¢, xg = cosf. (52)
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It then follows from Eq. (52) that

2T 7
0.0 4

XpXxj sin 0dode = gn Sijs
00
2T 7 g
// 8i1x; 90 +81mx )+ 8j1xPx0 4 8 x,) sin #d0d¢ = 37 (8i18jm + Simdj1) . (53)
0
2r

4
// x x xl xm sin0dfd¢ = —5 ((Sijglm + 5i13jm + (Simsﬂ) .
0
Using Egs. (53) and (45) in Eq. (51) then gives

1 [ N —

(54)

where

R
KG = / KO () dr, (55)
0

with K nG (n=1,2,...,6) to be substituted from Eqs. (46.1-46.6) and (50). The six integrals in Eq. (55) can
be exactly evaluated, and Eq. (54) becomes

S = ! L31 RY’ 1R2_% Sv—1)46;;6 4 — 5v) (8i16 im+0imdi
< 1/lm>v_M(E) _(Z) _< +Z) € [( v—1) ij 1m+ (4 —5v) (81 jm+0im jl)]v

(56)
which gives
7-50 (L\° R\’ R\? _x
(5% = o () {1‘(2) (1+7) L]=<szzz>v=<sfs33>v’
(SG>_51)—1 531 52 1+§2_¥
n2h = 100 —v) \R “\z) r) ¢
(57)

= <51133> <52Gza3>v = <52G211>U = <S36311>v = <S3G322>U,

4-50 (LY R\’ R\ _2=
(Stia), = 00— (E) {1 - (Z) - (1 + Z) et ] = <SzG323>v = <53G131>v

as the 12 non-vanishing, volume-averaged components of the gradient part of the Eshelby tensor inside the
inclusion. Clearly, these components are constants, but they depend on the inclusion size (R), the length scale
parameter (L) and Poisson’s ratio (v) of the material. This differs from the components of the classical part
of the Eshelby tensor inside the inclusion, which, as given in Eq. (49), are constants depending only on v.

However, when L = 0 (or R/L — o0), Eq. (57) shows that all non-zero components of <Sg lm> will vanish,
as will be further illustrated in the next section. '
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By following the same procedure, the volume average of the classical part of the Eshelby tensor inside the

inclusion, <S ¢ , can also be obtained using Eqgs. (49) and (51). Since S€, is uniform inside the inclusion,

ijlmf, ijlm
there will be <SSlm> Sl(jjl . It then follows from Egs. (39.1), (51), (49) and (56) that

R R

x [(5v = 1) 8;j8im + (4 — 5v) (8118 jm + Simj1)] (58)
as the volume average of the Eshelby tensor inside the spherical inclusion based on the simplified strain gradient
elasticity theory. Clearly, when L = 0 (or R/L — 00), Eq. (58) reduces to <SS lm> =S¢

Fiim given in Eq. (49).
The volume average of T; i, for x locating inside the spherical inclusion (i.e., x € € or x < R) can be
readily shown to vanish, i.e.,

R 2r

1 .
(Tijimp), Vom)/// U,mpdv_iﬂR3///Tijl,,1px2s1n9d9d¢dxEo. (59)
3
0 0 0

The reason for this is that T; 1nvolved in Eq. (59) and to be substituted from Eqgs. (47) and (50) is odd in
x? , which makes the integration of T;;;,» over any spherical surface vanish [30].

Similarly, the Eshelby tensor for the exterior case with x locating outside the spherical inclusion (i.e.,
x ¢ Qor x > R) can be determined by using Eqs. (48.2, 48.4, 48.6) in the general formulas derived in Sect. 3
for an inclusion of arbitrary shape. Specifically, from Egs. (42) and (48.2, 48.4, 48.6) it follows that

4m R3 47 R? 207 R3 1407 R?
DIA:___9 DzA: , D3A:— N D4A: N
3 x3 x5 x7 x9
47 R, 2 4 R 2 2
D]@——EF(R — 5x ), D2¢——Ex—5(—3R +5X ),
D3cp=—4” (R2 = x?), Dyd = +5x2),
g Ry _R R
DI — A7 L [smh(L)3 Lcosh(L)] 4 Dok,
X
. 60)
47 L [sinh (&) — R cosh (R . (
Dol = — -~ [sin (L)S zcosh (7)] (x> +3Lx +3L%) e T,
X
47 [sinh (®) — B cosh (£ .
pyr = 27 Lsinh (7) L% D (2 4 6152 4 1522 1 1507 1,
X
47 [sinh (&) — £ cosh (& x
par — 4 Lsin (L)L L (2)] (x* + 10Lx® + 45L26% + 105L3x + 105L%) e T,
X
47 [sinh (&) — £ cosh (& x
por = 27 Lsin (LL)Z L (z)] (% +15La* + 105125 + 42013 4 945L4x 4 945L%) e~ 1
X

for any exterior point X ¢ €2 (or x > R). Note that the functions listed in Eq. (60) for the exterior case with
x ¢ Q (or x > R) are clearly different from those defined in Eq. (50) for the interior case with x € Q (or
X < R). From Egs. (60), (43) and (44.1-44.6) the classical part of the Eshelby tensor for any x outside the
spherical inclusion (i.e., X ¢ €2 or x > R) is then obtained as

3
C R

1
SGim = m [ [-5(1 — 2v)x% + 3R] 88 + 0 [5(1 —2v)x? +3R?] (8i18jm + Simbj1)

[(1 — 2v)x — R2] Slmx x — % (R2 — xz) Sijxloxgl

1

T3
1 1
3 (R2 - vxz) ( ix; x + 8,mx?x,0 + (Sﬂx + SmeOxlo) -3 (5)c2 - 7R2) xQx})xlox,?l} .

(61)
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It can be readily shown that the expression given in Eq. (61) is the same as that based on classical elasticity
[13]. Clearly, a comparison of Eq. (61) with Eq. (49) shows that Sslm is not uniform outside the spherical
inclusion, although it is uniform inside the same spherical inclusion.

Finally, using Eq. (60) in Eqgs. (45) and (46.1-46.6) will result in the explicit formula for determining
Si(]? 1 At any exterior point X ¢ 2 (or x > R), and the substitution of Eq. (60) into Eq. (47) will lead to the
closed-form expression for T; jlmp at any point X locating outside the spherical inclusion.

5 Numerical results

By using the closed-form expressions of the Eshelby tensor for the spherical inclusion derived in the preceding
section, some numerical results are obtained and presented here to quantitatively illustrate how the components
of the newly obtained Eshelby tensor vary with position and inclusion size.

From Egs. (45), (46.1-46.6) and (50), the components of the gradient part of the Eshelby tensor at any x
inside the spherical inclusion along the x| axis (with x = 0 = x3) can be obtained as

L+R _&r . X
10111 = me L {[—(1 — v)x4 + 2(V + 4).X2L2 + 24L4] sinh (z)
2 2 X
—2xL(vx® + 12L%) cosh (Z)} (62.1)
§6, =50, = TR & [~ [vx* + Qv+ 52212 + 12L%] sinh (7)
1122 1133 x5(1 _ U) L
+xL(x% + 2vx% + 1212) cosh (%)} , (62.2)
L+ R R . X
Stz = i3 = s e - [0 - vxt (1= L2 4 242%] sinh ()
+xL [(3 = v)x® 4 24L%] cosh (%)} , (62.3)
L(L+R) = o x
S5 =% = 5500 ! [~L[5 = w+?+ 1227 sinh (Z)
+x [(1 = v)x? + 12L2] cosh (%)} , (62.4)
L(L+R) _r . X
Ssz22 = S:%33 = _me L {—L [(5 — v)x2 + 9L2] sinh (z)
+x [(2 = v)x? +9L%] cosh (%)} , (62.5)
¢ _ o _LL+R) & 2 27w (X _ 2 2 X
S = 8% = 5y ! {L [+ v)a? +3L7] sinh (L) x (vx? + 3L?) cosh (L)]} . (62.6)
¢ _ LL+R) _r N2 27 . Xy ) 2 x
S = 5y ® " {L [@—v)x2+3L ]smh(L) x[(1 = v)x? + 3L%] cosh (L)} (62.7)

Note that in this special case (with x = x|, x» = 0 = x3) there are only 12 non-zero components among the
36 independent components of Sglm.

In the numerical analysis, the Poisson’s ratio v is taken to be 0.3, and the material length scale parameter L
to be 17.6 wm. Figure 1 shows the distribution of S111] = Slc111 + SIG111 along the x| axis (or a radial direction
of the inclusion due to the spherical symmetry) for five different values of the inclusion radius, where the
values of Slcl ;p and S lGl 11 are, respectively, obtained from Eqs. (49) and (62.1).

It is seen from Fig. 1 that Sy varies with x (the position) and depends on R (the inclusion size), unlike
the classical part SIC111 which is a constant (i.e.,SIC111 = 0.5238 from Eq. (49), as shown) independent of both
x and R. When R is small (comparable to the length scale parameter L = 17.6 um here), S1111 is much smaller
than Slcl 11> Which indicates that the magnitude of SlGl =S =8 1C1 11) is very large and the strain gradient
effect is significant. However, when R is much larger than L (e.g., R = 6L = 105.6 pwm shown here), S1111 is
seen to be quite uniform and its value approaches from below S 1C111 (= 0.5238), indicating that the magnitude

of SIG1 11 is very small and the strain gradient effect become insignificant and can therefore be ignored.
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Similar trends are observed from Figs. 2 and 3, where the values of S1212 and S272» varying with x and R
are displayed together with those of their classical parts that are horizontal lines independent of both x and
R. The values of SIG212 and SZG222 included in Si212 (= S1C212 + SIGZIZ) and S0 (= Szczzz + 520222) that are
illustrated in Figs. 2 and 3 are, respectively, obtained from Eqgs. (62.3) and (62.5), while those of § 1C212 and
SZC222 are both calculated using Eq. (49).

The variation of the component of the averaged Eshelby tensor inside the spherical inclusion, (S1111),, wWith
the inclusion size (i.e., radius R) is shown in Fig. 4, where its counterpart in classical elasticity, (SIC1 1 )v, is also
displayed for comparison. Note that (S1111), is obtained from Eq. (58), while (Slclll)v (= Slc111 = 0.5238) is
from Eq. (49). The material properties used here are v = 0.3 and L = 17.6 pm, which are the same as those
used in generating the results shown in Figs. 1, 2, and 3. It is observed from Fig. 4 that (S1111), is indeed
varying with R: the smaller R, the smaller (Si111),, while (S IC] 1 )U is a constant independent of R. Moreover,
the difference between (S1111), and (Slclll)u’ which is (51G111)v =(St111)y — (51C111>v)v is seen to be significantly
large only when the inclusion is small (with R/L < 25 or R < 440 wm here). As the inclusion size increases,
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(S1111), approaches from below the corresponding value of S 1C111(= 0.5238) based on classical elasticity. The

same is true for all the other non-vanishing components of (S,- jk’")v’ as seen from Egs. (58) and (49). These
observations, once again, indicate that the strain gradient effect is insignificant for large inclusions and may

be neglected.

Clearly, the numerical results presented above quantitatively show that the newly obtained Eshelby tensor

captures the size effect at the micron scale, unlike that based on classical elasticity.

6 Conclusion

The Eshelby inclusion problem is solved analytically by using a simplified strain gradient elasticity theory.
This is accomplished by first deriving the Green’s function in the strain gradient elasticity theory in terms
of elementary functions using Fourier transforms. The resulting Green’s function reduces to that in classical
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elasticity when the strain gradient effect is ignored. The Eshelby tensor is then obtained in a general form for
an inclusion of arbitrary shape using the Green’s function method. The newly derived Eshelby tensor consists
of two parts: a classical part depending only on Poisson’s ratio, and a gradient part depending on the length
scale parameter additionally.

The Eshelby tensor for the special case of a spherical inclusion is explicitly obtained by employing the
general form of the newly derived Eshelby tensor. To further illustrate this Eshelby tensor, sample numerical
results are provided, which reveal that the components of the new Eshelby tensor vary with both the position
and the inclusion size, thereby capturing the size effect at the micron scale. In addition, the volume average
of this new Eshelby tensor over the spherical inclusion is derived in a closed form, which is needed in
homogenization analyses. The components of the averaged Eshelby tensor are found to decrease as the inclusion
radius decreases, and these components are observed to approach from below the values of the corresponding
components of the Eshelby tensor based on classical elasticity when the inclusion size is large enough.
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Appendix A

Note that in reaching Eq. (7.2) use has been made of the following identity:

-1 1 1
(alif +ﬁ1;§) = (;Ii‘; + El,ﬁ), (A1)

where «, B are two arbitrary non-zero scalars, Ifj = éioéj(.) are the components of a second-order spin tensor
§ = 80 ® EO (with §O being a unit vector introduced in Eq. (6)), I P =5 i = EOEO are the components of

the associated projection tensor I” = I — I%, with I = §; e @ e belng the second-order identity tensor.
Equation (A.1) can be easily proved by using the definition of an inverse tensor.

Appendix B

In this appendix, it is shown that the integration result given in Eq. (12) is true. That is,

/g,.ogj?dqs —x [ai, sin?6 — x0x0(1 — 3cos29)] . (B.1)
0

Proof For the chosen spherical coordinate system (&, 6, ¢) in the transformed space where the position vector

& = é’g‘o makes the angle 6 with the position vector x (with the direction of x being where 6 = 0) in the
physical space, one can write the unit vector in the £ direction as

£" =x%cos O + (y'cos ¢ +z°sin ) sin 6, (B.2)

where x? is the unit vector along the x direction, and y° and z° are the unit vectors perpendicular to x°. In
component form, Eq. (B.2) reads

£) = x? cos 6 + ( cos¢ + 77 sin¢) sin 6. (B.3)
Then, it follows from Eq. (B.3) that

& éo—xlox cos’ 9+x s1n90050005¢+x z; sm@cos@smq&

+yzo ?sm@cos@coW)—}-y Vj sin” 6 cos? ¢>+y z sin” 6 sin ¢ cos ¢
+27x] sin 6 cos 0 sin ¢ + 2]y sin” 0 sin ¢ cos ¢ + 272} sin” 0 sin” ¢. (B.4)
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Note that
2 2 2 2 2
/cos ¢dep =0, /sin ¢dep =0, /sinzj)cos ¢dep =0, /0052 ¢dop =7, /sin2 ¢dop = 7.
0 0 0 0 0
(B.5)
Integrating on both sides of Eq. (B.4), together with the use of Eq. (B.5), results in
2
/ gl.ogjodqﬁ = 2nx?x? cos” 0 + nyf)y? sin? 6 + nz?z? sin 6. (B.6)
0
Notice that
xx0 300+ 00 = 0 e ) + (v e ) + (20 @ )
=e - (xo ®x0)ej +e - (yO ®y0)ej + e - (zO ®z0)ej
=e [ @x)+° @) + @ ®2")]e
=e,--Iej=8ij, (B-7)

where the fourth equality is based on the fact that the three orthogonal unit vectors x°, y° and z° form a set of
base vectors in the 3D physical space. Using Eq. (B.7) and the identity sin” @ = 1 — cos” 6 in Eq. (B.6) will
immediately give Eq. (B.1). O
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