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1. Introduction

Classically, inclusions in an elastic body are pieces of elastic materials that have been inserted
into the material. For instance, in the simplest case a spherical elastic ball is compressed or
stretched to fit inside a given spherical shell. The problem is then to find the stress in the new ball
and the deformation of both materials. In general, the problem of inclusions is to combine two
different stress-free bodies and constrain them geometrically so that they create a new, possibly
residually stressed, body. This process is sometimes called shrink-fit as, typically, one of the
bodies is compressed to fit in the other one. More generally, we can consider a single body and
assume that the body undergoes a local change of volume described by general eigenstrains, the
particular shrink-fit problem corresponding to uniform dilatational eigenstrains. Physically these
eigenstrains can be generated by thermal expansions, swelling, shrinking, growth, or any other
anelastic effects.

In the linearized setting, Eshelby [1] calculated the stress field of an ellipsoidal inclusion with
uniform eigenstrains using superposition. For the special class of harmonic materials there are
some recent 2D solutions for inclusions [2-6]. Antman and Shvartsman [7] solved a 2D shrink-
fit problem for arbitrary anisotropic nonlinear solids. Basically, a stress-free annulus with inner
and outer radii R; and R, is expanded and then left to shrink down upon a stress-free disk of
radius Ry > R;. They focused on the question of existence and uniqueness of solutions. However,
in the case of isotropic solids they observed that stress inside the disk is uniform. In terms of
eigenstrains, the shrink-fit problem consists of pure dilatational eigenstrain. In the nonlinear
case, as far as we know there are no explicit three-dimensional analytic solutions for inclusions.
However, the problem of inclusions with pure dilatational eigenstrains is closely related to the
problem of swelling in solids. In some recent works, Pence and his coworkers [8-11] presented
analytic solutions for swelling in cylindrical and spherical geometries for both incompressible
and compressible isotropic solids. The main motivation of these works was cavitation but one
can clearly see a close connection between the swelling models and our geometric formulation.
However, we should emphasize that our approach is more general and is not restricted to pure
dilatational eigenstrains.

Eshelby’s problem has been extended to finite bodies in recent years. In particular, Li, et al. [12]
calculated the stress field of a spherical inclusion centered at a finite ball. They observed that,
in general, stress inside the inclusion is not uniform. For a recent review of previous works on
inclusions in the framework of linearized elasticity see [13].

Inclusions in 3D nonlinear solids have been investigated numerically by Diani and Parks [14].
They calculated the stress field of an isotropic inclusion with pure dilatational eigenstrain in
an isotropic matrix made of the same material. Their finite element computations are based on
the multiplicative decomposition of deformation gradient into elastic and eigenstrain parts, i.e.
F =F°F”. In their spherical inclusion problem F* = (1 + )1, where I is the identity tensor. Note
that this implies that the material metric [15] is G = (1 + @)L In their numerical calculations for
a=0.1, Diani and Parks [14] observed that in the inclusion the Cauchy stress is uniform and
hydrostatic. In this paper we revisit this problem for both arbitrary incompressible and certain
class of compressible isotropic elastic solids. We will show analytically that for this class of solids
the stress in the inclusion is uniform and hydrostatic. Owing to the equivalence between a general
theory of growth and the problem of inclusions, the computation of stress fields for some spherical
and cylindrical geometries in 2D and 3D has also been investigated in [16-20].

In this paper, we develop a geometric framework for the problem of inclusions. The basic idea
is that inclusions can be fully described by eigenstrains and that these eigenstrains define a 3-
dimensional Riemannian manifold in which the body is stress free. The body being residually
stressed means that this 3-manifold, which we call the material manifold, cannot be isometrically
embedded in R3. This geometric framework is identical to that used for calculating residual
stresses in the presence of nonuniform temperature distributions [15], bodies with bulk growth
[21], and bodies with distributed defects [22-24]. It should also be noted that this approach is
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general, i.e. it is not restricted to specific constitutive equations and/or geometry of the problem.
However, to be able to find exact solutions, we will present some symmetric problems in isotropic
elastic solids.

In this paper we first find the stress field of a ball made of an arbitrary incompressible isotropic
nonlinear solid with a spherically-symmetric eigenstrain distribution. In the case of an ellipsoidal
inclusion in an infinite linearly isotropic solid, Eshelby observed that stress in the inclusion
is uniform. Eshelby’s solution is based on superposition, which is not applicable in nonlinear
problems. To tackle the nonlinear problem we first find a 3-manifold in which the ball with
distributed eigenstrains is stress free. This is a Riemannian manifold with a metric that explicitly
depends on the eigenstrain distribution. Once the material manifold is known, our problem is
transformed to a classical nonlinear elasticity problem; that is we need to find a mapping from
the reference configuration described by the material 3-manifold to the current configuration
in the Euclidean ambient space. As a special example, we consider a spherical inclusion at the
center of the ball. We show that for any incompressible isotropic nonlinear elastic solid with pure
dilatational eigenstrain, the stress in the inclusion is uniform and hydrostatic. When the radial and
circumferential eigenstrains are not equal we show that stress inside the inclusion is nonuniform
and has a logarithmic singularity. We also extend our analysis to compressible solids. We show
that the stress inside an inclusion with pure dilatational eigenstrain is uniform and hydrostatic
when the ball is made of compressible materials of Types I, II, and III according to Carroll [25].
We also consider cylindrical inclusions in both finite and infinite circular cylindrical bars made of
arbitrary incompressible isotropic solids.

2. Geometric Nonlinear Elasticity of Residually-Stressed Bodies

Kinematics of nonlinear elasticity. We first review some basic concepts of geometric nonlinear
elasticity. A body B is identified with a Riemannian manifold B and a configuration of B is a
mapping ¢:B—S, where S is a Riemannian ambient space manifold [26,27] (see Fig. 1a). A
fundamental assumption in geometric nonlinear elasticity is that the body is stress-free in the
material manifold. Any possible residual stresses are described by the geometries of B and S.
The position of a material point X € B3 in the ambient space S is given by x = ¢ (X) = (X, t). The
material velocity is defined as V¢(X)=V(X,t) = %. The material acceleration is defined
by Ay(X)=A(X,t) = w. The deformation gradient — a central object that locally describes
deformation — is the tangent map of ¢ and is denoted by F =T'¢. Hence, at each point X e B, F
is a linear map F(X): TxB - T,,(x)S. If {z”} and {X A} are local coordinate charts on S and 5,
respectively, the components of F read

Op®

F'4(X)= XA

(X). 2.1
F has the local representation F = F* 4 9, ® dX 4 Transpose of F is a linear map F':TxS > Tx B
and is defined as

(FV,v)g=(V,F'v)g, VVeTxB, velxS. (2.2)

In components, (FT (X)) 4 = gap(x) F? B(X)GAB (X). The right Cauchy-Green deformation
tensor is a linear map C(X):TxB - TxB and is defined by C(X) = F'(X)F(X). Note that C
is the pull-back of the spatial metric, i.e. C’ = ¢*g or in components Csp = (gap © ©)F 4 Fp.
Eigenvalues of the right stretch tensor U =+/C are called principal stretches. For an isotropic
body the strain energy function only depends on the principal stretches, i.e. W =W (A1, A2, A3).

Material manifold of a body with eigenstrains. In classical elasticity one starts with a
stress-free configuration embedded in the ambient space and then makes this embedding time-
dependent (a motion), see Fig. 1a. In anelesticity, elastic bodies also have residual stress [28]. These
residual stresses can be described geometrically by positing that the stress-free configuration
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(a) (b)

Figure 1. (a) In classical nonlinear elasticity, the reference configuration is a submanifold of the ambient space
manifold. The material metric is the induced submanifold metric. (b) For residually-stressed bodies, the material
manifold is a Riemannian manifold (13, G). Motion is defined by a time-dependent mapping from the Riemannian
material manifold (18, G) to the Riemannian ambient space manifold (S, g).

is a Riemannian manifold with a geometry explicitly depending on the anelasticity source(s),
see Fig. 1b. The ambient space is a Riemannian manifold (S,g) and hence the computation
of stresses requires a Riemannian material manifold (B,G) and a mapping ¢:B—S. For
example, in the case of non-uniform temperature changes and bulk growth [15,21] one starts
with a material metric G that specifies the relaxed distances of the material points. In the
case of distributed defects, the material metric is calculated indirectly [22-24]. When there are
eigenstrains distributed in a body, the material manifold has a metric that explicitly depends on
the eigenstrain distribution.

3. Examples of Elastic Bodies with Distributed Eigenstrains

In this section we consider three examples of inclusions in incompressible and compressible
isotropic nonlinear elastic solids. The first one is a spherical ball with a spherically-symmetric
distribution of dilatational eigenstrains. The next two examples are finite and infinite circular
cylindrical bars with cylindrically-symmetric eigenstrain distributions.

(a) Spherical Eigenstrain in a Ball

Consider a ball 8 of radius R, made of a nonlinear elastic solid with a given spherically-
symmetric distribution of dilatational eigenstrains. Here we model an eigenstrain by the local
natural distances of material points, i.e. a Riemannian metric. For example, a change in
temperature changes the natural (relaxed) distances of material points in a solid [15]. In the case
of a ball with an inclusion, the natural distances in the inclusion and the matrix are different and
this induces a stress field.

A stress-free ball made of a nonlinear elastic solid is isometrically embedded in R? and hence
natural distances between its material points are measured using the flat metric of R3, i.e. the
material metric has the following representation in the spherical coordinates (R, ©,®): Go(X) =
Go(R) =diag(1, R?, R*sin® ©). To preserve the spherical symmetry we can have different radial
and circumferential eigenstrains as long as they are functions of R only. Therefore, we consider
the following material metric

e2wn(R) 0 0
G(X)=G(R)= 0 eelMpR? 0 , 3.1)
0 0 e2e(P) p2gin? 0

where wg and wg are arbitrary functions. For the ball 8 with eigenstrains, given wg(R) and
we (R), we are interested in the resulting residual stress field. We solve the problem for arbitrary
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wr(R) and weg (R) and then specialize the solution to the case of a spherical inclusion in which
radial and circumferential eigenstrains are constants. We use the spherical coordinates (r, 6, ¢)
for the Euclidean ambient space with the flat metric g = diag(1, r2, 12 sin? 0). In order to obtain the
residual stress field we embed the material manifold into the ambient space. We look for solutions
of the form (r,6,¢)=(r(R),O,d), and hence det F =+'(R). We first restrict our attention to
incompressible solid for which

_ [ detg _ r?(R) oo
7= det G det = R2ewr(R)+2we (R) r(R)=1. (3.2)

Assuming that 7(0) = 0 this gives us

r(R) = ( fo : 3526“R(5)+2“@<f>d5)§ : (3.3)

Physical components of the deformation gradient F“ 4 are related to components of deformation
gradient as follows

F 4 = /gaaV GAAF® 4 no summation. (3.4)
Thus
Ay 0 0
F = 0 T(é{) e—WQ(R) 0 . (35)
0 0 L};)e—UJ@ (R)

Therefore, the principal stretches are

2
A R 2we (R)

_ o T(R) —we(R)
= do=Ag= e . (3.6)

We know that for an isotropic material the strain energy function depends only on the principal
stretches, i.e. W =W (A1, A2, A3) [29] (Note that here, for the sake of brevity, we do not write
explicitly the dependence of W on R that is needed to describe an inhomogeneity. For instance,
we will consider an inclusion with different energy-density functions at different locations in
the following. For such problems W explicitly depends on R.) Because of the symmetry of the
problem in the spherical coordinates (7,6, #) the Cauchy stress is diagonal and

oW R? oW
L 11ovy 11 _ 2we (R) OV 3.7
o 19 a)\l p(R)g T'Q(R)e 8)\1 p(R)7 ( )
06 220 OW 9 e gw  p(R)
Y - = — - .
o 207 55, P Ry oy (R ¢
) 1 00
_ _ 3.9
7 sin? 80 ¢

In the absence of body forces, the only non-trivial equilibrium equation is "%, =0 (p=p(R) is
the consequence of the other two equilibrium equations), where ¢"%|, denotes the r component
of the trace of the covariant derivative of the Cauchy stress [26]. This is simplified to read

o+ gaw —ra? —rsin?60 0% = 0. (3.10)
r
Or
1 rr 2 00
ma’ ’R+;a -2ro”” =0. (3.11)
Therefore
RZGWR(R)+QWG(R) 2 00
rr 2629 =0. 3.12
R ¥ 2(R) (r" " ) (12
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This then gives us p’(R) = h(R), where

_ 2R UJ@(R)( we(R)OW wR<R>aﬂ) 2R%05 (R) 2we(r) OW
ME) = Ee CTan ¢ o)t em) ¢ o
2R 4we (R) ' R wr(R)+2we (R) W
+@6 1+R(JJ@(R)—W€ 8)\%
2€w@(R) Vi R3 R 32W
_ 1 _ wr(R)+2we (R) )
() [*RMQ(R) BR)° DY

If at the boundary 0" (Ro) = —poo, then

R?,e2w@(R°) oW R,
P(R) =poo + WTM‘R:RO + /I; h(&)dE.

Once the pressure field is known, the stress tensor can be easily calculated.

(i) Spherical Inclusion in a Ball

Let us consider the following wgr and wg distributions

w1 O0<R<R;,
0 Ri<R§Ro,

wy O0<R<R;,

wr(R) =
r() { 0 Ri<R<Ro,

, wc—)(R)={

where R; < R,. Thus
0<R<R;:  r(R)=es“1*iv2pR,
Ri<R<R,: r(R)= [R3 + (&HM . 1)33]% _
This means that for R< R;
Y e D T R Y

Note that
wo(R) =-w2d(R - Ry).

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

Multiplication of a distribution and a smooth function is well defined. However, here e‘”(R), for
example, is not smooth and the product (B (R - R;) is indeterminate. We denote the sum of
products of all the terms with wg (R) by A5(R - R;). The unknown constant A will be determined
after enforcing continuity of traction vector on the boundary of the inclusion. That is, we have

h(R) = A5(R - R;) + h(R),

where
oy - 2R w(—)(R)( we (1) OW _ wR<R>‘LW)
hR) = 2R © € o o
V2R e[| B wn(mywe(m)] W
r4(R) r3(R) 8)‘%
_2ew@(R) 1- R wr(R)+2we (R) 6‘27W
(R) TS(R) ON1OXo
Note that for R< R;
R ho
h =—
(R) R’
where

_2 ow ow
h :2 3(wl+2(AJ2)( u)27_ wli)
0= ) VIR WS

A1=A52, ho=Az=X0

(3.20)

(3.21)

(3.22)

(3.23)
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Note also that when wq # ws, hg # 0. However, when w1 = w9 = wg, A\g = 1 and hence
_ ow oW

h =2 wo(gggi_‘ggi)
0 DYDY

We know that [29], W (A1, A2, A3) =W (A2, A1,A3), and in particular W(x,1,1)=W(1,x,1).
Taking derivative with respect of x and evaluating at « = 1, we obtain

. 3.24
A1=A2=A3=1 ( )

ow oW
OALIA=Aa=2a=1 DAz Iay=p=As=1 (325
Therefore, in this case hg = 0. Note that
R, R; . R, .
0<R<R;: /R h(g)dg:fR h(g)d£+A+fRi h(&)de
R, R, _
:holn(§)+A+ fR h(€)de, (3.26)
ey e ey 27
Ri<R<Ro: [ h©de= [ R, (327)
where
~ 2R (OW OW 2R3 R \o*w 1 R3 o*w
h(R):T(———)+ - - = - - - = . (3.28)
r (R) 8)\1 (9)\2 r (R) T (R) 3)\1 ’I"(R) r (R) 6A18>\2
Therefore
RZ ow R; R, _
pes 4 _To OW —holn () - A= . (32
0sR<Ri: p(R)=pet gy, roin () -a- [T R@dE 629
‘ _ B Rg aiw R, _
Ri<R<R,: p(R)—pw+7r2(Ro)aAl|R:Ro fR h(€)dt. (3.30)

Now the radial stress inside and outside of the inclusion has the following distributions

R ow

-2 (wi-ws) W ~ pee - o)
A1=A52, A= A3 = X0 72(Ro) OM1 'R=R,

0<R<R;: d"(R)=e

oM\
“h 1n(&)+A+fR° h(€)de (3.31)
0 R R, ) .
r R? ow R ow R, _
R;<R<Ro: g (R)_ma_pm_m(’)f)\lb:&,*—_[}% h(g)d& (332)

Continuity of traction vector on the boundary of the inclusion implies that ¢’" must be continuous
at R=R;. Thus

A:e_%(wl'&w?)aiw 76—%(w1—w2)87W

O\ ‘R:R; O IA1=252 Aa=Ag=00 (3.33)
Therefore, inside the inclusion radial stress has the following distribution
d""(R)=hoIn (%) + 05, (3.34)
where ,
o= 6_%(WI+QW2)37)\W1|R:R; — Poo — %%E:RO + fR:%U h(€&)dE. (3.35)
It is seen that unless wi =ws, there is a logarithmic singularity. Note that when W explicitly
depends on R, g—?f ReR? and % Rep- DAY not be equal.

In curvilinear coordinates, the complonents of a tensor may have different physical dimensions.
The following relation holds between the Cauchy stress components (unbarred) and its physical

IHI
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components (barred) [30]
5% =% /Gaagey N0 summation on a or b. (3.36)

The nonzero physical Cauchy stress components read

&TT:O'TT
o =rio = R g p(R),
5¢¢ =r2sin’ 0 O’¢¢ = &60. (3.37)
Thus, for R< R;
00 Py _ 00y hl(&) 3 (wimws) OW
o (R)=0""(R) ol )re N2 =252 Ma=A5=20

3 wimwn) W

o + o (3.38)

A1 :)\62 ,A2=A3=Ag

Again, note that if wy # wy the stress in the inclusion is not hydrostatic and exhibits a logarithmic
singularity.

Proposition 3.1. Consider an isotropic and incompressible elastic ball subject to a uniform pressure on
its boundary sphere. Assume that there is a spherical inclusion at the center of the ball with uniform radial
and circumferential eigenstrains. Then, unless the radial and circumferential eigenstrains are equal, the
inclusion exhibits a logarithmic singularity. If the eigenstrains are equal, the stress in the inclusion is
uniform and hydrostatic.

Remark 3.1. Note that when the radial and circumferential eigenstrains are not equal, the linearized
eigenstrains would not be homogenous. Hence it is not surprizing that the stress inside the inclusion is
not uniform. Logarithmic singularities for the stress have also been observed in an isotropic linear elastic
perfectly-plastic body with a growing inclusion using the classical equations in [35]. In this case the
stress inside the inclusion is not uniform and has a logarithmic singularity [36]. Note that using either
Tresca or von Mises criterion everywhere inside the inclusion 6" — 5% is constant. In our inclusion with
anisotropic eigenstrains we see that this quantity is constant inside the inclusion as well.

Goriely, et, al. [19] observed that when a solid sphere undergoes anisotropic bulk growth stress
becomes singular at the center of the ball and causes cavitation. In another study Moulton and Goriely
[20] showed that a thick spherical shell undergoing anisotropic growth builds up residual stresses that
resist anticavitation. In both these works there is a clear connection between anisotropy of growth and
unboundedness of stress at the center of the growing ball. Our calculations determine the nature of this
singularity.

(if) Comparison with the linear solution

It is of interest to compare our results with the classical linear solution. To do this, we assume
that peo =0, w1 = w2 =wp and consider a neo-Hookean solid and compare the residual stress field
with that of the linear elasticity solution when v = 1/2. For a neo-Hookean material we have W =
%(A% + A3 + A3 - 3), and hence

4
o _ uR dwe (R) _

? (R € p(R), (3.39)
00 _ B —2we(Rr)_ P(R) 4
o w2° 2(R)’ (3.40)
o L oo (3.41)

—0
sin? ©
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Therefore, A = (¢”%“° — 1) and we have

rr —4wo Rg Ro _
0<R<R;: o (R)=pe* ‘“r4(Ro)+fRi h(€)de, (3.42)
T _ R4 Rg Ro
Ri<R<Ro: o (R)_“W_“erfRi h(€)de. (3.43)
Note that
- 2 R3 2 2
h(R):—r(g) [1— r3(R)] = O(wd). (3.44)
Thus
R, _ R, R,
fRi h(g)dg:fm O(w%)dﬁzO(/Ri w8d5)=0(w8). (3.45)

We now have the following asymptotic expansion (for small wp) for the radial stress inside and
outside the inclusion.

A3
0<R<R;: UTT(R)——4;M0[1—(§Z) ]+0(w3), (3.46)
A3 \3
R;<R<R,: """ (R) = 4o [(%) —(%) ]+O(w(2)). (3.47)

Since the leading terms are identical to the linear elasticity solution [14,31], we recover the classical
result in this limit.

(iii) Limit of a single point defect

For a ball of radius R, made of an incompressible linear elastic solid with a single point defect at
the origin [32]

(3.48)

where C' = %’r and v is the volume change due to the point defect. In our example the change in
volume due to the inclusion of radius R; is

Sv= %”Rf(e“o ~1). (3.49)

Next, we keep v constant while shrinking the inclusion. Note that for R > R;

1 1
_[p3 ., (3w _ 313 _[p3 . 3 < ]°
r(R)—[R +(e 1)R1] —[R +4ﬂ_5v] . (3.50)
Therefore, we have
o""(R) = R R +/R0B(§)d§——% B +0(6v%) (3.51)
AR MRy T R RS R3 ' '

That is, we recover the stress field of a single point defect with strength év.

(iv) Zero-stress spherically-symmetric eigenstrain distributions

Next we determine those spherically-symmetric eigenstrain distributions that leave a stress-free
ball stress free. Here we are interested in the local nature of incompatibilities; other stresses may
arise due to global constraints. In the spherical coordinates (R,©,®), R>0, 0<O <7, 0<P <2,
having the material metric (3.1) is equivalent to having the following orthonormal coframe field
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(see [33] and [22] for an introduction to Cartan’s moving frames and applications to residual stress
calculations.)
I =erBgr 9?2 =P Rgo, 93 =P Rsin6 do. (3.52)

We now calculate the Levi-Civita connection 1-forms. The material connection being metric
compatible means that the matrix of connection 1-forms is anti-symmetric, i.e.
0 wlg —-w°q
w=lw]=| —wly 0 W3 | (3.53)
w31 —w23 0
Using Cartan’s first structural equations 7% = dd® + w5 A 9” and knowing that the Levi-Civita
connection is torsion free we have the following set of equations for the three unknown
connection 1-forms w's,w?3, and w?;.

A9t +wlon? —wP A =0, (3.54)
9% —wlo Aot + w5 A9 =0, (3.55)
dv? +w? Aot —w?s A v? =0 (3.56)

Hence, after a simple calculation

3 :e_wR(R) 1+ Rw'@(R) 193

A
1 :_e—wR(R)1+R¢;(~)(R)192 w23=—e_“’9(R)COt803, W3

w 2 ’ R
(3.57)

Using Cartan’s second structural equations R g =dw® g +w”y Aw” g we obtain the following
Levi-Civita curvature 2-forms

Rly— e 2on [wg N %(2@ — W) + wh (W w;%)] 9" A9, (3.58)
_ 1 —2we 2

R23=—e 2wR [? (1 —e 2“O”“’R) +wh (w’@ + E)] 92 A9, (3.59)

R = —e20 [l + £ (2l - wh) + wlo (wl — )| 07 A 0" (3.60)

The spherically-symmetric dilatational eigenstrain distribution is impotent (zero stress) if and
only if the Riemannian material manifold is flat (this condition is sufficient only for simply-
connected bodies). This means that for wr and wg to be stress free they must satisfy the following
system of nonlinear ODEs.

WB(R) + £(2(R) - wh(R) + wo (R) (o (R) - wh(R)) =0, (361)
% (1 _ e—2w@(R)+2wR(R)) + w'@(R) (wé)(R) + %) =0. (3.62)

Surprizingly, these two equations are compatible, in the sense that the former is a derivative of the
latter. Therefore, a general solution for the stress-free problem is provided by an arbitrary wg (R)
and

(3.63)

w@(R):ln[ 7

K+ fOR ewr(p) dp]
As long as wp, is analytic at R =0, there is a well-behaved solution for the solid ball with K =0,
and wg # wg given by

(3.64)

R wR(P)d
w@(R)—ln[[O c 7 p]7

otherwise, the solution is only well-defined on a spherical shell. In the special case of wg(R) =
we (R) =w(R), we have
R,

w(R):w(Ro)+1n(§)2. (3.65)

10000000 V 208 4 0014 Buo-BuysiandAieioseforeds



For a solid ball this solution is unbounded.

(b) Spherical Eigenstrain in a Compressible Ball

In this section we release the incompressibility constraint for the problem of a ball with a
spherically-symmetric eigenstrain distribution. For an isotropic solid instead of considering the
strain energy density as a function of the principal invariants of C one can assume that W
explicitly depends on the principal invariants of U, i.e. W = W(il, 19,13), where

11=A1+Aa+ A3, 19=A1A2+A2A3+ A3\, i3=A1A2]3. (3.66)

Carroll [25] rewrote the Cauchy stress representation for an isotropic elastic solid in terms of the
left stretch tensor which in our geometric framework is written as
F5)%

A v BEEAAE VRS (3.67)

2 OW oW gl oW
Zg 821 6@2

23 822 813

Or in components

ab [120W  OWY ap 10W_a OW ab
7= (ig 8i2 " 81‘3 ) - ig 8i1 V 822 (V ) ' (368)
Note that in components
b
bab _ Vamvbngmn7 Cab _ (V_l)a’m (V_l) n — (3.69)

where bl=¢.(G! and c¢’'=¢«(G) and in components b = FO,FP5GAP and ¢y =
A

(F_l) a (F_l) » G ap [26]. Carroll [25] considers a special class of compressible materials for

which W (i1, ig,i3) = u(i1) + v(ia) + w(is), where u, v, and w are arbitrary C? functions. For this

class of materials

7= (*2(2> + w’(zs)) g+ LU yi v, (370)
3 L3

In the case of a ball with a spherically-symmetric and isotropic eigenstrain distribution wr(R) =
we(R) =w(R), we have

-w(R)
A= (R)e U xp == %~ 3.71)
Thus
2 / 2 -3w(R)
. _w(R) 27“(3) -~ awr) (2r(R)F(R)  r°(R) T (R)ri(R)e
i1=e ( (R) + ig=e 7 tpz | Bs= 2 .
(3.72)
A simple calculation gives us
—w e (®)
v (R)e () 0. 0 om0 0
B e~ -1 _ Re”
vi= 0 Rr(R) 0 , Vo= 0 r3(R) 0
0 0 o () Rew ()
Br(R)sn? @ 0 0 B (R)Sn? O
(3.73)
Hence, the non-zero stress components read
r R%u'(i1) 20(R) | 2RV (i2) () I
o " (R)= 77”2(1%) e + 7(R) +w' (i3), (3.74)
06 Ru'(i1)  2w(R) | 1, R 1 w(r) , w'(i3)
=~ -7 - 7.
o (R) 7’3(R)1"’(R)e +u(iz) r3(R) i r2(R)r'(R) ¢ " r2(R)’ 675

PP Ry L 09
(R) 75 (R). (3.76)
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The equilibrium equation (3.10) is simplified to read
R*d [ ;ou\ 2R d , ;0\ dw
g (W) g () G
We first work with a harmonic material [34] for which v(i2) = ca(i2 — 3) and w(iz) =cs(iz — 1),

where ¢ and c3 are constants (Class I materials according to Carroll [25]). In this case the above
ODE is reduced to

=0. (3.77)

dir (u'eQw) + 2§§T a% (ew) =0. (3.78)

This equation can be solved for the eigenstrain distribution (3.15) when w; = w9 = wq. For both
R<R; and R> R;, we have %u'(z’l) =0, which implies that i; is constant in each interval. Note

that for R< R;, i1 = e *° (r'(R) + LRR)) and for R> R;, i1 =7'(R) + %RR). Thus, we have

0<R<R;: r(R)=ClR+%, (3.79)
R;<R<Ro: r(R)=CgR+%, (3.80)

which is identical to Carroll [25]’s solution in each interval. For r(R) to be bounded at R =0 we
must have Cy =0 and continuity of r(R) at R; implies that Cy = (C1 - C3)R3. Thus, the only
remaining unknowns are C and C3. These will be determined using continuity of traction at R;
and the boundary condition ¢"" (Ro) = —peo, namely

20/ (3¢7¥0 ) . 2c0e””  w'(3C3)  2co
012 C1 N 012 cy’

(3.81)

Rg . 2co R,

u,(303)1"2(R0) ()

+ €3 = —Poo, (3.82)

2 3
where r(R,) =C1R; ( II%Z) + C3R, [1 - ( 11%2 ) ] Note that the radial stress inside the inclusion

has the following value

B u' (3C3€240) . 2c0e™
c? O

o (R) +c3 =0y, (3.83)

i.e. the radial stress is uniform inside the inclusion. It is straightforward to show that the physical
components of o% and o*? are uniform inside the inclusion as well and are equal to o;.

Proposition 3.2. Consider a spherical ball of radius R, made of a harmonic solid, subject to a uniform
pressure on its boundary sphere. Assume that there is a spherical inclusion of radius R; at the center of the

ball with pure dilatational eigenstrain. Then, the stress inside the inclusion is uniform and hydrostatic.

Remark 3.2. For Class Il and III materials according to Carroll [25], u(i1) = c1 (41 — 3),w(i3) =c3(i3 —
1) and u(i1) = c1 (i1 — 3),v(i2) = ca(i2 — 3), respectively. For Class Il materials, we have

0<R<R;: TQ(R):01R2+%, (3.84)
Ri<R<R,: r?(R)=C3R®+ Ca. (3.85)
For Class III materials we have
0<R<R;: r*(R)=Ci1R>+Cs, (3.86)
Ri<R<R,: r*(R)=C3R’+Cy. (3.87)

Imposing r(0) =0 in both cases Co =0 and hence inside the inclusion r(R) = aR, where « is a constant.
This is identical to what we saw for harmonic materials. Therefore, the above proposition holds for materials
of Types II and III as well.
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(c) Cylindrical Eigenstrain in a Finite Cylindrical Bar

Let us consider a circular cylindrical bar of initial length L and radius R,. We assume a
cylindrically-symmetric distribution of eigenstrains. In the cylindrical coordinates (R, ©, Z), we
assume that the eigenstrains in the R, © and Z directions are different, in general. The metric of
the material manifold is assumed to have the following form

e2wr(R) 0 0
G-= 0 R2e2we (R) 0 , (3.88)
0 0 2wz (1)

where wr(R), wo(R), and wyz(R) are arbitrary functions. We use the cylindrical coordinates
(r,0, z) for the Euclidean ambient space with the metric g = diag(1, 72,1). In order to obtain the
residual stress field, we embed the material manifold into the ambient space and look for solutions
of the form (r,0,z)=(r(R),O0,8Z), where 3 is a constant to be determined. The deformation
gradient reads F =diag(r'(R), 1,3) and hence detF = 3r'(R). For an incompressible solid, we

have
-/ detg _ pr(R) .
J= det G detF= Rewr(R)+we (R)+wz(R) r(R)=1. (3.89)

Assuming that 7(0) = 0 this gives us

R2 WR +twe twz %
r(R):(fO ée (©+we (®) (%5). (3.90)

The physical deformation gradient reads

R woe (R)+wz (R
) 6r(R)e e (R)+wz(R) 0 0
F= 0 L}g)e—we(R) 0 . (3.91)
0 0 Be~wz (1)

Thus, the principal stretches are

A % o (Rywwz(R) )\ L]f) o (R) )\ gowa(R), (3.92)

The nonzero Cauchy stress components read

rr R w, w 3W

g = Wﬁ @(R)+ Z(R)aih—p(R), (393)

—we (R)
00 € oW p(R) (3.94)

Rr(R) X2 712(R)

0 = pewz®IW ~p(R). (3.95)

O3

In the absence of body forces, the only non-trivial equilibrium equation reads 0", =0 (p=p(R)
is the consequence of the other two equilibrium equations), which is simplified to read

ot %UW —ra?? = 0. (3.96)

rr
R

RewR(R)+w9(R)+wz(R) 1 rr 00
(R (70 -ro )—0. (3.97)
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This then gives us p’(R) = k(R), where

Wpy = &7 (e OW () OW )+ R(wi (R) +wy (R))ee (D) gy
/BT(R) 8>\1 5‘)\2 /BT(R) 8/\1
ReQUJ(—)(R)+2wz(R) , , R2ewR(R)+w@(R)+wZ(R) 82W
+—52r2(R) [1+R(w9(R)+wZ(R)) 3 2(R) ] 8/\%
ewz(R) RQ@WR(R)+LU@(R)+WZ(R) , 62W
—(1 EhARAS
" TBR [ Br2(R) ( *RMQ(R))] OA1ON2
4 L/J@(R) 2
_Rwz(R)e oW ‘ (3.98)
(R) IN1ONs
Assuming that at the boundary 6" (R ) = —peo, we have
__Ro  we(R)wz(R) W _ [T
P(R)= 5 hse 8A1\R:Ro+pm fR k(€)de. (3.99)
The radial stress is now written as
rrepy s B we(Ryrws ()W Ro  wo(R)wwz(R)OW | fto
(R)_BT(R)e O Br(Ro) " aAl‘R:RO p""*fR UOLS

(3.100)
Note that 3 is not known and will be determined using boundary conditions. Next we consider a
cylindrical inclusion in the bar and calculate its stress field.

(i) A Cylindrical Inclusion in a Finite Cylindrical Bar

For the cylindrical bar, we consider the following wr,wg, and wz distributions

w (R): w1 O0<R<R;, CA.)@(R): wy O0<R<R;, w (R): w3 O0<R<R;,
R 0 Ri<R<Ro, 0 Ri<R<Ro, 7 0 Ri<R<Ro,
(3.101)
where R; < R,. Therefore
1 L (w1 +wa+ws)
0<R<R;:  7(R)=—=ze2@rtw2tws)p (3.102)
VB
1 1
Ri<R<R,: r(R)= NG [R*+ (et — 1) RE]? (3.103)

Note that for R < R;
< 1 1 (~wi+wa+ws) 3 1 3 (w1-w2+ws) A “ws
Al(R)=)\1=ﬁe2 ) )\2(R)=)\2=ﬁe2 » A3(R)=A3=fe . (3.104)

Note also that wg(R) =-w2d(R - R;), wy(R)=-w3d(R - R;) and hence k(R)=BS(R- R;) +
k(R), where

i) - S (eI e OV
BT(R) oM 0o
R62W9(R)+2LJJZ(R) [ RQewR(R)+uJ9(R)+wz(R):| 82W
B2 (R) B2 (R) oAZ
wz(R) 2 wR(R)+w9(R)+wz(R) 2
4+ & R Y (3.105)
AR Br2(R) NN

and B is an unknown constant that will be determined after enforcing the continuity of the
traction vector on the boundary of the inclusion. For R < R;, k(R) = ho/R, where

o3 (Fwi-watws) ( wa OW ) OW)
cc e o

ho = - _
0 Nz

(3.106)

E VR W L W
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Note that hg =0 only if wy = w2. Now we have

R, R; . R, .
0<R<R;: fR k(g)dg:/R k(&)d£+B+/1;v f(¢)de

RZ R07
:holn(f)+B+fRi k(€)de, (3.107)
R, R, _
Ri<R<Ro: fR k(g)dg:fR k(€)de, (3.108)
where
Ry L (c’)iwiaiwf)+ R [, R J&W 1] R | W
T Br(R)\dX1 0o/ B2r2(R) Br2(R)] oX2  BR|pri(R) OA1OX2
(3.109)
Therefore
Ry W R; R, _
OSR<RZ'Z p(R):poo-'—mTM R, _h01n(f)_B_/]-{i k(g)dé, (3.110)
Ro W R,
R;<R<Ro: p(R)zpw+ma—AlRo—fR R(€)de. (3.111)

Now radial stress inside and outside the inclusion has the following distributions

e%(—wl +w2tws) g7

0<R<R;: o " (R)= 77 g % SR -p(R), (3.112)
R OW
; : r = —_— - . 11
R;<R<R, o " (R) Br(R) O p(R) (3.113)

Continuity of traction vector on the boundary of the inclusion implies that """ must be continuous
at R= R;. Thus

l(*(1.11+0.)2+(.«13,)
_er e 87W| _ow ). (3.114)
\/B 8)\1 R:R: 8A1 )\1,)\2,A3
The physical component 7% reads
L (w1—watws)
_06 ez ow
0<R<R;: R)y=——— -p(R), 3.115
<R; 7 (R) NG g 15 3e. 3 p(R) (3.115)
_ r(R) OW
R;<R<Ro: &°(R)-= %a—& - p(R). (3.116)
The axial stress has the following expressions inside and outside the inclusion.
Ca OW
< . zz = “sZ - 3.117
0<R<R; 0" (R)=pe D 13 e R p(R), ( )
Ri<R<R,: UZZ(R)=,32TW -p(R). (3.118)
3

We observe that all the nonzero components of Cauchy stress have a logarithmic singularity. Note
that the constant 8 depends on the axial boundary conditions.

Proposition 3.3. Consider a finite isotropic and incompressible elastic cylinder subject to a uniform
pressure on its boundary cylinder. Assume that there is a cylindrical inclusion at the center of the bar
with uniform radial and circumferential eigenstrains. Unless these strains are equal, the radial stress field
exhibits a logarithmic singularity. If the eigenstrains are equal, the stress inside the inclusion is uniform
but not necessarily hydrostatic.

Remark 3.3. Note that similar to the spherical inclusion, when the eigenstrain inside the inclusion is
pure dilatational, the stress inside the inclusion would be uniform even if the ball is made of compressible
materials of Types I, II, or III.
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(d) Cylindrical Inclusions in an Infinite Cylindrical Bar

We now consider an infinite circular cylindrical bar with a cylindrically-symmetric distribution
of eigenstrains, i.e. a plane strain problem. The material metric in the cylindrical coordinates
(R,0,Z) reads

e2on(R) 0 0
G= 0 R2ewe(B) ¢ |. (3.119)
0 0 1

We assume that the bar is made of an arbitrary incompressible, isotropic solid. We know
that for an isotropic solids strain energy density is only a function of the principal stretches,
ie. W=W(A1,\2,A3=1). Note that the deformation gradient is given by F =diag(r'(R),1,1).
Incompressibility implies that

v (R)= s (IZ ) r (B rwe(R) (3.120)

Assuming that r(0) = 0 we obtain

1

R 2
T(R):(fo 2§e“’R(f)+”@(5>dg) . (3.121)
The principal stretches read
_ipyewr(R) _ R wem  _T(R) —we(r) . _
A1=r(R)e = r(R)e , Ag 7 e , Az=1. (3.122)

The symmetry of the problem dictates that in the spherical coordinates (r, 6, z) the Cauchy stress
is diagonal. Hence, we have [29]

=X g?/ ¢%® —pg®®, nosummation on a. (3.123)
a

Therefore, the nonzero stress components read

. Reve(F) gy
oo e“oWaw  p(R)

7 7 "Rr(R) 9xy r2(R) (3125
zz ow

- »(R). (3.126)

The equilibrium equation (3.96) gives the ODE p/(R) = h(R) for p=p(R), where
) = s (o on O Ryt o
T(R) 8A1 a)\Q T(R) 8)\1

| Re?ee ) R?  on(Ryrwe(R) | W
r2(R) r2(R) oN2

1 R wnBwe(r)|_OPW
R r2(R) N0

[1 +Rwi(R) -

[1 + Rwo(R) - (3.127)
If at the boundary " (Ro) = —poo, then

Roee (Fo) gy Ro
p(R) = poo WTAJR:RO - fR h(€)de. (3.128)

Once the pressure field is known, all the stress components can be easily calculated.
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(i) A Cylindrical Inclusion in an Infinite Cylindrical Bar

We consider the following wr and wg distributions

atm=l e st e

where R; < Ro. Thus
0<R<R;: r(R)=e?1“2)R, (3.130)
R;<R<R,: r(R)= [32 (et 1) Rf]% . (3.131)

This means that for R< R;, A\ = ez (Wamwn) _ Ao, Ao = ed(wi-w2) _ Aot, A3 = 1. Note that we(R) =
~wp8(R - R;) and hence h(R) = C5(R - R;) + h(R), where

i’L(R) _ 1 (eW@(R) 67W _ eWR(R) 87W) + Re2W9(R) 1- R2 e‘*’R(R)ﬂu@(R) azl
r(R) O Oz r2(R) r2(R) N2
1 R®  on(Rywwe(R)| W
——|1- A 3132
R [1 2(R) ¢ AN (3.132)

and C is an unknown constant that will be determined after enforcing the continuity of the
traction vector on the boundary of the inclusion. Note that for R < R;, h(R) = %0, where

_1 ow ow
B = 2(w1+w>( w W wli) . 3.133
0=¢ ¢ 2281 ¢ O0A2 ) Ix1=X0,X2=25"  A3=1 ( )
Thus
R, R; . R, .
0<R<R;: fR h(g)dg:fR h(g)d.g+0+f3i h(€)de
-h 1n(&)+0+ fRD h(€)dé (3.134)
=10 R Ri ’ .
R, R, _
Ri<R<Ro: fR h(€)de = fR h(€)de, (3.135)
where
2 2 2 2
A(R) = —— (a—Wfa—W% Rf B NOW R B (B W e
T(R) 3)\1 8A2 T‘Q(R) TQ(R) 3)\% 7"2(R) R2 8)\16)\2
Therefore
R, OW (Rz) fRO—
;i = Poo —_— —holn{—)-C- h(&)d¢, (3.137
0<R<Ri:  p(B)=peot pson|  —holn(T) -0 [ "R (0137)
Ro OW Ro
; : =Poo — - h(§)dg. 3.138
Ri<R<Ro:  p(R)=pes o] o [ 7 R(e)de (3138)
Now the radial stress inside and outside of the inclusion has the following distributions
. "7 (R) = o3 (wame) W - 3.139
0<R<R; o (R)=e v VNI = (3.139)
Ro OW Ri) /‘Ro—
- -— Inl—=|+C h(&)d 3.140
3 o, T () €+ [ R G140)

r_ow Ro OW R°B(g)d§. (3.141)

R;<R<Ry: "(R)= In. Peo N /
i<h<Ror o (R) =T ony 7P v"(~'~20)8A1|R=1%+ R

-
~
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The continuity of traction vector on the boundary of the inclusion dictates that ¢”" must be
continuous at R = R; and hence

_1 oW L (wo—wi) OW

C = o3 (wr1+w2) _ e (w2mw) O . 3.142
€ [s2N1 ‘R:R; ¢ OA1 IA1=X0,22=051  As=1 ( )

Therefore, the radial stress inside the inclusion has the following distribution

rr Ri
o (R)=holn 7 + 04, (3.143)
where
B ,l(wlﬂuz)aw Ro oW /Roﬁ d 3144
;= 2 ha— — Poo — —_ . .

gi=¢ oM |R=R;f P r(Ro) OA1 ‘R:RO i R; (&) ( )

We conclude that the radial stress has a logarithmic singularity unless wj = ws. Inside the inclusion
the other two stress components have the following distributions

% - holn(%)+ai
L (w1 —wy) OW L(wy—w) 8W]
2 [ 2 -
+[e g ¢ A1 1 Iai=20, 222050 As=1 (3.145)
R; ow 1 (o—w:) OW
2 ol (J) » [—— 2 (w2 “’1)—] . 3.146
7 o)t O3 € OA1 1A =20,22=2051 As=1 ( )

Proposition 3.4. Consider an infinite isotropic and incompressible elastic circular cylinder subject to
uniform pressure on its boundary cylinder. Assume that there is a cylindrical inclusion at the center of the
bar with uniform radial and circumferential eigenstrains. Unless these strains are equal, the stress field has
a logarithmic singularity. If the eigenstrains are equal, then the stress inside the inclusion is uniform and
hydrostatic.

Remark 3.4. Note that when the radial and circumferential eigenstrains are equal the stress inside the
inclusion would be uniform hydrostatic even if the bar is made of compressible materials of Types I, II, or
II.

A multi-layered cylindrical inclusion. We can generalize the previous example to the case
when the eigenstrain is piecewise constant in the cylindrical bar. Let Ry =R; <R1 <...<Rn=Ro
and assume that

n-1
wr(R)=we(R)=wo + . (wr+1 ~wr)H(R - Ry). (3.147)
k=0
Thus
n-1
wo(R)= Y (wre1 —wi)S(R - Ry,). (3.148)
k=0

Using incompressibility, for R, < R< Rj; we have

k 2
r(R)=|e**R*+ Y (62“’1-1 - 62%‘)3?_1 . (3.149)
j=1
In the same interval
R w T(R) —Wg
A = k - ko Ag=1. 3.150
1 T(R) € ) 2 R € ) 3 ( )

Note that in p’(R) = h(R) there are n delta distributions on the right hand side with indeterminate
coefficients, i.e.
. n—-1
h(R)=h(R) + . Apd(R~ Ry). (3.151)
k=0
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Knowing that ¢ (Rn) = —peo, we have

Rpe®nt OW
Rn)=poo + ————71|_ - 3.152
p( ’ﬂ) p + T(Rn) aAl R, ( )
Denoting the jump in a quantity by [.]gr = (.) g+ — (.) g-, it can be shown that
rr Ry, wp OW wp OW
= ——_ - —— - =0. 3.153
I I = s (¢ Y] - B )= i, (3.15)
It is straightforward to show that Ay = [p] g, and hence
Ri [ w, OW o OW
Ag = k—— -t — . 3.154
k T(Rk)( o1 R} ¢ 8>\1‘R;) ( )
Therefore
Rnewn—l oW n-1 R, .
Ri<R<Ryat p(R)=peo+ 2o O8] = 50 5= [ he)de. 3.155
e<R<Bua: o) =per gy~ 2 AT [y MO (3155)

Having the pressure field, all stress components are easily calculated.

(i) Zero-stress cylindrically-symmetric eigenstrain distributions

Next, we find the impotent cylindrically-symmetric eigenstrain distributions. In the cylindrical
coordinates (R, ©, Z), having the material metric (3.119) is equivalent to having the following
orthonormal coframe field

9t =erBlgr 9?2 = oW pgo 9% =dz. (3.156)

To calculate the Levi-Civita connection 1-forms we use Cartan’s first structural equations.
Knowing that the Levi-Civita connection is torsion free we find the three unknown connection
1-forms wlz, w23, and w31 as

_ 1+ Rwy (R
oy = e wR(R)%Q()ﬂ% Wls=w’l =0, (3.157)

Using Cartan’s second structural equations, we obtain the following Riemann curvature 2-forms
Rly=—e ¥R [wg + %(Qwé) —wR) +we(we - wg:i)] 9t a9?, RE3=R3 =0. (3.158)

The Riemannian material manifold is flat if and only if
we(R) + %(%J'@(R) - wr(R)) +we(R)(we(R) - wr(R)) =0. (3.159)

Given wg, wgr must satisfy the following linear ODE for the eigenstrain distribution to be zero
stress.

[W’Q(R) N %] W (R) =Wl (R) +wh(R)? + %W’Q(R). (3.160)

The general solution of this equation for a given wr (R) is

wr(C)
" ( ! e) dc. (3.161)

o(R)=C1 - = -
we(R)=C1 f ¢ 02+fOC€wR(p)dp

0
When wg = wpg = w, the solution is simply
w(R)=C1+C2InR. (3.162)

For a solid bar to have an invertible material metric at R =0 we must have Cs =0, i.e. a uniform
eigenstrain is the only zero-stress cylindrically-symmetric eigenstrain distribution.
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4. Conclusion

In this paper we developed a general framework to compute residual stress fields induced by
general eigenstrains and inclusions. As examples, we first computed the stress field of a ball with
a spherically-symmetric distribution of dilatational eigenstrains. We assumed that the ball is made
of an arbitrary incompressible isotropic solid. As a particular example, we looked at a spherical
inclusion at the center of a finite ball. Assuming that the ball is made of an incompressible
solid and that the eigenstrain in the inclusion is purely dilatational we showed that stress in
the inclusion is hydrostatic. When the radial and circumferential eigenstrains are not equal we
showed that the stress inside the inclusion is non-homogeneous and has a logarithmic singularity.
We also looked at a special class of compressible materials (materials of Types I, II, and III
according to Carroll [25]). We showed that when the eigenstrain in a spherical inclusion is purely
dilatational, the stress in the inclusion is again uniform and hydrostatic. We also considered finite
and infinite circular cylindrical bars with cylindrically-symmetric distributions of eigenstrains
and obtained similar results for their residual stress fields.

The geometric framework used for the inclusion problem is rigorous, general, and flexible.
On the formal side it provides a direct geometric interpretation for the notion of incompatibility
and the generation of residual stress. On the practical side, geometric tools provide a systematic
method to compute residual stress and deformations created by eigenstrains. It is clear from the
procedure described here that all semi-inverse problems can be treated along these lines as long as
the eigenstrains respect the underlying symmetry of the deformations (in our case, spherical and
cylindrical shells are locally deformed into spherical or cylindrical shells). The analysis presented
here also provides the starting point for a generalized homogenization computation for a material
with a dilute distribution of inclusions with given eigenstrains in order to compute effective
material properties.
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