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1. Introduction

In a series of seminal papers, Rivlin developed a
systematic approach to solve simple but fundamental
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problems of nonlinear elasticity [1-3]. Rivlin’s approach is mostly based on the semi-inverse
method where the geometry of the deformation is known up to a few unknown functions
or constants that are obtained through simple boundary-value problems. For instance, in
incompressible isotropic elasticity, one can consider the deformation of a spherical shell into
another spherical shell when subjected to internal pressure. Once this deformation is known,
the computation of the solution amounts to finding a single parameter (say, the internal radius
of the deformed sphere) that is obtained by a single quadrature. The beauty of such solutions
is that they exist for arbitrary strain-energy functions (in that case, they are known as universal
semi-inverse solutions). Arguably, Rivlin’s work has been central in the development of nonlinear
elasticity over the past 50 years as it has provided a systematic way to explore analytically the
nonlinear behaviour of elastic materials [4-6].

Whereas the framework for computing solutions for semi-inverse problems in elasticity is now
completely understood, the equivalent framework for systems with defects, or more generally
for anelastic problems, has not yet been established. Many authors have obtained particular
solutions for specific anelastic problems in different fields as they naturally arise in the theory of
distributed defects (see below), finite strain plasticity [7], morpho-elasticity (the theory of growth
and remodelling) [8-12] or thermoelasticity [13]. The central problem is to compute the residual
stress created by the non-elastic components of the deformation. Perhaps the main reason why
a general method for semi-inverse problems in anelasticity has not yet been proposed is that
the characterization of the non-elastic components is a non-trivial task. However, we argue here
that the geometrical approach of anelasticity provides a natural framework both to characterize
non-elastic effects and to compute the residual stresses they generate. The approach presented
here is suitable to describe any anelastic components but, for the sake of illustration, we discuss
the problem of distributed defects. The translation to any other anelastic theory follows with a
suitable change of terminology.

The mathematical study of defects in solids goes back to Volterra [14] more than a century
ago. Combinations of dislocations and disclinations were originally referred to as ‘distortions’
by Volterra, but we call them line defects in this paper. Love [15] and Frank [16] called the
translational and rotational line defects, dislocations and disclinations, respectively. As defects
strongly affect the mechanical properties of various structural components, calculating stress
fields of defects, their dynamics and understanding their interactions has been a central problem
for the mechanics community. The existing stress calculations are overwhelmingly linear. In
the setting of linear elasticity, Green’s functions can be used and, from the knowledge of a
fundamental solution, the stress field of an arbitrary defect distribution can be computed. One
can also study the interaction of defects by using the superposition principle. However, in the
framework of nonlinear elasticity, superposition is not possible and each problem combining
defects has to be solved separately.

In the framework of nonlinear elasticity, there are very few exact solutions for defects. We
should mention [7,17-20] for dislocations, [19,21,22] for disclinations and the authors’ recent
works [23,24] for point defects. For a combination of defects, we are aware only of the work
of Zubov [19], who calculated the stress field of a combination of a single screw dislocation and
a single wedge disclination both lying on the same line (a dispiration according to Harris [25]).
By extension, we refer to discombination as any combination of line and point defects in nonlinear
solids. We should emphasize that discombination is a new term that we introduce in this paper.
As we are not aware of any calculation of stress field for general discombinations, we present here
a general algorithm with application to some problems with cylindrical symmetry.

In a recent paper, Clayton [26] used a geometrical theory based on a multiplicative
decomposition of deformation gradient into elastic and defect parts and presented analytical
second-order solutions for a single screw dislocation, a single wedge disclination and a single
point defect in isotopic compressible solids. In these approximate second-order solutions, the
strain-energy function is a polynomial truncated at third order with respect to displacement
gradients. Kupferman et al. [27] describe defects assuming only a metric structure. Bodies
with isolated defects are viewed as multiply-connected affine manifolds. Both disclinations and
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dislocations are characterized by the monodromy, which maps curves that surround the loci of
the defects into affine transformations. They also show that two-dimensional defects with trivial
monodromy (e.g. metric quadrupoles) are purely local. We should also mention the recent work
of Acharya & Fressengeas [28], who present a continuum theory of interactions of dislocations
and phase boundaries.

In the 1950s, Kondo [29,30] and Bilby et al. [31] independently discovered the close connection
between non-Riemannian geometries and the mechanics of distributed defects. Their discussions
were mainly kinematic. Following their seminal works, many researchers studied the geometric
mechanics of defects. Unfortunately, these geometrical works remained mostly formal with very
few stress calculations for distributed defects. Recently, we revisited the geometric theory of
solids with distributed defects and showed that it is also suitable for the calculation of stress
fields in nonlinear solids with distributed defects by computing explicitly solutions with either
dislocations, disclinations or point defects [7,22,23]. To further emphasize the power of such an
approach, here we first present the general geometric theory for combined defects and derive from
it a general method for semi-inverse problems in anelasticity based on Cartan’s moving frames
and structural equations. We then illustrate this method on a cylinder with general radial defects.

2. Non-Riemannian geometries, Cartan’s moving frames and the nonlinear
mechanics of defects

(@) Metric-affine manifolds

The stress-free configuration of a body with distributed defects is described by a metric-affine
manifold, which is a triple (5, V, G), where B is a manifold, V is a connection and G is a metric. In
general, V and G are independent geometrical entities. When V is the Levi—Civita connection of
G, for example, (B, V, G) is reduced to a Riemannian manifold. We briefly review the geometrical
machinery needed for the analysis of defective solids; details are given in [7,22,23].

A linear (affine) connection on a manifold B is an operation V:X(B) x X(B)— X(B),
where X(B) is the set of vector fields on B, such that VX,Y,X1,Xo,Y1,Y2 € X(B),Vf,f1,f2 €
C®(B), Va1, a2 € R: (i) Vix,+6%. Y =A1VXY + VXY, (i) Vx(@1Y1 +a2Y2) = a1 Vx(Y1) + a2Vx(Y2),
and (iii) Vx(fY)=fVxY + (Xf)Y. The vector VxY is the covariant derivative of Y along X. In a
local chart {X4}, V, 0B = I'Cpdc, where I'C4p are Christoffel symbols of the connection and
34 = /80X are the natural bases for the tangent space corresponding to a coordinate chart {X“}. A
linear connection is compatible with a metric G if and only if VG = 0. The torsion of a connection
is defined as

T(X,Y) = VxY — VyX — [X, Y]. @2.1)

The connection V is symmetric if it is torsion-free, i.e. VxY — VyX =[X, Y]. On any Riemannian
manifold (B, G), there is a unique linear connection V that is compatible with G and is torsion-
free. This is the Levi—-Civita connection. In a manifold with a connection the curvature, which
quantifies the deviation of a manifold from being flat, is a map R: X' (B) x X(B) x X(B) — X(B)
defined by

R(X,Y)Z = VxVyZ — VyVxZ — V|x y|Z. (2.2)

Finally, we quantify non-metricity. Given a manifold with a metric and an affine connection
(B, V,G), the non-metricity is a map Q : X(B) x X(B) x X(B) — X(B) defined as

QU, V,W)=(VuV, W) + (V, VuW))g — U[(V,W))g]. (2.3)

Or simply, Q = —VG. As we see, from a mechanical point of view, the torsion and curvature
tensors are the geometrical analogues of, respectively, the dislocation and the disclination density
tensors [7,22]. In the case of distributed point defects, V is not compatible with G [23,24].
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(b) Cartan’s moving frames

Many calculations can be conveniently performed using a judicious choice of coordinate bases.
However, to establish the theory, it is easier to work with non-coordinate bases. A Cartan’s
moving frame is an orthonormal frame field {eO,}ﬁt\]:1 that forms a basis for the tangent space
at every point of a manifold B. Because this frame is orthonormal, i.e. ey, eg))g = Sup, We have
G =08u0" ® 9P, where {9%} is the orthonormal coframe field. This is, in general, a non-coordinate
basis for the tangent space. Connection 1-forms are defined as

Ve, =€, ® @ q. (24)

The corresponding connection coefficients are defined as Ve, ey = (0" o, eg)e, = ©” gy ey,. In other
words, oV 4 = wyﬂaﬁf’. Similarly, V& = —w*, 9" and Ve, 0% = —w®p) 07

We can now express the key geometrical parameters introduced in §2a in terms of Cartan’s
moving frames {e}. First, consider the non-metricity for which we have Q, s = Q(e,, ey, ep).
The non-metricity 1-forms are defined as Qup = Q) ¢p?”, where {9} is the co-frame field, so that

Qup = wap + wpy — dGyp =: —DGypg, (2.5)

where D is the covariant exterior derivative. This is Cartan’s zeroth structural equation. For
an orthonormal frame, Gyp —8a,3 and hence Qup = Wap + Wpa- The Weyl 1-form is defined as
Q= (1/n)QupG* . Hence, Qup = Qup + QGap, where Q is the traceless part of non-metricity. Here,
we restrict our attention to manifolds with Q 0; in that case (B, V, G) is called a Weyl-Cartan
manifold. (At this time, we do not know what defect(s) Q may represent. This remains to be
investigated in the future.) In addition, if V is torsion-free, then (3, V, G) is called a Weyl manifold.
One can show that [32]

1
Wy = gQ + 56" dGap = gQ +dIndetG. (2.6)
And it follows that
DvdetG = dv/det G — o /det G = —;Q\/det G, 2.7)

i.e. the connection V is not volume-preserving.
Similarly, we can define the torsion and curvature 2-forms with respect to the connection
1-forms as

TY=do" + g AP and R¥p=dw% + %, Ao’ p. (2.8)

These are Cartan’s first and second structural equations. Figure 1 schematically shows special cases of
metric-affine manifolds. In the presence of combined line and point defects, the material manifold
is a Weyl-Cartan manifold.

The Bianchi identities read

DQaﬂ = anﬂ -’y A Q;/ﬁ - Cl)yﬂ A Qay :Raﬂ + Rﬁou (2.9)
DT*:=dT% + g AT =R%g A 0P (2.10)
and DR%g:=dR%p + 0%, ARY g — Vg AR*, =0. (2.11)

Equations (2.10) and (2.11) are the geometrical analogues of Anthony’s [33] compatibility
equations (11) and (12) relating the dislocation and disclination density tensors.

() The compatible volume element on a Weyl manifold

In the presence of point defects, we need to relate non-metricity to the volume density of point
defects. This is done using the notion of the compatible volume element [23,24]. A volume form on
an n-manifold is a nowhere vanishing n-form. In the orthonormal coframe field {9}, a volume
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metric-affine manifold (B,V, G)

\

Wexl manifold (B,V, G) P Weyl-Cartan manifold (3,V, G)
Q=0,T=0,R%0 - Q=0,T#0,R=0

Riemann—Cartan manifold (3,V, G)
VG=0,T=#0,R#0 ¢

Riemannian manifold (3,V, G) Weitzenbock manifold (B,V, G)
VG=0,T=0,R#0 VG=0,T#0,R=0

\/

flat (Euclidean) manifold (B.,V, G)
VG=0,T=0,R=0

Figure 1. Special cases of metric-affine manifolds.

form can be written as g =ho! A -+ A 9", for some positive function / to be determined. In a
coordinate chart {X4}, the volume form is written as

p=hv/detGdX' A--- AdX". (2.12)

When 1 =1, we recover the classical Riemannian volume element. The divergence of an arbitrary
vector field W on B can be defined using the Lie derivative as (Div W)u = £wp [34]. For a given
connection, the divergence of a vector field is defined as DivyW = W44 = W4 4 + 44z WE.
The connection p is compatible with V if Sywpu = (WA‘ A [35]. Thus, dh/h=dInh=(n/2)Q. In
coordinate form, this reads
oh  n

—5 — =hQa=0. 2.13

oxA 2" (2.13)
Note that the existence of a compatible volume element implies that the Weyl 1-form Q is closed,
ie.dQ=Q2/n)dodIlnh=0.

(d) Geometric elasticity and anelasticity

So far, we have established the kinematic framework for the geometry of a body with defects.
Next, we briefly review aspects of the theory 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 another Riemannian manifold. We assume that the body is stress free in the material
manifold. The material velocity is the map V;: B — T,,x)S given by Vi(X) = V(X, t) = d¢(X, t)/dt.
The deformation gradient is the tangent map of ¢ and is denoted by F = T¢. Therefore, at each
point X € B, it is a linear map F(X) : TxB — T,x)S. If {x"} and {X4Y} are local coordinate charts
on S and B, respectively, then the components of F read F”4(X) = (d¢"/ 3X4)(X). The transpose
of F is defined by F': TxS — TxB, (FV, v)g = (V,F'v))g, for all V € TxB3,v € TxS. In components
(F'(X)4, = g[,b(x)Fb B(X)GAB(X), where g and G are metric tensors on S and B, respectively. F has
the following local representation: F = F?4(3/8x?) ® dX“. The right Cauchy-Green deformation
tensor C(X) : TxB — Tx83 is defined by C(X) = F(X)'F(X). In components, C4 = (F'}4,F?5. One can
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show that C” = ¢*(g), i.e. Cap=(gap 0 @)F" AFPg. The following are the governing equations of
nonlinear elasticity in material coordinates [36]:

o0 _

o 0, DivP+ poB=poA, 1' =1, (2.14)

where P is the first Piola—Kirchhoff stress and 7 = Jo is the Kirchhoff stress, o is the Cauchy stress,
] = /detg/ detG detF is the Jacobian, and ¢ = (1/])P*AFY 4.

As usual, one can use different measures of strain. The left Cauchy—Green deformation tensor
is defined as B* = ¢*(g?) and has components BAB = (F~HA, (F~1)B bgab . The spatial analogues of
C” and BF are

¢ =0.@), ew=(F")"0(F") sGan (2.15)

and

b* =¢.(G¥), b =F4F'sG"E, (2.16)

where b is the Finger deformation tensor. C and b have the same principal invariants usually
denoted by I, I, and I3 [37]. For an isotropic material, the strain-energy function W depends
only on the principal invariants of b. It is standard to show that for a compressible and isotropic
material the Cauchy stress has the following representation [38]:

LW W AW AW
=2(Z2—+— g +2—b'—2—b . 2.17
’ (13 dlp + dl3 ) &+ o1 ol ( )

Similarly, for an incompressible and isotropic material, the Cauchy stress has the following
representation [38]:

AW AW AW
=(-p+2L— gt +2—Db?—2—pb L. 218
? ( P+ ol ) &+ ol ol ( )

(e) Continuum mechanics of solids with distributed defects

In the presence of defects, a solid body may become residually stressed. In classical nonlinear
elasticity, one assumes that the reference (natural) configuration is stress free. Stresses caused by
external forces are then due to a deviation from the natural configuration. Such deviations are
quantified using different measures of strain. Classically, residual stresses are computed by using
a multiplicative decomposition, that is, by decomposing the deformation gradient into elastic and
inelastic parts. In the present geometrical framework, such steps are not necessary as the effect of
non-elastic components is directly contained in the geometry of the material manifold. Therefore,
the first step in computing the residual stress for a given configuration of defects is to identify
a material manifold in which the defective body is stress free. This manifold has a non-trivial
geometry that explicitly depends on the geometrical nature of defects and their distributions.
Once the material manifold is known, we look for an embedding of the underlying Riemannian
material manifold into the Euclidean ambient space. Any measure of strain must be defined with
respect to the material manifold.

In the following, we assume a fixed distribution of defects, find the corresponding material
manifold and then compute the residual stress field by mapping the body into the ambient
space. We assume a hyperelastic material with energy density W, which explicitly depends on
the deformation gradient F. Because the deformation gradient is a two-point tensor, the energy
function explicitly depends on the metrics of both the material and ambient space manifolds, i.e.

W =W(F,G,g). (2.19)

The first Piola—Kirchhoff stress is calculated as

oW
=gf——. 2.2
8 F (2.20)
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The Riemannian manifold (B, G) being the underlying Riemannian material manifold implies that
w =0. (2.21)
Fl

F=id,g=G

Remark 2.1. In the present geometrical framework, it is assumed that the defect-free body is

stress free in Euclidean space in the absence of external loads. The body may be composed of

a material with multiple stress-free configurations, e.g. a strain-energy density with multiple

wells. However, it is assumed that every material point is in the same energy well. In other

words, we are not considering phase transformations. It is then assumed that some distribution

of defects appears in the body that induces residual stresses. It should be emphasized that

we are not considering nucleation or the work associated with the creation of defects. The

stress-free configuration of the defective body—the material manifold—explicitly depends on

the distribution of defects and their types but not on the constitutive equations of the material.
However, residual stresses explicitly depend on the constitutive equations.

3. Examples of defects with cylindrical symmetry

Before we carry out the full computation of stress in the presence of discombinations, it is
instructive to consider two simpler settings. We first look at a combination of a single dislocation
and a single disclination and construct the corresponding material manifold using Volterra’s
cut-and-weld process [39]. In the second example, we solve the problem of an infinite circular
cylindrical bar with a cylindrically symmetric distribution of point defects and find the non-
metricity 1-forms corresponding to an isotropic distribution of point defects. This result will
be needed later on when we calculate the residual stress field of a cylindrically symmetric
distribution of discombinations.

(a) Combination of a single screw dislocation and a single wedge disclination along
the same line

We look at a combination of a single screw dislocation and a single wedge disclination lying on the
same line as a motivation for studying more complex combinations of defects for which Volterra’s
cut-and-weld approach cannot be used. We denote the Euclidean 3-space by By with flat metric
in cylindrical coordinates (Rg, @, Zo) given by

dS? =dRj + R3dOF +dZ3. (3.1)

We cut By along the closed half-planes ®y =0 and &y =a(0 <« <2r), remove the line R=0
and the region 0 < ®) < «, translate the two closed half-planes by b in the Zp-direction and
then identify the two closed half-planes. This is Volterra’s cut-and-weld construction of a
combined screw dislocation-wedge disclination (dispiration) with the Z-axis as its defect line.
The coordinates

b
R=Ry, ©=B(0y)—«) and Z:ZO_TQO’ (3.2)
T

where B =2n/(2m — «) are smooth on B [39]. Note that g >1 if we remove a wedge region
(positive disclination), but f <1 corresponds to the insertion of a wedge (¢ <0, negative
disinclination). In the new coordinate system, the flat metric (3.1) has the following representation
in cylindrical coordinates:

ds? =dR? + R? Lio 2+ dZ+Ld(~) ’
B 2n B

—dR? + iz+i d(~)2+dZZ+id@dZ (3.3)
= 82 " 422 7B : '
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Therefore, the material metric for the defective body has the following form:

1 0 0
0 R? b? b
G= 7 + brrz B 2B |- (3.4)
— 1
2B

In the absence of external forces, we embed the body into the ambient space (S, g), which is
the flat Euclidean 3-space, and look for solutions of the form (r,0,z) = (#(R), ©,Z). Having the
defective body in the material manifold, the anelasticity problem is transformed to an elasticity
problem mapping a material manifold with a non-trivial geometry to the Euclidean ambient
space. The deformation gradient is F = diag(r'(R), 1, 1), for which the incompressibility condition

reads

detg jerp= TR (3.5)

J=V Geta R/B

Assuming that 7(0) =0 to fix the rigid translations, we obtain r=(1//B)R. In order to easily
compare the stress field with the linear solution, we consider a neo-Hookean solid for which
we have [40] P4 = uF?3GAB — p(P‘l)bAg“b, where p =p(R) is the unknown pressure field. The
non-zero first Piola-Kirchhoff stress components read

2
PR= L BpR), o=t )
7 2 2 7
VB e R hy (3.6)
PZZ — 1 —p(R , PQZ — PZG) - _ .
n PR+ 2 R?
The corresponding Cauchy stresses are
2
3 ©
)
2 b8 3.7)
zZ — _ R Mi 0z = 26 = — ® .
o =n = PR+ e 7 27 R?

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), which is simplified to read

1
o+ ;0” —re? =0. (3.8)
Or
rr 1 1 4 60
This then gives us
1 1
V(R) = u (E - ﬂ) = (3.10)
Assuming that the traction at R =R iS —peo, i-€. " (Ro) = —poo, Wwe have
g P p
n 1 R
p(R) = E + Poo — I (/3 — E) In o (3.11)
(0}
The Cauchy stress is written as
1 R
w(r-5)m, 0 0
_ _PeoB | u(B* 1) R _ ubp
o= 0 2 + —r (1 +In 0) RE
_ 1bp P 1 I\ R
0 27R? ﬂ+“<1 ﬁ)”(ﬁ ﬁ)lnROUzﬂRz

(3.12)
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Note that the spatial metric in cylindrical coordinates has the form g=diag(1,72,1). The
non-zero physical components of the Cauchy stress read

p R g——_ (—709_;,2009_1{720,90__ _l 1 5
=o', = = =—pootulB n—+1 (3.13)
B B Ro
and
b
5% =0%, 5% =5% =ro% = Mzn\f (3.14)

Note that the coupling effect is seen only in shear stresses and obviously superposition breaks
down.

Remark 3.1. For poc =0,,b < 1 and B ~ 1, we obtain
ey R coo e (R
7 T nRo' ? T nR0+ !

&Zzzﬂ ln£+1 C_TGZ%&ZQ%_Mb.
m R, 2)7 27R

(3.15)

This is exactly the classical solution obtained in linearized elasticity for the superposition of
disclinations [41,42] and dislocations (with v =1/2).

Remark 3.2. Note that, in general, in the presence of disclinations Burger’s vector is not well
defined as the rotations created by the disclinations also induce translations [43—45]. However, if
the plane of rotation is perpendicular to the direction of translations at all points, Burger’s vector
is well defined.

(b) A cylindrically symmetric distribution of point defects

In [23,24], we built the material manifold of a spherically symmetric distribution of point defects
in a ball of radius R,. Here, we consider the equivalent problem for a cylindrically symmetric
distribution of point defects in an infinite circular cylindrical bar of radius R, and construct its
material manifold and then calculate its residual stress field assuming that the defective body is
an arbitrary incompressible isotropic body.

The key to model point defects is to relate the volume form to the density of point defects.
Here, we assume a volume density of point defects n(R). Denoting the volume form of the Weyl
manifold by u, for a sub-body U/ C B, the volumes of the point defect-free and the defective
sub-body are

) = JM Ao V)= ju ", (3.16)

where ft is the volume form in the material manifold in the absence of point defects. The volume
of the point defects in ¢/ is calculated as

Valtd) = L i JM e L(ﬂ )= L i (3.17)

To explicitly relate this volume of point defects to the geometry of the material manifold, we look
for a coframe field in the cylindrical coordinates (R, ®,Z), R>0,0 < ® <, Z € R of the following
form:

9! =f(R)dR, ©?=Rd® and »>=dz, (3.18)

for some unknown function f to be determined. With this coframe, we can compute explicitly the
two volume formes, that is,

fL=RARAdO AdZ, n=hR)' A% A% =RF(R(R)R A dO A dZ, (3.19)
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for some positive function & satisfying (2.13). Therefore, jt — p =[1 — f(R)H(R)]RAR A d® A dZ,
and n(R) =1 — f(R)h(R). We can now compute the non-metricity. We assume the following
connection 1-form matrix:

qRW! ol -0’
w=[o]l=]| —0ls RV ?3 |, (3.20)
»3 —w?, 0

where g is a function to be determined. Note that this choice of diagonal connection forms

corresponds to Q11 = Q2 = Zq(R)ﬁl, Q33 = 0. We first need to enforce 7% =0, for « =1, 2, 3. Note
that

1
= p— 2 3=0. 21
do' =0, do FR) ADS, do’ =0 (3.21)

From Cartan’s first structural equations, we obtain the following connection 1-forms:

1

wly = + q(R)] , w’3=w’=0. (3.22)

[ Rf(R)

From the second structural equations, we can easily check that R23=R3 =0are trivially satisfied

and
1 1 q(R) f'R) Va1, 52
R, = f(R)[ '(R) + = sz(R)]ﬁ A D2, (3.23)

Ry =0 gives us (Rg(R)) = —(1/f(R))’ and hence Rq(R) = —1/f(R) + C. When g(R) =0, we know
that f(R) =1 and hence C =1. Thus

q(R) = % [1 - J%] . (3.24)

The Weyl 1-form is calculated as

1 1 4
Q= gQaﬂSaﬁ = 5(911 + Q2+ Q33) = §Q(R)191

A 1 AR -1
= [1 f(R)}z& =g AR (3.25)

For our cylindrically symmetric point defect distribution, the relationship (2.13) is simplified
to read

4 iy =0 IR =D 201 -
Therefore, RI(R) + 2h(R) = 2(1 — n(R)) and hence
1 R
h(R)=1— I Jo 2yn(y) dy. (3.27)
Thus
FR) = 1= n(R) . (3.28)

1 (1/R?) [ 2yn(y) dy

Remark 3.3. We conclude that, given an isotropic distribution of point defects with volume
density n = n(R), the corresponding non-metricity 1-forms are

1 1—n(R)
Q11=0»=—
R L — (1/R?) [§ 2yn(y) dy

- 1} dR, Q33=0, Qup=0, a#B. (3.29)
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The material metric in cylindrical coordinates (R, ®, Z) has the following form:

f2R) 0 0
G=| 0o R 0. (3.30)
0 0 1

We use the cylindrical coordinates (r,6,z) for the Euclidean ambient space with the following
metric: g= diag(l,rz, 1). To calculate the residual stress field, we embed the material manifold
into the Euclidean ambient space and look for solutions of the form (r,6, z) = (r(R), ®, Z). In the
following, we consider incompressible solids.

For an incompressible solid, we have

detg detF r(R)

=V qerG 9= zfw)

¥(R)=1. (3.31)

Assuming that r(0) = 0 we obtain

R 1/2
"(R) = (J 2xf (x) dx) . (3.32)
0
The physical components of the deformation gradient are given by
F'4 = 3V GAAF' 4 no summation on a or A. (3.33)
Therefore
R
r(R)
F=| , R (3.34)
R
0 0 1

Thus, the principal stretches (eigenvalues of U= Jé) are

R 7(R)

=—, Jlp=—= d ir=1. 3.35
® 2= A (3.35)
Because for an isotropic material strain-energy function depends only on the principal stretches,
i.e. W=W(11, A2, 13) [37], and the Cauchy stress is diagonal in the cylindrical coordinates (r, 6, z),
we have

A

AW R W
"y 1nmery R m_ =~ 77 R), .
o 18 o p(R)g R) o7 p(R) (3.36)
AW 1 oW  p(R)
00 _ ;022 — p(R)e?2 — _F .37
o =g PR = R R T PR (3:37)
AW AW
and 0¥ = A3g33W —p(R)g® = 5~ PR). (3.38)
3 3

In the absence of body forces, the only non-trivial equilibrium equation is ¢, =0, which is
simplified to read

1
o+ ;0” —ro? =0. (3.39)

Rf (2
o' R+ Rf <7a” - 2r099> =0. (3.40)
r r

This then gives us p'(R) = k(R), where

1 (AW AW R R’ (R)\ [ 9*W 1*(R) 3°W
k(R)_@(E - (R)BT2>+r2(R) (l_ (R) )(ax% R axlaxz)' G4
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Suppose that at the boundary o' (Ro) = —peo. Thus

Ro W
1(Ro) 921

Ro
P(R) =poc + + J k(x) dx. (3.42)

R

R=R,

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

4. An algorithm for semi-inverse problems with discombinations

The two previous examples demonstrated how to obtain the stress field for defects by building
the corresponding material manifold. The first example depended on the cut-and-weld process to
build the material metric. The second example demonstrated how to obtain the non-metricity for
point defects. We are now interested in computing the stress field for a body with discombinations
(with and without external loads). Before considering particular problems, we obtain the general
equations that fully define the geometry of systems with given discombinations (assuming a
traceless non-metricity). In three dimensions, this leads to a system of 22 nonlinear PDEs for
the connection 1-forms and associated geometrical quantities. Obviously, this problem cannot
be solved in general, but for semi-inverse problems for which the deformation is prescribed, an
explicit computation can be performed. The basic idea is to start from a known geometry (for
instance, a cylinder, a sphere, a rectangular block) and consider a family of known geometric
deformations parametrized by a number of arbitrary parameters or functions. Then, the problem
reduces to computing these unknowns based on the conditions of mechanical equilibrium.
In the case of a material with defects, the body is characterized by its geometry, its local
material properties (the strain-energy density function, mass density), but also its distribution
of defects.

The step-by-step process to obtain the general equations that define the material manifold is
as follows:

Step 1: The physical inputs. We start naturally with the description of the physical defects.
Traditionally, these are given by Burger’s density vector for dislocations, Frank’s density
vector for disclinations, and the volume density of point defects. Each of these quantities
has a natural geometrical equivalent in a continuum representation. Burger’s density
vector is associated with the torsion 2-form (as detailed in [7,46]). Frank’s density vector
is associated with the curvature 2-form (as detailed in [22]), and from the volume
density of point defects, one can calculate the non-metricity 1-forms (see [23,24]) through
equation (2.13).

Step 2: Geometry. In a given coordinate chart {X'} whose geometry is closely related to the given
physical fields, we define the coframe field as 9" =F 4dXA. Further, we introduce the
material connection 1-forms w“g and compute the torsion and curvature 2-forms given
by equations (2.8) with respect to the coframe field.

Counting the number of variables and unknowns. In n dimensions, F has n?> unknown
elements. The connection 1-forms w” g are also unknowns. We assume that v®g = —wfy,
(¢ #B) and 0%, =(1/2)Q (no summation) for some unknown Weyl 1-form Q. Note
that, in the presence of symmetry, some of the w”gs may vanish identically. Therefore,
there are 1/2(n% — n) + 1 unknown 1-forms or (1/2)(n? — n) + n unknown scalars. In the
compatible volume element, the function / is an unknown, i.e. 1 unknown. Therefore, the
total number of unknowns is

2 3 2
nmn-—n n n
Nu=n2+<(2)+n)+1=2+2+n+1. (4.1)

Step 3: Cartan’s structural equations. From steps 1 and 2, we have on the one hand a description
of the defects in terms of curvature, torsion and non-metricity, and, on the other hand,
a characterization of the same objects in terms of the coframe fields. Therefore, we
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V*=F%,dx*
oz o= -0b,
a=p a)%:% 0
unknowns: F%,, O, a)‘xﬁ and h

disclination density tensor

dislocation density tensor point defect volume density
U R¥%=dw%; + 0%, A 07, _
Toe=do® + 0% A 0P b ﬁ yﬁ g dinh=5Q=d0=0
w B A o % ﬂ; R ﬁz R o

Ho—HK=nl,

o=BR ﬂZO /

F%, Qand h

U
G=5,,0"00F

Figure 2. Construction of the material manifold for a defective body. Top: step 1, define the coframe field, the connection
1-forms and the volume functions. Middle: steps 2 and 3, from the physical inputs, solve for the unknown functions appearing
in step 1. Bottom: step 4, obtain the material metric. (Online version in colour.)

Step 4:

Step 5:

can identify the dislocation density tensor, disclination density tensor and point defect
volume density with their geometrical counterparts and the structural equations provide
a number of equations for the unknowns (the functions F?4, the connection 1-forms o*g,
the Weyl 1-form Q and the volume function /).

Counting the number of equations. The first structural equations 7% = d0® + w®g A ¥ give
us 1, 1-form equations or n? scalar equations. The compatibility of the volume element
dInh = (n/2)Q (and hence dQ = 0) is a 1-form equation or 7 scalar equations. The relation
fL — p=np is an n-form equation or 1 scalar equation. Note that ft is the volume form
of the point defect-free configuration. Finally, the second structural equations R*g =
do®g + 0%, A w¥ g imply that, for o = 8, R*, = (n/2)dQ = 0 (no summation) are trivially
satisfied. For o # g, R = —R#,, i.e. the second structural equations give us 1 /2(n% —n),
1-form equations or (n /2)(n% — n) scalar equations. Therefore, the number of governing
equations is

Ne=n2+n+1+w=£+ﬁ+n+1. (4.2)

2 2 2

Note that, as expected but nevertheless reassuring, Ny = Ne.
Material metric. Assuming that there exists a solution at step 3, we know the coframe
field and hence the material metric G = 849% ® ¥ can be computed. In a semi-inverse
problem, the metric is known up to a number of undetermined functions to be specified
by the elastic problem.
Elasticity. Once the material metric is known, the standard equations of elasticity from a
Riemaniann manifold to the ambient space (a flat Riemannian manifold) given by (2.14)
can be solved for the remaining unknown parameters. For given boundary conditions,
the elastic computation gives the deformation gradient and the stress field (the residual
stress in the case of free-traction boundary conditions).

Figure 2 summarizes our approach for constructing the material manifold of a defective

solid.
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Remark 4.1. Given a torsion 2-form distribution and starting with a coframe field the
connection 1-forms are uniquely determined. This is a simple consequence of Cartan’s lemma
and a simple generalization of a similar result proved in [7]. Let us assume that Q. and 7¢ are
given. In particular, we have Cartan’s first structural equations 7% = d?® + w*g A ##. Suppose
that there is another set of connection 1-forms @ g satisfying the same structural equations. Now,
defining % g = &% g — w*p, we have

kg AP =0. (4.3)

Using the zeroth structural equations and assuming that non-metricity is given we know that
k%¢ =0 (no summation) and «“g = —«*g (a # B) and hence from Cartan’s lemma we conclude
that k% g = 0 and hence the connection 1-forms are uniquely calculated.

Remark 4.2. In general, the number of unknowns and equations for step 3 are equal. For n =3,
we have 22 equations for 22 unknowns. This is a large set of nonlinear coupled PDEs for which
no analytical progress seems possible. However, in problems with some symmetry, one can use
a semi-inverse approach, which means that most of F*4’s are assumed to be zero and the non-
zero ones are assumed to be functions of only a small number of {X4} coordinates. This judicious
ansatz will significantly simplify the construction of the material manifold and allows for the
explicit computation of systems with a combination of defects.

5. Adetailed example of discombinations

We combine the two examples of §3 and consider a combination of cylindrically symmetric
distributions of screw dislocations, wedge disclinations and point defects in an infinite
incompressible isotropic circular cylindrical bar allowed to only deform radially, that is, (, 60, z) =
(r(R), ©®, Z). We present the construction of solutions with discombinations by following the step-
by-step algorithm given in the previous section by first constructing the material manifold and
then calculating the stress field under uniform hydrostatic pressure.

(a) StepT: physical inputs
(i) Screw dislocations

We assume a radial density of screw dislocations b(R). Written in terms of the torsion 2-forms, it
reads simply

b(R
T'=72=0, T°= QdRARd@. (5.1)
T
(ii) Wedge disclinations
Similarly, a radial density of wedge disclinations w(R) is related to the curvature 2-forms,
_ w(R)
T 27

RrL, dRARdO, R?*3=R3=0. (5.2)

We define the auxiliary radial wedge disclination function as

R

WR) = 5 L pw(p)dp. (53)
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(iii) Point defects

We assume again a volume density of point defects n(R). Following the construction of §3b, the
volume of point defects in { is calculated as

Vath) = Ju(ﬂ —w= L . (5.4)

Importantly, because the non-metricity is solely owing to the presence of point defects and not
the other defects, we can directly use the result of remark 3.3 and set the non-metricity 1-forms to

1 1-n(R)
o= 9n = [1 — (1/R?) [X 2yn(y) dy

R — 1:| dR, Q33=0, Qu=0, a#p. (5.5)

(b) Step2: geometry

We assume that the wedge disclinations and the screw dislocations are parallel to the Z-axis.
Therefore, based on this geometry (and following remark 4.2 above), we expect the coframe field
to be a function of R only and we use the following ansatz:

91 =f(R)R, 9?=¢[R)d® and »°>=dZ+(R)dO, (5.6)

for some unknown functions f, & and 7 to be determined. A simple calculation gives

/ /
49120, d9?=>91A92 and dvd=Lolas2 (.7)
f§ f&
Note that, because the traceless part of non-metricity vanishes, w®g = —w®,, for a # . Moreover,

the diagonal elements are related to the non-metricity given by (5.5) as explained in §3b. Therefore,
the matrix of connection 1-forms is assumed to have the following form:

F(R)I?l wly —w?
w=[0"s]=]| —0ls FRW' % [, (5.8)
®31 —w?3 0
where
foR) —1 1 —n(R)
F(R)=—<——, R)= . 5.9
® Rf(R) SolR) 1—(1/R?) jg 2yn(y) dy 69

(i) The torsion 2-forms

The first structural equations 7% = d9® + w®g A ¥F can be used to compute the torsion 2-forms
in terms of the connection 1-forms and the coframe field. Explicitly for & =1, it reads

Tl=do'+ 01 A0 + 0l A9Z + 03 A 03
=a)12 A2 —w31 A D3
:wllzﬁl A2 — (a)132 + a)321)192 A D3 + a)311193 Aol (5.10)
Similarly, we have
/
T? = Q% +F+ a)122> oA 92 + u)223l72 ADS - (w132 + a)213)l73 A (5.11)
and

!
T3 = T w321 — w213> 1A 92 + w233192 A3 + w331193 ADL (5.12)
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(ii) The curvature 2-forms

Next, we compute the curvature 2-forms through the second Cartan’s structural equations R* g =
dw®g + 0%, A w? g (trivially satisfied for « = g). For instance for « =1, 8 =2, we have

Ry =do's +0'1 Awl +ols Aw?) + '3 Ao

= da)lz +Fol A a)lz + a)lz AFD! 4 a)31 A a)23

=dowls + 0’1 A 3. (5.13)
Similarly, we have
R23 = dw23 + w12 A w31 + A w23 (5.14)
and
R34 =do’1 + 0?3 A wls. (5.15)

(iii) The compatible volume element

Finally, we consider the Weyl 1-form Q. Because we assume that the only source of non-metricity
is given by point defects, it is identical to that of a cylindrical bar with only point defects. Indeed,
let iy denote the volume function in the case where the only defects are point defects and,
similarly, define & to be the volume function for the discombination case. Then, we have

dinhy=dInh= gQ. (5.16)

Thus, Inh =1Inhg + Cq or h = Chy. In the absence of dislocations and disclinations, we have h = hy.
Therefore, we conclude that C =1, i.e. h =l even in the case of discombinations. We define the
volume density of point defects with respect to the no point defect configuration, which has the
Riemannian volume form ft, and note that

gf)ll«o, p="ho! A02A§3:fwﬂo

= iyt =

’

(5.17)
o=RdAR AdO A dZ.

The volume density of point defects n is defined as ft — p =nji. Thus, 1 — hp(R)f (R) =n(R). Noting
that 1 — hip(R)fp(R) =n(R), we conclude that f(R) = fo(R).

We have now set up the geometry of our problem by providing an ansatz for the coframe field
and £(R) and 75(R) are 2 unknown functions to be determined as functions of the physical fields.

(c) Step 3: Cartan’s structural equations

We have defined the torsion 2-forms in terms of both the coframe field and the physical inputs. We
can now solve the structural equations for the unknowns in terms of the given physical fields. We
start again with the torsion 2-forms.

(i) The torsion 2-forms
We start with the first component of the vector-valued torsion 2-form (5.10), which according
to (5.1) vanishes identically. In turn, this implies

ol =01=0, wlp=—0’y. (5.18)

Similarly, the vanishing of the second component of the torsion leads to

/
0)223 = O, a)122 = —i —F and a)132 = —w213. (5.19)

f§
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Finally, by writing 72 = (b(R)/27)dR A RA® = (b(R)/27fy€)d" A 92, we obtain

1 Rb
3 2 1 /
_ -0 d - - — . 5.20
@731 =0 33 and w32 2E [77 277:| (5.20)
Therefore, the connection 1-forms can be written as
’
1 £ 2 1 , Rb7 5
wly=— —+P]ﬁ——[n—— 93, (521)
0€ 2fo& 27
1 Rb
2 / 1
=— - — |0 5.22
“3 2fo& [71 2”] (522
1 Rb
d l=— |0 — — |02 5.23
an =5 [n 2ﬂ] (523)

(ii) The curvature 2-forms

The second Cartan’s structural equations are trivially satisfied for o = 8. The only non-trivial
ones are R1» and R?3. First consider, R%3 =0, using the identities (5.21)—~(5.23), we have dw?3 =0,
Fol A w?3 =0, and hence

2
R =0l A _ L (R P Ad=0 (5.24)
3= 2 1_4f§§2 n e =Vu. .

Therefore, we conclude that

. Rb 1 (R
y=s > n(R>=—J pb(p)dp + C. (5.25)
T 27 Jo

In the absence of dislocations 7(R) = 0 and thus C = 0. Hence, we have

1 [&

wly = : + F] 92, 3=’ =0. (5.26)
0

Next, consider

1 d e R
R12=dw12=———[€—+F§}01/\02= Y91 A 92,

&fo dR L fo 2 fo
Therefore
d g _ Rw 3 _
@[fo +F§]_—E = f—O+F$_C—W(R). (5.27)
Or
' -1
J‘% 4 o1 ORfO  _c_w. (5.28)
When there are no defects fy =1, £ =R, W =0, and hence C = 1. Therefore
-1
£ +f°R E=fo(1 — W). (5.29)
The solution to this equation is
ER)= ot o JR y (o)1~ W) dx,  y(R) = elo(B-Dmdx (5.30)
y(R) ~ ¥(R) Jo ’

Note that in the absence of defects W=0, fy=1, y =1, £ =R, and hence C =0. Thus

1 R
R =~ JO Y (o)1 — W) d. (5.31)
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(d) Step 4: material metric

Having determined all our unknown functions f(R), £(R) and 7(R) in terms of the physical inputs,
we can write the material metric. Note that G = 8,49* ® P =9l @91 + 92 ® 92 + 93 ® 93. Thus

1
2 0 0 2
2, .2 t 1 n
G=|0 & +n n and G*=]| 0 2 2 | (5.32)
0 n 1 2
Ui n
0 -@ 1+g

(e) Step 5: elasticity

From the material manifold, we obtain the stress field by embedding the body into the ambient
space (S,g), which is the flat Euclidean 3-space, and look for solutions of the form (r,0,z) =
(r(R), ®,Z). Having the defective body in the material manifold the anelasticity problem is
transformed to an elasticity problem from a material manifold with a non-trivial geometry to
the Euclidean ambient space. The deformation gradient is F = diag(r'(R), 1, 1), which leads to the
incompressibility condition

detg
detG detF = ﬁi’ =1. (5.33)

Assuming that r(0) = 0 to fix the rigid translations, we obtain

R 1/2
r(R) = (Jo 2fo(x)& (x) dx) , (5.34)

with the condition fg fo(x)€(x) dx > 0.
The Finger tensor for our problem is given by

%2 0 0
I ;—2 _512 . (5.35)
0 —512 1+ g—i
The principal invariants of b are
11=1+$2+;—z+g—§ and 12—1+§+‘§2+772 (5.36)

Because the material is assumed to be isotropic, we have in general that o = (—p + L,B)g* + Ab® —
Bb~!, where b®=id,(G%) and A(R)=2(3W/dl;), B(R)=2(dW/dL). Now, (b=} =c"=
g gb”’cmn has the following representation:

2
;—2 0 0
b=, £+7* n|. (5.37)
A 2
n
0 -
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Therefore, the Cauchy stress can be written as

g2 n*
P+ (A+B)5 +B(1+ 2 0 0
-p+B A+B An  Bpy
o= 0 Tt “E
An By n* 2 &2+ 97
0 _%_72—"72 _p+A<1+$2 +B g+ r2

(5.38)

The only remaining unknown, p=p(R), is obtained from the only non-trivial equilibrium
equation

1
o R+ % (;0” - ra%) =0, (5.39)

which, following the classical case, simplifies to the ODE p'(R) = k(R) with

3 Rb 2
KR)=(fo - (A +B); +B (m'j + 0y —2)5;1)

A+pB

§

For definition, we recall how the functions appearing in the Cauchy stress are related to the
distribution of defects,

3

’ / 52 ’ 772
—fo +(A +B)72+B <1+r2) +2(A+B)72' (5.40)

1—n(R)
fo(R)= , (5.41)
TS /Ry (Ko dy
1 R
R = JO pb(p) dp (5.42)
R R
and £R)= f(lR) JO y(@©fo(x)(1 — W(x)dx, y(R)=elo((h@-D/x)dx, (5.43)

Once the pressure p(R) is known, the Cauchy stress is fully determined and the remaining
calculations are identical to those of the previous sections. We note again that the presence of
combined dislocation and disinclination induces shear stress and that the stress field cannot
be calculated using superposition (in particular, it depends intimately on the point defect
distribution through fy and y).

6. Conclusion

We have presented a systematic method for constructing the material manifold of solids
with distributed discombinations using Cartan’s machinery of moving frames and structural
equations. Given the physical fields (defect densities), we can compute the associated geometric
quantities and write the general equations of equilibrium. In general, these equations are
particularly difficult as they are a large number of nonlinear coupled PDEs. However, for
semi-inverse problems where both deformation and defect distribution preserve elementary
symmetries, a general method for computing the solution is achievable by first constructing
the material manifold and second computing the conditions for mechanical equilibrium. As a
model example, we constructed the material manifold of an infinite circular cylindrical bar with
a cylindrically symmetric distribution of combined screw dislocations, wedge disclinations and
point defects (discombinations). We calculated the induced residual stress field for arbitrary
incompressible isotropic solids and observed on that simple system the breakdown of the
superposition principle. The algorithm presented in this paper offers a systematic and rigorous
way to derive new solutions for semi-inverse problems for anelastic systems.

COR0YLO7 0L ¥ 205 4 20l BioBuiysigndiaposieforeds;



Funding statement. A.Y. was partially supported by AFOSR grant no. FA9550-12-1-0290 and NSF grant nos.
CMMI 1042559 and CMMI 1130856. A.G. is a Wolfson/Royal Society Merit Award Holder and acknowledges
support from a Reintegration Grant under EC Framework VIIL.

References

1.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Rivlin RS. 1948 Large elastic deformations of isotropic materials. III. Some simple
problems in cylindrical polar co-ordinates. Phil. Trans. R. Soc. Lond. A 240, 509-525.
(doi:10.1098 /rsta.1948.0004)

. Rivlin RS. 1948 Large elastic deformations of isotropic materials. IV. Further developments of

the general theory. Phil. Trans. R. Soc. Lond. A 241, 379-397. (doi:10.1098 /rsta.1948.0024)

. Rivlin RS. 1949 Large elastic deformations of isotropic materials. V. The problem of flexure.

Proc. R. Soc. Lond. A 195, 463-473. (d0i:10.1098 /rspa.1949.0004)

. Ball JM. 1982 Discontinuous equilibrium solutions and cavitation in nonlinear elasticity. Phil.

Trans. R. Soc. Lond. A 306, 557-611. (d0i:10.1098 /rsta.1982.0095)

. Ogden RW. 1984 Non-linear elastic deformation. New York, NY: Dover.
. Goriely A, Vandiver R, Destrade M. 2008 Nonlinear Euler buckling. Proc. R. Soc. A 464,

3003-3019. (d0i:10.1098 /rspa.2008.0184)

. Yavari A, Goriely A. 2012 Riemann-Cartan geometry of nonlinear dislocation mechanics.

Arch. Ration. Mech. Anal. 205, 59-118. (d0i:10.1007 /s00205-012-0500-0)

. Goriely A, Robertson-Tessi M, Tabor M, Vandiver R. 2008 Elastic growth models. In

Mathematical modelling of biosystems (eds R Mondaini, PM Pardalos). Applied Optimization,
vol. 12. Berlin, Germany: Springer.

. Yavari A. 2010 A geometric theory of growth mechanics. J. Nonlinear Sci. 20, 781-830.

(doi:10.1007 /s00332-010-9073-y)

Goriely A, Moulton D. 2010 Morphoelasticity: a theory of elastic growth. In New trends in
the physics and mechanics of biological systems (eds M Ben Amar, A Goriely, MM Miiller, L
Cugliandolo), pp. 153-176. Oxford, UK: Oxford University Press.

McMahon J, Goriely A, Tabor M. 2010 Nonlinear morphoelastic plates I: the genesis of residual
stress. Math. Mach. Solids 16, 812-832.

McMahon J, Goriely A, Tabor M. 2010 Nonlinear morphoelastic plates II: exodus to buckled
states. Math. Mach. Solids 16, 833-871.

Ozakin A, Yavari A. 2010 A geometric theory of thermal stresses. J. Math. Phys. 51, 032902.
(doi:10.1063/1.3313537)

Volterra V. 1907 Sur 1’équilibre des corps élastiques multiplement connexes. Ann. Sci. Ec. Norm.
Sup. 24, 401-518.

Love AEH. 1927 A treatise on the mathematical theory of elasticity. New York, NY: Dover.

Frank FC. 1958 On the theory of liquid crystals. Discuss. Faraday Soc. 25, 19-28. (d0i:10.1039/
df9582500019)

Gairola BKD. 1979 Nonlinear elastic problems. In Dislocations in solids (ed. FRN Nabarro),
vol. 1, pp. 223-343. Amsterdam, The Netherlands: North-Holland.

Rosakis P, Rosakis AJ. 1988 The screw dislocation problem in incompressible finite
elastostatics: a discussion of nonlinear effects. J. Elast. 20, 3-40. (doi:10.1007 /BF00042138)
Zubov LM. 1997 Nonlinear theory of dislocations and disclinations in elastic bodies. Berlin,
Germany: Springer.

Acharya A.2001. A model of crystal plasticity based on the theory of continuously distributed
dislocations. J. Mech. Phys. Solids 49, 761-784. (d0i:10.1016 /50022-5096(00)00060-0)

Derezin SV, Zubov LM. 2011 Disclinations in nonlinear elasticity. ZAMM 91, 433-442.
(doi:10.1002 /zamm.201000174)

Yavari A, Goriely A. 2013 Riemann-Cartan geometry of nonlinear disclination mechanics.
Math. Mech. Solids 18, 91-102. (doi:10.1177 /1081286511436137)

Yavari A, Goriely A. 2012 Weyl geometry and the nonlinear mechanics of distributed point
defects. Proc. R. Soc. A 468, 3902-3922. (d0i:10.1098 /rspa.2012.0342)

Yavari A, Goriely A. In press. Non-metricity and the nonlinear mechanics of distributed point
defects. In Differential geometry and continuum mechanics (eds R] Knops, G-Q Chen, M Grinfeld).
Springer Proceedings in Mathematics & Statistics (PROMS).

Harris WE. 1970 The dispiration: a distinct new crystal defect of the Weingarten—Volterra type.
Philos. Mag. 22, 949-952. (d0i:10.1080/14786437008221065)

COR0YLO7 0L ¥ 205 4 20l BioBuiysigndiaposieforeds;


http://dx.doi.org/doi:10.1098/rsta.1948.0004
http://dx.doi.org/doi:10.1098/rsta.1948.0024
http://dx.doi.org/doi:10.1098/rspa.1949.0004
http://dx.doi.org/doi:10.1098/rsta.1982.0095
http://dx.doi.org/doi:10.1098/rspa.2008.0184
http://dx.doi.org/doi:10.1007/s00205-012-0500-0
http://dx.doi.org/doi:10.1007/s00332-010-9073-y
http://dx.doi.org/doi:10.1063/1.3313537
http://dx.doi.org/doi:10.1039/df9582500019
http://dx.doi.org/doi:10.1039/df9582500019
http://dx.doi.org/doi:10.1007/BF00042138
http://dx.doi.org/doi:10.1016/S0022-5096(00)00060-0
http://dx.doi.org/doi:10.1002/zamm.201000174
http://dx.doi.org/doi:10.1177/1081286511436137
http://dx.doi.org/doi:10.1098/rspa.2012.0342
http://dx.doi.org/doi:10.1080/14786437008221065

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

Clayton JD. In press. Defects in nonlinear elastic crystals: differential geometry, finite
kinematics, and second-order analytical solutions. ZAMM (doi:10.1002/zamm.201300142)
Kupferman R, Moshe M, Solomon JP. 2014 Metric description of defects in amorphous
materials. (http:/ /arxiv.org/abs/1306.1624)

Acharya A, Fressengeas C. In press. Continuum mechanics of the interaction of phase
boundaries and dislocations in solids. In Differential geometry and continuum mechanics (eds R]
Knops, G-Q Chen, M Grinfeld). Springer Proceedings in Mathematics & Statistics (PROMS).
Kondo K. 1955 Geometry of elastic deformation and incompatibility. In Memoirs of the unifying
study of the basic problems in engineering science by means of geometry (ed. K Kondo), vol. 1,
pp. 5-17. Tokyo, Japan: Gakujutsu Bunken Fukyo-Kai.

Kondo K. 1955 Non-Riemannian geometry of imperfect crystals from a macroscopic
viewpoint. In Memoirs of the unifying study of the basic problems in engineering science by means of
geometry (ed. K Kondo), vol. 1, pp. 6-17. Tokyo, Japan: Gakujutsu Bunken Fukyo-Kai.

Bilby BA, Bullough R, Smith E. 1955 Continuous distributions of dislocations: a new
application of the methods of non-Riemannian geometry. Proc. R. Soc. Lond. A 231, 263-273.
(doi:10.1098 /rspa.1955.0171)

Hehl FW, McCrea JD, Mielke EW, Ee’eman Y. 1995 Metric-affine gauge-theory of gravity: field
equations, Noether identities, world spinors, and breaking of dilation invariance. Phys. Rep.
258, 1-171. (d0i:10.1016 /0370-1573(94)00111-F)

Anthony KH. 1970 Die theorie der disklinationen. Arch. Ration. Mech. Anal. 39, 43-88.
(doi:10.1007 /BF00281418)

Abraham R, Marsden JE, Ratiu T. 1988 Manifolds, tensor analysis, and applications. New York,
NY: Springer.

Saa A. 1995 Volume-forms and minimal action principles in affine manifolds. J. Geomet. Phys.
15, 102-108. (doi:10.1016/0393-0440(94)00006-P)

Yavari A, Marsden JE, Ortiz M. 2006 On the spatial and material covariant balance laws in
elasticity. J. Math. Phys. 47, 042903; 85-112. (d0i:10.1063/1.2190827)

Ogden RW. 1984 Non-linear elastic deformations. New York, NY: Dover.

Simo JC, Marsden JE. 1983 Stress tensors, Riemannian metrics and the alternative
representations of elasticity. In Trends and applications of pure mathematics to mechanics (eds PG
Ciarlet, M Roseau), pp. 369-383. Lecture Notes in Physics, vol. 195. Berlin, Germany: Springer.
Tod KP. 1994 Conical singularities and torsion. Class. Quantum Gravity 11, 1331-1339.
(doi:10.1088/0264-9381/11/5/019)

Marsden JE, Hughes TJR. 1983 Mathematical foundations of elasticity. New York, NY: Dover.
Eshelby JD. 1966 A simple derivation of elastic field of an edge dislocation. Br. ]. Appl. Phys.
17, 1131-1135. (doi:10.1088/0508-3443/17/9/303)

de Wit R. 1972 Partial disclinations. J. Phys. C Solid State Phys. 5, 529-534. (d0i:10.1088 /0022-
3719/5/5/004)

Kupferman R, Moshe M, Solomon JP. 2013 Metric description of defects in amorphous
materials. (http:/ /arxiv.org/abs/1306.1624)

Dundurs J. 1972 Dislocation and disclination contents of line defects. Phys. Status Solidi (B) 53,
157-162. (doi:10.1002 /pssb.2220530115)

de Wit R. 1973 Theory of disclinations: IV. Straight disclinations. J. Res. Natl Bureau Standards
Sect. A, Phys. Chem. A 77, 607—658.

Ozakin A, Yavari A. 2014 Affine development of closed curves in Weitzenbock manifolds and
the Burgers vector of dislocation mechanics. Math. Mech. Solids 19, 299-307. (d0i:10.1177/1081
286512463720)

COROYLO7 0L ¥ 205 Y 20l BioBuiysiigndfaposieforeds;


http://dx.doi.org/doi:10.1002/zamm.201300142
http://arxiv.org/abs/1306.1624
http://dx.doi.org/doi:10.1098/rspa.1955.0171
http://dx.doi.org/doi:10.1016/0370-1573(94)00111-F
http://dx.doi.org/doi:10.1007/BF00281418
http://dx.doi.org/doi:10.1016/0393-0440(94)00006-P
http://dx.doi.org/doi:10.1063/1.2190827
http://dx.doi.org/doi:10.1088/0264-9381/11/5/019
http://dx.doi.org/doi:10.1088/0508-3443/17/9/303
http://dx.doi.org/doi:10.1088/0022-3719/5/5/004
http://dx.doi.org/doi:10.1088/0022-3719/5/5/004
http://arxiv.org/abs/1306.1624
http://dx.doi.org/doi:10.1002/pssb.2220530115
http://dx.doi.org/doi:10.1177/1081286512463720
http://dx.doi.org/doi:10.1177/1081286512463720

	Introduction
	Non-Riemannian geometries, Cartan's moving frames and the nonlinear mechanics of defects
	Metric-affine manifolds
	Cartan's moving frames
	The compatible volume element on a Weyl manifold
	Geometric elasticity and anelasticity
	Continuum mechanics of solids with distributed defects

	Examples of defects with cylindrical symmetry
	Combination of a single screw dislocation and a single wedge disclination alongthe same line
	A cylindrically symmetric distribution of point defects

	An algorithm for semi-inverse problems with discombinations
	A detailed example of discombinations
	Step 1: physical inputs
	Step 2: geometry
	Step 3: Cartan's structural equations
	Step 4: material metric
	Step 5: elasticity

	Conclusion
	References

