®

Acta Mech onZ
https://doi.org/10.1007/s00707-021-02999-2 updates

ORIGINAL PAPER

Markus Lazar

Incompatible strain gradient elasticity of Mindlin type:
screw and edge dislocations

Received: 15 February 2021 / Accepted: 22 April 2021
© The Author(s) 2021

Abstract The fundamental problem of dislocations in incompatible isotropic strain gradient elasticity theory
of Mindlin type, unsolved for more than half a century, is solved in this work. Incompatible strain gradient
elasticity of Mindlin type is the generalization of Mindlin’s compatible strain gradient elasticity including
plastic fields providing in this way a proper eigenstrain framework for the study of defects like dislocations.
Exact analytical solutions for the displacement fields, elastic distortions, Cauchy stresses, plastic distortions and
dislocation densities of screw and edge dislocations are derived. For the numerical analysis of the dislocation
fields, elastic constants and gradient elastic constants have been used taken from ab initio DFT calculations.
The displacement, elastic distortion, plastic distortion and Cauchy stress fields of screw and edge dislocations
are non-singular, finite, and smooth. The dislocation fields of a screw dislocation depend on one characteristic
length, whereas the dislocation fields of an edge dislocation depend on up to three characteristic lengths.
For a screw dislocation, the dislocation fields obtained in incompatible strain gradient elasticity of Mindlin
type agree with the corresponding ones in simplified incompatible strain gradient elasticity. In the case of an
edge dislocation, the dislocation fields obtained in incompatible strain gradient elasticity of Mindlin type are
depicted more realistic than the corresponding ones in simplified incompatible strain gradient elasticity. Among
others, the Cauchy stress of an edge dislocation obtained in incompatible isotropic strain gradient elasticity of
Mindlin type looks more physical in the dislocation core region than the Cauchy stress obtained in simplified
incompatible strain gradient elasticity and is in good agreement with the stress fields of an edge dislocation
computed in atomistic simulations. Moreover, it is shown that the shape of the dislocation core of an edge
dislocation has a more realistic asymmetric form due to its inherent asymmetry in incompatible isotropic strain
gradient elasticity of Mindlin type than the dislocation core possessing a cylindrical symmetry in simplified
incompatible strain gradient elasticity. It is revealed that the considered theory with the incorporation of three
characteristic lengths offers a more realistic description of an edge dislocation than the simplified incompatible
strain gradient elasticity with only one characteristic length.

1 Introduction

A dislocation is the elementary carrier of plasticity in crystals and the most important crystal defect. Therefore,
plasticity is based on dislocations, in particular on the glide of dislocations. The natural scale of the mechanics
of dislocations is the Angstrém scale, which is the characteristic scale in crystallography. However, all fields of
dislocations using classical dislocation theory possess singularities, like the 1/r-type singularity in the stress
and elastic strain fields of dislocations, because the classical approach is not valid at small scales like the
Angstrém scale (see, e.g., [6,12,17,41]).
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Generalized continuum theories, like gradient elasticity and nonlocal elasticity, are continuum theories
valid at small scales (see, e.g., [7,27,30]). Mindlin [32] (see also [33]) derived the theory of compatible first
strain gradient elasticity. Compatible first strain gradient elasticity incorporates the gradient of the elastic strain
tensor in the elastic energy in addition to the elastic strain tensor. For an isotropic material, this framework
is characterized by the two Lamé constants and five strain gradient parameters leading to two characteristic
lengths. Mindlin’s first strain gradient elasticity theory respects the invariance under the group S O (3) and their
irreducible representations (see [26]). Already, Toupin and Grazis [47] and Mindlin [34] (see also [13]) pointed
out that first strain gradient elasticity, sometimes called gradient elasticity of grade-2, can be considered as the
continuum version of a lattice theory with up to second-neighbor interactions (nearest and next-nearest neighbor
interactions). Using ab initio density functional theory (DFT) calculations, Shodja et al. [45] showed that the
characteristic lengths of Mindlin’s compatible strain gradient elasticity theory are in the order of ~ 10710
m (Angstrém) for several fcc and bee materials. The elements of the Hessian matrix, obtained by taking the
second derivatives of the total energy with respect to the atomic positions, are related to the strain gradient
material constants. Nowadays, the material parameters of first strain gradient elasticity can be computed from
interatomic potentials to be a self-consistent and parameter-free field theory of materials [1,40]. Moreover, the
atomistic representation of the constitutive tensors in first strain gradient elasticity was given by Admal et al.
[1]. The atomistic representations are analytical expressions in terms of the first and second derivatives of the
interatomic potential with respect to interatomic distances, and dyadic products of relative atomic positions
(see [1]).

First efforts toward dislocations in the framework of Mindlin’s strain gradient elasticity were carried out
by Lardner [16] and Rogula [42], who considered screw and edge dislocations in the framework of Mindlin’s
compatible strain gradient elasticity [32]. Considering neither plastic distortion nor dislocation density, Lardner
[16] and Rogula [42] constructed solutions to a compatible elastic boundary value problem and consequently
failed to remove the classical singularities.

More than two decades later, using a simplified theory of gradient elasticity with only one characteristic
length scale parameter, non-singular elastic strain fields of screw and edge dislocations were given, for the
first time, by Gutkin and Aifantis [8,9]. Non-singular stress and strain fields of screw and edge dislocations
based on a simplified gradient elasticity (or gradient elasticity of Helmholtz type) were given by Lazar and
Maugin [18] (see also [19]). Simplified strain gradient elasticity is a particular version of Mindlin’s strain
gradient elasticity where the double stress tensor can be expressed in a particular form in terms of the gradient
of the Cauchy stress tensor (see, e.g., [18,26]). Moreover, Lazar and Maugin [20] have shown for straight
dislocations that the gradient terms with the characteristic length scale parameter lead to a smoothing of
the displacement profile, in contrast with the jump occurring in the classical displacement field. Simplified
incompatible gradient elasticity (gradient elasticity of Helmholtz type) provides robust non-singular solutions
including one length scale parameter for the elastic distortion, plastic distortion, stress and displacement fields
of screw and edge dislocations. An important mathematical property of gradient elasticity is that it provides
a regularization based on partial differential equations (PDEs) of higher order where the characteristic length
scale parameter plays the role of a regularization parameter. Afterward, the non-singular expressions of all
dislocation key equations were given by Lazar [23-25] for dislocation loops using simplified gradient elasticity.
For dislocations, the incompatible version of simplified gradient elasticity including plastic distortion and
dislocation density tensors is used leading to an incompatible strain gradient elasticity of defects. These non-
singular dislocation key equations (Burgers formula, Mura—Willis equation, and Peach—Koehler stress formula)
have been implemented in the UCLA Discrete Dislocation Dynamics (DD) code called “model” [35] and used
for applications [39]. The results of the dislocation fields in simplified gradient elasticity endow DD with a
level of maturity that is necessary for computer simulations of three-dimensional dislocation ensembles with
near atomic resolution. Therefore, the use of strain gradient elasticity theory for micromechanical problems
of dislocations leads to non-singular and smooth dislocation fields, and in this way to an Angstrom-mechanics
of dislocations (see also [30]). Nevertheless, for a more realistic and physically based modeling of an edge
dislocation due to its inherent asymmetry more than one characteristic length scale parameter is necessary,
and this is exactly what Mindlin’s strain gradient elasticity offers.

Using an incompatible version of Mindlin’s strain gradient elasticity and the technique of Fourier transform,
non-singular and smooth displacement fields of screw and edge dislocations have been recently reported by
Delfani and Tavakol [3] and Delfani et al. [4], respectively. Delfani and Tavakol [3] and Delfani et al. [4] have
reproduced the smoothing of the displacement profile of screw and edge dislocations. However, a systematic and
complete study of screw and edge dislocations (including the elastic strain and stress fields) in the incompatible
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framework of Mindlin’s strain gradient elasticity is still missing in the literature. Therefore, the present work
aims to close this gap in the literature of dislocations in strain gradient elasticity.

The purpose of the present work is to find solutions for the displacement, plastic distortion, dislocation
density, stress and elastic distortion fields of screw and edge dislocations within the framework of incompatible
isotropic strain gradient elasticity theory of Mindlin type. This is an unsolved fundamental problem for more
than half a century. We will formulate the eigenstrain problem of dislocations in Mindlin’s isotropic gradient
elasticity. Dislocation problems are typical examples of eigenstrain problems (see, e.g., [31,36]). We will
use the two-dimensional Green tensors (fundamental solutions of the Mindlin operator) to find non-singular
dislocation fields for a given eigenstrain (or plastic distortion). Furthermore, we clarify the question of the
influence on the dislocation solutions of different characteristic length scale parameters and the five gradient
parameters of the incompatible isotropic strain gradient elasticity theory of Mindlin type and the similarities
and differences to the dislocation solutions obtained in the framework of simplified incompatible strain gradient
elasticity. For the numerical computations, the values of the five gradient parameters for aluminum will be
used given by Shodja [45,46] using atomistic ab initio DFT calculations.

The paper is organized as follows. In Sect.2, we give the basics of incompatible strain gradient elasticity
of Mindlin type including the relevant Green’s functions which are necessary to solve the field equations
for prescribed plastic distortion of a dislocation. Using the technique of Green’s functions and convolution,
solutions of screw and edge dislocations are presented in Sects. 3 and 4, respectively. The limit of the solutions
of screw and edge dislocations in incompatible strain gradient elasticity of Mindlin type toward simplified
incompatible gradient elasticity is given in Sect. 5. In Sect. 6, conclusions are given. Some technical details
are reported in the “Appendix.”

2 Incompatible strain gradient elasticity of Mindlin type
In this Section, we present the structure and framework of the theory of incompatible strain gradient elasticity

of Mindlin type, which is the incompatible generalization of Mindlin’s compatible first strain gradient elasticity
and is suitable as defect theory at small scales down to the Angstrom scale.

2.1 General form

Consider an infinite elastic body. In Mindlin’s theory of first strain gradient elasticity [32,33], the strain energy
density for centrosymmetric materials reads as

1 1
W(e, Ve) = 3 Cijrieijex + 3 i jmkin Omeij Onex - (1

Here e;; denotes the incompatible elastic strain tensor which is given by

1
€ij =3 (Bij + Bji) 2
and is nothing but the symmetric part of the incompatible elastic distortion tensor

Bij = djui — B 3)

which s given in terms of the gradient of the displacement vector #; and the plastic distortion (or eigendistortion)
tensor ,BE. .

Moreover, C; ikt is the fourth-rank matter tensor (constitutive tensor) of the elastic constants possessing the
minor symmetries

Cijki =Cjitt =Cijix 4)
and the major symmetry

Cijki = Cuij » (5
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whereas ; juii, is the sixth-rank matter tensor (constitutive tensor) of the gradient elastic constants possessing
the minor symmetries

H-‘Dijmkln = ]D)jimkln = Dijmlkn (6)
and the major symmetry
D jmkin = Diinijm - @)

The quantities conjugate to the elastic strain tensor e;; and the gradient of the elastic strain tensor 9,,¢;; are
the Cauchy stress tensor o;; and the double stress tensor T;j,,, respectively. They are defined as

ow
oij = @ = Cjjuen , (®)
aw
Tijm = m = D jmkinOnex - 9

In dislocation theory, the dislocation density tensor is defined in terms of the incompatible plastic distortion
tensor (see, e.g., [15,25])

P
oij = —€jk kP (10)
and in terms of the incompatible elastic distortion tensor
aij = €0k P, (11)

where € j;; denotes the Levi-Civita tensor. In other words, the dislocation density tensor is the incompatibility
tensor due to dislocations, and it gives the characteristic shape and size of the dislocation core. The dislocation
density tensor satisfies the Bianchi identity of dislocations,

8J~ozl-j =0, (12)

which means that dislocations cannot end inside the body.
The condition of static equilibrium is expressed by the Euler—Lagrange equation, and it reads in first strain
gradient elasticity

SW oW ow ow
=0 + 0k 9; =0
51/!,' 8Lt,' 8(8ju,~) 8(8k3ju,-)

(13)
In terms of the Cauchy stress and double stress tensors, Eq. (13) takes the form [32]

0j(0ij — dktiji) = 0. (14)
Because dislocations cause self-stresses, no physical body forces are present in the equilibrium condition for
dislocations. Dislocations belong to the category of eigenstrain problems (see [6,36]).
2.2 Isotropic form

Consider now the isotropic version of Mindlin’s strain gradient elasticity theory of form II. Using SO (3)-
invariance arguments, an isotropic matter tensor of rank 4, satisfying Egs. (4) and (5), reads as

Ciju = Aijd + n(Sikdji + 8udjk) . (15)

where A and u are the Lamé constants (elastic constants) and §;; is the Kronecker symbol, and an isotropic
matter tensor of rank 6, satisfying Eqs. (6) and (7), reads as

ai
Di jmkin = ?(&‘jakm(sln + 88knSim + Ski8imSjn + 8k18indjm) + 2a2 8 8x18mn

as
+ ?((Sjk(simsln + 8ik8 jmSin + 8118 jmSkn + 8j18imSkn) + as(8:18 jkSmn + 8ik8 ji1Smn)
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as
+ ?((Sjk(sinalm + 8ik8 jnSim + 818kmSin + 8i18kmSn). (16)

where a1, a», a3, a4, as are the five strain gradient parameters (or gradient elastic constants) in Mindlin’s
isotropic first strain gradient elasticity theory [32] (see also [26,33]).
For the isotropic case, the Cauchy stress tensor is given by

oij = 2u1eij + Adjje, (17)

and the double stress tensor is given by

ai
Tijk = 7(5ik3j€ll + 8jrdien + 28;;01ext) + 2a28;j0ken
+ a3 (Sikalejl + Sjkaleil) + 2a40ye;j + as (8,‘6.]'1{ + 3.;‘%')- (18)

Using Eqgs. (2), (8), and (9), Eq. (14) can be cast in the following equation in terms of the displacement
vector and the plastic distortion tensor:

LN up = p[l — GA) (9B + aiBf) + [» — (a1 + 2a2) A]9; Bl — (a1 + a3 + as)d By . (19)

where L% denotes the tensorial linear partial differential operator arising in Mindlin’s first strain gradient
elasticity called the Mindlin operator. The isotropic Mindlin operator (differential operator of fourth order) is
given by

LN = +2w[1 — GA]8:0 + n[1 — BA]GiA — 330, (20)

where A indicates the Laplace operator (differential operator of second order) and the two characteristic
lengths, defined in terms of the five gradient elastic constants and the two elastic constants (Lamé constants),
which are known in isotropic compatible strain gradient elasticity of Mindlin type,

02— 2(a; +az + a3 + a4 + as)
= A+2u
az + 2a4 + as

21 '

) 21

03 (22)

The two characteristic lengths 1 and ¢, are the length scales appearing in the isotropic Mindlin operator (20),
and they are the characteristic length scales for the displacement vector uy. Therefore, the two characteristic
lengths £1 and ¢, are the length scales appearing in Mindlin’s isotropic compatible gradient elasticity (see
[28,32]). Also, it can be observed on the right-hand side of Eq. (19) that the gradient elastic constants ay, as,
and a5 play a particular role for the plastic distortion.

Now, we decompose the plastic distortion tensor ﬂir;- into its deviatoric (traceless) part ,BOE., which we call
deviatoric plastic distortion tensor, and its trace ,35 , which is the plastic dilatation:

o 1
Bl = Bij + 3 8B (23)

with ,BIF; = 0. If we substitute the decomposition (23) into Eq. (19), the mathematical structure of the right-hand
side of Eq. (19) becomes more visible,

o o 1 o
Ligue = uLa(Bj; + 0BF) + 5 Qe+ 30 La 8 B + 2 (€3 — L)0:0401By, (24)
where the isotropic scalar Helmholtz operator (differential operator of second order) is defined by
Li=1-6A, ¢ >0. (25)

Here, £; are positive real length scale parameters. Sometimes, the differential operator (25) is called modified
Helmholtz operator [49] or metaharmonic operator [37]. In Eq. (24), it becomes obvious that in isotropic
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incompatible strain gradient elasticity of Mindlin type, two additional characteristic lengths can be defined in
terms of the five gradient elastic constants and the two elastic constants (Lamé constants), namely

2 2Qay + 3ax + a3 + as + as)

L , 26
3 30+ 2u (20
ay + 2az + 2aq4 + 2as
i = > . (27)
"

The two characteristic lengths £3 and £4 are additional length scales due to the plastic distortion tensor appearing
on the right-hand side of Eq. (24). The length scale £3 is the characteristic length of the plastic dilatation. On
the other hand, the divergence of Eq. (24) gives

1 o
Qu+ AL Adguy = §(2;1, + 30 L3ABY + 2uLadi 0B . (28)
Moreover, Eq. (24) can be cast in the following form:
LNug+ fi=0 (29)

with the fictitious body force due to the plastic distortion

o . 1 .
fi = =[nL2(0B] + 0 BF) + 5 @i+ 30 La 0] + 208 — ool (30)

The difficulty in the theory of incompatible strain gradient elasticity of Mindlin type is that both fields, the
displacement field u on the left-hand side and the plastic distortion ;‘35 on the right-hand side of Eq. (19), are
“a priori” unknown, and an operator decomposition of the Mindlin operator (20) might be helpful, which is
given in the next Section.

2.3 Decomposition of the isotropic Mindlin operator

The operator decomposition used in incompatible strain gradient elasticity of Helmholtz type [25] or in
simplified strain gradient elasticity [43] is based on the decomposition of a partial differential equation (PDE)
of higher order into a system of PDEs of lower order and on the property that the appearing differential operator
can be decomposed into a product of differential operators of lower order. Here, we present such an operator
decomposition valid in incompatible strain gradient elasticity of Mindlin type.

Because the Mindlin operator (20) is a decomposable linear partial differential operator, it can be decom-
posed into an inner product of two tensorial linear partial differential operators,

M O rH Hy (0)
Lig =Ly Ly = LyLy (D
where L}?) is the isotropic Navier operator (differential operator of second order)
0
LY = O+ 20088 + 1 Bix b — ;) (32)
and Lﬂ( is a tensorial Helmholtz type operator (differential operator of second order) given by
Lik = 8 — 1913 — (30w A — 31dp) (33)
which is the tensorial generalization of the scalar Helmholtz operator L = 1 —¢2A. Inthecasethat ¢; = €y = £,
it reduces to: L}} = 8 (1 — €2A) = L.
Using the operator decomposition (31), the inhomogeneous PDE (29) of fourth order
LY ue+ 5 =0 (34)

might be decomposed into a system of PDEs of second order, namely the inhomogeneous tensorial Helmholtz
type equation,

Ly =ul”, (35)
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and the classical inhomogeneous Navier equation of incompatible elasticity or eigenstrain theory,
0) (0
Ly’ + f; =0, (36)
where ul(o) is the classical displacement field and f; is the fictitious body force due to the classical plastic
distortion ,35’0 (see also [5])

—[r(aBy® + ;) + 20:°]

o o 1
= (@B +apy") + 5 eu+30a87°). (37)

fi

Thus, Eq. (37) represents the body force equivalent for dislocations in the framework of eigenstrain.
By combining Eqs. (30) and (37), the following PDE results for the plastic distortion tensor!:

o o 1 o
nL> (385 + aBL) + 3 (2 + 3A) L3 ; B + 210(65 — €3)0; 9,91 By
o o 1
= 1085 + aBh0) + 3 Qut 3088, . (38)

If the deviatoric plastic distortion is zero, then Eq. (38) simplifies for the plastic dilatation ,BE to an inhomo-
geneous Helmholtz equation with characteristic length scale £3:

L3l =8, (39)

For instance, the length scale 3 is important for the plastic dilatation of a dilatation point defect (see, e.g.,
[29]). Substituting Eq. (38) into Eq. (24), we obtain the fundamental equation where the displacement vector
uy is determined by the classical plastic distortion tensor, which acts as prescribed plastic distortion,

LM we = (@B + a8 °) + 10y (40)

The important consequence of the operator decomposition is that the displacement field u; and the plastic
distortion ,35. are obtained by the prescribed classical plastic distortion by solving the PDEs (40) and (38),
respectively.

2.4 Green tensors of linear partial differential operators in incompatible strain gradient elasticity

In this Section, we present the Green tensors which arise from the dislocation problem in incompatible strain
gradient elasticity of Mindlin type.

2.4.1 Green tensor of the isotropic Mindlin operator

First, we give the Green tensor of the Mindlin operator (20) for the case of an infinite isotropic medium needed
for the solutions of the screw and edge dislocation problems. The Green tensor, which is the fundamental
solution of the isotropic Mindlin operator (20), is defined by (see, e.g., [28])

L%Gij(R) = —4;;6(R), 1)

where 6(.) is the Dirac delta function.
The two-dimensional Green tensor of the plane strain problem in Mindlin’s strain gradient elasticity is
given by (see [14,28,42])

GM(R) = 1 [(Si-A — 30;)A(R, £2) + ——
g 8 LY / ’ 2

Y 59 A(R. ¢ 42
S0y AR 0] “2)

! In simplified incompatible strain gradient elasticity, Eq. (38) reads: C; k1 0j (L/S,f] - ﬂfl’o) = 0, leading to the inhomogeneous
Helmbholtz equation: L/S,]:I = ,8,]:[0 with L = 1 — £2A (see, e.g., [18,25]).
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with the two scalar auxiliary functions
A(R,zl)=—{R21nR—R2+4z§[1nR+KO(R/z1)]}, (43)

A(R, ) = —{RzlnR—R2+4z§[1nR+KO(R/22)]}, (44)

where i, j = x,yand R € R2. Here K » 1s the modified Bessel function of the second kind of order n, and v
indicates Poisson’s ratio.

For the anti-plane strain problem in Mindlin’s strain gradient elasticity, the Green function is defined by
(see, e.g., [28])

LMGM(R) = —8(R) (45)
with the Mindlin operator of anti-plane strain depending only on the length ¢,

LM=u[1-8a]a. (46)
For anti-plane strain, the two-dimensional Mindlin operator simplifies to the two-dimensional Laplace-

Helmbholtz operator. The two-dimensional Green tensor of the anti-plane strain problem in Mindlin’s strain
gradient elasticity is given by (see [28])

GM(R) = —21 [InR + Ko(R/62)], (47)

T

which is non-singular and finite. The gradient of the Green’s function (47) reads as

B GM(R) = — - By Ry (R 48
kMR = =5 2 (1= L KI(R/6)). (48)

being non-singular, continuous and zero at R = 0.
2.4.2 Two-dimensional Green'’s functions of the Helmholtz and bi-Helmholtz operators
The Green’s function of the Helmholtz operator (25) is defined by
L;G" =§(R), (49)
and its solution reads

1
Gli = — Ko(R/L)). (50)
b J
ZJTEj

The Green’s function of the bi-Helmholtz operator, which is the product of two Helmholtz operators, is
defined by

L:L;GlLi = §(R) 51
and reads (see, e.g., [21])
Gliti = Ko(R/;) — Ko(R/¢; 52
_EW[O(/’)_ o(R/€))] (52)
i J
fori # j. Of course, it yields
Gliti = Gt x Gl | (53)

where * denotes the convolution.
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2.5 Solutions for the displacement vector and the plastic distortion tensor

Using the technique of Green’s functions, the solution of Eq. (40) reads for the displacement vector
i = —pd G+ (B + BL") — 20,GY By (54)

For the plastic distortion, Eq. (38) must be solved. The divergence of Eq. (38) yields

1 po 1
2uLadidiff + 3 Qu+ L3 ABY = 2B’ + 7@+ 34800 (55)

We consider dislocations that incur no volume change (dislocations of glide mode), so that the plastic dilatation
must be zero,

B =0, (56)
and the classical plastic dilatation must be zero,
B =o0. (57)
That means that the plastic dilatation must be zero for dislocations of glide mode. Then, Eq. (55) reduces to
Lo B = avar B, (58)

and the solution of Eq. (58) can be written as
3P _ Ly 3P.0
0Py = G~ * %01 By (59)

If we substitute Eq. (59) into Eq. (38), under consideration of Egs. (56) and (57), we obtain the following
solution:

aBh +apl =G x @By + a ;") — 206 — ()G w kB (60)

Therefore, the solution for the divergence of the deviatoric plastic strain tensor is given by Eq. (60).

2.6 Material parameters

It is important to point out that both the elastic constants (i, A) and the gradient elastic constants (ap, az,
as, as, as) are characteristic material parameters which can be computed from interatomic potentials (e.g.,
[44]) or via ab initio DFT calculations (e.g., [45]). Therefore, the characteristic length scale parameters are
also characteristic material parameters given in terms of the elastic constants and gradient elastic constants by
Egs. (21), (22), (26), and (27).

For the numerical analysis of the elastic and plastic fields produced by screw and edge dislocations,
we choose aluminum (Al) which is a nearly isotropic material [2]. The Lamé constants, gradient elastic
constants, characteristic lengths, equilibrium lattice parameter and Poisson’s ratio of aluminum, which have
been calculated via ab initio DFT by Shodja et al. [45] and Shodja [46], are given in Table 1. It is interesting to
note that the characteristic length ¢ is the smallest one of the four characteristic lengths for aluminum given
in Table 1. For the numerical analysis of screw and edge dislocations in Sects. 3, 4, and 5, we are using the
material parameters given in Table 1.
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Table 1 Lamé constants, gradient elastic constants, characteristic lengths, equilibrium lattice parameter and Poisson’s ratio for
aluminum (Al) computed via ab initio DFT [45,46]

A (eV/A3) w (eV/IA®) aj (eV/A) a» (eV/A) az (eV/A) as (eV/A) as (eV/A)
0.4294 0.1701 —0.0028 1.1564 0.2609 —0.0206 0.7158

6 (A) 6 (A) 63(A) £4(A) a(A) v

23415 1.6582 23299 2.3691 4.05 0.3581

3 Screw dislocation

Consider a screw dislocation at the position (x, y) = (0, 0) whose Burgers vector b, and dislocation line
coincide with the z-axis of a Cartesian coordinate system. The problem of a screw dislocation is of anti-plane
strain type.

For a screw dislocation, Egs. (19), (38), and (40) simplify to

LxuZ = ,uLgay,ny , (61)
LypY, = phY (62)

and
LY = udy By, (63)

respectively.”
For the classical plastic distortion of a screw dislocation, we choose the expression given by deWit [6] (see
also [36])

’Bg;() = bz(S(y)H(—x) = bzs()’)/ s(X)dXx, (64)

possessing a discontinuity at y = O for x < 0. Here H(.) is the Heaviside step function. The plastic distor-
tion (64) is caused by a relative slip b, on the half-plane (y = 0, x < 0) in the z-direction. The classical plastic
distortion (64) is concentrated on the slip plane (the semi-infinite part of the xz-plane for negative x). This
causes singularities and discontinuities.

If we substitute Eq. (64) into Eq. (62) and use the Green’s function (50), the plastic distortion reads in
incompatible strain gradient elasticity of Mindlin type

BY, = G % ph0
- /Oo Ko(y/ X% +y?/62) dX, (65)
2163 J,

which is non-singular and finite as observed in Fig. 1. Unlike the classical plastic distortion (64), the plastic
distortion (65) is a smooth and continuous function in strain gradient elasticity. In gradient elasticity, the plastic
distortion is distributed, and as a result, singularities and discontinuities are avoided (see Fig. 1).

The corresponding dislocation density of a screw dislocation reads as

P
Q77 = _aX ﬂzy

_ L 0
=G *xa,

b,
= K L 66
27 o(r/62). (66)

2 Note that Gutkin and Aifantis [8] solved the homogeneous PDE, LNfu~ = 0, for their “displacement field solution" instead
of the inhomogeneous PDE (63) with Eq. (64). Consequently, the “Gutkin—Aifantis solution" for the displacement field given in
[8,10] does not satisfy the correct equation (63) at y = 0 (see also the discussion in [20]). The same is true for the displacement

component u, of an edge dislocation given in [9,10].
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Fig. 1 Plastic distortion ﬂfy of a screw dislocation in incompatible strain gradient elasticity of Mindlin type near the dislocation
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Fig. 2 Contour plot of the dislocation density of a screw dislocation «,; (normalized by the Burgers vector b;) in incompatible
strain gradient elasticity of Mindlin type

where a?z = b,8(x)8(y) is the classical dislocation density of a screw dislocation and r = /x2 4 y2. The
dislocation density (66) is plotted in Fig. 2, and it gives the shape and the size of the dislocation core of a screw
dislocation. It can be seen that the dislocation core of a screw dislocation possesses a cylindrical symmetry.
Such a shape of the dislocation core of a screw dislocation is physical because the Burgers vector, which is in
z-direction, does not break the cylindrical symmetry of the dislocation core of a screw dislocation. Note that
the dislocation density (66) possesses a logarithmic singularity at the dislocation line.

Substituting Eq. (64) into Eq. (63) and using the Green’s function (47), the displacement field u;, is calculated
as

U, = —,uByGIZv;*ﬂfy’O
b, o
=——0, In/X2+y2+ Ko X2+y2/t, )| dX
2 Y

b [o.¢]
= 2—Z (arctan Y4 wH(—x)sgn(y) + 8yf Ko ( X2+ yz/Zz) dX) , (67)
T X x
where the first part in Eq. (67) is the angle ¢ with range (—m, 7], thatis —7 < ¢ < m, and discontinuity of
27 across the negative x-axis (see also [6,38])3,

¢ = arctan Y + 7 H(—x)sgn(y). (68)
X

3 Such a form of ¢ can by used in many modern computer algebra systems by means of particular commands: for instance,
ArcTan[x, y] in Mathematica and arctan(y, x) in Maple.
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Fig. 3 Displacement field u, of a screw dislocation in incompatible strain gradient elasticity of Mindlin type near the dislocation
line

(b)

Fig. 4 Elastic distortion of a screw dislocation in incompatible strain gradient elasticity of Mindlin type near the dislocation line:
a B,y and b B,

The displacement field (67) is plotted in Fig. 3. It is interesting to note that the displacement field (67) is non-
singular and has a smooth form due to the superposition of the classical jump discontinuity (first term) and the
gradient term (second term). This superposition gives a smoothing of the classical jump discontinuity present in
Eq. (68). Therefore, while the displacement field of a screw dislocation in classical dislocation theory possesses
a jump discontinuity at the branch cut or dislocation surface (y = 0 and x < 0), the jump discontinuity has
been smoothed out in strain gradient elasticity. This smoothing of the classical jump discontinuity (68) strongly
depends on the value of the length scale parameter ¢, and, in particular, on the ratio £ /a and is a result of
the convolution in Eq. (67). In the limit as £, — 0, we recover the classical discontinuity in the displacement
field. Note that the displacement field (67) is in agreement with the expression given in [3].
For a screw dislocation, the non-vanishing components of the elastic distortion are calculated as

b, y r
M
Box = ub 0yG;; = —ﬁ r—z[l A K, (r/ﬁz)} : (69)
b, x r
M
ﬂzy = _szaxGZZ = ﬁ r—z[l —_ E Kl(r/ﬂz):| . (70)

The components of the elastic distortion tensor, Egs. (69) and (70), are plotted in Fig. 4a, b. It is evident that
they are non-singular. The components (69) and (70) of the incompatible elastic distortion tensor satisfy the
relation: az; = 0y B;y — 3y B.x. In the limit £, — 0, the classical expressions given by deWit [6] are recovered
in Egs. (69) and (70). The non-vanishing components of the Cauchy stress tensor are given by: o,y = uf;x
and o;, = uf;y. All fields (displacement, elastic distortion, plastic distortion, stress, dislocation density) of a
screw dislocation depend only on the characteristic length £5.
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Fig. 5 Plastic distortion ﬁf , of an edge dislocation in incompatible strain gradient elasticity of Mindlin type near the dislocation
line

4 Edge dislocation

Consider an edge dislocation at the position (x, y) = (0, 0) whose Burgers vector b, lies in x-direction and the
dislocation line coincides with the z-axis of a Cartesian coordinate system. The problem of an edge dislocation
is of plane strain type.

For the classical plastic distortion of an edge dislocation of glide mode, the expression given by deWit [6]
(see also [36]) reads as

ﬂfyo = by 8(y)H(—x) = by5(y) /OOS(X) dx. (71)

The plastic distortion (71) is caused by a relative slip b, on the half-plane (y = 0, x < 0) in the x-direction.
Using Eq. (60), the non-vanishing component of the plastic distortion tensor can be written for an edge
dislocation,

B, =Gl % R0 —2(05 — £3)GM x 07 B0

=G" B +2(65 — )9, G o) (72)

Xz’

and the corresponding non-vanishing component of the dislocation density tensor reads

P
aXZ = _axﬂxy

=G xal, — 2063 — 3)p2GH 2 %0, (73)

where oegz = b, 8(x)38(y) is the classical dislocation density of an edge dislocation.
On the one hand, if we substitute Eq. (71) into Eq. (72) and use the Green’s functions (50) and (52), the
plastic distortion of the edge dislocation reads in incompatible gradient elasticity of Mindlin type

ﬁp:b_X/OOK( X2 4+ y2/e)dx - 25 L gere - L kieen (74)
Xy 7 K% ; 0 y 2 7|t 1 2 0 1 4) | -
Note that the plastic distortion (74) is non-singular and finite as observed in Fig. 5. It depends on the two
characteristic lengths ¢, and ¢4. Unlike the classical plastic distortion (71), the plastic distortion (74) is a
smooth and continuous function in strain gradient elasticity. The first part in Eq. (74) has the same characteristic
form as the plastic distortion of a screw dislocation given in Eq. (65).

On the other hand, if we substitute Eq. (71) into Eq. (73) and use the Green’s functions (50) and (52), the
dislocation density of the edge dislocation reads in incompatible gradient elasticity of Mindlin type
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Fig. 6 Contour plot of the dislocation density of an edge dislocation o, (normalized by the Burgers vector b, ) in incompatible
strain gradient elasticity of Mindlin type

Oz

* Ko(r/t2) b"[xz(lK(/m 1K(/z))
- r — | — — r o r
ZNZ% 0 2 7| r2 K% 0 2 642‘ 0 4
X2 —y2

1 1
+ e (E Ki(r/ty) — EKl(r/E4))] . (75)

The dislocation density (75) is plotted in Fig. 6, and it gives the shape and the size of the dislocation core of an
edge dislocation. It depends on the two characteristic lengths £, and £4. It can be seen that the dislocation core
of an edge dislocation does not possess a cylindrical symmetry. Such a shape of the dislocation core of an edge
dislocation is physical because the Burgers vector, which is in x-direction, breaks the cylindrical symmetry of
the dislocation core of an edge dislocation toward an asymmetric dislocation core shape. Therefore, an edge
dislocation possesses an inherent asymmetry. The first part in Eq. (75) has the same characteristic form as
the dislocation density of a screw dislocation given in Eq. (66), whereas the second part in Eq. (75) produces
the asymmetric form of the dislocation core of an edge dislocation. For the first time, the asymmetry of the
dislocation core inherent in an edge dislocation is modeled in a generalized continuum theory with symmetric
stresses revealing the advantage of the considered gradient theory. Until now, the modeling of an asymmetric
dislocation core of an edge dislocation was only possible in the framework of the translation gauge theory of
dislocations with asymmetric stresses (see [22]).

In order to get the displacement fields of an edge dislocation, the Green tensor (42) is used in Eq. (54)
in addition to some mathematical manipulations like Eq. (A.4) and O‘SZ = —0y ﬁfy’o. In this manner, the
displacement fields may be expressed in terms of the auxiliary functions (43) and (44), and the Green’s
function (47),

b 1—2v
Uy = —H 8yG1ZV§ k E}’}O — ﬁ(ayaxA(r, 62) — m ayaxA(r, E])) , (76)
b 1—-2v
Uy = pby G — ﬁ(agA(r, & =30y A, e])) : (77)

Substituting Eq. (71) into Eq. (76) and using Egs. (47) and (A.3) in Egs. (76) and (77), the non-vanishing
components of the displacement vector of an edge dislocation read explicitly

b o0
Uy = 2—x|:arctan 24 + 7 H(—x)sgn(y) + By/ Ko( X2+ yz/ﬁz) dX
T X Y

Xy 403 1—2v xy 403
+r—2<1—r—22+2K2(7’/£2))—mr—2 l—r—21+2K2(”/£1) ) (78)
by [1—2v x2 —y? 43%
Uy = ——— Inr + Ko(r/€1) — 5 1 — — +2Ka(r/ly)
Ao 1—v r r

22 4{2
+1 22 (1 - 24 2K2(r/£2)>:| . (79)
r r
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Fig. 7 Displacement fields of an edge dislocation in incompatible strain gradient elasticity of Mindlin type near the dislocation
line: a uy and b uy,

The displacement fields (78) and (79) are plotted in Fig. 7a, b. It is interesting to note that the displacement
fields (78) and (79) are non-singular and smooth functions. The first part of Eq. (78) has the same characteristic
form as the displacement field of a screw dislocation given in Eq. (67). The displacement fields (78) and (79)
depend on the two characteristic lengths £; and £,. Note that the displacement fields (78) and (79) agree with
the expressions given in [4].

Substituting the plastic distortion (72), the gradient of the displacement fields (76) and (77) into Eq. (3),
the incompatible elastic distortion follows as

b 1—2v
M 2 2
Brxx = by dyGYr — ﬁ(ByaxA(r, t) — 3= Ay A(r, el)) : (80)
b 1—2v
M X 3 3
IByy = /,beayGZZ — —ﬂ(ByA(r, 52) — m ayA(r, El)) s (81)
Buy = —ubetnGM — 25 (520, A0 02) = 2222 529, Ar, 01 ) — 2b, (65 — €3):G214 . (82)
y “o4g Y 2(1—v)
b 1-2v
M 2 2
Byx = uby9:G; — 4—; (ByaxA(r, 62) — 20— 050 A(r, El)) . (83)

Using now Eq. (A.5) for the third-order derivatives, Eq. (48) for the gradient of the Green’s function GIZVZI
and the Green’s function of the bi-Helmholtz operator (52), the non-vanishing components (80)—(83) of the
incompatible elastic distortion tensor of an edge dislocation are found to be

— bx pa 1=2 2i2
P =4z —w r2|:( —A 3
3x2 — y2 (403 2_ 2
~ 21— u){%<r_22 - 2K2(r/£2)> - zzry Kl(r/ez)}
3x2 —y? (403 2x2
+a —m{%(r—; —2Kz(r/el)) - %Kl(r/el)}], (84)
. by y 2x2
T ") r—z[“ B

2 2

—Y K1<r/ez)}

3x% —y? 4£% X
+ 2(1 —v) — |\ 3 ~ 2Ka(r/t2) ) —
r r 2r

3x2 — y2 (463 2y*
(- 2u){u<r—21 _ 2K2(r/£1)> + % Kl(r/el)}], (85)

72



M. Lazar

Fig. 8 Elastic distortion components of an edge dislocation in incompatible strain gradient elasticity of Mindlin type near the
dislocation line: a Byx, b Byy, € Bxy and d By,

by X 2y2 r r
Bxy = I — ) ’3[(3 —2v) — 7 +4(1 - V){E Ki(r/tz) — « K1(7/54)}
2 _ 3,2 /402 2 2
~ 201 - v){#(—f - 2K2(r/ez)) Ml Kl(r/zz)}
r r Lor
2 _ 12,2 4[2 2
+ (- 21)){’%(—21 = 2K2(r/el)> + 2k (r/el)}], (86)
r r L1y
by X 2y2
Byx = —m ﬁ|:(1 —2V)+r—2
2 2 452 2.2
+ 201 - ﬂ%(—; R 2Kz(r/ez)) -2 K1<r/zz)}
r r 2r
2 _ 342 /4p2 2y?
~ (- 2v>{¥<—; - 2K2(r/el)> + 2k (r/el)}]. (87)
r r Lir

The components of the elastic distortion tensor, Eqs. (84)—(87), are plotted in Fig. 8a—d. It can be observed
that they are non-singular and zero at the dislocation line. The elastic distortion fields, Egs. (84)—(87), depend
on the three characteristic lengths £1, £>, and £4. The component fy, is larger than the other three components
in the near field (see Fig. 8c). Note that the components (84) and (86) of the incompatible elastic distortion
tensor satisfy the relation: cty; = 9y By — 9y Brx.

The elastic dilatation, which is the trace of the elastic distortion tensor, reads

_Ml[l_i

=== 2 0

Kl(r/fl)] : (88)
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The elastic rotation, which is the skew-symmetric part of the elastic distortion tensor, reads

22 0

In Egs. (88) and (89), one can see that in the case of an edge dislocation £ and ¢4 are the characteristic lengths
for the elastic dilatation and elastic rotation, respectively. The non-vanishing components of the elastic strain
tensor are given by: exy = Bxx, eyy = Byy, and exy = 0oxy/(210).

Substituting the symmetric part of the elastic distortion tensor given in Eqs. (84)—(87) and the elastic dilata-
tion (88) into the Hooke’s law (17) and using the relation A = 2uv/(1 — 2v), the non-vanishing components
of the Cauchy stress tensor of an edge dislocation are obtained as

by x r
Wyy [1 - — K] (F/Z4)] . (39)

_ by y [3x2+y*  2ur
T T — ) r_z[ Ty K
3x% —y? (463 x?—y?
—2(1 - V){r—2<r—2 - 2Kz(r/€z)> T o Kl(r/ﬁz)}
3x2 — y2 (467 2x?
+( - 2”){%(721 R 2K2(r/z1>) o Kl(r/el)}] , (90)
_ by y x2— y2 2vr
0 = g r_z[ T+ K/
3 2 2 4K2 2 2
—2(1 —v){ S (r—; —2Kz(r/£z>) i Kl(r/ez)}
3x2 —y2 4E% 2y2
+ —2V){—2<r—2—21<2(r/51)> +EK1W£1)}]’ oD
by x [x% —y? r r
W= maom | T 2(1 —v) A Ki(r/t2) — = Ki(r/ts)
x2 —3y? (463 2y?
—2(1 — v){—2<—2 - 2K2(r/£2)> +— Kl(r/£2)}
r r Lor
2 3 2 4K2 2 2
- zw{—’“ = (r—; - 2Kz<r/z1>) + Elir Ki (r/m}] , (92)

=T 0w 2 g

The components of the Cauchy stress tensor, Egs. (90)—(93), are plotted in Fig. 9a—d. It can be seen that they
are non-singular. At the dislocation line, the stress is zero. The stress components, Eqs. (90)—(93), depend on
the three characteristic lengths £1, £5, and £4. The component oy is larger than the other three components in
the near field (see Fig. 9a). Moreover, the contours of the non-zero components of the Cauchy stress tensor,
Egs. (90)—(93), are given in Fig. 10a—d. Using incompatible strain gradient elasticity of Mindlin type, the
contours, as shown in Fig. 10a—d, are the non-singular versions of the classical contours (see, e.g., Hirth and
Lothe [12]) in terms of three characteristic lengths. The component o, possesses the characteristic butterfly
shape (see Fig. 10a). Of course, the non-singular stresses caused by an edge dislocation are more “complex”
due to the inherent asymmetry. Moreover, it is important to note that the non-singular stresses of an edge
dislocation, Eqgs. (90)—(93), are in good agreement with the stress fields of an edge dislocation in Al computed
in atomistic simulations by Webb III et al. [48] using the discrete and Hardy expressions for o;;.

Last but not least, concerning the gradient of the elastic strain tensor and the double stress tensor, it should
be noted that some components are non-singular and some other ones are singular, for instance, the gradient
of elastic dilatation, 9; B;;, appearing in the double stress tensor (18), is still singular.

pvbe Y [ —ilmr/m] 93)

5 Screw and edge dislocations in simplified incompatible strain gradient elasticity

Now, we perform the limit from incompatible strain gradient elasticity of Mindlin type to simplified incompati-
ble strain gradient elasticity (gradient elasticity of Helmholtz type) for the fields of screw and edge dislocations
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Fig. 9 Stress components of an edge dislocation in incompatible strain gradient elasticity of Mindlin type near the dislocation
line: a oyx, b 0yy, € 0yy, and d o,

in order to check if the solutions in incompatible strain gradient elasticity of Mindlin type recover the cor-
rect ones in simplified incompatible strain gradient elasticity known in the literature. The limit to simplified
incompatible strain gradient elasticity is given by [18,28]

A2 )
a; =0, @=—, az=0, as=pl", as=0 %94)

and therefore
bi=ly=03=404=01. (95)

For the case of a screw dislocation, the limit reads as £, = ¢ in Eqgs. (65), (66), (67), (69), and (70)
leading to known results in the literature (see, e.g., [8,11,18,24,27]). Therefore, the dislocation fields of a
screw dislocation in incompatible strain gradient elasticity of Mindlin type agree with the dislocation fields of
a screw dislocation in simplified incompatible strain gradient elasticity.

In the limit to simplified incompatible gradient elasticity for an edge dislocation, the plastic distortion (74)
simplifies to

b oo
p _ Y 2 2
Bry = 2n€2/x Ko(y/ X2+ y?/¢) dX, (96)
and the dislocation density (75) reduces to
_ by ¢ 97
@z = 5 g Ko(r/0). o7
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Fig. 10 Contours of equal stress about an edge dislocation in incompatible strain gradient elasticity of Mindlin type: a oy /by,
b oyy/bx, € Oxy/bx, and d 02 /b

Of course, Eq. (97) is in agreement with the expression given by Lazar and Maugin [20], Lazar [24,27].
Equation (96) corresponds to the plastic field given in [20,27] with a different branch cut.
The displacement fields (76) and (77) reduce to

Uy = %[2(1 v)(arctan% + 7w H(—x) sgn(y) + dy _/:)o Ko(y/ X2+ y2/0) dX)
Xy 4¢%
+ _2(1 A 2K2<r/e>)] , ©8)
r r
b, x2_y2 2
iy = m[(1 2v)<lnr + Ko(r/li)) + T(l -—+ 2Kz(r/£))] : 99)

Equation (98) is in agreement with the displacement field given in [20,27] up to a different branch cut (see also
[11]) and in full agreement with the displacement field given in [4]. Equation (99) agrees with the expression
given in [4,9,11,20,27] up to a constant displacement. Note that the component (99) is the non-singular
gradient version of the classical displacement field given in [12,41].

Moreover, the incompatible elastic distortion fields (84)—(87) simplify to

_ by 22 3x? 462 2(y* —vr?)
,Bxx—_m r2|:(1—ZV)+——r—2<r—2—2K2( /5)) TKI(’"/Z)]
(100)
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by y 2x2 3x2— y2 2 2(x% —vr?)
Byy = Tand—v) r—z[(l —2v) — T + r—2<r_2 - 2K2(r/£)) I Pa— Kl(”/e)i| ;
(101)
B by X 2y? x? —3y? [4¢? 2(y2 4+ (1 —v)r?)
ﬁ”’_mr_Z[G_zv)_r_Z_r—2(r_2_2K2(r/£))_ o Kl(r/g)j|’
(102)
by 2y x2—3y% (40 2(x* —vr?
Byx = Tand—v) :C—z[(l —2v) + rlz + xr—zy(r_z - 2KZ(”/K)) - % Kl("/ﬁ):l ,
(103)

which agree with the formulas given by Lazar and Maugin [20], Lazar [24,27]. The comparison of the non-zero
components of the elastic distortion tensor of an edge dislocation in strain gradient elasticity of Mindlin type
(Egs. (84)—(87)), simplified strain gradient elasticity (Egs. (100)-(103)), and classical incompatible elasticity
is given in Fig. 11a—d. It is interesting to observe that all four components of the elastic distortion tensor of an
edge dislocation using strain gradient elasticity of Mindlin type and simplified strain gradient elasticity are in
good agreement, even the “strange" behavior (with two additional zeros) of the near field of the component
Byy is reproduced in both gradient theories (see Fig. 11b).
The stress fields (90)—(93) reduce to

b, 402 2y2
o =~ 4[(3x +y9) -~ Ga? —y )(—2 2K2(r/6>) - %Kﬂr/m] (104)
by y 22 2x2r
O’yy = m’j[(x <—2—2K2(r/£)> +TK1(V/£)], (105)
puby x| 5 2) 2y%r
Oxy = 2 —v) (x"=y9) =3y = —2Ka2(r/0) ) — TKl(V/f) , (106)
by
Oz = —% r%[l — % K1(r/5)} , (107)

which are in agreement with the formulas given by Gutkin and Aifantis [10], Gutkin [11], Lazar and Maugin
[18], and Lazar [27]. The contours of the non-zero components of the stress tensor, Egs. (104)—(107), are given
in Fig. 12a—d. If we compare Figs. 12a—c and 10a—c, it can be seen that the stress components oy, 0y, and
oyy possess a slightly different shape in the dislocation core region. In the dislocation core region, the stress
components in Fig. 10a—c are weaker than the corresponding ones in Fig. 12a—c. Using simplified incompatible
strain gradient elasticity, the contours, as shown in Fig. 12a—d, are the non-singular versions of the classical
contours (see, e.g., Hirth and Lothe [12]) in terms of only one length scale £. The characteristic butterfly shape
of the component oy, is changing slightly its form in the dislocation core region (see Fig. 12a). If we compare
Figs. 10b and 12b for the component oy, and Figs. 10c and 12¢ for the component oy, the Cauchy stress
components, Egs. (91) and (92), obtained in incompatible strain gradient elasticity of Mindlin type look more
realistic and physical in the dislocation core region than the Cauchy stress components, Egs. (105) and (106),
obtained in simplified incompatible strain gradient elasticity. In particular, the “classical” contours of the stress
components oy, and oyy at [x| = |y| of zero stress are slightly modified in the dislocation core region (see
Fig. 12b, c).

Last but not least, the limit from simplified incompatible strain gradient elasticity to classical incompatible
elasticity is given by £ — 0 leading to the well-known results of screw and edge dislocations given by deWit

[6].

6 Conclusions

The present paper solves the long-standing problem of dislocations in incompatible isotropic strain gradient
elasticity theory of Mindlin type. Exact analytical solutions for the displacement fields, elastic distortions,
Cauchy stresses, plastic distortions, and dislocation densities of screw and edge dislocations have been derived.
The technique of Green’s functions for PDEs of higher order has been used. For the numerical study of the
dislocation fields, elastic constants and strain gradient parameters for Al have been used taken from ab initio
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Fig. 11 Plots of the elastic distortion components of an edge dislocation in incompatible strain gradient elasticity of Mindlin type
(Mindlin), simplified incompatible strain gradient elasticity (SGE) for £ = ¢; and classical incompatible elasticity (Classical): a
Bxx/bx, b Byy /by, € Bry/bx, and d By /Dy

DFT calculations. As characteristic fact of incompatible gradient elasticity, the analytical solutions for the
displacement fields, elastic distortions, stresses, plastic distortions of screw and edge dislocations are non-
singular and finite and depend on the characteristic lengths of incompatible isotropic strain gradient elasticity
of Mindlin type. The characteristic fields of a screw dislocation depend on one characteristic length £,, whereas
the characteristic fields of an edge dislocation depend on up to three characteristic lengths £1, £», and £4. The
most important length for the characteristic dislocation profile of the displacement, plastic distortion and
dislocation density fields of screw and edge dislocations is the characteristic length £,. The dependence of the
dislocation fields on the characteristic length scale parameters is as follows:

Screw dislocation:

displacement field: u, = u_(r, £2)

plastic distortion: Y, = gL (r, £2)

dislocation density: a,; = o, (r, £2)
incompatible elastic distortion: B;; = B;;(r, £2)
Cauchy stress: 0;j = 0;;(r, £2)

Edge dislocation:

displacement field: u; = u;(r, £1, €2)

plastic distortion: ,ny = ﬂfy (r, 0, €4)

dislocation density: oy, = o, (r, £2, £4)

incompatible elastic distortion: B;; = B;;(r, £1, £2, £4)
Cauchy stress: o;; = 0y;(r, £1, €2, £4).

The main feature of the obtained solutions of screw and edge dislocations is the absence of any singularity in
the displacement, elastic distortion, plastic distortion and stress fields. For a screw dislocation, all the dislocation
fields (displacement, elastic distortion, Cauchy stress, plastic distortion, and dislocation density) obtained
in incompatible strain gradient elasticity of Mindlin type agree with the corresponding ones in simplified
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Fig. 12 Contours of equal stress about an edge dislocation in simplified incompatible strain gradient elasticity for £ = ¢>: a
Uxx/bXs b Uyy/bx, c ny/bx, and d Uzz/bx

incompatible strain gradient elasticity. In the case of an edge dislocation, all the dislocation fields (displacement,
elastic distortion, Cauchy stress, plastic distortion, and dislocation density) obtained in incompatible strain
gradient elasticity of Mindlin type are different, presenting more features than the corresponding ones in
simplified incompatible strain gradient elasticity. For instance, the Cauchy stress of an edge dislocation obtained
in incompatible isotropic strain gradient elasticity of Mindlin type looks more physical and more realistic in the
dislocation core region than the Cauchy stress obtained in simplified incompatible strain gradient elasticity and
is in agreement with the stress around the core of an edge dislocation in Al computed in atomistic simulations.
In general, the dislocation core appears naturally in incompatible strain gradient elasticity and is characterized
by the dislocation density tensor, which has the physical meaning of a dislocation core tensor. The most exciting
fact is that the shape of the dislocation core of an edge dislocation has a more realistic asymmetric form due to
its inherent asymmetry in incompatible isotropic strain gradient elasticity of Mindlin type than the dislocation
core shape possessing cylindrical symmetry in simplified incompatible strain gradient elasticity. Incompatible
isotropic strain gradient elasticity of Mindlin type is a generalized continuum theory with symmetric stress
which gives an asymmetric dislocation core for an edge dislocation, and it captures the plastic phenomenon
more realistically. Therefore, incompatible strain gradient elasticity of Mindlin type with several characteristic
length scale parameters is able to model an edge dislocation more realistically in the dislocation core region
than simplified incompatible gradient elasticity with only one length scale. Moreover, incompatible strain
gradient elasticity of Mindlin type delivers a better physical based regularization than the regularization with
only one regularization parameter in simplified incompatible gradient elasticity. From the dislocation fields
obtained in incompatible isotropic strain gradient elasticity theory of Mindlin type, the correct limits for the
dislocation fields obtained in simplified incompatible gradient elasticity have been recovered.
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A The auxiliary function A(R, £) and its derivatives

We consider the plane strain case with R € R2, i, Jj = x, y. For plane strain, the auxiliary function A(R, £) is
given by

A(R,z)=—{R21nR—R2+4z2[1nR+K0(R/e)]}. (A.1)

The first-order and second-order derivatives of A(R, £) are given by the following set of equations:

AR, £) = — {2R,- InR — R; +4¢ ﬁ<1 - z1<1(R/z))} , (A2)
RiR; 402
00 AR, &) = —28;[In R + Ko(R/¢)] + (8 — 2#)(1 o 2K2(R/1)). (A.3)
AA(R, £) = —4[In R + Ko(R/€)], (A4)
.. . . R, 2
;B AR, £) = —2 ij Ry + 8‘;’;’ Ok R (1 - % + 2K2(R/e))
4R;R; Ry 802 R
— (1- 7 HAKa(R/E) + zlﬁ(R/E)) (A.5)
and
Ry R
HAA(R, ) = —4ﬁ(1 _ ZIQ(R/K)). (A.6)

The expressions (A.1)—(A.6) are non-singular.
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