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erning equations of nonlinear dislocation mechanics covariantly using balance
of energy and its covariance.
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1 Introduction

In continuum mechanics, one idealizes a body as a collection of material
points each assumed to be a mathematical point. Kinematics of the body is
then represented by a time-dependent placement of the material points, i.e.,
by a time-dependent deformation mapping. It is then assumed that there
exists a stress-free configuration (a natural configuration) that can be chosen
as a reference configuration. This natural configuration is heavily used in the
nonlinear mechanics of solids. Defects are known to be the source of many
interesting properties of materials. In metals dislocations are particularly im-
portant. A body with a distribution of dislocations and no external forces will
develop internal stresses, in general. Thus, the initial configuration cannot be
a reference configuration in the classical sense. In other words, if one cuts the
undeformed configuration into small pieces and let them relax, the resulting
relaxed small pieces cannot fit together, i.e., the relaxed configuration is not
compatible when embedded in the Euclidean space. However, one may imag-
ine that the small relaxed material points lie in a non-Riemannian manifold
with nonzero curvature and torsion (and even non-metricity). Choosing an
appropriate connection in this non-Riemannian manifold the relaxed stress-
free configurations fit together. This reference configuration now represents
the initial arrangement of distributed dislocations and will be our starting
point.

A possible way to model a crystalline solid with a large number of defects
is to consider it in a continuum framework. Since the 1950s it has been ap-
preciated that continuum mechanics of solids with distributed defects has a
close connection with the differential geometry of manifolds with a Rieman-
nian metric and torsion — a subject in mathematics that has found a wide
range of applications in physics. For example, dislocation and disclination
density tensors are closely related to torsion and curvature tensors, respec-
tively, of a material connection. The geometric theory of dislocations has a
long history. However, in spite of many efforts in the past few decades, a
consistent systematic geometric continuum theory of solids with distributed
defects, capable of calculating stress fields of defects and their evolution is
still missing. We should emphasize that the monograph of Zubov [90] and
the work of Acharya [3] present stress calculations for distributed dislocations
in nonlinear elastic solids but are not geometric in the sense of the present
paper.

Kondo [39)] realized that in the presence of defects, the material manifold,
which describes the stress-free state of a solid, is not necessarily Euclidean.
He referred to the affine connection of this manifold as the material connec-
tion. Kondo also realized that the curvature of the material connection is a
measure of incompatibility of material elements, and that the Bianchi iden-
tities are in some sense conservation equations for incompatibility. In [40], he
considered a material manifold with an affine connection with nonzero cur-
vature and torsion tensors, and discovered that torsion tensor is a measure
of the density of dislocations. In these seminal papers, Kondo focused only
on kinematic aspects; no stress calculations were presented. Independently,
Bilby and his coworkers, in a series of papers [9-11] showed the relevance
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of non-Riemanian manifolds to solids with continuous distributions of dis-
locations. Although these seminal works made the crucial interpretation of
dislocations as sources of torsion, none of them identifies the geometric origin
for the relevance of torsion. For example, for a solid with a single dislocation
line, all the developments are intuitively based on the picture of a crystal
with a single dislocation. Kroner and Seeger [41] and Kroner [42] used stress
functions in a geometric framework in order to calculate stresses in a solid
with distributed defects (see also [81]). None of these references provided any
analytic solutions for stress fields of dislocations in nonlinear elastic solids. In
this paper, for the first time we calculate the stress fields of several examples
of single and distributed dislocations in incompressible nonlinear elastic solids
in a geometric framework. In particular, we show how an elastic solid with a
single screw dislocation has a material manifold with a singular torsion dis-
tribution. Identifying the material manifold the problem is then transformed
to a standard nonlinear elasticity problem.

For the theory of evolution of defects, Kroner [46,43] proposed a field the-
ory for dislocations, acknowledging that a Lagrangian formulation will ignore
dissipation, which is present in the microscopic motion of dislocations. His
theory involves a strain energy density W = W (F,, ), where F, is the elas-
tic part of deformation gradient and « is the dislocation density tensor. He
argued that since strain energy density is a state variable, i.e., independent
of any history, it should depend explicitly only on quantities that are state
variables. The tensor « is a state variable because at any instant it can, in
principle, be measured. Kroner [45] also associated a torque stress to dislo-
cations. Le and Stumpf [48,49], building on ideas from [61] and [79], started
with a “crystal connection” with nonzero torsion and zero curvature. They
used the multiplicative decomposition of deformation gradient F = F.F,
and obtained some relations between torsion of the crystal connection and
the elastic and plastic deformation gradients. They assumed that the free
energy density is a function of F¢ and its derivative with respect to the
intermediate plastic configuration. Then they showed that material frame-
indifference implies that the free energy density should explicitly depend on
F. and the push-forward of the crystal torsion to the intermediate config-
uration. Recently, in a series of papers, Acharya [3-5] presented a crystal
plasticity theory that takes the dislocation density tensor as a primary inter-
nal variable without being present in the internal energy density explicitly.
Berdichevsky [7] also presented a theory in which internal energy density
explicitly depends on the dislocation density tensor.

These geometric ideas have also been presented in the physics literature.
Katanaev and Volovich [38] started with equations of linear elasticity and
hence began their work outside the correct geometric realm of elasticity. They
introduced a Lagrangian density for distributed dislocations and disclinations
and assumed that it must be quadratic in both torsion and curvature tensors.
They showed that the number of independent material constants can be
reduced by assuming that there are displacement fields corresponding to
the following three problems: (i) bodies with dislocations only, (ii) bodies
with disclinations only, and (iii) bodies with no defects. Miri and Rivier [55]
mentioned that extra matter is described geometrically as non-metricity of
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the material connection. Ruggiero and Tartaglia [67] compared the Einstein-
Cartan theory of gravitation to a geometric theory of defects in continua, and
argued that in the linearized approximation, the equations describing defects
can be interpreted as the Einstein-Cartan equations in three dimensions.
However, similar to several other works in the physics literature, the early
restriction to linearized approximation renders their approach non-geometric

(see also [75] and [47]).

Einstein-Cartan gravity theory and defective solids. A role model for a dy-
namical, geometric field theory of defect mechanics is the Einstein-Cartan
theory of gravity. This theory is a generalization of Einstein’s general the-
ory of relativity (GTR) involving torsion. Being inspired by the work of the
Cosserat brothers [21] on generalized continua, i.e. continua with microstruc-
ture, in the early 1920s Elie Cartan introduced a space-time with torsion
before the discovery of spin. GTR treats spacetime as a possibly curved
pseudo-Riemannian manifold. The connection on this manifold is taken to
be the torsion-free Levi-Civita connection associated with a metric tensor.
In general relativity, the geometry of spacetime, which is described by this
metric tensor, is a dynamical variable, and its dynamics and coupling with
matter are given by the Einstein equations [56], which relate the Ricci cur-
vature tensor R, to the energy-momentum tensor 7}, in the following way

(in suitable units):

1 o
RMV — §gul/Ra = TNV . (11)

It is very tempting to exploit similarities between GTR and a possible
geometric theory of defects in solids: both theories describe the dynamics of
the geometry of a curved space. However, the analogy falls short: in the case
of defect mechanics, one needs to allow the material manifold to have torsion
(for dislocations), which is nonexistent in GTR. A better starting point is
Einstein-Cartan theory, which is a modified version of GTR that allows for
torsion as well as for curvature [32]. In Einstein-Cartan theory, the metric
determines the Levi-Civita part of the connection, and the other part (con-
torsion tensor), which is related to both torsion and metric, is a dynamical
variable as well. The evolution of these variables is obtained by the field
equations that are in a sense a generalization of Einstein’s equations. These
equations can be obtained from a variational principle just as in GTR. What
one needs in the case of a continuum theory of solids with distributed dislo-
cations is similar in spirit to Einstein-Cartan theory, and a possible approach
to constructing such a theory is via an action that is compatible with the
symmetries of the underlying physics [67]. However, there is an important
distinction between Einstein-Cartan theory and dislocation mechanics: dis-
sipation is a crucial ingredient in the mechanics of defects. In short, being a
geometric field theory involving torsion and curvature, Einstein-Cartan the-
ory serves as a valuable source of inspiration for our approach with all proper
caveats taken into account.

A possible generalization can also be considered. The connection in Rie-
mannian geometry is metric-compatible, and torsion-free. In Riemann-Cartan
theory, the connection has torsion, but the metric is compatible. A further
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generalization can be made by allowing the connection to be non-metric-
compatible. In this case, the covariant derivative of the metric becomes yet
another dynamical variable [33]. This approach is relevant to defect mechan-
ics as well, since non-metricity is believed to be related to point defects in
solids [55]. However, in the present work we restrict ourselves to metric-
compatible connections.

Dislocations and Torsion. As mentioned earlier, in a geometric formulation
of elasticity, dislocations are related to torsion. While it has been mentioned
in many of the works cited above, the connection between the two concepts
remains unclear. To shed light on this relation we focus on the simple case
of a material manifold describing a single dislocation. Tod [73], in a paper
on cosmological singularities, presented the following family of 4-dimensional
metrics

ds* = —(dt + adp)? + dr* + B2ride? 4 (dz + vdp)?, (1.2)

which includes the special case (o = 0, 8 = 1, dt = 0), which can be inter-
preted as a screw dislocation parallel to the z-axis in 3D. Indeed, by consid-
ering the parallel transport of two vectors by infinitesimal amounts in each
other’s directions in this three-dimensional Riemannian manifold (apart from
the z-axis), one can see that the z-axis contains a J-function singularity of
torsion. We will use the interpretation of this work in relativity in the context
of dislocations in solids to make the relation between a single screw disloca-
tion in a continuous medium and the torsion intuitively clear. Here, we use
Tod’s idea and show that his singular space-time restricted to three dimen-
sions (o« = 0, 8 = 1) is the material manifold of a single screw dislocation.
Using this material manifold we obtain the stress field when the dislocated
body is an incompressible neo-Hookean solid in §6.

Here, a comment is in order. Since the fifties many researchers have
worked on the connections between the mechanics of solids with distributed
defects and non-Riemannian geometries. Unfortunately, most of these works
focus on restatements of Kondo and Bilby’s works and not on coupling me-
chanics with the geometry of defects. It is interesting that after more than
six decades since the works of Kondo and Bilby there is not a single calcu-
lation of stress in a nonlinear elastic body with dislocations in a geometric
framework. The present work introduces a geometric theory that can be used
in nonlinear dislocation mechanics to calculate stresses. We show in several
examples how one can use Riemann-Cartan geometry to calculate stresses in
a dislocated body. We hope that these concrete examples demonstrate the
power of geometric methods in generating new exact solutions in nonlinear
anelasticity.

Magor contributions of this paper. In this paper, we show that the mechanics
of solids with distributed dislocations can be formulated as a nonlinear elas-
ticity problem provided that the material manifold is chosen appropriately.
Choosing a Weitzenbock manifold with torsion tensor identified with a given
dislocation density tensor, the body is stress free in the material manifold
by construction. For classical nonlinear elastic solids in order to calculate
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stresses one needs to know the changes of the relative distances, i.e. a metric
in the material manifold is needed. This metric is exactly the metric compati-
ble with the Weitzenbock connection. We calculate the residual stress field of
several distributed dislocations in incompressible nonlinear elastic solids. We
use Cartan’s moving frames to construct the appropriate material manifolds.
Most of these exact solutions are new. Also, we discuss zero-stress dislocation
distributions, present some non-trivial examples, and a covariant derivation
of all the balance laws in a solid with distributed dislocations. The present
work clearly shows the significance of geometric techniques in generating ex-
act solutions in nonlinear dislocation mechanics. Application of our approach
to distributed disclinations is presented in [89]. Extension of this geometric
approach to distributed point defects will be the subject of future research.

This paper is structured as follows. In §2 we review Riemann-Cartan ge-
ometry. In particular, we discuss the familiar operations of Riemannian ge-
ometry for non-symmetric connections. We discuss bundle-valued differential
forms and covariant exterior derivative, and then Cartan’s moving frames. We
also briefly comment on metrazibility of non-symmetric connections. In §3, we
critically review the classical dislocation mechanics both linear and nonlinear.
We critically reexamine existing definitions of Burgers vector. §4 formulates
dislocation mechanics in the language of Cartan’s moving frames. The con-
ditions under which a dislocation distribution is impotent (zero stress) are
then discussed. Using Cartan’s moving frames, we obtain some non-trivial
zero-stress dislocation distributions. To the best of our knowledge, there is
no previous result on zero-stress dislocations in the nonlinear setting in the
literature. We also comment on linearization of the nonlinear theory. In §5 we
derive the governing equations of a solid with distributed dislocations using
energy balance and its covariance. §6 presents several examples of calcula-
tion of stresses induced by distributed dislocations in incompressible non-
linear elastic solids. We find the residual stresses for nonlinear elastic solids
with no approximation or linearization. We start with a single screw dislo-
cation and construct its material manifold. We then consider a parallel and
cylindrically-symmetric distribution of screw dislocations. We calculate the
residual stress field for an arbitrary distribution. We prove that for a distri-
bution vanishing outside a finite-radius cylinder, stress distribution outside
this cylinder depends only on the total Burgers vector and is identical to
that of a single screw dislocation with the same Burgers vector.! As another
example, we consider a uniformly and isotropically distributed screw disloca-
tions and show that its material manifold is a three-sphere. Knowing that a
three-sphere cannot be embedded into a three-dimensional Euclidean space
we conclude that there is no solution in the framework of classical nonlinear
elasticity in the absence of couple stresses. This result holds for any nonlinear
elastic solid, compressible or incompressible. Next, we consider an example
of edge dislocations uniform in a collection of parallel planes but varying
normal to the planes. Finally, we look at a radially-symmetric distribution
of edge dislocations in 2D and calculate their residual stress field.

! This result is implicit in [3].
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2 Riemann-Cartan Geometry

To fix notation we first review some facts about non-symmetric connections
and the geometry of Riemann-Cartan manifolds. We then discuss bundle-
valued differential forms and their intrinsic differentiation. Finally, we intro-
duce Cartan’s moving frames — a central tool in this paper. For more details
see [13,27,35,58,59,68].

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
v f7f17f2 € COO(B)a v al, a2 € R:

7’) Vle1+fQX2Y = flVX1Y+f2VX2Y7 (21)
’LZ) Vx(alYl + CLQYQ) = ale(Yl) + CLQVX(YQ), (22)
iii) Vx(FY) = V%Y + (Xf)Y. (2.3)

VxY is called the covariant derivative of Y along X. In a local chart {X4}
Vo0 =I'° Ap0c, (2.4)

where I'“ 4p are Christoffel symbols of the connection and 94 = &% are
the natural bases for the tangent space corresponding to a coordinate chart
{z4}. A linear connection is said to be compatible with a metric G of the
manifold if

Vx (Y, Z) g = (VxY,Z)) g + (Y, VxZ)g, (2.5)

where ((.,.)) g is the inner product induced by the metric G. It can be shown
that V is compatible with G iff VG = 0, or in components

oG
GAB|C = 6TA§ - FSCAGSB — FSCBGAS =0. (26)

We consider an n-dimensional manifold B with the metric G and a G-
compatible connection V. Then (B,V, Q) is called a Riemann-Cartan man-
ifold [15,28].
The torsion of a connection is a map T' : X'(B) x X(B) — X(B) defined
by
T(X,Y)=VxY - VyX — [X,Y]. (2.7)

In components in a local chart {X4}, T4pc = ' e — ' . The connec-
tion is said to be symmetric if it is torsion-free, i.e., VxY — VyX = [X,Y].
It can be shown that on any Riemannian manifold (B, G) there is a unique
linear connection V that is compatible with G and is torsion-free [51]. Its
Christoffel symbols are

1
FCAB — 7GCD

: (2.8)

0GgBp n 0Gap 0Gap
0x4 0XB oxpP )’

and the associated connection is the Levi-Civita connection. In a manifold
with a connection, the Riemann curvature is a map R : X(B) x X(B) x
X (B) — X(B) defined by

R(X,Y)Z = VxVvZ — VyVxZ - Vix v|Z, (2.9)
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or, in components

RA _9rtcp  9Mpp LA M pA M 2.10
BCD = ~5%p 9xC BM1L " cD oI Bp.  (2.10)

A metric-affine manifold is a manifold equipped with both a connection
and a metric: (B, V, G). If the connection is metric compatible the manifold
is called a Riemann-Cartan manifold. If the connection is torsion free but
has curvature B is called a Riemannian manifold. If the curvature of the
connection vanishes but it has torsion B is called a Weitzenbdck manifold.
If both torsion and curvature vanish B is a flat (Euclidean) manifold. Fig. 1
schematically shows this classification. For a similar classification when the
connection has non-metricity, i.e. VG # 0 see [28].

Riemann-Cartan Manifolds (B, V, G)
VG=0,T#0,R#0

N

Riemannian Manifolds (B,V,G)| |Weitzenbock Manifolds (B, V, G)
VG=0,T=0,R+0 VG=0,T#0,R=0

—

Flat(Euclidean)Manifolds (B, V, G)
VG=0,T=0,R=0

Fig. 1 Special cases of Riemann-Cartan manifolds.

The following are called Ricci formulas for vectors, one-forms, and (g)—
tensors, respectively.

wA|B\C - U}A\C\B = —RApcpw™ + TMBC'U)A\M, (2.11)
QA|BlC — QA|IC|B = RM poaan + TMBcaA‘M, (2.12)

Aapicip — Aappic = RMcpadus + R copAam
+TY cpAap|u- (2.13)

The Ricci curvature tensor is a ((2))—tcnsor with the following coordinate
representation: Rap = Rcap. Scalar curvature is the trace of R, i.e.
R = GABR4p. The Einstein tensor is defined as Exp = Rap — %RGAB. In
dimension three Ricci curvature (and equivalently the Einstein tensor) com-
pletely specifies the Riemann curvature tensor. Let us consider a 1-parameter
family of metrics Gap(€) such that

GAB(O):GAB, 7OGAB(€):5GA37 (214)

4
de le=
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dG Ap is called the metric variation. It can be shown that [19]

(;GAB _ —GAMGBN(sGI\/[N, (215)
—A 1
0" po = §GAD (6Gepis + 0GEpic — 6Gpep) (2.16)
— 1
dRAp = §GMN (6GamiN + 6G BN aM — G ABMN
- 5GNM\BA)7 (2.17)
SR = —A6G + GMPGN?5G N po
— GMGBNR A5G uN, (2.18)

where 0G = GAB6G 4p and A = GABV V.

Let us consider a metric connection ' g and its corresponding metric
G 4p that is used in raising and lowering indices, e.g. Tsc? = GG TM ¢ y.
Metric compatibility of the connection implies that Gapc = Gapc —
I'M o AGrs — T cgGan = 0. We use this identity to express I o as

Mpe=T"pc + K50, (2.19)
where TA Bc is the Levi-Civita connection of the metric and
K*pc = % (T4pc — Tpc™ — Tep™)
- % (T po + Ts'c + To™s) (2.20)

. . —A
is called the contorsion tensor. Note that % (FABC +FACB) =1 po+

(TBAC + T4 B), i.e. the symmetric part of the connection is not the Levi-
Civita connection, in general. Similarly, the curvature tensor can be written
in terms of curvature of the Levi-Civita connection and the contorsion tensor
as

—A
RAcp =R pep + K cpip — K ppie
+KA KM ep — KoK pp, (2.21)

where the covariant derivatives of the contorsion tensor are with respect to
the Levi-Civita connection. Finally, the Ricci tensor has the following relation
with the Ricci tensor of the Levi-Civita connection

Rap =Rap + K" spjne — KM yipa
+ KNy KM ap — KN A KM yp. (2.22)

The Levi-Civita tensor e4pc is defined as eapc = VG £apc, where G =
det G and

1 (ABC) is an even permutation of (123),
eapc =4 —1 (ABC) is an odd permutation of (123), (2.23)
0 otherwise,

is the Levi-Civita symbol. For a G-compatible connection, € 4pc|p = 0.
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2.1 BundleValued Differential Forms

Here we review some definitions and operations on vector-valued and covector-
valued differential forms, i.e., differential forms that take values in a vector
bundle rather than in R (torsion form is an example of a vector-valued 2-
form). See also [53, Chapter 16] for a more detailed discussion of operations
on vector bundles. A more accessible presentation can be found in [25, Chap-
ter 9]. Other treatments of vector-valued forms can be seen in [16] and [26].
A shorter version of what follows was presented in [37].

We consider an n-dimensional Riemann-Cartan manifold (8,V, G). For
the sake of clarity, we consider mainly 2-tensors on 5. However, it is straight-
forward to extend all the concepts presented here to tensors of arbitrary or-
der. Consider a covariant 2-tensor T € T9(B). Its Hodge star with respect to
the second argument is defined as

%9 : T9(B) — 21 (B) @ 2" 1(B); T+ % T, (2.24)
such that ¥V wy,...,u, € TB

(+2T) x (w1, u2, ..., uy) = (*T(ug, -))X(ug, o uy) VX eB, (2.25)

where * is the standard Hodge star operator. Clearly, T is in 2'(B) ®
02"=Y(B), i.e., an element of T)(B) antisymmetric in the last n—1 arguments.
In coordinate notation, if we write T = Tup dX4 ® dX B, then *T =
Tap dX* @ *dX". Now, define the area-forms wa := (—=1)A"1dX" A ... A

dXA AN dX", where the hat means that dX* is omitted. It is clear
that {wa} is a basis for 27 1(B), and hence {dX* ® wp} is a basis for
2Y(B) @ £2"71(B). One can check that the components of the tensor T in
this basis are

|det G| 2Ty G = | det G|Y/2T4 5. (2.26)

Finally, note that (2.24) can be easily extended to contravariant and mixed
2—tensors by simply lowering the second index. For instance, if S € T¢(B),
then we define x9S € TB® 2"~ (B) such that, V o € T*B and uy, ..., u, €
T8, one has:

(#28) x (o, ug, ..., up) = (%(S(a, -))b)X(ug, ou) VX eBo (227)

Recall that the flat (-)* and sharp (-)* operations refer to lowering and raising
the indices using the metric G, i.e.,? : TB — T*B and # : T*B — TB. Let
B € 2Y(B). We have:

*5 = (6%, ), (2.28)

where p is the G-volume form. This result is analogous to the well-known
relation *X” = ixu, where X € TB and i denotes the contraction operation,
see [1]. As a corollary, for T € T9(B), one has

#T = (T, 1), (2.29)
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where f#2 denotes the operator of raising the second index. Now let § =
OV C B be an (n—1)—surface with Riemannian area-form v and consistently
oriented unit normal vector field N and T € 7% (B), then

/ T(v,N)v = /(v,*gT)7 Vv e TB. (2.30)
s s

The proof follows by noting that [ T(v,N)v = [(T(v,-), N)v, then re-
calling that, for a one-form S, fs<6, N)yv = fS<Bﬁ, w) and, finally, appealing
to (2.29).

We now define two types of products, namely, an inner-exterior and an

. ®
outer-exterior product that we denote by A and A , respectively. Let us first
define the A—product

A: (TB® 2Y(B)) x (T*B® 2" (B)) — 2"(B); (T,S) — TAS,

(2.31)
such that, for all vy,...,v,, € TB, one has
(T/\S)X('Ul, V2,..., 'Un) = Z(Slgn T) <TX(a vT(l))7 SX(a Vr(2)s -+ U‘r(n))>7
(2.32)

VX € B, where the sum is over all the (1,n — 1) shuffles. This product can
be defined for any arbitrary order £ < n as well as on (T*B® QI(B)) X

(TB ® Qkfl(B)). Note that the A—product is simply a contraction on the
first index and a wedge product on the other indices. For example, if one
takes u @ « € TB® 2Y(B), and @ w € T*B® 2" 1(B), one has

(u®a)A(BRw) = (u,BaAw, (2.33)

where a Aw defines a volume-form provided it is not degenerate. To this end,
one can readily verify that, for T € T3(B) and S € T3 (B), one can write

S A(xT)=(S:T)p. (2.34)

Further, one can also show that, for T € T¢(B) (analogous results hold for
any tensor type), one has

T(a,8) p=(—=1)""Ya,#»T) A B = (a® B)A(xT), (2.35)
for all , 8 € T*B. The proof follows directly from the definition of the Hodge
star as in [1]. We now define the A —product
%: (TB ® QI(B)) X (TB ® (Z"‘l(B)) — TB® 2"(B); (T,S)+— T,% S,

(2.36)
such that, V vq,...v, € TB, one has

® .
(T A w)X(Ulv V2, ... 7Un) = Z(Slgn T)TX('a UT(l)) & SX(7 v‘r(2)7 ceey UT('IL))?
(2.37)

VX € B, where the sum is over all the (1,n — 1) shuffles. An analogous

®
product can be defined on (T*B® T*B) x 2" 1(B). The A —product is
simply a tensor product on the first index and a wedge product on the other
indices.
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Differentiation of Bundle-Valued Forms. We now proceed to define a differen-
tiation & on vector and covector-valued (k—1)—forms. The differentiation 2
combines the exterior derivative d, that has a topological character, with the
covariant derivative V with respect to the affine connection, that has a met-
ric character if the connection is metric compatible. To this end, recall that,

in components, the covariant derivative Vv of a vector field v = v4e4 on

TB is given by Vgvt = vA|B = GUA/GXB + ' v, where I' o are the
connection coefficients. This suggests that Vv can be expressed as a mixed
2-tensor, i.e., a vector-valued one-form Vv = vA|BeA ®dXP. In particular,
one has Veg = ey ® FACBdXC = e,y @w?p, where whp = FACBdXC are
called the connection one-forms. Let [F denote either T8 or T*B, and let k
be any integer < n. We define the differential operator

72 :Fe "B —Fe 2"B); T+— 2T, (2.38)
by
(u, 2T) =d({(u,T)) — VuAT, vV u e F*, (2.39)

where d is the regular exterior derivative of forms and V is the covariant
derivative of tensors. Note that for k = 0, 2 reduces to the regular covariant
derivative, while for k = n, Z is identically zero.

Remark 21. In order for (2.39) to provide a valid definition of &, one
needs to show that its right-hand side depends only on the point values of u
and, hence, uniquely defines the differential 2T. Note that for any function
f € 2°(B), one has

d(fuw, T)=d(f AN, T)) =df ANu,T)+ fd((u,T)). (2.40)
On the other hand, one can easily verify that
V(fu)AT = (w @ df)AT + fYuAT =df A (u, T) + fYuAT,  (2.41)
which proves the claim.

Alternatively, the differential operator 2 can be defined by its action on
elements of F ® 2F~1(B) of the type a ® w, where a € F, w € 2F1(B):

(0@ w) :Va%w—i—a@dw, (2.42)

and extending it to F ® 2"~ 1(B) by linearity. To prove this statement, one
only needs to check that (2.42) is equivalent to the definition in (2.39). Given
u € F*, (2.39) reads as

u-Z(aw)=d((u-a)w) - Vu(a,) Aw. (2.43)

Now, note that d(u - o) = V(u - a) = Va(u,-) + Vu(a,-) (by definition of
V) in order to get
u-Zaw)=(u-a)dv+ (Va(u,-)+ Vu(e, ) Aw — Vu(a, ) Aw
= (u-a) dw+ Va(u,) Aw. (2.44)
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The differential operator 2 is identical to Cartan’s exterior covariant dif-
ferential (reviewed in [25, Chapter 9], see also [78]) as we will show later
on.

For a (g)—tensor T, we have

(DIvT) @ pu = D (%2 T°2). (2.45)

To show this, given that Div({«, T)) = (a,DivT) + Va : T and appealing
to the divergence theorem, we obtain the following identity

iv = a, N — o « * .
/V<a,D T /BVT( N?) /V(v T VacT (B), (2.46)

for any open subset V' C B. It follows from (2.30) and Stokes’ theorem that

/6‘/ T(a, N") V:/av <a,*2sz> _ /vd(<a’*2Tb2>)' (247

Further, from (2.34) and the definition of &, we have

/V(oz,DivT),u:/V[d((a, *2Tb2))—Va/\(*2Tb2)}
= /V (o, D (%2 T%2)), (2.48)

for all @« € T*(B) and for any open subset V' C B, which concludes the proof
of (2.45).

2.2 Cartan’s Moving Frames

Let us consider a frame field {e, }7_; that at every point of an n-dimensional
manifold B forms a basis for the tangent space. We assume that this frame is
orthonormal, i.e. (e, €p)) g = dap. This is, in general, a non-coordinate basis
for the tangent space. Given a coordinate basis {04} an arbitrary frame field
{e.} is obtained by a GL(N,R)-rotation of {94} as e, = F,“04 such that
orientation is preserved, i.e. det F,* > 0. We know that for the coordinate
frame [04,0p] = 0 but for the non-coordinate frame field we have [e,, €,] =
—c"p€e,, where 7,5 are components of the object of anhonolomy. Note that
for scalar fields f, g and vector fields X,Y on B we have

[FX,9Y] = folX, Y]+ F(X[g) Y — g (Y[f]) X. (2.49)

Therefore
o = Fo*FaP (04F 5 — 0F74), (2.50)
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where F7p is the inverse of F,Z. The frame field {e,} defines the coframe
field {9};_, such that 9%(eg) = 5. The object of anholonomy is defined
as ¢ = dv”7. Writing this in the coordinate basis we have
¢’ =d(F'pdX")
= 04F pdX* NdX P
= ) (0aF7p — 05F74) dX* A dX P
A<B
= Z FaAFBB (8AF’YB — GBF'YA) AN 195
a<lf
=) ot ADP
a<f
= op(9* A7), (2.51)
where {(9% A 9P)} = {9 AP}, is a basis for 2-forms.

Connection 1-forms are defined as Ve, = ey ® w”,. The corresponding
connection coefficients are defined as

Ves€a = (Wa,e5) €y =W gae,. (2.52)
In other words, w7, = aﬂgaﬁﬁ. Similarly, VJ% = —w“,197, and
Ve, 0% = —w g0, (2.53)

The relation between the connection coefficients in the two coordinate sys-
tems is
Wap =Fa?FsPF10I o5 — Fa*FsP04F 5. (2.54)
And equivalently
I'po =FPpFcFo w s, + Fo ' 0pF%c. (2.55)
In the non-coordinate basis torsion has the following components
Ty = w¥sy —wyp + %3y (2.56)
Similarly, the curvature tensor has the following components with respect to
the frame field

Raﬁ/\u = aﬁwa)\u — 6)\wa5u + wa/ggwgw — w%\gwgﬁu + wagﬂc%)\. (2.57)

In the orthonormal frame {e,}, the metric tensor has the simple rep-
resentation G = J,59* ® 9¥7. Assuming that the connection V is metric
compatible, i.e. VG = 0, we obtain the following metric compatibility con-
straints on the connection 1-forms:

dayw’ g + g w7 = 0. (2.58)
Torsion and curvature 2-forms are defined as

T = d9™ + w5 AP, (2.59)
Rag = dwag + wo‘ﬂ, A\ wwg, (2.60)
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where d is the exterior derivative. These are called Cartan’s structural equa-

tions. Torsion two-form is written as 7 = €, @ T® = 04 ® TA, where
T = F*,4T4. Bianchi identities read:

DT® :=dT® + w3 ATP =R N 0P, (2.61)

DRz :=dR*s+w*y AR"g —w/g ARY =0, (2.62)

where D is the covariant exterior derivative. Note that for a flat manifold

DT = 0. We now show that D is identical to 2. For the sake of concreteness,

we show this for a vector-valued 2-form. Since T is a vector-valued 2-form
we consider an arbitrary 1-form 7. From (2.39) we have

Note that T = e, ® T and let us take 1 to be ¥*. Thus

(", 2T) = d((9*, e @ T")) = VI*Aleg @ T)
=dT* + w9 Aleg @ TP)
=dT* +w A Tﬁ<197,e5)
=dT*+ w3 ATP. O (2.64)
From here on we use the symbol D for covariant exterior derivative.
Suppose a frame field {e,} is given. Then one may be interested in a
connection V such that in (B, V) the frame field is parallel everywhere. This
means that Ve, = w? «€3 = 0, ie. the connection 1-forms vanish with

respect to the frame field or w”,, = 0. Using this and (2.54) we have the
following connection coefficients in the coordinate frame

I =FoC04F 5. (2.65)
This is called the Weitzenbock connection [80,23]. Its torsion reads
T ap = Fo© (04F*p — 0BF*4) . (2.66)

Let us denote the Levi-Civita connection 1-form by w®g. Distortion 1-
form is defined as N“g = w*g —w®g. Thus, torsion one-form can be written
as

T = d¥9™ + @5 + N%) AP
= (d9* + @5 NYP) + N5 A 9P
= N A 9P, (2.67)
where we used the fact that torsion of the Levi-Civita connection vanishes.
Curvature 2-form has the following relation with the Levi-Civita curvature

2-form: - -
R =R"5+ DN + N*, ANp, (2.68)

where D is the covariant exterior derivative with respect to the Levi-Civita
connection forms.
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Example 22. Let (R,0,Z), R > 0,0 < O < 2w, Z € R, denote the cylin-
drical coordinates in Euclidean space. The metric is given by

G =dR®dR+ R*dO ® dO + dZ ® dZ. (2.69)

We choose the following orthonormal non-coordinate coframes: 9! = dR, 9% =
RdO, 93 = dZ. Metric compatibility of the connection implies that there are
only three non-zero connection one-forms. The matrix of connection one-
forms has the following form:

1 3
0 W79 —W7q

w=w%l=( w2 0 w3 . (2.70)

w3 —w?3 0

Using Cartan’s first structural equations (0 = d¥® + w®s A 97) we find the
Levi-Civita connection 1-forms:

0 —Lv?
192

0

(2.71)

3=
o o ==
oo o

Transferring these back to the coordinate basis we can easily see that the only
non-vanishing Christoffel symbols are I'*'gg = —R and I'® po = I'®gr =
1/R as expected.

Example 23. Let (R,0,%), R > 0,0 < © < 7,0 < & < 27, denote the
spherical coordinates in Euclidean space. The metric reads

G =dR®dR + R*dO ® dO + R*sin® © dP ® d9. (2.72)

This leads to the choice of the following orthonormal coframes

9 =dR, 9% = RdO, ¥ = Rsin@dd. (2.73)
Note that
1 1 . cot ©
Ayt = d9? = Z9'A92, d9P = —= 9P A9+ =92 A3, (2,74
0, 7 A 97, 7 A+ iz A (2.74)

Assuming metric compatibility and using Cartan’s first structural equations
we find the matrix of connection 1-forms as

1
0 —%192 —Eﬁ?’

w=wr%]=| 92 0 <Ly |, (2.75)
1 e 9
ﬁ,&S co]t% 193 0

Transferring these back to the coordinate basis we recover the classical Christof-
fel symbols.
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We now show that a given coframe field with a prescribed torsion field
and metric compatible determines a unique connection. Sternberg [72] shows
this for the Levi-Civita connection but the proof can easily be extended for
non-symmetric connections. Let 9!, ..., 97 be p linearly independent 1-forms
in B (p < n). Now suppose that the 1-forms &1, ..., , satisfy

€u ND® = 0. (2.76)
Then according to Cartan’s Lemma [72]
ga = 5&[‘31967 gaﬁ = fﬁow (277)

Given a torsion field we know that a metric compatible connection satisfies
T = d¥* + w¥s AP and w?g = —wP,. Assuming that another connection
w®* g satisfies these equations and denoting 0%g = W*3 — wg we see that

%5 AP = 0. (2.78)

Therefore, Cartan’s Lemma tells us that 0%g = 0%,5 AV, 0%3 = 0%3,.

But because both connections are metric compatible 0%5 = —o#, or 0.5 =
—O'pra‘ Thus

o-a'Yﬁ = UaﬂW = _O-’YBOZ = _O-’YQ,B - Uﬁa'\/ - Uﬁrya == _Uary,@. (279)

Therefore, 0%,3 = 0 and hence 0%g = 0, i.e. the connection is unique. In
particular, if 7% = 0, then this unique connection is the Levi-Civita connec-
tion.

Remark 24. In dimension two, given a coframe firld {9,192} we see that
the only nonzero connection one-form is w's. Consequently the only nonzero
curvature 2-form is R's. Torsion 2-forms are

TH=do' +wlan9?, T2 =d9? —w'y NI (2.80)

2.3 Metrizability of an Affine Connection

Given a manifold with an affine connection one may ask whether it is metriz-
able, i.e. if a metric G exists such that VG = 0. In other words, the con-
nection of the manifold respects the inner product of vectors. Physically, the
question is whether a manifold can have a natural metric. If such a metric ex-
ists then one has a natural way of measuring distances in the manifold. This
is important for an elastic body as the local changes of distances determine
the distribution of stresses. In other words, having the material metric one
can transform the anelasticity problem to an equivalent elasticity problem.
The affine connection V is metrizable if there exists a full-rank symmetric
second-order covariant tensor field G such that

0Grj
OXK

This problem has been studied for both sysmmetric and non-symmetric
connections by many authors (see [18,22,60,76,77] and references therein).

— M g1 Gary — TM g 3Gy = 0. (2.81)
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Eisenhart and Veblen [22] proved that an affine manifold (B,V) with Rie-
mann curvature tensor R is metrizable if and only if?

RM i 1sGrr + R k1Guy =0, (2.82)
has a non-trivial solution for G and any solution satisfies the following
RM graipGur + R gprpGuy =0 I, J,K,L,M,P €{1,...,n}, (2.83)

where n = dim B. The following steps lead to the most general solution for
G [76]. Suppose {G(), ..., G(™)} is a basis of the solution space of the linear
system (2.82) and so any solution G has the representation

G=> 9", (2.84)
=1

for some functions f (#) defined on B. By taking the covariant derivative of
RMKL.]GE\Z)I + ’RMKLIG%}J = 0 and noting that (2.83) holds for each G
one obtains

RMKLJGE\Z)]‘P—"_RMKLIGS\?JlP =0 t1=1,...,m. (285)
This means that

G =2 Vi Gy, (2.86)
j=1

for some scalar functions @[J%j ), Therefore, VG = 0 implies

af® lis

axk T S Op =o. (2.87)
j=1
From Ricci identity (2.13) and (2.83) we know that
G(Ii}|KL - G(Ii}|LK = RJ\/[KLIGS\?J + RMKLJGE\?I =0. (2.88)

Therefore, in terms of the functions ng ) the condition for metrazibility is

8w%j) 6’¢g‘j)

XL  9XK

30 () — ) =0 =1, m, (2:89)
k=1

which is the integrability condition of (2.87). Therefore, the problem reduces
to finding solutions of a system of m? PDEs.

A flat connection according to Eisenhart and Veblen’s theorem is always
metrizable. Since the set of equations (2.82) is empty, the solution space is
the span of independent second-order covariant symmetric tensors.

2 Eisenhart and Veblen [22] start by looking at Gy k. — GrjjLx and assume a

symmetric connection. In the case of a non-symmetric connection from (2.13) we
have

Groxr — Groox = R krsGur + RM kp1Gug + TV kLGryjar.

But because Gp = 0 the last term is identically zero and hence Eisenhart and
Veblen’s proof remains valid even for a non-symmetric connection.
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Example 25. Let us first start with the connection of isotropic thermoelas-
ticty in two dimensions [63]

I -1 /
Ik =07 (T)0(T)ok 557

(2.90)

where the thermal deformation gradient reads Fr = O(T)I. It can be shown
that the following three metrics span the solution space of (2.82):

GV =dXx'wdx', G?® =dx?®dX?,
G® —dX'®dX?+dX?*®dX* . (2.91)
Thus, the general solution is
G = fOGgW 4 fAG® 4 fBGe). (2.92)
It can be shown that
Gy = —20TkGY), i=1,23, (2.93)

where a(T) = ©~1(T)O'(T) is the thermal coefficient expansion. Hence

%i) = —2aT kg  mno summation on . (2.94)
Therefore »
af" i .
OXK — 20Tk fD =0 i=1,2,3. (2.95)
Defining ¢ = e=2¢ (1 where w’ = a, the above differential equations read
89(i) i
oxk =0 o g = ¢y (2.96)

where C; are constants. Therefore, the metric has the following form:

G(X,T) = C1e*M X @ dX* + Che®*MdX? ® dX?
+C5e* M) (dX' ® dX* + dX* ® dX"). (2.97)

If at T = 0 the body is a flat sheet, then C; = Cy = 1, C'5 = 0, and hence
G(X,T) = > (dX' @ dX' + dX* ® dX?). (2.98)

In dimension three, (2.93) still holds and hence the metric has the follow-
ing form
C1 Cy Cs
GX,T)=e*D [ CyCyCs | . (2.99)
Cs Cs C3

for constants C;. Again, if at T = 0 the body is stress free in the flat Eu-
clidean space, we have C; = Cy = C3 = 1, C4y = C5 = Cg = 0, and hence
Gry(X,T) = e*T5y,.
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3 Classical Dislocation Mechanics

Before presenting a geometric dislocation mechanics, let us briefly and crit-
ically review the classical linearized and nonlinear dislocation mechanics.
This will help us fix ideas and notation and will also help us see the parallel
between the classical and geometric theories more clearly.

Linearized dislocation mechanics. We start with classical linearized disloca-
tion mechanics. We consider a domain §2. Let us denote the tensor of elastic
distortions by B, [42,44,69]. Given two nearby points dx apart in {2 the
change in the displacements du is written as du = B.dx. Strain tensor can
be written as € = % (,6’6 + ﬂz) = ,62. The tensor of incompatibility is defined
as

1 = Inc(€) := V x V x € = Curl o Curl(e). (3.1)

The Burgers vector associated with a closed curve C = 942 is defined as®

b= —/C(,Be)dx =— /Q Curl(8,) - nda. (3.2)

We assume that the domain of interest is simply-connected, i.e. its homotopy
group and consequently its first homology group are trivial. This means that
a given closed curve is the boundary of some 2-submanifold. We now define
the dislocation density tensor as [62]

a = —Curl3,. (3.3)
This immediately implies that
Diva = 0. (3.4)

Now the incompatibility tensor in terms of the dislocation density tensor is
written as
a+a'
n = —Curl [] =— (Curloz)S . (3.5)

In a simply-connected domain a stress-free dislocation density distribution
corresponds to 7 = 0. In the linearized setting the total distortion can be
additively decomposed into elastic and plastic parts, i.e. 8 = B, + 8,. The
total distortion being compatible implies that

a = —CurlB, = CurlB,. (3.6)

See [31] for some concrete examples of zero-stress dislocations distributions
in the linearized setting.

3 In components, (Curl€)ap = €AMNEBN, M.
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Nonlinear dislocation mechanics. The starting point in any phenomenolog-
ical theory of nonlinear plasticity is to assume a decomposition F = F.F,,
which was originally proposed in [8], [42], and [50]. Using this decomposi-
tion one then introduces an “intermediate” configuration as shown in Fig. 2.
Usually, it is assumed that the reference and the final deformed bodies are
embedded in a Euclidean space. Intermediate configuration is not compatible
and is understood as an auxiliary configuration defined locally. In classical
nonlinear dislocation mechanics, given an oriented surface {2 in the reference
configuration the total Burgers vector of all the dislocations crossing (2 is
calculated using the dislocation density tensor a as

vA(0) = /Q aBNpdA, (3.7)

where N is the unit normal vector to £2*. Let us next critically reexamine
this definition.

intermediate configuration

Fig. 2 Intermediate configuration in phenomenological plasticity. Note that the
reference configuration R is residually stressed, in general, and R is the deformed
(current) configuration.

4 Note that in an orthogonal coordinate basis with one of the basis vectors parallel
to the Burgers vector, for a screw dislocation [aAB] is a diagonal matrix while for
an edge dislocation all the diagonal elements of [a*Z] are zero
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Given a closed curve v in the current configuration, the Burgers vector is
defined as [49]°

b= —/Fgldx. (3.8)
vy

Or in components
b = _/ (F.)", dab. (3.9)
¥

Here, it is assumed that {z®} and {U®} are local charts for current and
“intermediate” configurations, respectively. Then Le and Stumpf mention
that if this integral vanishes for all closes curves the elastic deformation is
compatible. One should note that b explicitly depends on . Parametrizing
the curve by s € [0, f], we can rewrite (3.9) as

¢
b = —/0 [Fe_l(x(s))]a p X°(5)ds. (3.10)

Let us denote the preimage of x(s) in the “intermediate” configuration by
X(s) and the “intermediate” space by Z. Note that for each s, F 1 (x(s))%(s) €
Tx(s)Z- This means that (3.9) makes sense only if the “intermediate” config-
uration is a linear space, which is not the case®. Assuming that (3.9) is the
“Burgers vector”, Le and Stumpf [49] show that (using Stokes’ theorem)

b“:/ a®pe (dzb A da®), (3.11)
A
where ( 1) ( 1)
O(F ), O(F ') @
@ _ € b _ € c
A pe = 97° Db , (3.12)

is the dislocation density tensor.” Then they incorrectly conclude that b* =

%ao‘bc dxb A dz® = a®p, (dwb A dz€), ignoring the area of their infinitesimal

circuit .

Remark 31. Ozakin and Yavari [64] showed that at a point X in the material
manifold B, torsion 2-form acting on a 2-plane section of TxB gives the
density of the Burgers vector.

Remark 32. Acharya and Bassani [2] realized the importance of the area
of the enclosing surface in (3.9) and called the resulting vector “cumu-
lative Burgers vector”. In classical 3D continuum mechanics, all second-
order tensors are meant to be linear transformations on V3 — the transla-
tion space of Ej3; the latter being the ambient 3D Euclidean space. V3 is a

® Here we mention [49] as an example; similar definitions can be seen in many
other works.

S Integrating a vector field is not intrinsically meaningful as parallel transport is
path dependent in the presence of curvature. When a manifold is flat a vector field
can be integrated but the integration explicitly depends on the connection used in
defining parallel transport.

" One can equivalently write the dislocation density tensor in terms of F,.



Riemann-Cartan Geometry of Nonlinear Dislocation Mechanics** 23

3D vector space endowed with the standard FEuclidean inner product. Thus,
F 1(x): V3 — V3, x € o(B). With this understanding

b= —/F;ldx, (3.13)
8l

makes sense as a line integral in V3. For example, invoke a fixed rectangular
Cartesian coordinate system in F5 with respect to its natural (coordinate)
basis, represent F ! as a matrix field on ¢(B) and v as a curve in R?. The
above procedure works because one thinks that the range of F !(x) for each
x € ¢(B) is the same vector space V3 independent of x . For instance, when
F_! is compatible on ¢(B), let ¢, be the deformation of p(B) with Ty, =
F.'. Geometrically, F,! : Txp(B) — T (peop)(B), where X = ¢.(x), and in
this 3D setting we know that physically Tx¢(B) = Tk (e 0 ¢)(B) = V3 (they
contain exactly the same set of vectors) and this relationship is independent
of x. Thus, in this case of 3D continuum mechanics the above procedure is
physically meaningful and mathematically unambiguous. In the geometric
approach, this freedom of identifying Txyp(B) and Tk (pe o ¢)(B) and the
independence of this identification of x € ¢(B) cannot be exercised. Then,
the formalism of Ozakin and Yavari [64] needs to be invoked to define the
density of Burgers vector. We note here that such a formalism would remain
valid for defining Burgers vector for a curve on a lower dimensional body
like a shell or a membrane whereas the 3D formalism would not without
modification (as can be seen even in the compatible case).

Note that a defect distribution, in general, leads to residual stresses es-
sentially because the body is constrained to deform in Euclidean space. If
one partitions the body into small pieces, each piece will individually relax,
but it is impossible to realize a relaxed state for the whole body by combin-
ing these pieces in Euclidean space. Any attempt to reconstruct the body
by sticking the particles together will induce deformations on them, and will
result in stresses. An imaginary relaxed configuration for the body is incom-
patible with the geometry of Euclidean space. Consider one of these small
relaxed pieces. The process of relaxation after the piece is cut corresponds
to a linear deformation of this piece (linear, since the piece is small). Let us
call this deformation F,. If this piece is deformed in some arbitrary way after
the relaxation, one can calculate the induced stresses by using the tangent
map of this deformation mapping in the constitutive relation. In order to
calculate the stresses induced for a given deformation of the body, we focus
our attention to a small piece. The deformation gradient of the body at this
piece F can be decomposed as F = F.F,,, where, by definition, F, = FF;l.
Thus, as far as this piece is concerned, the deformation of the body consists
of a relaxation, followed by a linear deformation given by F.. The stresses
induced on this piece, for an arbitrary deformation of the body, can be cal-
culated by substituting F, in the constitutive relation. Note that F. and F,,
are not necessarily true deformation gradients in the sense that one cannot
necessarily find deformations ¢, and ¢, whose tangent maps are given by F,
and F,, respectively. This is due precisely to the incompatibility mentioned
above. In the sequel, we will see that an “intermediate” configuration is not
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necessary; one can define a global stress-free reference manifold instead of
working with local stress-free configurations.

4 Dislocation Mechanics and Cartan’s Moving Frames

In this section we show that F, naturally defines a moving frame for the
material manifold.® Let us assume F = F.F, is given. F_! maps a stressed
tangent space (or a local configuration) to a relaxed tangent space (or local
configuration). Equivalently, F,, maps a stressed reference tangent space (or
a local reference configuration) to a relaxed reference tangent space (or local
relaxed reference configuration). Now F,, acting on a local basis in R gives
a local basis in the relaxed local configuration [2]. We assume that this is
a basis for the tangent space of the material manifold. In other words, we
identify the relaxed tangent space with the tangent space of the material
manifold (see Fig. 3). This will be explained in more detail in the sequel.

Fig. 3 Connection between the geometric theory and the classical F = F.F,
decomposition. Push-forward of TxR and pull-back of TxR: are identified with
Tx B. Note that the reference configuration R and the current configuration R are
embeddings of the material manifold B into the ambient Riemannian manifold S.

8 We are grateful to Amit Acharya for his comments regarding the connection
between our geometric theory and the F = F.F;, decomposition.
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The dislocated body is stress free in the manifold by construction. Let us
consider a coordinate basis {X A19 for the material manifold B and a basis
{E4} (with dual basis {E4}) for TxR. Note that F,, : TgR — TxB and
hence it has the following two representations with respect to {94} and e,,
respectively ) )

F, = (F,)" 1 04 ®E" = (F,)" ; e, @ B (4.1)
We assume that the basis E4 is such that F, - E; = 0, etc., ie. F, =

53 94 ® EA. Hence, given F,, it defines the following frame and coframe
fields
ea = (F, ), 04, 9% =(F,)*adX". (4.2)

Material metric in the coordinate basis has the following components:

Gap = (F))* 4 (F)” Béag- (4.3)

We demand absolute parallelism in (B, V, G), i.e. we equip the material man-
ifold with an evolving connection (compatible with the metric) such that the
frame field is everywhere parallel. This connection is the Weitzenbock con-
nection with the following components in the coordinate basis

IMpo=(F, "), 08 (F,)" ¢ (4.4)

Using Cartan’s first structural equations torsion 2-form is
T=e,0T"=e,® (dI*+ws AI) = e, @ d™. (4.5)
This can be written in the coordinate basis as
T =0a® (F, "), Ad[(F,)*cdX“]

=04 (F, "), "0B(F)%c dX” AdX©

=0a® (F, "), 108(F)c — 0c(F,)* ) (dXP A dXC),  (4.6)
where {(dXP AdXY)} = {dX® AdX®}pcc is a basis for 2-forms, i.e.
Qpc (AXBANdXC) = Y 5 o QpcdX? A dXC. For a dislocated body the

material connection is flat and hence the first Bianchi identity reads (Weitzenbock
connection is flat by definition)

DT =dT° +ws A9® = dd¥™ = 0. (4.7)

Note that given a torsion 2-form 7T the corresponding dislocation density
tensor is defined as

a=(xT). (4.8)

We know that DT = (Diva) ® p and hence the first Bianchi identity is
equivalent to
Divea = 0. (4.9)

9 A coordinate chart {X“} induces a coordinate basis {94 = MLA} for the

tangent space [1]. A moving frame is a basis for the tangent space but does not
necessarily come from a coordinate chart, i.e., it may be a non-coordinate basis.
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The explicit relation between torsion 2-form and dislocation density tensor.
Note that T is a vector-valued 2-form and hence *9T is vector-valued 1-form.
In components

1
00T =040 TP =0, ® <2TACDECDB) dx?®, (4.10)
where €4 g¢ is the Levi-Civita tensor. Therefore, (*27')112 in components reads
1
(xoT)P = <2TAcpeBCD> 94 ® 0p. (4.11)

g -tensor with compo-

%TACDEBCD. Equivalently, TABC = aAMGMBc.

This is the dislocation density tensor «, which is a
nents a8 =
Parallelizable Manifolds, Dislocation Mechanics, and Relation with F = F.F),.
Here we show that in multiplicative plasticity one can combine the reference
and “intermediate” configurations into a parallelizable material manifold.
Let us start with a coordinate basis 9; = %7 and its dual {dX”}. Define
a moving coframe by 9* = (F,)” ;dX!. This means that the moving frame

is defined as e, = (Fp’l)a 19;. Assuming that connection 1-forms w?, are

given we have Ve, = w,es. Torsion 2-form is defined as

a(Fp)aI

—xr tws (F,)? | dX7 ndXT. (4.12)

T =do® +ws NP =

We know that

B B -1\ I pJ B 8(F171)a1
WK — (Fp) J (Fp )a F IK + (Fp) [W (413)
Requiring that the frame e, be everywhere parallel is equivalent to
(F, N, g =0. (4.14)
This gives
_ O (F,)" k
I I
I' ;g =(F, 1)a W. (4.15)
Note that 7 = (F,)" T, where
T =TT ;(dXT AN dXT). (4.16)
Thus 5(F,)° 3 (F,)"
o _ ) K p) J J K
T = [ X7 X E ](dX ANdXT). (4.17)
And

= (F, ! {a(ggj £ ‘9(8?5)1{ J} (dX7 AdXF). (418)
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In summary, instead of working with a Euclidean reference manifold and
an “intermediate” configuration, one can assume that the material manifold
is equipped with a Weitzenbock connection. The material manifold can be
described by Cartan’s moving frames {e,} and coframes {9*}. Using this
representation of material manifold, nonlinear dislocation mechanics has a
structure very similar to that of classical nonlinear elasticity; the main dif-
ferences are the non-Euclidean nature of the reference configuration and its
evolution in time.

4.1 Zero-Stress (Impotent) Dislocation Distributions

It may happen that a nontrivial distribution of dislocations, i.e. when F), # 0
or non-vanishing dislocation density tensor leads to zero residual stresses.
Here, we characterize these zero-stress or impotent dislocation distributions.
Given a field of plastic deformation gradients F,, the material connection is

written as
Ik = (Fp_l)al () 1k (4.19)

Material metric is Gry = (Fp)* 1 (Fp)’B J 0ap. Note that by construction
Grkx =0.

Impotency in terms of F,,. In the orthonormal frame {e,} the Weizentbéck
connection 1-forms vanish, i.e. w*g = 0. This means that

T = d9™ + w5 NP = dv°. (4.20)

If torsion 2-form vanishes, i.e. d9* = 0 then according to Poincaré’s Lemma
we locally (globally if the body is simply connected) have 9¢ = df“ for some
0-forms f<. This means that the plastic distorsions are compatible and hence
impotent. From (2.66) vanishing torsion in a coordinate basis implies

Oa(F,)"5 = 0p(F,)* A. (4.21)

This is the familiar Curl F,, = 0. Let us now show that vanishing torsion of
the Weitzenbock connection implies flatness of the corresponding Riemannian
material manifold.

Lemma 41. If torsion of the Weitzenbéck connection vanishes then the cor-
responding Riemannian manifold is locally flat.

Proof: For the Levi-Civita connection we have
A9 + w5 AP =@ AP = 0. (4.22)

Using Cartan’s Lemma and noticing that because of metric compatibility
W = —w”, we conclude that @*5 = 0 (very similar to the proof that
was given for uniqueness of metric compatible connection for a given torsion
field). Thus

R =da®s +@%, AWg = 0. (4.23)
This shows that the corresponding Riemannian material manifold is (locally)
flat. O
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Remark 42. Note that the converse of this lemma is not true, i.e., there
are non-vanishing torsion distributions, which are zero stress. We will find
several examples in the sequel.!?

Example 43. We consider the two examples given in [2]:
Case 1: F, =1+ ~(X?*)E; ® Eo, (4.24)
Case 2:F, =1+ y(X)E; ® E;. (4.25)
For Case 1, it can be shown that the only nonzero Weitzenbtck connection

coefficient is 99 = 7/(X?), i.e. torsion tensor vanishes identically. We have
the following material metric:

1 o 0
G=|~v 1+4% 0. (4.26)
0 0 1

It can also be shown that the only nonzero Levi-Civita connection coefficient

is Tl 22 = 1. It is seen that the Riemannian curvature tensor identically van-
ishes, i.e. F;, in Case 1 is impotent. For Case 2, the only nonzero Weitzenbock
connection coefficient is I'?3; = 4/(X?), and hence the only nonzero torsion
coefficients are T2 = —T?15 = 7/(X?), i.e. F, in Case 2 is not impotent.
We have the following material metric:

1++42 v 0
c=| ~+ 10]. (4.27)
0 0 1

Remark 44. We can use Cartan’s moving frames as follows. Case 1: We
have the following moving coframe field

I =dX' +(X?)dX?, 9? =dX?, 9P =dX> (4.28)

Thus, d¥' = d¥? = d¥? = 0. This means that 7% = 0 and Lemma 41 tells us
that the Levi-Civita connection is flat, i.e. F, is impotent. Case 2: We have
the following moving coframe field

I =dX', 9 =~(X?)dX'+dX?, 9P =dX3. (4.29)

This means that d¥! = d¥® = 0 and d¥? = —/(X?)dX' A dX?. The Levi-
Civita connections are obtained as

Wy = =y (XY, @ =t =0, (430)
Therefore
Ro=dw's = —(1" +7)0' A9?, R3=R1=0, (4.31)

i.e. the Riemannian material manifold is not flat, unless vy” +~+'2 = 0.

10 We should mention that in the linearized setting the dislocation distributions
for which 7 = 0 were called impotent or stress-free dislocation distributions by

Mura [57]. Note that if ,82 = 0 then € = 0 and hence n = 0. However, the set of
zero-stress dislocation distributions is larger.
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Impotency in terms of torsion tensor. Now one may ask what dislocation
distributions are zero stress. In the geometric framework we are given the
torsion tensor T p¢ in a coordinate basis {X“}. Let us now look at (2.22).
Given the torsion tensor the contorsion tensor is defined as

1
KABC =5 (TABC + GBMGANTMNC + GCMGANTMNB) . (4.32)

Note that the metric tensor is an unknown at this point.'! For a distributed
dislocation curvature tensor (and consequently Ricci curvature tensor) of the
non-symmetric connection vanishes and hence from (2.22) we have

0=Rap+E" spr — KM yippa+ KN v KM ap — KN Ao KM yp. (4.33)

Note that because the Ricci curvature is symmetric KMAB|M — KMMB|A +
KNy KMy — KN 40 KM N g must be symmetric as well. The torsion dis-
tribution T4 ¢ is zero stress if the Riemannian material manifold is flat,
which for a three-dimensional manifold means R4p = 0. Therefore, the fol-
lowing characterizes the impotent torsion distributions: a torsion distribution
is impotent if the symmetric part of the following system of nonlinear PDFEs
have a solution for Gap and its anti-symmetric part vanishes.

KMAB|M—KMMB\A+KNNMKMAB—KNAMKMNB:0. (4.34)

In dimension two we have the same result for the scalar curvature, i.e. the
following nonlinear PDE should have a solution for G4p.

GAB (KMAB\M - KJV[MB|A + KNNMKMAB — KNAMKMNB) =0.
(4.35)
Example 45. Let us consider an isotropic distribution of screw disloca-

tions, i.e. torsion tensor is completely anti-symmetric. In this case K4 o =
%TABC, and KM ;5 = 0. Therefore, (4.34) is simplified to read

2T spie — TN o T np = 0. (4.36)

It is seen that in this special case, the material metric does not enter the
impotency equations. Note that the first term is anti-symmetric in (4, B)
while the second one is symmetric. Therefore, each should vanish separately,
i.e., the impotency equations read

T 4 =0, TV AT np =0. (4.37)

A completely anti-symmetric torsion tensor can be written as T4gc =
Te ge, where T is a scalar. The above impotency equations then read

Tueap =0, TNy yp=T’Gap =0. (4.38)

Therefore, ¥ = 0, i.e. a non-vanishing isotropic distribution of screw disloca-
tions cannot be zero-stress.

1 Here, we are given a torsion tensor that comes from a (a priori unknown)
Weitzenbock connection, which is metric compatible. However, the metric compat-
ible with the material connection is not known a priori.
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4.2 Some non-trivial zero-stress dislocation distributions in 3D

Let us next present some non-trivial examples of zero-stress dislocation dis-
tributions. The idea is to start with an orthonormal coframe field for the
flat three space and then try to construct a flat connection for a given tor-
sion field. If such a flat connection exists, the corresponding torsion field
(dislocation distribution) is zero-stress.

Cartesian coframe. We start with the following orthonormal moving coframe
field
I =dX, 9*=dY, 9=dZ (4.39)

Note that the metric is G = dX ® dX + dY ® dY + dZ ® dZ. We know
that the Levi-Civita connection of this metric is flat. Now, if a given torsion
distribution has a flat connection in this coframe field, then the given tor-
sion distribution is zero-stress. Let us first start with a distribution of screw
distributions (not isotropic necessarily), i.e.

Tr=¢0? A9, T2=n93A0Y, T3 =x0" A02, (4.40)

for some functions &, 7, and A of (X,Y, Z). Cartan’s first structural equations
give us the following connection 1-forms

—£— A —n—=A — - A
why = §—n+ 93, w23:£ T=2gr 3 = £+ 92, (4.41)
2 2 2
From Cartan’s second structural equations curvature 2-form vanishes if and
only if £ = n = X\ = 0, i.e. in this moving frame field any non-zero screw
dislocation distribution induces stresses.
Now let us look at edge dislocations and assume that torsion forms are
given as
T'=A9' AP +BP A, T?=C9' N>+ D 9> A9,
T3=E 9> N9+ F 93 N9t (4.42)
for some functions A, B,C, D, E, and F of (X,Y, Z). Cartan’s first structural
equations give us the following connection 1-forms

wly = AVt + CY¥?, W23 = DY? + E93, W = BY' + Fv3. (4.43)
From Cartan’s second structural equations we obtain the following system of
PDEs for flatness of the connection:

BD—A7y—|-O7X:O, sz—BEZO, C,Z+FD:0, (4.44)

CF—D12+E,Y:O, Dﬁx—BCZO, E_’X + AF =0, (4.45)

AE+Bz—-Fx =0, Fy—AC=0, By +AD=0. (4.46)

We can now look at several cases. If B = C' = E = 0, then there are two
possible solutions

T =0, T?=DY) 9> A3, T®> =0, (4.47)

Tr=AX) ' A9, T2 =T%=0. (4.48)
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for arbitrary functions A(X) and D(Y).
If A= D = F =0, then we have

Ti=0, T?=C(Y) ' A9?, T3=E(Z) 9 A0, (4.49)

for arbitrary functions C(Y') and E(Z).
If C=D=FE=F =0, we have

TH=AX) 9" A9* + B(X) 9* A0, T?2=T%=0, (4.50)

for arbitrary functions A(X) and B(X). Several other examples of zero-stress
dislocation distributions can be similarly generated. It can be shown that if
we take a combination of screw and edge dislocations the screw dislocation
part of the torsion 2-form always has to vanish for the dislocation distribution
to be zero-stress.

Cylindrical coframe. Let us now look for zero-stress dislocation distributions
in the following coframe field

9t =dR, 9= Rd®d, 93 =dZ. (4.51)

We know that the Levi-Civita connection of this metric is flat. Now, again if a
given torsion distribution has a flat connection in this coframe field, then the
given torsion distribution is zero stress. Let us first start with a distribution
of screw distributions (not necessarily isotropic), i.e.

Tr=¢e0? A9, T2=n93A0Y, T3 =X 0" A02, (4.52)

for some functions &, 7, and A of (R, ®, Z). Cartan’s first structural equations
give us the following connection 1-forms

1
why = =20+ [, WPy =gvt, W =ho?, (4.53)

where f = _5_27”')‘, g = E_Z_A7 and h = # From Cartan’s second
structural equations we obtain the following system of PDEs for flatness of

the connection:

f,R = 0) f,@ = 07 gh = 0) (454)
9. = 0, 9,z = 0, fh = 0, (4.55)
1
E(h - g) + h’R =0, h,Z =0, fg=0. (456)
It can be readily shown that all the solutions of this system are either
H(® H(®
ALY SR S I (COMIPN (4.57)
R R
for arbitrary H = H(®), or
TH=¢2)P N3, T?>=€&(2)9 Aot T2 =0, (4.58)

for arbitrary £(Z).
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Now let us look at edge dislocations and assume that torsion forms are
given as

TL=A9 A2 +BO3AI, T?2=C 9 N>+ D 09?>A03,
T3=E >N+ F 93 A9, (4.59)

for some functions A, B,C, D, E, and F of (R, ®, Z). Cartan’s first structural
equations give us the following connection 1-forms

why = A9 + (C - ;) 92, w3 = DY+ B9, WP = B+ F93. (4.60)

From Cartan’s second structural equations we obtain the following system of
PDEs for flatness of the connection:

1 1

—EA)qs—i- RC+C,R+BD:O7 Ciz—l—l)}‘_‘:o7 (461)
1 1

Az —BE = —D+Dgr—B -—= | = 4.62
Z 0, R + D r <C R) 0, (4.62)
1 1

—FEs—Dz+F|(C——=]=0, Er+AF =0, (4.63)
R k) ) R )

1

EB@#’AD:O, Bﬁz*FvR#*AE:O, (464)

lpo—r(c-L) =0 (4.65)
Ia D )=V .

Choosing B = E = F' = 0 these equations tell us that A,C, D, and D are
functions of only R and @ and

1

1 1
R

1
Ag=—
& RC+C’R’ R

D+Dpg, AD=0. (4.66)

If A =0, then we have the following solution

T'=0 T%= @ﬂl A2+ ?W A9, T3 =0, (4.67)

for arbitrary functions K (&) and H(®P). If D = 0, then A and C' are related
by (4.66)3. Choosing C' = 0, we have the following solution:

TH=ARW A9?, T?>=T3=0, (4.68)

for arbitrary function A(R).
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4.3 Some non-trivial zero-stress dislocation distributions in 2D

We now describe a non-trivial example of zero-stress dislocation distributions
in 2D. Let us start with the following orthonormal moving coframe field

9 =dX, 9?=dy, (4.69)

with metric G = dX ® dX + dY ® dY. We know that the Levi-Civita con-
nection of this metric is flat. Now, if a given torsion distribution has a flat
connection in this coframe field, then the given torsion distribution is zero
stress. In 2D only edge dislocations are possible. We assume that

TH=¢X, V)0 A9, T2 =n(X, V)9 A2, (4.70)

for some functions £ and 7 of (X,Y). Cartan’s first structural equation gives
us the following connection 1-form

wly = &9t + 2. (4.71)
From Cartan’s second structural equation curvature 2-form is obtained as
RYy = dw's = (—Ey +n.x)9t AD2 (4.72)

Therefore, if £y = 1, x the edge dislocation distribution (4.70) is zero-stress.

4.4 Linearized Dislocation Mechanics

Let us start with a material manifold (B, V, G). We assume that this manifold
is flat at all times. A variation of dislocation density tensor (or the moving
coframe field) would result in a variation of metric and also the deformation
mapping. We would like to find the governing equations for the unknown
deformation mapping variation or “displacement” field in the language of
classical linearized elasticity. We can vary either the coframe field 9% (and
equivalently F,) or the metric. Note that given (0F},)* 4 we have

(5Fp71)a A== (Fpil)ﬁ 4 (6FP)B B (Fpil)a b, (4.73)

Therefore, variation of the torsion tensor reads
5T o =—(0F, ") A T po (0F,)" m
+(F Y, A 6F)" B.o — (6F,)" ¢.8] . (4.74)
Similarly, dG a5 can be calculated. In what follows, we assume that metric
variation is given. Given an equilibrium configuration ¢, balance of linear

momentum reads
DivP + pyB = 0, (4.75)

where P is the first Piola-Kirchhoff stress tensor and B is the body force.
More precisely, ¢ is an equilibrium configuration with respect to the material
manifold (B,G). Now suppose that material metric changes to G + JG.
Having a new material manifold, the equilibrium configuration changes. Here,



34 Arash Yavari, Alain Goriely

we are interested in calculating P for a given §G and then the governing
equations for dp.

For simplicity, we ignore body forces. To linearize (4.75) we need to sim-
plify the following

d

de

[PGA(E)\A]

e=0

; e=0 {8]3“(6) + I ap(€) PP (e) + 7% F a(€) P (e)

T de IXA

0
= S3a 0P+ TP apdP™E 4+ 61 Ap P 4 900 PP AP % PP 46 P4

= 0P 4 + 0T 4p PP + 4 PASF 4. (4.76)

Let us denote U = dp and note that [54] 6F%4 = U% 4. We also know
that the variation of the Levi-Civita connection is given by (2.16). The first
Piola-Kirchhoff stress is written as

ov
P = pog’ —— 4.77
P8’ Hs (4.77)
where ¥ = ¥(X, 0, G,F, g) is the material free energy density, © being the
absolute temperature. Note that changing G the equilibrium configuration
o and hence F changes. Thus

5P = ) O°0 :OF + y 00 :0G =A:F +B:6G (4.78)
~ P08 SFoF ¢ P& HGar O TR O '
Hence
Div(6P) = Div (A : 6F) + Div (B : 6G). (4.79)

Therefore, the linearized balance of linear momentum in component form
reads

(AaAbBUb|B) " + "YabcPCAUb\A
1
= _§GAD (6Gap|E +0GBp|a — 6Gap D) PP

— (BMN45G v n) (4.80)

A~

Linearized impotency conditions. Let us linearize the nonlinear kinematics
about the zero-dislocation distribution, i.e. F;, = I. Consider a one-parameter
family F,(e) such that

4
de le=0

F,(c) = 3, (4.81)

Material metric has the components Gag(e) = (F,(€))" a (Fp(e))ﬁ BOap and
hence

5Gan = (8)" 405605 + (By)” B6%0as
= (Bp)as + (Bp)Ba
2 (55),43 ) (4.82)



Riemann-Cartan Geometry of Nonlinear Dislocation Mechanics** 35

Assuming that B is simply-connected a zero-stress dislocation distribution
corresponds to Rap = 0 or equivalently E4p = 0. It is known that in dimen-
sion three, the Einstein tensor has the following representation

1

where Ryynpg =G psRu ~@- The linearized Einstein tensor reads

1
0BEap = _§5AMNEBPQ5GMP7NQ = —EAMNEBPQ (52)MP’NQ- (4.84)
Note that!?

1
(Curl o Curl,@'zs)) AB = isAMNéZBpQ(sGMp’NQ. (4.85)

Therefore, JE = 0 is equivalent to Curl o Curl,@f7 = 0. Similarly, it can be
shown that the linearized impotency equations in terms of the dislocation
density tensor read [69]

(Curlar)® = 0. (4.86)

5 Continuum Mechanics of Solids with Distributed Dislocations

For an elastic solid with a distribution of dislocations the material manifold
(where by construction the body is stress-free) is a Weitzenbock manifold,
i.e. a flat metric-compatible manifold with torsion. Torsion of the material
manifold can be obtained from the dislocation density tensor of classical
dislocation mechanics. However, this manifold cannot be used directly to
calculate the elastic energy. In nonlinear elasticity stress and consequently
energy depends on the changes of relative distances of material points. This
means that we need a metric in the material manifold, i.e., the metric com-
patible with the Weitzenbock connection. In terms of moving frames, having
an orthonormal frame is equivalent to having the metric.

Given F;, we have a moving coframe and hence the metric. This metric
is what Simo [71] denoted by C,, however without realizing that this is
the metric of the rest configuration (he associated an arbitrary metric to his
material manifold). If we assume that the distributed dislocation only changes
the stress-free configuration of the body, energy depends on the dislocation
distribution only through the material metric, i.e. energy does not explicitly
depend on the torsion tensor (dislocation density tensor), see [30] and [6].
However, dissipation can explicitly depend on torsion and its rate. In the
case of bodies of grade-2, frame-indifference implies that energy explicitly
depends on dislocation density tensor, see [48]. In this paper, we work with
simple bodies and our focus is on understanding the geometry of the material
manifold and not its time evolution. In this section, we briefly explain how
continuum balance laws can be derived covariantly but do not attempt to
derive an evolution equation for the geometry of the material manifold.

12 In components (Curlé)ap = canmnOrmEBN.



36 Arash Yavari, Alain Goriely

A continuum with defects has local relaxed configurations that cannot be
embedded in R™, i.e., there are incompatibilities. However, one can embed the
reference configuration in a non-Riemannian manifold with nonzero torsion
and curvature. In a continuum with dislocations, in a deformation process
dislocations evolve independently of the deformation mapping. At a given
time ¢, dislocations have a new arrangement, i.e. the incompatibility of the
relaxed configuration is different from that of time ¢ = 0. This means that
at time ¢ the reference configuration is (B, V(t), G(t)), i.e., defect evolution
is represented by a time-dependent evolution of connection and hence the
metric. In other words, we think of connection and consequently metric as a
dynamical variable of the field theory (note that V(¢)G(¢) = 0). Thus, in this
field theory the ambient space is a Riemannian manifold (S,g) and motion
is represented by the map ¢; : B — S and the time-dependent metric G(¢).
Kinematic description of motion is (B, G(t)) — (S,g) as is shown in Fig. 4.

(B,V(t),G(t))
Fig. 4 Kinematic description of a continuum with distributed dislocations. Mate-

rial manifold has evolving torsion and metric.

Let ¢ : B — S be a C'! motion of B in S. Material velocity field is defined
by

0
V(X,1) = = gi(X). (5.1)
The material acceleration is defined by
_OV(X,t)

A(X,t) = (5.2)

ot
In components, A% = % + fyabCVbVC, where v%. are the coefficients of the
Levi-Civita connection of g in the local coordinate chart {x}. The so-called
deformation gradient is the tangent map of ¢ and is denoted by F = T'p.
Thus, at each point X € B, it is a linear map

F(X) IxB — Tv(x)s. (53)

If {z%} and {X“} are local coordinate charts on S and B, respectively, the
components of F' are

_ 9"
- 0XA4

Fa4(X) (X). (5.4)
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Note that in this geometric formulation F is purely elastic; dislocations are
represented by the evolving geometry of the material manifold. Transpose of
F is defined as

FT:T,8 - TxB, (FV,v), = {(V,F'v)), VVeTxB, veTliS. (5.5)

G

In components, we have (FT(X))?, = gup(x)F°5(X)GAB(X). The right
Cauchy-Green deformation tensor is defined by

C(X):TxB— TxB, C(X)=F(X)'F(X). (5.6)
In components, C4; = (FT)4,F%g. One can readily show that
C’ = ¢*(g) =F*gF, ie. Cap=(garop)F"aF"p. (5.7)

In the geometric theory the following relation holds between volume ele-
ments of (B, G) and (S,g): dv = J dV, where

detg
J =4/ e det F. (5.8)

The elastic deformation is isochoric if J = 1.

Remark 51. Note that for calculating residual stresses one needs to find a
mapping from the underlying Riemnnian material manifold to the ambient
space (another Riemannian manifold). This means that all one needs is the
material metric. In the case of dislocations one cannot calculate this metric
directly; Cartan’s structural equations need to be used.

Energy balance. Let us look at energy balance for a body with distributed
dislocations. The standard material balance of energy for a subset U C B
reads [82]

& Lo (Ergevvi)av = [ m (@), r)av

+ /6 ) <<<T,V)>g n H) dA, (5.9)

where £ = E(X,N,G,F,g o ¢) is the material internal energy density, N,
po, B, T, R, and H are specific entropy, material mass density, body force
per unit undeformed mass, traction vector, heat supply, and heat flux, re-
spectively.

Yavari [87] showed that in the case of a growing body with a time-
dependent material metric energy balance should be modified. It was pos-
tulated that the term %—? should explicitly appear in the energy balance. In
the case of an elastic body moving in a deforming ambient space, Yavari and
Ozakin [88] proved that the term % should appear in the energy balance by
first embedding the deforming ambient space in a larger and fixed manifold.
Writing the standard energy balance they were able to reduce it to an energy

balance written by an observer in the deforming ambient space.
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We first note that the energy balance has to be modified in the case of
a body with a time-dependent material metric. Note that when metric is
time dependent, the material density mass form m(X,t) = po(X,#)dV (X, t)
is time dependent even if pg is not time dependent. For a subbody U C B,
conservation of mass reads
d (9[)0 1 oG
— X, )dV(X,t) = — + —potr| — || dV =0. 5.10
i [ mexaavecn = [ 1% e 57 (5.10)
In the case of a solid with distributed dislocations the rate of change of
material metric will then contribute to power. Therefore, energy balance for
a dislocated body is postulated as

& [ (e gvov)av = [ (v re S8 ) av

+/8u (<<T,V>>g n H) dA. (5.11)

Remark 52. A changing ambient metric most likely comes from an actual
moving constraint, e.g. a body restricted to move on a moving membrane (un-
less we are thinking about relativity, where the spacetime itself is dynamic,
and dynamical metric need not come from some time-dependent embedding).
But there is no physical reason to consider the change in material metric as
coming from a time-dependent embedding. This is why we simply postulate
the energy balance (5.11).

Covariance of energy balance. In continuum mechanics it is possible to derive
all the balance laws using energy balance and its invariance under some
groups of transformations. This was first discussed in [29] in the case of
Euclidean ambient spaces and was extended to manifolds in [54]. See also
[70,82-87] for applications of covariance ideas in different continuous and
discrete systems.

In order to covariantly obtain all the balance laws, we postulate that
energy balance is form invariant under an arbitrary time-dependent spatial
diffeomorphism & : § — S, i.e.

i / / 1 I N7
7 ] 7 (E +5 (Vv >>g,> av
. . OE 0G/
/upo (((B,V>>g,+R to o )V
+ / (((T’,V’>>g,+H’) dA. (5.12)
ou

Note that [82] R' = R, H' = H, pj = po, T/ = &.T, VI = &V + W,
where W = 5§ 0 . Also

0G" _ 0G
ot ot
E'(X,N,G,F',go¢’) = E(X,N,G,F,{gop). (5.13)

G' =G,
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Therefore, at t = tg

d, _0F o OF 9G OE

where £ denotes the autonomous Lie derivative [54]. Body forces are assumed
to transform such that [54] B’ — A’ = &..(B — A). Therefore, (5.12) at t = ¢
reads

/u{aptOJr;potrG] <E+;<<V+W,V+W>>g> dv

+/up0 (%:G+8§fgo IQWgO<P+<<V+WaA>>g) av
:/upo [({B,V—s—W)} +R+Z—§ G] v

+ /a ) (4T, v+ W), + ) da. (5.15)

Subtracting (5.11) from (5.15), one obtains

Lot G] G <<w,w>>g+<<v,w>>g> v

Swg dV = /M po ((B— A, W), ) av

n (5.16)

[3P0
"
Lt
Note that [82]

/W (T, W) dA = /u <<<DivP,W>> +7: 0" + %T : £Wg> av, (5.17)

where )% = 3(Wajp — Wyo), and 7 = Jo is the Kirchhoff stress. From this
and the arbitrariness of &/ and W we conclude that

0 1
5;0+ “potr G =0, (5.18)
DivP + pyB = ppA, (5.19)
oF
2 5.20
PO ag =T, ( )
=T, (5.21)

where P is the first Piola-Kirchhoff stress as before. Note that the diver-
gence operator explicitly depends on G, i.e. the time dependency of material
metric affects the governing balance equations. These governing equations
are identical to those of an elastic body with bulk growth [87] with the only
difference that mass is conserved.
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Local form of energy balance. Note that

d oF . oF . oF oF
— L = = — —_— —_— F —_— .
th LvE N N + 3 G+ 5F LvF + og Lvgop, (5.22)

where L denotes the Lie derivative [54]. We know that Ly F = 0 because for
an arbitrary (time-independent) U € TxB

d
Ly(F-U) = 7 (w;s ) @t*U)]

5=t

- Lo @y )" o wt*U]}

s=t

d .
= it (psx 0 ) © LPt*U)}

s=t

d
= —p,,U=0. 2
prid (5.23)
Therefore p O OF O
—E=—-—N+—-—:G+—:d 24
a” TN Tag T g T (5-24)

where d = %Evg o @ is the rate of deformation tensor. We know that H =
— <<Q, N>>G, where Q is heat flux vector, and [82]

/ (T, V) dA = / ({(DivP, V) +7: 2+ 71:d)dV, (5.25)
au u

where (2, = %(Va‘b — Vila), and 7 is the Kirchhoff stress. Using balances of
linear and angular momenta and (5.11) we obtain the local form of energy
balance as

E . oE .
In term of the first Piola-Kirchhoff stress, this can be written as
dE . E .
po g +DVQ=poze : GHP VoV 4 R, (5.27)

where P : VoV = P4V .

Dissipation. Consider a subbody U C B and define dissipation as

D(U,t):/upo ((B,V>>ng+/8u (T, V), dA

i [ (E + % <<V,V>>g) av. (5.28)

Using conservation of mass, balance of linear and angular momenta, and the
Doyle-Ericksen formula, dissipation is simplified to read

DU, t) :—/pog—g:GdV (5.29)
u
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This is identical to Simo’s [71] dissipation (ignoring the internal state vari-
ables) and also very similar to Gupta, et al.’s [30] dissipation. Note that

Gap = (F)* a(F,)P Boap + (F))*a(E,)’ 5oag. (5.30)
Therefore
OE .
DU, t) =2 [ po 5 (E)*A(F)P BoasdV
u AB
OF 1
= _9 upoaG cF FpdV
OE ..

The second law of thermodynamics when the material metric is time depen-
dent. For a classical nonlinear solid with a fixed material manifold, entropy
production inequality in material coordinates reads [20]
polR H
NdV > [ —/——dV — dA

i J, " e T e
where N = N(X, ¢) is the material entropy density and © = O(X, 1) is the
absolute temperature. When material metric is time dependent the extra
dissipation (5.29) must be included in the Clausius-Duhem inequality (5.32)
to read

d polR OFE .
N > —_— — dA —_— .
0t |, NV / dV+/ g A+ | g Gav. (5.33)

which is identical in form to that of solids with bulk growth [87]. This in-
equality can be localized to read

(5.32)

dN _ poR . (Q OF .
kSO e b .
£0 i Div (@ +p08G G. (5.34)
Following [20] and [54] we conclude that [87]
ov ov

55 = N poge =P, (5.35)

and the entropy production inequality reduces to read

or .. 1
—_— — . < 0. .
Mog G+ 5d0 Q<0 (5.36)

6 Examples of Dislocated Solids, their Material Manifolds, and
Residual Stress Fields

In this section we look at several examples of nonlinear elastic bodies with
single and distributed dislocations and obtain their material manifolds and
residual stress fields. Most of the exact solutions presented in this section
appear for the first time in the literature.
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6.1 A Single Screw Dislocation

Rosakis and Rosakis [66] showed that for a single screw dislocation with
Burgers vector of magnitude b along the z-axis, the non-zero components of
Cauchy stress are:!?

2
597 _geo = P01 e pb” 1
o =0"=0_ 0T =15 (6.1)

Note that the displacement field in the material and spatial cylindrical coor-
dinates (R, ®, Z) and (r, ¢, z) has the following form:

bd
T ) = 07 07 a5 |- 62
(g ) = (0.0.-57 ) (6:2)
This means that
r=R, ¢=90, z=7Z+u(d). (6.3)

Acharya [3] using a coupled field theory with dislocation density as an inde-
pendent field obtained the same stress distribution away from the dislocation
core. Note that in curvilinear coordinates the components of a tensor may
not have the same physical dimensions. The Cauchy stress components shown
above are the so-called physical components of Cauchy stress. We have em-
phasized this by putting a bar on the physical components. Note that the
spatial metric in cylindrical coordinates has the form g = diag(1,72,1). The
following relation holds between the Cauchy stress components (unbarred)
and its physical components (barred) [74]

5% = 0%, /Gaages DO summation on a or b. (6.4)

This means that for the nonzero Cauchy stress components we have

1 ub 1 B ubz 1
bz . _zp __ bz __ 2z __ =2z __
The deformation gradient reads
1 0 0
F=|(0 1 01]. (6.6)
0 -2 1

In cylindrical coordinates, the material metric has the form G = diag(1, R?,1)
and hence in terms of physical components deformation gradient reads

. 10 0
F=1(0 1 0]. (6.7)
0 —525 1

In our geometric formulation we prefer to work with the unbarred compo-
nents.

13 See also [90] for similar solutions for both dislocations and disclinations with
different constitutive assumptions.
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I
N

—

Fig. 5 Material manifold of a single screw dislocation. This is constructed using
Volterra’s cut-and-weld operation.

Material manifold of a screw dislocation. Here we study the material man-
ifold of a body with a single screw dislocation along the Z-axis.'* Let us
denote the Euclidean 3-space by By with the flat metric

dS? = dR} + R§d®] + dZ3, (6.8)

in the cylindrical coordinates (Rp, @g, Zo). Now cut By along the half 2-plane
2 (9 = 0), and after translating by b in the Zy-direction identify the two
half 2-planes 2% and 2~ (see Fig. 5). We denote the identified manifold by
B. Note that in constructing B from By, the Z-axis is removed. Note also
that trajectories of the vector field 9/0®q are closed circles in By. However,
they fail to close in B. The lack of closure is —b and in the Z, direction. This
means that B is flat everywhere but the Z-axis where there is a non-vanishing
torsion.

b
R=Ry, =09, 7Z=27y— 274?)0, Ry > 0. (69)
T
In the new coordinate system the flat metric (6.8) has the following form
b 2
dS? = dR* + R?d®* + (dZ + 2dd5) : (6.10)
™
Now our material metric and its inverse have the following forms
1 0 0 1 0 0
G=10 RQ—E% L], ct=|0 ﬁb %]%22 - (6.11)
0 on 1 0 —mm ltiem

14 Note that the material manifold only depends on the dislocation distribution
and is independent of the constitutive equations of the body or any internal con-
straint, e.g., incompressibility.
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Note that the dislocated solid is stress free in the material manifold (B, G) by
construction. Now in the absence of external forces, we embed the body in the
ambient space (S, g), which is the flat Euclidean 3-space. Because of symme-
try of the problem we look for solutions of the form (r, ¢, z) = (r(R), P, Z).
Note that putting the dislocated body in the appropriate material manifold
the anelasticity problem is transformed to an elasticity problem mapping
the material manifold with a non-trivial geometry to the Euclidean ambi-
ent space. Deformation gradient reads F = diag(r'(R),1,1) and hence the
incompressibility condition is written as

[ detg _r"(R)r(R)
J =) o detF = = = 1 (6.12)

Assuming that r(0) = 0 to fix the translation invariance, we get r(R) = R.
For a neo-Hookean material we have

P(LA — ,LLFaBGAB —p (}7171)bAg(I.b7 (613)

where p = p(R) is the pressure field. The non-zero stress components read

— b
PTR =1 *])(R), P¢<15 _ I RpQ(R)’ P¢Z _ Pz@ _ 72/1'R2,
™
z pub?

The only no-trivial equilibrium equation is PTA| 4 = 0, which is simplified to
read p’(R) = 0, i.e. pressure field is uniform. Traction boundary condition at
infinity implies that p(R) = p and hence we obtain the following non-zero
stress components:

b ub?
pZ—p*___L pZ = 6.15

2rR2’ Am2 R2 (6.15)
Having the first Piola-Kirchhoff stress, let us next find the Cauchy stress. We
know that ¢ = %P“AF b 4. Thus, the nonzero components of Cauchy stress
are:

b1 ub 1
poZ _ oz _H0 L pxe e MO T
7 o1 R2’ ? o1 R?’
_ubQ 1
T 4m2 R2°

Noting that 7 = R we recover the result of [66]. See also [3].
Let us now use a generalized incompressible neo-Hookean material with
the following form of strain energy density [52]

P = g% (6.16)

W =W(C) = L tro), (6.17)
2a
where p and « are material parameters. Now instead of (6.13) we have

PaA _ IUI(C«N[NGJVIN)aleaBGAB —p (Ffl)b Agab’ (618)
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The non-zero stress components read!®

rR 3b2 o foled 1 rR
Pt =p 3+FR2 -p(R), P :ﬁp )
2 a—1
67 _ peo _ __1b 3b
P P 2mR2 (3 * 4m2R2 ’
b 32\
27

Equilibrium equations and the traction boundary conditions give the pressure
field as

3b2 a—1

Therefore, the non-zero stress components read

b1 p2 O\t b1 p2 O\t

21 R? 42 R? 21 R? 4Am2 R?
v 1 32\
pZ =B i . 21
47?2 R? (3 + 47T2R2> (6.21)

(63
Note that close to the dislocation line P*% ~ (41—22 R722 je. stress singu-

larity explicitly depends on the material parameter a. Cauchy stresses and
their physical components read

b1 362\
0-052:0205:_”7* <3+ ) ,

27 2 422

—1
_opb? 1 362\
b (3 ) 022

and

2 a—1
oz _gzo_ M0 1 (o 3b
7 7 2m 2 ( RmCRs ’

b2 1 32\
g =l (3 + ) . (6.23)

472 r2 47r2r2

Remark 61. Zubov [90] noted that the resultant longitudinal force
Ro
21 / P*?(R)RdR, (6.24)
0

is unbounded for the neo-Hookean material. We see that this force is finite
for the generalized neo-Hookean material if o < 1 (and for finite Ry).

5 Similar results are obtained in [66] for generalized neo-Hookean materials that
are slightly different from the one we are using here.



46 Arash Yavari, Alain Goriely

Remark 62. Let us look at the material manifold of a single screw disloca-
tion more carefully. Cartan’s moving coframes read

9t =dR, ¥?=Rd®, 93 =dZ— %d@. (6.25)
Material metric is written as
Gop = 0ap?™ @ 9°. (6.26)
We assume that in the material manifold torsion 2-forms are given as
T' =0, T?>=0, T3=00*R)9'NO* = %f)dR A d. (6.27)
To obtain the connection 1-forms we assume metric compatibility
darw? g + 0w =0, (6.28)
and use Cartan’s first structure equation
T = d9* + w5 AYP. (6.29)

If we now naively solve for connection 1-forms we will end up multiplying
delta functions in calculating the curvature 1-forms. However, as we will see
in the next example, the material manifold will be flat if we define ¥3 =
dZ + 2= H(R)d®. This shows that in the geometric framework single defects
should be analyzed very carefully.

6.2 A Cylindrically-Symmetric Distribution of Parallel Screw Dislocations

Motivated by the first example, let us consider a cylindrically-symmetric
distribution of screw dislocations parallel to the Z-axis (in a cylindrical co-
ordinate system (R, P, Z)). Let us look for an orthonormal coframe field of
the following form

I =dR, 9?=Rd®, 9°=dZ+ f(R)d®, (6.30)

for some unknown function f to be determined. Assuming metric compati-
bility the unknown connection 1-forms are: w's, w?s,w?1. For our distributed
dislocation we assume the following torsion 2-forms'¢

b(R)

2

(191> 1 0 0 dR
92| = <o R 0) <dq5>.
93 0 f(R) 1 dz

In the coordinate frame we know that

T =7?% =0, T3=@dRARd¢:@ﬁ1/\ﬁ2.
T T

<T1> 1 0 0 0 0
72 ]=(0 R 0 0O )= 0 ].
T8 (o #(R) 1> ww |\ vy

TL=T2=0, 73= %b(R)dRA do = ANV (6.31)

16 Note that

Therefore



Riemann-Cartan Geometry of Nonlinear Dislocation Mechanics** 47

where b(R) is the radial density of the screw dislocation distribution. Note
that

Aot =0, d¥9*=dRAdD = %191 A9,

d¥® = f'(R)dR A d® = @ﬁl A2 (6.32)

Let us now use Cartan’s first structural equations: 7% = d¥* + w%g A 8.
For a =1, 2, 3 these yield

wha =w’1 =0, W’y +w's =0, (6.33)
1
wlog = e w231 =0, w'ss+w?iz =0, (6.34)
I
3 2 3 2 _ JI(R) bR

=w33=0 =t - — 6.35

w731 = W33 , W21 +wiis R or ( )

Therefore, the nonzero connection coefficients are
1 f'(R)  b(R)
1 3 2 1

Wa=—g, Wan=wnE we= oo ™= (6.36)

Thus, the connection 1-forms read

2R 4w 2R 4
Wi = {f’?(g) — bfj)] 2. (6.37)

We now enforce the material manifold to be flat, i.e. R%g = dwg + wy A
w¥5 = 0. Let us first look at R?3. Denoting h(R) = LU 5B hote that

2R 4
dw?s = d(h(R)9') = W (R)dR A9 = 0. (6.38)
Thus
R%3 = why AW = h(R)?*0* A2 = 0. (6.39)
And therefore, h(R) =0, i.e.
R
4 [ pp—
f'(R) = 5 _b(R). (6.40)

It is easy to verify that R's = R3; = 0 are trivially satisfied. Therefore, the
material metric has the following form:

1 0 0
G=|(0 R*+f*(R) f(R)|. (6.41)
0 f(R) 1

Note that det G = 1. Having the material manifold in order to obtain the
residual stress field we embed the material manifold into the ambient space,
which is assume to be the Euclidean three-space. We look for solutions of
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the form (r,¢,z) = (r(R),®?,Z), and hence detF = r/(R). Assuming an
incompressible neo-Hookean material, we have

| detg Ty, B
J = ”detGdetF_ =" (R)=1. (6.42)

Assuming that 7(0) = 0 we obtain r(R) = R. For the neo-Hookean material
we have P4 = F*gGAB —p (F‘l)b Aga where p = p(R) is the pressure
field. Thus, because J =1 and F = I we have

p—p 0 0
P=o=| 0 “op —ni@ ). (6.43)
0 —ulF (u—p) +ulG

Equilibrium equations dive = 0 tell us that pressure field is uniform, i.e.
p = po. The traction boundary condition dictates pg = . Therefore, the only
nonzero stress components are

peZ _ px® _ _

SB)  pez_ JBP

s, — (6.44)

Now if we instead use the constitutive equation (6.18) we would have the
following stress components

poz _ pro _ _, J0) (3+ fZ(R)>a17

R? R?
P*Z = uf(]f;y (3 + fzgf)f_l : (6.45)
Remark 63. For a single dislocation b(R) = 27bd*(R), and hence
f'(R) = bR&*(R) = %5(3). (6.46)
Therefore
ﬂmzimm+a (6.47)

Note that R > 0 and for b =0, f = 0 and hence C = 0, i.e. f(R) = b/2x. For
a uniform distribution, we have b(R) = by and hence f(R) = Z—?TR2. Residual
stresses in this case are:

p 1bo p pub3
P?Z — p*® = -5 P Z = ﬁRQ. (6.48)

Next, let us now consider a few more examples. First, suppose that the
distributed screw dislocations are supported on a cylinder of radius Ry with
its axis coincident with the Z-axis, i.e. b(R) = 2wbyd(Cr,). Note that

1
d(Cr,) = me(R— Ry) =

ori 0B = Ro). (6.49)
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Therefore, f'(R) = 3—26(1%7 Rp) and hence f(R) = g—;H(RfRO). Hence, we
have

bo b3
21 R2 42 R2
It is seen that for R < R stresses vanish and for R > Ry stresses are

identical to those of a single screw dislocation with Burgers vector by. The
next example is what Acharya [3] considered, namely

pZ _ pb _ _

H(R - Ry), P*%= H(R—Ry). (6.50)

2 (1 1
b(R) = Ro (R Ro) H(Ry — R)
_2b (1 1
It is easy to show that
bo R? bo 9
= — - — — H(R - . .52
1) = 2 (R )+ e (R ROPH(R-Ro). (652

Therefore, for R < Ry

b (11 b2 R \?
peZ _pzo _ _ M0 (2 1 P2 — 0 (1- 6.53
TRy \R 2Ry)’ T Rg 2Ry ) ' (653

and for R > Ry

b6Z _ pzd _ fbo 27 _ ﬂb%
P?4 = p** = 52’ P = g (6.54)
These are identical to Acharya’s [3] calculations. Note again that for R > Ry
stresses are identical to those of a single screw dislocation with Burgers vector
bo. Note also that traction vector is continuous on the surface R = Ry. Next,
we show that this observation holds for a large class of distributed screw
dislocations. We should mention that the following result is implicit in [3].

Proposition 64. Suppose that we are given an arbitrary cylindrically-symmetric
distribution of screw dislocations such that b(R) = 0 for R > Ry, where b(R)
is the density of Burgers vectors and Ry is some fized radius. Also, define by

as
Ro

; £b(§)dg = bo. (6.55)

Then, for R > Ry stress distribution is independent of b(R) and is identical
to that of a single screw dislocation with Burgers vector by.

Proof: f'(R) = £b(R) and hence knowing that f(R) = 0 when b(R) = 0 we
have

R
17) = 5- [ e (6.56)

For R > Ry:
1 [l bo

f(R) = o J, §b(§)dE = o (6.57)
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Hence, for R > Ry:

bz _ pzd _ pbo 4 _ Mb(Q)
P??(R) = P**(R) = T RE P**(R) = TR L] (6.58)

Now let us consider the following distributed screw dislocations: b(R) =
27bgd(Cr,) — 2mbyd(CR,), for Ry > Ry > 0. It can be readily shown that
stresses are nonzero only in the cylindrical annulus R; < R < Ry and there
they are identical to those of a single screw dislocation with Burgers vec-
tor by. It should be noted that “principle” of superposition holds only for
linear elasticity. However, in this particular example we see that the stress
distribution of the distributed dislocation 27bgd(Cr,) — 2mbgd(Cr,) is the
superposition of those of 2rbyd(Cr,) and —27bed(Cr,).

6.3 An Isotropic Distribution of Screw Dislocations

Bloomer [12] constructed the material manifold of an isotropic distribution of
screw dislocations, but did not calculate the corresponding stresses. Bloomer
[12] started with the standard dislocation density tensor, i.e. torsion of the
connection is given. He then realized that the standard dislocation connec-
tion has zero curvature by construction. Having a torsion distribution, and
knowing that curvature tensor vanishes, one is able to obtain the metric. He
showed that the distributed screw dislocations must be uniform otherwise
the Ricci curvature tensor would not be symmetric. Here we repeat his cal-
culations within our framework and will make an important observation at
the end. Denoting the dislocation density by M (X), torsion tensor would be
completely anti-symmetric with the following form: Tapc = Meapc, where
eapc is the Levi-Civita tensor. Note that

emape™cp = GacGpp — GapGpe. (6.59)

A simple calculation gives K o = %e aBc- We need to calculate the ma-
terial metric. Having torsion and contorsion tensors using the formula (2.22)
and knowing that the curvature of the material manifold vanishes we can ob-
tain the Ricci curvature tensor of the material manifold. Using (6.59) Ricci
curvature is simplified to read

1 0M M?

RAB:iia)(iCE AB+7GAB. (660)

Symmetry of Ricci curvature implies that %88)?/{4 =0or M(X) = My, i.e. the
screw dislocation distribution must be uniform otherwise the material con-
nection is not metriziable!”. Now the Riemannian curvature of the material

manifold has the following form:

2

— M,
Rapcp = TO (GacGep — GapGae), (6.61)

17 This may mean that a non-uniform screw dislocation distribution induces point
defects
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i.e. material manifold has constant positive curvature. This is the 3-sphere
with radius Ry = 2/Mj. Note also that when there are no screw dislocations,
i.e. when My = 0 the material manifold is the flat three-dimensional Eu-
clidean space. The three-sphere cannot be embedded in the Euclidean three
space. This immediately means that in the setting of classical nonlinear elas-
ticity, i.e. with no couple stresses, there is no solution. This is in agreement
with Cartan’s speculation [36].

This calculation can be checked using Cartan’s moving frames. For a 3-
sphere with Radius Ry let us consider the hyperspherical coordinates (R, ¥, ©, ®),
for which the metric reads (0 < ¥,0 < 7,0 < ¢ < 2m)

dS? = R§d¥® + R} sin® ¥ (d6? + sin® ©dd?) . (6.62)
We now choose the following orthonormal coframes
9t = RodW¥, 0% = Rysin®dO, 03 = Rysin¥ sin Odd. (6.63)
Torsion 2-form has the following components
T =med? A3, T? = mo® AL, T3 = meot A 9% (6.64)

Using Cartan’s first structural equations 7¢ = dy*+w®gA9Y”, the connection
one-forms are obtained as

1 cot¥ o Mo .3 2 mo cot@ 4
=2 Moy — _Mogr Y
Y27 TR, 9 Vo YT Rosin® '’
t
Wiy = — 02 4 ST, (6.65)

2 Ry

Using Cartan’s second structural equations the curvature 2-forms are ob-
tained as

1 2 1 2
ngz( —m">191m92, R, — (—m”)ﬂQAﬁ?’,

R2 4 R 4
R = (L - g p (6.66)
AR 4 ' '

The material manifold is flat if and only if

1 m?
0

Remark 65. The first Bianchi identity d7*+w®sT” = R*sA9° = 0 implies
that dmg = 0, i.e. the isotropic dislocation distribution must be uniform.
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6.4 Edge Dislocation Distributions Uniform in Parallel Planes

Let us now consider a distribution of edge dislocations that are uniform in
the planes parallel to the XY-plane but varying with Z. Let us consider the
following moving coframe field

9t =efDax, 9% ="y, 9P =erMDdz. (6.68)
Thus means that
e1=ec oy, ey=e"190y, e3=c Dy, (6.69)
From (6.68) we obtain
A9t = (2)e MDY ngt, d9? = - (Z)e N D92 A3, d¥® = 0. (6.70)
We assume that the following torsion 2-forms are given
TH=0(2)P ANV, T2=c(Z)9*A9®, T3=0. (6.71)
This represents a distribution of edge dislocations with Burgers vector
b=b(Z)=bZ)e, +c(Z)es =b(Z)e D dx + c¢(2)e " Ddy.  (6.72)

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

wha =0, Wiy = [e(2) +1/(2)e D] 02,
W = [b(Z) - E'(Z)e_A(Z)} 91, (6.73)

If we assume that ¢/(Z) = b(Z)eM?) and /(Z) = —c(Z)eM?)| then from the
second structural equations R%g = 0 is trivially satisfied. Let us now choose
A(Z) = 0. This implies then that &'(Z) = b(Z) and n'(Z) = —c(Z). Note
that G = diag(e?¢(?), (%) 1). We are looking for a solution of the form
(z,y,2) = (X +U(Z),Y +V(Z), Z). This then implies that J = e&(#)+n1(Z),
Incompressibility dictates that £(Z)+n(Z) = 0 and hence &'(Z) +7'(Z) = 0.
This then means that ¢(Z) = —b(Z). Now the first Piola-Kirchhoff stress
tensor reads

pe= %2 — p(Z) 0 (k+p(2))U'(Z)
P = 0 pe* ) —p(Z) (u+p(2)V'(Z2) |- (6.74)
0 0 n—p(Z)

Equilibrium equations are simpler to write for Cauchy stress, which reads

pe2 —p+ (p+ p)U" (p+ UV’ (u+p)U’
o= (p+wU'v’ pe* —p+(p+mV= (u+p)V’ | . (6.75)
(n—p)U’ (n—p)V’ p=p

Symmetry of Cauchy stress dictates U'(Z) = V'(Z) = 0, i.e. up to a rigid
translation in the XY-plane, (x,y,2) = (X,Y,Z). Equilibrium equations
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dictate that p/(Z) = 0 and vanishing of traction vector on surfaces parallel
to the X-Y plane gives us p(Z) = p. Therefore

P = diag {,u(efzs(z) — 1), u(e*@) — 1),0} . (6.76)

An interesting problem arises when the Burgers vector is given in the
coordinate basis. Let us assume that

b =b(2)dx = b(Z)efPe. (6.77)

Let us choose n(Z) = 0. Using Cartan’s first structural equations we obtain
the following connection 1-forms:

Wl =0, w?=0, o =|b2)e? - 5’(2)6”\(2)} 9. (6.78)

If we choose b(Z)ef?) = ¢ (Z)e=*?4) the material connection will be flat
as required for a distributed dislocation. We look for solutions of the form
(z,y,2) = (X +U(Z),Y +V(Z),Z). Note that G = diag(e*(%) 1,?N2),
This then implies that J = e£(4)+2(%) Incompressibility dictates that £(Z)+
A(Z) = 0 and hence £'(Z) = b(Z). For a neo-Hookean material the first Piola-
Kirchhoff stress tensor reads

pe= ) — p(Z) 0 (p(Z) + pe*)U'(Z)
P = 0 pe** ) —p(Z)  (p(Z2) +pe)V'(2) | . (6.79)
0 0 pe* —p(Z)

Cauchy stress for the assumed displacement field reads

pe=? —p+ (p+ pe* U (p+peP UV (p+ pe’)U’
o= (p + pe*)U'V’ f=p+ (p+ pe*)V"? (p+ pe*)v’
(—=p + pe*)U’ (—p+ue )V —p - pe*
(6.80)
Symmetry of Cauchy stress dictates U'(Z) = V/(Z) = 0, i.e. again up to a
rigid translation in the XY-plane, (z,y,2) = (X,Y, Z). Equilibrium equa-
tions tell us that (—p + ue%)/ = 0 and hence (knowing that for b =0, £ = 0)
this gives us p = pe?s. Therefore

P = diag {,u(e_%(z) — X)) u(1 — X2, 0} . (6.81)

6.5 Radially-Symmetric Distribution of Edge Dislocations in a Disk

Let us consider a flat disk with a distribution of edge dislocations with radial
Burgers vectors. We assume that the flat disk is forced to remain flat, i.e. we
are looking at a two-dimensional problem. With respect to the polar coordi-
nates (R, ®) torsion 2-form is assumed to have the following components in
the coordinate frame:

T' = @dl%/\ Rd®, T*=0. (6.82)

™
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Let us choose the following orthonormal coframe field
9 =dR+ f(R)dD, ¥* = RdP, (6.83)

for a function f to be determined. Note that dR A Rd® = 9' A 92. The
transformation F has the following form

()= (07) (%) s
(77;):@]”(;)) (?)Z(?) (6.85)

Using Cartan’s first structural equations we have

Therefore

/
7—1 _ d191 +w12 /\192 — <f§:{R) _’_w112> 191 /\192’
T? =do* —wla A9t = <; +w122> 9 A2 (6.86)

Therefore, the connection 1-form is obtained as
1 11
w'g =h(R)) — Eﬁ , (6.87)

where h(R) = YR) _ @. Using Cartan’s second structural equation we

2m
have
ng _ dw12 _ [f(R)h(R)]/,&l A 192 =0 (6 88)
——r . .
Therefore, f(R)h(R) = C, where C' is a constant. But we know that when
b(R) =0, f(R) =0 and hence h(R) =0, i.e. C = 0. We also know that for a

nonvanishing b(R), f(R) # 0. Thus, h(R) = 0, i.e.
R

f(R) = S-b(R). (6.89)

Material metric and its inverse have the following non-diagonal forms

1 R _ WU {0}
GZ(f(R) RQi(fz)(R)>’ G 1=<1ffd%> R ) (6.90)

1
R2 R2

Spatial metric reads g = diag(1,7%). We are now looking for solutions of
the form (r,¢) = (r(R),P). Assuming that the body is incompressible and
r(0) = 0, we obtain r(R) = R. For a neo-Hookean material

FA(R) F(R)

_ [ p=pR)+ prpr —p

P=o— ( (_ )f(R) w ) , (6.91)
/,(, R2 RZ




Riemann-Cartan Geometry of Nonlinear Dislocation Mechanics** 55

where p(R) is the pressure field. The only non-trivial equilibrium equitation
in terms of Cauchy stress reads

do™ 1

Ee + ;U” —ro® = 0. (6.92)
This gives
oy BfRB(R)  pf?(R)
P(R) == = = (6.93)
We know that when b(R) = 0, p(R) = p. Thus
R 2
p(R) = u+u/0 [f(f;lg(ﬁ) - fg(f)] dg. (6.94)
Therefore
rr 2 R R b 2 r R
R L (. C S ] PR )
R 2
Y R f(E)b(€) _ f (f)}
0¥ = /0 o o | % (6.95)
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