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In this paper, we present an atomistic-based interphase zone model (AIZM), discuss its physical founda-
tion, and apply it to simulate fractures at small scales. The main technical ingredients of the atomistic-
based multiscale finite element method are: (1) a colloidal crystal model to describe material interface
degradation including slip planes, grain boundaries, cracks, and inhomogeneities; (2) implementation
of the reduced integration and hour-glass model control technique to avoid locking inside the interphase
element, and (3) introduction of a novel concept of “element stacking fault energy”, which can be utilized
in simulations to distinguish ductile and brittle failures at small scales. In particular, AIZM provides an
interface description that is consistent with the bulk material properties, and it can capture microstruc-
ture-based mixed-mode interfacial fracture automatically. The method may provide a mesoscale solution
for polycrystalline solids by bridging the gap between fine scale molecular dynamics and macroscale
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1. Introduction

Fracture is intrinsically a multiscale phenomenon. The phenom-
enological fracture theory is based on the hypothesis of surface
separation or decohesion, which has three independent modes,
e.g. Mode-I, 11, and III (see Fig. 1 (a)). However, in engineering appli-
cations, one often encounter combinations of multiple modes at a
single crack site, which we call as the mixed mode fracture. Even
though the void growth at mesoscale has been identified as a
source for some ductile fractures, cleavage type of surface separa-
tion is still regarded as the universal kinematic cracking mecha-
nism when we consider macroscopic fracture. At atomic scale,
material failure is characterized as individual atomistic bond
breaking, switching (sliding), and interaction transition, e.g. cova-
lent bond becomes colloidal interaction. Hence, cleavage fracture
is hardly the only failure mode at small scale. As a matter of fact,
one may encounter complex and massive dislocation motions, crit-
ical void growth, vacancy formation, grain boundary evolution,
localized zigzag surface separation or detachment, intervoid liga-
ment and complex microstructure network, etc. (see [45]). Some
of these microscale fracture features may be seen from the result
of a simple atomistic simulation shown in Fig. 1(b).

How to relate fracture on these two very different scales and to
predict macroscale fracture based on microscale or atomistic scale
information is the challenge of contemporary multiscale material
science. Recently, several multiscale methods have been devel-
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oped, notably the multiscale analysis performed by Horstemeyer
et al. [17], the bridging scale method [34], the con-current elec-
tron-to-finite element method [25], and the latest multiscale field
theory [8,9,21]. Within the realm of continuum mechanics, there
have been some successful methods in prediction of macroscale
fracture, one of which is the cohesive zone model (CZM) e.g.
[10,27,47,49]. It has achieved much success and popularity in past
two decades. However, the conventional cohesive zone model has
some limitations:

1. The traction-separation cohesive law adopted is empirical in
CZM, and they may be restricted to the condition of small-scale
yielding [2,12]. In other words, the conventional cohesive zone
model only is suitable for simulations of brittle fractures or
quasi-brittle fractures at macroscale.

2. For conventional cohesive zone model to resolve the physical
length scale, the size of finite element has to be smaller than
the physical cohesive zone length scale i.e. g < lem. Fail to
satisfy such requirement has been the source of mesh-sensitiv-
ity of CZM [13].

3. In CZM, the interface cohesive relation is also size-independent.
When the defect size becomes very small, say below sub-
micron scale, the empirical cohesive law may reach to its limit,
because small-scale plasticity is highly size-dependent.

4. In conventional cohesive zone model, the bulk and interface
constitutive relations are un-related, therefore in practical engi-
neering applications, it is often difficult to determine the cohe-
sive zone parameter such that the numerical simulation can fit
well with experimental results.
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(a)

5. In the cohesive zone model, the macroscale definition of
fracture is adopted i.e. fracture is defined as cleavage of sur-
face separation, and the empirical cohesive law either
corresponds to mode-I fracture or to shear mode fracture (mode
I or III). A major problem of such approach is that cohesive
potentials for different crack modes are difficult to be
related, which has been the predicament of requiring an
independent criterion for mixed-mode fracture. In crystalline
solids, ideally, there should be only one intrinsic fracture
criterion that ought be an essential part of bulk material
constitutive relation.

6. In the cohesive zone model, there are two inter-element
approaches: (a) the ubiquitous interface approach, in which
the boundaries of all inter-elements are taken to be cohesive
surface [49], and (b) crack tip approach, in which the cohesive
zone is only placed in front of the crack tip [31] (see Fig. 2). Both
approaches have their drawbacks: the former alters realistic
wave propagation speed, and latter does not have time continu-
ity in cohesive zone formation. Moreover in order to minimize
the effect of cohesive zone on bulk elastic stiffness, the element
size should be larger than the length scale of the cohesive zone,
which conflicts with the requirement that ¢, < ¢, in order to
capture size effect of fracture.

To fundamentally resolve all these issues, we need to develop a
multiscale CZM in materials science. Recently, there have been dis-
cussions in the literature that the cohesive zone model may be sal-
vaged by deriving the cohesive potential from first principle, which
has been reflected in [6,24,30]. In [6] the authors have used formal
asymptotic and re-normalization group techniques to obtain a
coarse-grain or effective cohesive potential for interfacial cohesive

Cohesive force

(a) (b)

Fig. 2. Interelement set-up for the conventional cohesive zone model: (a) the
ubiquitous approach, and (b) the crack tip approach.

(b)

Fig. 1. (a) Macroscale cleavage fracture mode and (b) atomistic scale fracture failure.

zone. It may be noted that [6] only provide interface normal trac-
tion/opening displacement potential, and they did not discuss the
shear traction/tangential displacement potential.

To further advance the research on multiscale modeling and
simulation of material inhomogeneity, the present authors have
proposed a multiscale cohesive zone model (MCZM) in [50,33],
which takes a fundamentally different approach on modeling frac-
ture. First instead of viewing the cohesive zone as a virtual inter-
face entity, we consider the cohesive zone as a finite thickness
interphase zone, in which the deformation, stress, and strain fields
are non-uniform. Second, we employ a colloidal crystal analogy
to derive the atomistic potential inside the interphase zone, and
third, we apply the Cauchy-Born rule to find the effective stress
tensor inside the interphase zone.

In this work, we present a systematic study of an atomic-based
interphase zone model that is derived from the early multiscale
cohesive zone model. In this paper, we have not only cleaned the
previous formulation, but also have made the following progress,

1. Provide analysis and justification of the colloidal crystal model
that is used to obtain atomistic potential inside interphase
elements.

2. Use the Hill-Mandel homogenization method to link the atom-
istic potential inside the interphase element with the interface
traction-separation relation.

3. Use the reduced integration and hour-glass model control tech-
niques to avoid distortion related locking inside interphase
elements.

4. Use a novel concept of “element stacking fault energy” to study
ductile and brittle fracture at small scales.

5. Solve mixed mode fracture problems.

6. Use the multi-body embedded atom potential in AIZM
computations.

7. Carry out three-dimensional simulations of fractures at small
scale.

This paper is organized into seven sections: in Section 2 we
shall discuss the kinematics of AIZM model, its Galerkin weak for-
mulation, and its finite element implementation; in Section 3 we
shall construct the multiscale constitutive models for both bulk
elements and interphase elements. In Section 4, we shall discuss
how to integrate Galerkin weak form inside the interphase ele-
ment. In particular, we shall discuss how to avoid distortion in-
duced locking in interphase elements and how to link atomistic
potential inside the interphase element with the traction/separa-
tion relation along the interface. Section 5 is focused on discussion
of element stacking fault energy. In Section 6, six examples of
numerical simulations are presented, and finally we shall conclude
this study in Section 7.
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2. Atomistic multiscale finite element method

Before proceeding to discussion of the AIZM method, we first
review two relevant concepts: (1) the Cauchy continuum, and (2)
phenomenological cohesive zone model.

2.1. Cauchy continuum

The Cauchy continuum is referred to as a continuum whose
deformation is uniform or homogeneous. In this case, the potential
energy for a crystalline solid may be calculated by atomistic
potential of underline lattice structure based on the so-called
Cauchy-Born rule (see Fig. 3)(b). The so-called Cauchy-Born rule
is referred to the following procedure: If the deformation in a local
region, say in an element, is uniform, the deformation gradient in
the region, F, = 3_))2 Ixege
an arbitrarily deformed bond vector r; in a unit cell of a given
element can be found by mapping the undeformed bond vector
R; to the deformed vector,

r; = F.R;, i:1,2,...,nb, (1)

e=1,...,Ngem, Will be constant. Hence

where nj is the total number of bonds in a unit cell. Furthermore, if
the deformation in the eth element is uniform, we can calculate the
elastic strain energy density in the eth element by calculating the
strain energy density of an arbitrary unit cell inside the element,

E Quz¢ rl Qu Zd) FR

0 i=1
where r; = |r;|. Note that the superscript u indicates the unit cell,
and € is the volume of the unit cell in the referential configuration,
¢(r;) is the atomistic potential, and r;, i = 1,2,...,n, are the current
bond lengths in a unit cell, where the bond vector r; is the distance
vector between the center atom in the unit cell to one of the atoms
located at a vertex of the unit cell.

Therefore the deformed bond length is a function of deforma-
tion gradient of the element that the unit cell belongs to, i.e.
r; = |ri| = |F. - Ry| = ri(F,). Hence, the strain energy density inside
each element is the function of the deformation gradient of that
element, which can be evaluated at any point inside the element.
Consequently, constitutive relations for the bulk medium can be
established. For instance, the second Piola-Kirchhoff stress tensor
can be obtained in following form,

L arl 2 Ri®R; R,
Q“ Zd) Yac T o Z ary 1 3)
where C = FZ -F, is the right Cauchy-Green tensor. Similarly, we

can find the first Piola-Kirchhoff stress tensor and Cauchy stress
tensor in each bulk element as

= We(Fe), (2)

1 &9praR
P=FS= Q“Zarl i

0 =1

OPI; R
or; r;

1 T
, and o =] 'F.SF, Quz

(4)

The above Cauchy-Born elasticity formulation has been used exten-
sively in many multiscale finite element simulations, when local
deformation is considered being uniform.

2.2. Phenomenological cohesive zone model

For the purpose of comparison, we first briefly review the
conventional cohesive finite element method. Consider a solid
subjected to inhomogeneous deformation that is caused by dis-
placement discontinuity as shown in Fig. 4. In engineering applica-
tions, this type of strong discontinuities is the characterization of
fracture or dislocations. Initially as a single connected domain, €,
the body is broken into two disjointed pieces by a cleavage crack.
In the referential configuration, the fracture surface, or the plane
of division, is denoted as I'y, and it divides the body into two halves:
Qo = Q| Q,. After the deformation ¢, the body arrives at its de-
formed or current configuration, Q (see Fig. 4). We use X denoting
the spatial position of a material point X at the time ¢, i.e.

0:2—0Q X=X —u+X

Two crack surfaces now move to I'* and I'” respectively, and the
two deformed halves are denoted by Q* and Q. The strong form
of the governing equation of the continuum, i.e. the equation of mo-
tion, can be written as,

ul

DIVP + pgb = pop in Q, (5)
@®=¢ on dyQ, (6)
(7)
8)

~

P-N =T on 8,
PPN +P N =0 onTg,

(o]

Fig. 4. Illustration of conventional cohesive finite element method.

(a)

Fig. 3. (a) Kinematic assumption, and (b) the Cauchy-Born rule.

(b)
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where b is the body force, p, is the mass density in referential
configuration. In above equations, the symbol DIV is material
divergence operator, i.e. Vx, N is the normal vector of surfaces
including the cohesive surface, t is the prescribed traction on
0¢Qo. It is assumed that the traction is continuous along the
cohesive surface, Iy, see Eq. (8). For domain boundaries, we
denote

0pQ0 = 0,2 | J0,9, and 9,20 = 025 | J 01, 9)

where 9, is the portion of the boundaries where the displace-
ments are prescribed, and 9,Q is the portion of the boundaries
where the traction is prescribed.

In Egs. (5)-(8), P is the first Piola-Kirchhoff stress tensor.
Considering the constitutive relation of a hyperelastic material,
one may find the first Piola-Kirchhoff stress by differentiating
the elastic energy density W with respect to deformation
gradient,

oW
P — W .
Following the standard procedure, we can then derive the Galerkin
weak formulation for Egs. (5)-(8):

/p0¢~5(pdV+/ P:éFdV+/ pob - 5dv
J g J g Jog

= T.5<pds+/ (P-N)-8(¢p* — ¢ )dS. (10)

0% Iy

The last term in the above equation is the virtual work done by the
cohesive traction force across the plane of discontinuity. If we de-
note the interface displacement jump as:

A= ¢ (11)

then we can re-write the last term as:

/ P-N) - 5" —qr)dsz/ T . 5AdS, (12)
Iy Iy

where T denotes the cohesive traction. However, in the theory of
phenomenological cohesive zone model, the interface cohesive law
is not defined as the projection of the stress, i.e.

T" . #P. N (13)

but it is prescribed by an additional interface cohesive potential
W (A),

Tcohe — LVVS )

OA
The empirical cohesive surface potential, W*(A), is an independent
interface energy potential, which is unrelated to the bulk material
property. Moreover the cohesive element between two bulk ele-
ments is in fact a zero-thickness virtual element, which has no vol-
ume or area associated with it. It has been speculated that the
incompatibility between the interface modeling and bulk material
modeling may be one of the sources that makes the conventional
cohesive zone model solution highly mesh-sensitive or mesh-
dependent [13].

Once W*(A) is chosen, one can calculate cohesive traction along
the bulk element boundary. Since W*(A) is independent from bulk
material properties, one may have to make extra effort to select
parameters of W*(A), in order to make it consistent with constitu-
tive relations in the bulk element. Often times, the parameter
selection is difficult due to the limitation of fixed functional form
of empirical cohesive laws, which do not take into account of com-
plex size effect at small scale.

(14)

2.3. Kinematic assumption of AIZM model

In this paper, we present an atomistic-based finite element
interphase zone model—a method that is fundamentally different
from the conventional cohesive zone model in following ways:

1. Bulk elements undergo uniform deformation, and all the non-
uniform deformation is confined inside the interphase ele-
ments, i.e. the red region in Fig. 4(a).

2. Fracture is no longer deemed solely as cleavage surface or inter-
face separation but material failure due to a general atomistic
debonding in a finite volume.

3. The local material strength is not defined as the threshold of the
surface separation but the critical state of the constitutive rela-
tion of bulk materials.

It may be noted that traditionally the material strength is
considered as the critical state mechanical property of bulk mate-
rials, and the use of surface cohesion as the measure of material
strength was made popular only after 1960s.

Since our goal is to predict material behaviors at mesoscale, a
central question is then: what is the essential microstructure of
defects at mesoscale?

For crystalline materials, such microstructure is often associ-
ated with persistent slip bands, grain boundaries, twin boundaries,
stacking faults, etc. Based on this observation, we adopt the follow-
ing kinematic assumptions.

The deformation inside every bulk element is uniform or homoge-
neous, whereas all defect caused non-uniform deformations are
confined inside the interphase element, which is a narrow finite thick-
ness strip that is either along the slip planes, grain boundaries, or twin
boundaries. This kinematic assumption is really a reminiscence of
the kinematic assumption of crystal plasticity [44], which has been
widely accepted and recognized as one of the best meso-mechanics
models for polycrystaline solids. Similar kinematics assumption is
adopted in the Peierls—Nabarro dislocation model [35,29], in which
outside the finite thickness interphase zone, the material is mod-
eled as linear elastic, whereas inside the finite thickness interphase
zone the deformation is highly non-linear. We may note in passing
that a key difference between the proposed AIZM model and con-
ventional CZM is that in AIZM the interphase element is a real, fi-
nite size element, whereas the conventional cohesive zone element
is a virtual, zero-thickness interface entity (see Fig. 5(a)).

2.4. Galerkin variational weak formulation of AIZM

In the following, we present the Galerkin variational weak for-
mulation of the proposed AIZM method. Denote the domain of
interests in the reference configuration as €. In two-dimensional
space, we can discrete it in a set of disjoined triangle bulk ele-
ments, Q;, e=1,2,...n%, ., and a set of disjoined quadrilateral

interphase element Q;, i=1,2,...,nS,,, such that

n n
elem elem

Q=Ug|UlUee | (15)
e=1

i=1

Note that mathematically or topologically the set of triangle ele-
ments and quadrilateral elements may not be able to form a com-
pact cover of Qp, because there could be a tiny hole in the vertex
of the triangle elements, if all the elements are within the same
scale. Nevertheless, Eq. (15) is essentially a physical statement
rather than a mathematical statement. We may interpret the AIZM
mesh as a multiscale mesh, which means that at macroscale the set
of triangle elements forms a mathematical cover of Qy, but zooming
in the fine scale one may find an interphase quadrilateral layer
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Coarse scale view
Fine scale view

(b)

Fig. 5. (a) Comparison between regular CZM and AIZM, and (b) multiscale interpretation of AIZM mesh.

between two adjacent macroscale triangle elements (Fig. 7(b)).
Moreover, at the vertex of six bulk elements and six interphase
elements, there is actually a six-node hexagonal fifth order finite
element. In most numerical examples reported in this paper, the
contribution of the hexagonal element is negligible, because the
ratio of the thickness of the interphase element, Ry, and the
characteristic length of the bulk element, ¢n, is very small, i.e.
Ro/lem < 1072, If, however, Ry/{pn — O(1), the contribution from
this term will become significant. This is usually the case when
one tries to scale down AIZM to atomic scale, and we shall study
this case in a separate paper.

With the aid of trail function ¢" and test function J¢", a
Lagrangian type of Galerkin Lagrangian weak formulation may be
expressed as follows,

b
Notem

z{/ p0¢“~5tphdv+/ P((p):(SthV}
e | Jet e

c
Motom

+ 3 {/ p0¢h-5(phdv+/v P((p):&thV}
iz1 | Jai ol

nb
elem

:Z{/ pob - s dV + T~5(p”d5}+ezlejm pob-dedv,
e | Jeg X a1 Jal
(16)

where b is the body force, ©Q; is the eth bulk element, 9,Q; is the
interception between the traction boundary and the boundary of
the e-th element, and @. is the ith interphase element. The inter-
phase element does not overlap with traction boundary 9;€. The
interphase element is a narrow quadrilateral strip with side aspect
ratio, Ro/4pem = 10~° ~ 1072, Integration by parts, one may approxi-

mate the volume integral of the ith interphase element as a pair of
surface integrals,

P:oFdV~ | P-N-(S(pd5+/_ P.-N . 5¢@dS. (17)
[ re re
Note that the boundary integrations over the two short sides of
quadrilateral are neglected, and this is because first Ry/Ly is very
small, and second they will be canceled by the boundary integrals
from the adjacent interphase elements if we sum the total contribu-
tion from all interphase elements.
Let V' = —AN = N. We may then write,

P:FdV~ | P-N’-é((p*—(p’)dS:/ T. - 5AdS. (18)
ol rit re

The difference between Egs. (18) and (12) is that we evaluate T by
directly calculating,

T..=P-N and A :=d(¢p' — @) (19)

instead of utilizing empirical interface cohesive potential. In Eq.
(19), P is the 1st Piola-Kirchhoff stress inside the interphase ele-
ment, which is determined by the atomistic enriched constitutive
relation inside interphase elements.

Remark 2.1.
I. In computations, we use the row-sum technique to calculate
the lump mass for each FEM node. Fig. 6 shows a bulk ele-
ment/interphase element unit, in which a FEM node will

receive 1/3 of the mass from the triangle bulk element,
and receive 2 x 1/4 of mass of the interphase element from

FEM node [

Fig. 6. Atomistic-based multiscale finite element discretization.
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[ - >

\ s half space

Fig. 7. Modeling of atomistic potential inside the interphase element.

the two adjacent interphase elements. Since this is a
Lagrangian method, after the interphase element fails, the
mass of the FEM system remains conserved.

IL It is worth noting the subtle differences between Egs. (16)
and (10). Because of having a finite-thickness interphase
zone, the AIZM does not need or use the jump operator to
describe discontinuous displacement field, which has been
employed in the conventional cohesive finite element
method and the extended finite element (X-FEM). This
difference will be reflected in the implementation of
Galerkin finite element formulation of the AIZM. In most of
calculations done in this work, we simply integrate the
volume integral by using the reduced integration technique.

2.5. FEM implementations

Consider following FEM interpolation in each element,

Mhode

u"(X) = Ni(X)d,. (20)

Following the standard FE discretization procedure, e.g. [5,19], we
have the following discrete equations of motion

Md + f"(d) = £, (21)
where
M — ji‘i]” P NN AV + ,'41 poN'NdV, (22)
e=1 Jpg i= B}
nbl ncl T
f'—= A [ B'P°(d)dv+ A [ B Pi(d)dV, (23)

e=1 Bg i=1 BIU

n? . . ne,
= A { / N pobdV + / N‘-’TTeds} + A
BS OB,

i=1 Bi)

N pobdV, (24)

where A is the element assemble operator, N° and N' are element
shape function matrices for bulk elements and interphase elements,
and B° and B’ are element B-matrices for bulk elements and inter-
phase elements respectively.

The explicit time integration based Newmark-p method with
B =01]3] is used in the displacement update,

1
d,, =d, + VAL, +§an(Atn)2, (25)
A = M71 (fext _ fint)’ (26)
1
Vi1 = Vo + 5 @n + ani1)Al, (27)

where d, is the displacement field at the time step n, v, is the veloc-
ity field at the time step n, and a, is the acceleration field at the time

step n. The subscript n and n + 1 denote to quantities evaluated at
time t, and t,..

3. Constitutive modeling of AIZM

There are two types of elements in the atomistic-based inter-
phase zone model: the bulk element and the interphase element.
Since the deformation inside the bulk element is assumed to be
homogeneous, it can be simply modeled as a Cauchy continuum,
and its constitutive relation may be obtained by directly applying
the Cauchy-Born rule (see Egs. (3) and (4)). On the other hand,
the constitutive modeling the interphase zone is more involved.
The interphase zone is employed to model both slip line inside
the single crystal as well as the grain boundaries between different
single crystal grains. Nevertheless, the constitutive modeling of
these two different cases are different. For the interphase zone rep-
resenting existing grain boundary, we employ a colloidal crystal
interphase model; and for the interphase zone inside the single
crystal we adopt an asymptotic colloidal crystal interphase model.

3.1. Colloidal crystal interphase model

To model material damage process at sub-mesoscale or meso-
cale, we propose to treat the interphase as a type of colloidal crys-
tal, or a partially colloidal crystal. The advantage and justification
of modeling the interphase zone as a colloidal crystal are: (1) it re-
flects the presence of vacancy population inside the interphase
zone, and (2) as have been shown in the literature, e.g. [42,43],
the colloidal crystal model can capture some basic features of crys-
talline material failure process such as defect nucleation, and ther-
mal fluctuation.

In this work, the colloidal crystal modeling of material inter-
phase is referred to as the following procedure: We mix a van
der Waals type of intermolecular adhesive force with atomistic
covenant bond force to model the interatomic interaction inside
interphase elements. In colloidal physics, the van der Waals cohe-
sive force along the surface has been traditionally characterized as
the depletion potential in contrast to interatomic potential in the
bulk materials. In this paper, we borrow the phrase depletion poten-
tial from colloidal physics in the sense that this denotes a coarse-
grain molecular potential in the interphase element. In physical
reality, there are still lattice microstructure inside grain bound-
aries, twin or phase boundaries, and stacking faults. However,
the atomistic bonding situation or electron density distribution in-
side those interphases is complex; and there are metallic, ionic, or
even covalent bonding as well as van der Waals interactions inside
physical interphases between different grains, these bonds may
have low cohesive energies because they may be associated with
segregant atoms and large population of vacancy. Therefore a
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colloidal crystal approach is pertinent to characterization of the
cohesion or decohesion mechanism inside the interphase element.

To obtain the depletion potential in a weak interphase zone, we
assume that the interphase element is much softer than the adja-
cent bulk elements, and the intermolecular interaction inside the
interphase zone may be treated as a quasi-Van der Waals interac-
tion that can be linearly superposed. In fact, we may view the bulk
medium as rigid with almost no deformation, so the two bulk ele-
ments adjacent to the compliant interphase zone may be viewed as
two rigid body half spaces (see Fig. 7). If the atomistic potential for
a given bulk medium is available, which can be a pair potential, an
EAM (embedded atom method) type potential [11], or any other
atomistic potentials, we can obtain the depletion potential in the
interphase element by integrating the bulk potential over two bulk
medium half spaces. In general, the interphase depletion potential
may be obtained by following analytical integration (e.g. [20], pp.
156-158),

ban) = [ Bonalr—r)av', (28)
Half Space
where B is parameter related to normalized atom density.
Some interphase depletion potentials may even have close form
expressions. For example, if the Lennard-Jones (LJ) potential is cho-
sen as the bulk potential as,

o= 3¢((0)" - (2))

the corresponding interphase depletion potential will be (see [41])

me (1 mo\° 1 /10\3
i =15 <E ) —5) )
where € is the depth of the potential well, and ¢ is the (finite) dis-
tance at which the bulk atomistic potential is zero. ro = 62'/® is the
equilibrium bond distance in the bulk material.
If the materials adjacent to the interphase are different,
Giept # e We assume that the interphase atomistic potential is
the average of depletion potentials in two adjacent half spaces.

1
¢depl = 2 (d);epl + d)ﬁepl)' (31)

If the material in both elements are the same, we have ¢, = Pgep-
This approach is mainly used to model grain boundary, twin bound-
ary, existing slip band, and interphase of composite materials.

(29)

(30)

D,

(a)

Fig. 8. (a) Two bulk elements sandwich an interphase element, and (b) atomistic force-displacement relation inside interphase elements (djny, = Cdpup + (1 — %) Pepr)-

R

It should be noted that there is a fundamental difference be-
tween the approach adopted in conventional cohesive zone model
and the depletion potential approach adopted in this work. In con-
ventional CZM, the cohesive potential is a potential of interface
traction and separation, whereas the depletion potential derived
here is “a volumetric intermolecular potential”. Moreover, the
depletion potential proposed in this work is a coarse-grained inter-
phase potential model, which is not the same as the depletion po-
tential in chemical physics.

3.2. Asymptotic colloidal crystal interphase model

For interphase zones inside a single crystal, we take a slight
different approach, which is termed as the asymptotic colloidal
crystal interphase model. In this case, we first consider the inter-
phase element and the bulk element have the same material prop-
erties at the beginning, i.e. initially the atomistic potential inside
the interphase element is exactly the same as the atomistic poten-
tial inside the bulk element. When the internal stress increases to
certain level, we postulate that the material may start to degrade,
and inhomogeneous deformation starts to build up inside the thin
slice of the interphase zone.

In the simulation, we choose the following asymptotic and
mixed atomistic potential inside the interphase zone,

o (F) = Dpune(T), r<r,
et B OC(lbbulk(r) + (1 - a)(bdepl(r)v r= T'*;

where r* is a bond distance at which, ¢;,,, () = ¢y, (r*) (see Fig. 8),
0 < o < 1 is a material parameter.

Without loss of generality, we illustrate the proposed constitu-
tive modeling of the interphase element by using the following
two-dimensional example. For illustration purpose, the AIZM mod-
el may be simplified as two triangle bulk elements sandwiching
one quadrilateral interphase element (see Fig. 8 (a)). To demon-
strate how AIZM works, we may simplify the combination of the
two bulk triangle elements/one interphase quadrilateral element
as a one-dimensional model of three-spring in series connection;
the two red springs representing two bulk elements are at top
and bottom, and the blue spring representing the interphase ele-
ment is in the middle of the series spring connection (see Fig. 8(a)).

In Fig. 8(b), we then plot the force-displacement relations in-
side the interphase element with different values of o. At the

(32)

(o = 1.0)
( =0.8)
(a=10.3)
(v =0.0)

15|
A Microscale yielding limit F*

05 |-

opl—io 1 Jd i

(b)
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beginning, when bond distance r < r*, both the bulk element and
the interphase element have the same atomistic potential (the
red line). When r — r*, the force inside all three springs will reach
to F*. If we continues to stretch the bond length, the interphase ele-
ment will start to unload (o = 0), which follows the blue path,
whereas the bulk elements will also be in an unloading state, but
they will stay in the red path (¢ = 1.0) below the point F".

Therefore as the material continues to stretch, the bond length
inside the interphase element will increase significantly until it
breaks while the bulk elements remain in a uniform deformation
state, in which the force-displacement relation is almost linear
elastic.

Remark 3.1. First from Fig. 8 one may observe that no matter what
the value of « is, the atomistic potential inside the interphase
element will always start at the same point (r*, F*), which we label it
as the Microscale yielding limit. Since this point is solely determined
as the interception between the depletion potential and the original
atomistic potential, it may be regarded as a material parameter.
When o = 0, after this point, the interphase element starts moving
on a softening path; when « # 0, the interphase element may
experience some microscale hardening, which resembles the mac-
roscale material behavior. Second the value microscale yielding may
be controlled by the normalized atom density parameter f, which
may be related to the porosity or vacancy density in the interphase
element. Third if o = 1.0, then ¢y, = dpu, Which is the case that
there is basically no material degradation in the interphase element.
The proposed AIZM method will still work in case with additional
kinematic constraints on interphase elements, and most of the
results that have been presented in this paper are valid in this case, if
we enforce the stability constraints on the interphase element.
Interested readers may consult a recent work that is entirely done by
taking o = 1.0 [15].

3.3. Material strength inside the interphase element

An important technical ingredient of the proposed atomistic-
based multiscale finite element model is how to derive stress—
strain relation based on the depletion potential inside the
interphase element, in which the deformation is inhomogeneous.
One may assume that displacement field inside interphase element
may be decomposed into two different scales,

x=X+uX)+uX)=x+u,

where u represents the coarse scale displacement field, which is as-
sumed to be determined by finite element interpolation field, and u’
is the fine scale displacement field that the FEM interpolation field
may not be able to capture. Consequently, we have
ox OX R
= a_X = B_X + a—x =F+F,
where F is the fine scale deformation.

The ability of an interphase element to capture nonlinear defor-
mation depends on the order of its interpolation function. In this
paper, we only use the quadrilateral element (2D) and the wedge
element (3D) to model interphase zone. To capture nonlinear
deformation inside the interphase zone such as strain gradient ef-
fect, we have employed high order bubble mode to enrich interpo-
lation displacement field, and we shall report the detailed FEM
implementation in a separate paper. Even though within the inter-
phase element, the deformation is non-uniform, to establish
stress—strain relation inside the interphase zone we assume that
the stress state inside the interphase element only depends on
the local homogeneous displacement field surrounding each quad-
rature point. By doing so, we can apply the Cauchy-Born rule at
each quadrature point inside the interphase element, i.e.

1 My _ _
qu = Q—ngﬁimp(F -Ri) = qu(F(X))
i=1

Then the stress at each quadrature point can be obtained as

1 nzb 8d)intp Ri & Ri _

5= Q, or; T

S(X),
i-1
where the spatial dependence on X is due to the fact r; ~ F(qu) -R;.
Consider the following FEM interpolation inside the interphase
element,

c
Mode

ne

_ node 8N

Fp =) xe w)
=1

where n¢,, is the total number of FEM nodes in an interphase ele-
ment, and x; is the element nodal position. In contrast to the bulk
element, the stress field inside the interphase element is non-uni-

form because for quadrilateral elements dN;/0X is not constant.

4. Quadrature in interphase elements and interface traction-
separation relation

Computationally, AIZM model is not a variant of element dele-
tion algorithm, but a natural (automatic) element dislocation and
disintegration algorithm that is controlled by intrinsic material
strength inside the interphase zone. To ensure such element dislo-
cation/disintegration corresponding to real material failure phe-
nomena, one has to make sure that there is no numerical
mishandling. Moreover, we hope to relate such physical process
at microscale with what have been observed at macroscale. In fact,
the proposed AIZM method is similar to the so-called virtual inter-
nal bond (VIB) method [14] in certain aspects. However, without
adopting the interphase zone and using the depletion potential in-
side, we have found that the computational model is both physi-
cally and numerically unstable, which is probably a main
shortcoming of VIB method.

4.1. Reduced integration and hour-glass control for interphase
elements

As mentioned before, the interphase element is constructed as a
narrow strip; for example it may be a slender four-node quadrilat-
eral element (2D), or a thin layer six-node wedge element (3D). For
both elements, they have a finite but very small thickness Ry. The
thickness of the interphase element, Rg, is a physical parameter
that is related to the characteristic length scale of specific defects
under consideration. Let ¢, be the characteristic length of the bulk

element. We choose 10~°|¢;,| < Ro < 107%|¢},,,|. The large aspect
ratio of ¢gm/Ro could cause the interphase element exhibits shear
locking during large deformation, which is always the case when
an interphase element fails.

To solve the problem, a reduced integration technique is
adopted to alleviate the element locking caused by severe element
distortion during the element disintegration. On the other hand, it
is well known that the straight-forward reduced integration may
cause spurious hour-glass mode, which may produce spurious
crack morphology such as inter-element penetration. Therefore,
the reduced integration technique may have to be used in combi-
nation with hourglass mode control measure. In the literature,
there are several hour-glass mode control strategies, such as selec-
tive reduced integration (SRI) [4,26].
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Fig. 9. Illustration of the reduced integration for quadrilateral interphase element.
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Fig. 10. Illustration of the reduced integration for three-dimensional interphase
wedge element: (a) bulk-interphase element sandwich, and (b) quadrature point
distribution on the middle plane of the interphase element.

A systematic study on how to apply reduced integration/hour-
glass mode control technique to correctly simulate interphase ele-
ment failure is still in progress. Here we report two reduced integra-
tion techniques that may not need hour-glass mode control
measure.

First for 2D quadrilateral interphase element, we have used
two-point reduced integration technique to successfully to avoid
hour-glass mode during fracture simulation. The two-point re-
duced integration scheme is illustrated in Fig. 9. Second, in a sim-
ilarly way, we have used a three-point reduced integration for 3D
6-node wedge shape interphase element, which is sandwiched by
two tetrahedral bulk elements. The three-point integration algo-
rithm is demonstrated in Fig. 9. We placed the three quadrature
points at the middle plane of the wedge element at three locations
where the distance from the center of the triangle equals to the
distance from one of the vertices of the middle triangle. We have
used the three-point reduced integration algorithm in 3D calcula-
tion, and it provides better results than the one-point integration
algorithm or static condensation technique.

4.2. Static condensation and interface cohesive law

In principle, the proposed AIZM is fundamentally different from
the conventional cohesive zone model (CZM) both in physical prin-
ciple as well as computational algorithm. This is because that CZM
is essentially based on a postulate of macroscale fracture mechan-
ics that fracture is a cleavage surface separation with a process zone in
front of the crack tip; whereas in the proposed AIZM model, we do
not adopt such hypothesis any more. However, one may interpret
the AIZM as an atomistic-based multiscale cohesive zone model by
using an equivalent traction/separation law obtained by the static
condensation to convert a volumetric stress/strain relation to a
surface traction/separation relation.

The procedure of “the static condensation” is first calculating
effective deformation gradient inside the interphase element, and
then find the average stress by applying the Cauchy-Born rule to
the effective deformation field, and finally project the average
stress into the boundary between the interphase element and the
bulk element, which will automatically provide an interface
cohesive traction-separation relation.

A popular computational homogenization technique is to repre-
sent the general deformation field as

x~F.X+u, (33)

where (F). is a constant two-point tensor that can be determined by
the boundary data along interphase elements,

Pl x_ 1 x® N dS. (34)

C

1%l Jo, X 12 Joo,

Since the deformation inside bulk elements is uniform, it is reason-
able to assume that u’ = 0 along the boundary of bulk elements.
Since the boundary of each interphase zone shares the same
boundary with the adjacent bulk elements, on the boundary of each
interphase element the fine scale fluctuation displacement field
should vanish as well. This fact implies that u’' =0,VX € 9,8,
e=1,2,...,Ngem Which stems from the basic kinematic assumption
of AIZM. Similar assumption was also adopted in Taylor’s crystal
plasticity and the Peierls-Nabarro theory. Hence, the following
weak condition for fine scale displacement,

/ u@NdS =0 (35)
90,

should be held automatically. That is: x =X, VX € Q. Hence we
can determine the affine deformation map, F, if we know finite ele-
ment nodal displacement. For example, in the case of plane strain,
for a given FEM nodal point along the boundary of the interphase
element

X1 = +F§1X1 + F%sz (36)
Xy =0y +F§]X1 + F52X27 (37)
X3 =03 +X3, (38)

where I_:,?j are constants.

Consider the plane strain case as an example and fix the rigid
body motion a; = a, = a; = 0. One can easily determine the effec-
tive deformation gradient F¢ by using the information of FEM nodal
displacements. For example, we can use the deformations of two
diagonal lines of the interphase zone, which can be expressed by
the FEM nodal displacements,

—x =F (X, - X)),
=F- X/ -Xy) (39)

x+

v ol
111 and x; — X,

to explicitly determine the effective deformation gradient F¢ inside
the interphase zone as follows (see Fig. 11):

F§, d 0 -b 07[x,—x
fﬁz _ 1 - 0 a 0||y-y (40)
Fs, (ad—ch)| 0 d 0 —b||x —x7;|
F, 0 —c 0 allyf—Yi
where
a=Xiy =X b=Y Y c=X - X, d=Y Y., (41)

In fact, the above procedure is a multiscale version of the Hill-Man-
del homogenization (see [16,23]). Adopting the assumption,

x~FX+u

and hence the 1st Piola-Kirchhoff stress tensor at any point inside
the interphase element may evaluated as,
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Fig. 11. (a) Deformation inside the interphase element, and (b) average deformation in the interphase element.
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The average 1st Piola-Kirchhoff stress tensor in an interphase ele-
ment may be approximated as

— 1 ow W /1 o )%
P) =P ' =— dQ~ — 4+ ——— [ — pull -2
P 1] Ja, OFc  OF<oF¢ (\Qo| 0 X ) OF¢
(43)

because of

/ ueNdS=0.
9

As the matter of the fact, by the Hill-Mandel condition one can
show that

_ 1 — 1 " - 1 oo’
P OF = — P:6FdQ = (— / Pd.Q) OFF +—P: dQ
1Q0] /o, |Qo] Ja, Q X
:FC:(SFH—L P-./\/'-(Su/dS—L (Vx-P)-ou'dQ
0] Joq, 0l J
€] €]
=P OF +L P.N-sudS. (44)
1] Joc,
Since v’ = 0,VX € 9Qg, we have
pop W (45)
OF¢

This then provides a means and justification to apply the Cauchy-
Born rule to the mean field of interfacial interphase zone. That is:
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the average lattice vector in a deformed interphase zone may be
calculated as follows:

i‘i:FC~R,‘, iZ],Z,...,ﬂC. (46)
Subsequently, we can calculate the averaged 1st Piola-Kirchhoff
stress tensor in each interphase zone as
pe W _ 1% TiOR

oF  Q o, i

(47)
i1
In the proposed AIZM, we are in fact making two coarse graining
models: one for the bulk medium and another for the material
interphases or defects. Inside the bulk element, there is no fine scale
deformation, and the coarse scale deformation is uniform; whereas
inside the interphase element deformation at both coarse scale and
fine scale is not uniform. After obtaining the stress inside the inter-
phase element, we can readily find cohesive traction along the
boundary of interphase zone, which is the same boundary of the
adjacent bulk elements with the opposite out normals,

T" = P°(F) - WV, (48)

where A is the out-normal of adjacent bulk FE elements. As shown
in Eq. (41), one may express the average deformation gradient as a
function of the separation of two FEM boundaries, this implies that

F =F(A) - T = P°(F(A) - V.

We have then found the relationships between the cohesive trac-
tion and corresponding opening displacements of the interphase
zone. In Fig. 12, we plot the both the normal traction-separation
and the tangential traction-separation cohesive law with respect
to L] potential.
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Fig. 12. The cohesive laws of traction and separation: (a) normal traction vs. mode-I surface separation, and (b) tangential traction vs. mode-II surface separation.
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Remark 4.1. The above effective deformation gradient and static
condensation approach is just an interpretation or an analysis of
the proposed AIZM method. However, one can indeed implement
AIZM based on this cohesive surface interaction interpretation,
which is in fact equivalent to a one-point reduced integration
approach on the bulk interphase element. In some cases, we have
observe the effect of spurious hour-glass mode along the crack
path. In general, the two-point reduced integration algorithm
behaves better.

5. Element (mesh) fault energies

In metallic materials, a stacking fault is one or more interrup-
tion atomic planes in the stacking sequence of the crystal structure.
These interruption planes, or an interruption zone, carry a certain
stacking fault energy, 7., which is referred to the energy stored be-
tween two interrupted layers of a stacking crystal plane sequence.
The stacking-fault energy is a material property that can be used to
characterize defect evolution such as dislocation motions.

Following a Peierls type of analysis, Rice and coworkers [38-40]
have developed a simple criterion for determining the intrinsic
ductile versus brittle behavior of materials. Rice proposed that a
simple rule to measure the brittle versus ductile behavior of
materials is the ratio of two planar fault energies, y,/7,., which
determines the competition between dislocation emission from a
crack tip and crack cleavage. Dislocation nucleation is character-
ized by the unstable stacking fault energy 7y,,, which corresponds
to the lowest energy barrier encountered in sliding one half of a
crystal relative to another along a slip plane.

In AIZM, one may view the interphase element as an artificial
fault between two perfect bulk elements, and it may represent a
coarse-grained model for a stack of defect surface layers when
the atomistic potential inside the interphase element switching
from the bulk potential to the depletion potential.

In the following as an analogous to stacking fault energy, we
study the artificial fault energy between two bulk elements. Let
the local coordinate X; parallel to the element mesh boundary con-
sidered. Hence we may denote i as the relative effective horizonal
(tangential) opening displacement, and 2 as the relative effective
vertical (normal) opening displacement of the interphase zone.
Therefore, one may find that the traction along the element bound-
ary is an explicit function of the effective deformation gradient in-
side the interphase zone. For L]-potential, the effective deformation
gradient inside the interphase element for the cases of pure Mode-I
and pure Mode-II are given separately as follows,

1, 0 0 1, @/Ry, 0
F.=|0, 1+9/Ry 0| and F,.=|0, 1, 0], (49)
0, 0, 1 0, 0 1

(a)

where Ry is the thickness of the interphase element. Substituting
the relations in Eq. (49) into (48), one can find the relationship be-
tween the element traction and the relative separation (opening
displacements) of the interphase zone.

In Fig. 12, the cohesive relations of both normal traction/normal
opening displacement (Mode-I) and tangential traction/shear
opening displacement (Mode-II) are displayed, which are calcu-
lated based on Eqs. (48) and (49).

A major advantage of AIZM is that it can easily provide cohesive
traction along the bulk element boundary for both normal and tan-
gential traction from a same expression Eq. (48), whereas in con-
ventional cohesive FEM approach, these two traction are given
separately, and they are not related to lattice structure or atomistic
potential.

In general, the longitudinal direction of the soft interphase zone
may be viewed as a fault, or more precisely an element (mesh) fault,
because we assume that total deformation field at macroscale is
piece-wise constant. In this context, this kinematic assumption is
not just a convenience for finite element discretization, but a phys-
ical modeling to mimic the defect distribution, which is very similar
to the kinematics of crystal plasticity, e.g. [44]. The ability to evalu-
ate the element fault energy will help us design multiscale simula-
tions that have predictive power. In this section, we shall focus on
analysis and calculation element fault energies.

From materials science perspective, the fault energy should be
determined by bulk material properties, such as fault formation,
orientation, as well as configuration. The mesh fault energy
discussed in this paper is subjected to additional constraints
because of chosen finite element discretization. In the AIZM
model, these factors are reflected by the depletion potential, mesh
orientation, lattice orientations in both bulk element as well as in
the interphase element. As a matter of fact, the phenomenological
cohesive tangential law proposed by Xu and Needleman [49]is in a
way of mimicking the shape of stacking fault energy (see also [13]).
In general, the tangential interfacial cohesive potential should be
related to stacking fault energy, or antiphase boundary energy, or
other interfacial cohesive potential energies, all of which are
physical quantities that may be directly calculated by using first
principle based methods. Therefore, it makes sense only if we
can successfully build an AIZM model to relate the mesoscale
interface potential to microscale atomistic potential.

Indeed, both the lattice orientation in the interphase zone and
the FE mesh are very important factors in the element fault energy
calculations. In this first study, we shall examine some simple
cases under plane strain condition. Consider that the crystalline so-
lid is a single crystal that has hexagonal symmetry. Hence the lat-
tice orientation in each bulk element will be the same. Let the finite
element mesh boundary coincides with the possible slip line direc-
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Fig. 13. Interphase zones under normal and tangential traction.
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tions, so that in the slip line strip the original lattice may be ro-
tated, distorted, or remaining the same. In the case discussed in
this paper we assume that the symmetry inside the interphase
zone remains hexagonal, but it may be rigidly rotated to a fixed an-
gle. We consider two cases: (I) one pair of the hexagonal axes are
parallel to the element boundary, and (II) one pair of the hexagonal
axes are perpendicular to the element boundaries. We now calcu-
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late the interphase zone potential energies, or the mesh stacking
fault energies, in terms of both interface normal opening (mode-
I) and the tangential opening (model-II).

Since the deformation gradient is only the function of interface
opening displacement, the bulk atomistic potential may directly be
linked to the coarse-grain traction/displacement potential, and this
is how:
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Fig. 14. Comparison of surface energy and stacking fault energy with respect to different mesh fault orientations: (al)-(b1) unstable stacking fault energy, (a2)-(b2) cohesive
surface energy, and (a3)-(b3) y,, vs. 2y, inside the interphase element: solid line-stacking fault energies, dash line-surface energies.
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6
and W(u) = ﬁcz¢depl(ri(ﬂ))7 (50)

i=1

6
W, ( D) = [;cz(j)depl(rl‘(p)):
i=1

in which r; = F,(?) - R; orr; = F(@1) - Ry, and S, is the atom density in
the interphase zone.

Substituting Eq. (49) into (50) and considering the relative
interphase zone opening displacements as the effective displace-
ments inside the interphase zone, we can find the surface energy
and stacking fault energy in terms of the effective displacements.
However, the calculation of element fault energy depends on the
lattice structure inside the interphase zone. Here we are consider-
ing two cases of different lattice orientations of hexagonal lattices:
For Case I,

R - a{cos <(i ’31)”),sin <(i *31)”> } i=1,2,....6  (51)

and for Case II

R = a{cos <g+ (i 731)n>,sin (ng ( 731)n> }, i=1,2,...,6.
(52)

Two interphase zone element benchmark tests have been con-
ducted, which are illustrated in Fig. 13, and the corresponding ele-
ment or mesh staking fault energies are depicted in Fig. 14. One
may find that in Case I, the unstable stacking fault energy
(yus =3.25) is smaller than the corresponding surface energy
(2y, = 6.85), the ratio between the two is

’VUS
o =25 =047 < 1, (53)
2y,
whereas in the second case, the unstable stacking fault energy
(yus = 843.27), which is much larger (in Fig. 14 we scale the original
value by a factor of 40 for better visualization purpose) than that of
the cohesive surface energy (2y, = 10.02), the ratio between the
two is

oy =255 — 84.16 > 1. (54)
2y,
Based on this analysis, we may expect the ductile fracture for Case I,
because the unstable stacking fault energy is smaller than the
surface energy, and the lattice sliding is more susceptible than
the lattice cleavage opening along the allowable kinematic failure
mode—that is element boundary; whereas in Case II the peak
value of unstable stacking energy is about 84 times larger than that
of the surface energy, the lattice is more susceptible to cleavage
opening than sliding along the allowable element boundary.
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Therefore we would expect brittle fracture for Case II In the next
section, we shall use the both lattice orientations and corresponding
mesh fault set-up to simulate crack propagations, compare the re-
sults between them, and verify the above analytical predictions.

In fact, one may also consider applying AIZM to polycrystalline
solids. In the case of polycrystal solids, the lattice orientation inside
the interphase zone may be affected by the adjacent single crystal
elements in both sides, which may have different lattice orienta-
tions. An in-depth study on applying AIZM to polycrystal solids
can be found in [33]. Above analysis has shown that the element
stacking fault energies not only depend on the bulk lattice orienta-
tion, but also depend on the microstructure of the interphase. The
above example has demonstrated two points: first it is shown that
by altering the interphase microstructure one may be able to use
AIZM to simulate a specific stacking fault energy (SFE) of a given
material; and second it may also hint the fact that the interphase
energy is strongly dependent on interphase microstructure. Be
more specific, we have basically shown that the interphase energy
is a functional of orientational quantity with a tensorial field,
which may play significant role in material failure as shall be dis-
cussed in next section.

We note in passing that (1) all interphase elements constructed
can be made as part of the lattice slip planes or grain boundaries,
i.e. orientation of all interphase zones can be chosen along certain
atomic planes, so they are physical entities; and (2) even though
most of the calculations shown in this paper are based on pair po-
tential, the underline principle can be applied for any other atom-
istic potentials of different atomistic bonds, for example the EAM
potential for metallic bonding.

Similarly, the effective deformation gradient in each interphase
element can be also updated. For the case of plane strain, it is up-
dated based on the following equations,

F, (t) 1 d 0 —b 07Tuf(ta)—u;(tn)
F{iz(tn) _ 0 Jri —-c 0 a O Vﬁ](tn) - vf(tn)
Eyty| 0] 2R | 0 d 0 —b||uj(t)—up,(ta) |’
F5, (th) 1 0 —c 0 a vy (tn) — v (Ln)

where (u#(t,), vi(tn)) = d; (t,), and the meaning of the superscripts
+ is referred to Fig. 11 for their definitions; L is side length of the
adjacent bulk elements, and Ry is the thickness of the interphase
element. The constants, a, b, ¢, d, are defined in Eq. (41). The stress
inside the interphase zone can then be updated by using Eq. (47).
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Fig. 15. Mixed-mode interphase potential: (a) based the Lennard-Jones potential, and (b) based on the embedded atom method (EAM) potential.
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5.1. Mixed-mode interface potential

One of advantages of AIZM over conventional CZM is that it fur-
nishes a coarse-grained mixed interface potential automatically.
Let

1& _
W= @Zﬁbinrp(ﬁ), r; =F.(A) R
0 i=1

Consider a mixed mode displacement load sequence parameterized
by a loading angle 0, which is the angle between the load displace-
ment direction and the normal direction of the interface. The load
sequence can be represented by the effective deformation gradient
inside the interphase element, which is related to the interface dis-
placement separation vector (i, 7). For a plane strain problem, it
may be written as follows,

1 @R O
[Fil]: 0 1+Z)/Ro 0f, ﬂZDoSiﬂg, v = Dgcosé.
0 0 1

In the following figure, we plot the interface traction-separation po-
tential versus the surface separation, Dy, The above mixed-mode
cohesive interface potential is plotted by using the interface
atomistic potential ¢;,,, (¢ =1). In Fig. 15, the interface cohesive
potential is plotted with respect to 6 =0, n/6, n/3, and /2. In
the case (a), the Lennard-Jones potential is used in the calculation,
and in case (b) the Sutton-Chen potential—an embedded atom
potential is used in the calculation of interface cohesive traction/
separation potential. The exact expression of the EAM potential will
be given in Section 6.

One may observe a mixed-mode transition of interface cohesive
potential and its dependence on loading angle 6. This shows advan-
tages over the ad hoc mixed mode cohesive zone models, e.g. [36].

6. Simulation examples

In this section, we present six numerical examples that have
been carried out by using the proposed atomistic-based interphase
zone finite element method.

weak layer

(a)

6.1. Example I: validation of AIZM method by MD simulations

To validate the proposed AIZM method, we have applied it to
simulate a special dynamic fracture problem that has been thor-
oughly studied in the literature [7,48]. The computation results
of AIZM method are compared with that of the MD simulation
conducted by Buehler et al. [7]. The exact problem statement is
shown in Fig. 16, in which a 2D plate with dimension
(Lx x Ly = 8625 x 3450 with Lx/Ly = 2.5) is under dynamically
prescribed uniaxial tension load. There is a pre-crack at the left
side of the plate, and the pre-crack tip is located at (Lc = Lx/5 =
1725). Under the dynamic loading, the crack propagates along
the horizontal direction (the x direction) in the middle of the plate.
For the purpose of comparison, all quantities in these simulations
are in reduced units. The specimen size in reduced units is about
micrometer in physical dimensions. The interfacial lattice is the
hexagonal lattice with the equilibrium bond distance r; = 2'/%,
and the crystal orientation is shown in Fig. 16 (a). The lattice orien-
tation inside the interphase zone is chosen the same as that of the
bulk elements. To avoid crack branching, a weak fracture layer is
introduced (see Fig. 16(a)) by assuming that the cohesive strength
in the rest of the slab are much stronger than the cohesive strength
in the weak layer. We use exactly the same biharmonic interatomic
potential used by Buehler et al. [7], which is composed of two
spring constants k; =36/2'3 ~ 2857 and k, =2k;, and it is
linearized from the Lennard-Jones (L) potential (see Eq. (29)):

o) = {%kl(rmz,

2 .
Uy +3ka(r—12)", if 1 > Ton,

if r <y, (56)

where a; = 1k (Ton — rn)? — Lk (ron — r2)? and 1, = 1(ron +11) with
Ton = T1(1 + &n). The parameter r,, governs the onset strain (&)
of the hyperelastic effects.

All the material constants are chosen exactly the same as in
Buehler et al.’s simulations. In the simulation reported in this pa-
per, there are 16,000 bulk elements used with the characteristic
dimension of 20-30 nm, and there are 23,860 interphase elements
used with the thickness of five atomic spacings. In the original MD
computation carried out by Buehler et al. [7], there are more than
50 million atoms in the simulation.
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Fig. 16. (a) The simulation geometry with lattice orientation and the weak layer, and (b) comparison of crack speeds.

(a)

Fig. 17. Time sequence of crack propagation.
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Constant strain rate (£ = 1.16 x 107) is applied over the load-
ing period to strain the system. A time sequence of the crack prop-
agation process along the weak layer is shown in Fig. 17. We
compute the crack propagation speeds by using AIZM method with
different onset strains, and then we compare our numerical results
with the crack speeds obtained from the MD simulations using the
same potential and the same material constants [7]. The compari-
son between the results of AIZM method and that of the MD sim-
ulation is shown in Fig. 16(b). In Fig. 16(b), one may find that for
intermediate value of the onset strains the results obtained by
using AIZM method agrees well with the results obtained by using
molecular dynamics.

6.2. Example II: ductile fracture vs. brittle fracture

In this example, we apply AIZM model to simulate crack prop-
agations at macroscale. We assume that the testing material is a
single crystal with hexagonal symmetry. In the simulations, all
triangle elements are chosen as equilateral triangles that align

(a): Lattice
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(b5):t=3.40 pus;

imn |

their boundary along the directions of the hexagonal lattice in
the bulk element. In interphase elements, we choose two sets of
hexagonal lattices: (1) the one with the same orientation as in
the bulk element, and (2) the hexagonal lattice that rotates an an-
gle of /6 with respect to the lattice orientation in the bulk ele-
ment. The two lattice structures are shown in Fig. 18 (a) and (b).
The L] potential is used in bulk elements, and the depletion poten-
tial in Eq. (30) is used as the atomistic potential inside the inter-
phase zone. We set e =1 and ¢ =1 for the bulk and interphase
atomistic potentials (see Egs. (29) and (30)).

In the simulation, the test specimen is a 2D plate with dimension
(2 mm x 2 mm) that is subjected to unilateral tension in Y-axis (see
Fig. 18), there is a pre-crack at the left side of the plate. There are
total 9520 interphase elements and 6400 triangular bulk elements.
The time step is chosen as At = 1 x 107'° s. The process of the crack
growth is displayed in Figs. 18(a1)-(a7) and 18(b1)-(b7) for both
cases. The mesh stacking fault energies for both cases have been
calculated in the previous section. Since in Case I, the unstable ele-
ment fault energy is smaller than the element surface energy, it
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(a2):t=2.00 us,

(a7):t=4.20 us;

| _ismssssnas: |
e

L -

(b2):t=2.00 pus,

(b6):t=3.80 us, (b7):t=4.20 us;

Fig. 18. Stress distribution for crack propagations vs. different interphase lattice orientations.
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exhibits a typical ductile fracture pattern so that the crack path is
almost along the direction of element boundary where the shear
stress is maximum. Whereas in Case II, the mesh stacking fault en-
ergy is much larger than the cohesive surface energy, it exhibits the
typical brittle failure pattern with the crack grows along the hori-
zontal line that is aligned with the initial pre-notch direction, or
the crack direction is along with the element boundary where the
normal stress is maximum. However, void formation at the crack
tip can also be observed in some simulations with different param-
eters, which may need in-depth study.

6.3. Example III: simulations of high-speed impact and spall fracture

To illustrate the versatility of AIZM, we have carried out numer-
ical computations to simulate high-speed impact induced spall
fractures, which is a very difficult problem that has been elusive
to many existing numerical methods [1]. The simulation problem
is a rigid projectile impacting a deformable plate. The projectile
is a (1.02mm x 0.09 mm) rigid block with impact velocity
v =100 m/s, the target is a (1 mm x 0.4 mm) block with free
boundary. In this simulation, there are totally 23,860 interphase
elements and 16,000 triangular bulk elements in the target. The
atomistic potentials and lattice orientations for both the bulk ele-
ment as well as the interphase element are exactly the same as
in Example III (a).

In this example, the time step is chosen as At =1x10"""s.
Contact problems are characterized by impenetrability conditions
that needs to be enforced during computation. We adopted the ex-
act enforcement of the impenetrability condition in a single time
step (see [18]). The simulation results are shown in Fig. 19. The

Vo = 100m/s
}

wave propagation from the contact point to the opposite boundary
has been observed. The phenomenon of spall fracture under im-
pacts has been captured (see Fig. 19).

6.4. Example 1V: fracture in poly-crystalline material

In this example, we apply AIZM method to simulate fracture in
polycrystaline solids. We consider a (1 mm x 1 mm) polycrystal-
line block that is subjected to unilateral tension as shown in
Fig. 20. There are 121 grains and 2376 bulk elements in the model.
A horizonal pre-crack is set boarding with several grain
boundaries.

In AIZM calculation, each grain is randomly assigned a lattice
orientation. The lattice orientation along grain boundaries may
be assigned according to various considerations and assumptions.
For simplicity and demonstration purpose, the lattice orientation
in each grain boundary, g is taken as the average of orientations
of the two adjacent grains a4, &, i.e.

Bt ) (57)

as shown in Fig. 21. For the first case, in both the grain and the grain
boundary the depletion potentials of the interphase zone have same
energy depth, i.e.,

i b
Eziepl = 6depl' (58)

Form Fig. 22(a), it can be seen that crack propagation can go
through grains. However, if the cohesive strength in interphase ele-
ments inside a grain is set to be much stronger than that of the grain
boundary, e.g.

Fig. 19. The snapshot of stress distribution of a spall fracture due to impact: (a) t=0.15 ps; (b) t=0.35 ps; (c) t = 0.6 ps; (d) t=0.7 ps; (e) t =0.85 ps; and (f) t=1.0 ps.
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6:Aiepl = SEZepl’ (59)
The crack path will only follow grain boundaries as in Fig. 22(b). The
computation details of this example can be found in [33]. In this
example, the LJ-potential is used in bulk element, and the corre-
sponding depletion potential (30) is used in the interphase element.

6.5. Example V: three-dimensional fracture

One of the strengths of the atomistic-based interphase zone
model is its computational flexibility and robustness in three-
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(b)

Fig. 22. The snapshot of stress distribution of fractures in a polycrystalline solid: (a) transgranular fracture, and (b) intergranular fracture.

dimensional simulation of fractures, which has been a challenge
for many other numerical methods.

Here we first present an illustrative example of AIZM simula-
tion of three-dimensional crack propagation. The example consid-
ered is a single crystal specimen with FCC structure. Since the
deformation in the bulk element is assumed to be uniform, we
use the tetrahedron element for bulk elements, and we use a six-
node wedge element for interphase elements as shown in
Fig. 23(a) and (b). Similar to two-dimensional cases, each inter-
phase element is sandwiched by two bulk elements. The main
technical gradients of 3D calculations remain the same as that of



104 S. Li et al./Comput. Methods Appl. Mech. Engrg. 229-232 (2012) 87-109

I+

Fig. 23. Three-dimensional AIZM model: bulk element + interphase element, and interphase element nodal numbering.

2D calculations, except that the reduced integration technique and
how to evaluate average deformation gradient inside the inter-
phase zone are different from 2D cases. The reduced integration
of 3D wedge shape interphase element has been demonstrated in
Fig. 10.

In the following, we briefly outline an equivalent cohesive zone
approach, which is also equivalent to a one-point integration
approach.

We first determine the average deformation gradient in the
interphase element. To do so, one may choose an arbitrary set of
three non-planar lines across the interphase zone to find the effec-
tive deformation gradient.

Based on the choice of Fig. 23 (b), we can define the following
vectors,

Xy — Xji B Fi
AXi= | X, —x; | and Fi=|F,|, i=1,2,3. (60)
Xii = Xy Fis
where Ax;, i =1,2,3 are position vectors of three non-planar line
segments chosen to determine effective deformation gradient F,
andF;, i =1, 2,3 arejust the row vector of effective deformation gra-

dient inside the interphase zone. By the Hill-Mandel lemma, it is not
difficult to see that x; and F; are related by the following relation,

X,‘:F~X,‘, i:],2,3,

where X; are un-deformed line segments in the referential configu-
ration. Hence, we can derive the following algebraic equations

AXq [AX] O 0 F,
A |=| 0 [AX] 0 ||FR], (61)
AX; 0 0 [AX]]| |F;
where the matrix [AX] is defined as
X;;Il - X;l’ X;;IZ - X;Z’ X;;B - Xl;
[AX] = X1+v1 =X X1+vz — X X1+v3 —Xi3
XIJ; - XI;IU XE - XI;I27 Xl+3 - XI;B

In fact, Eq. (61) is equivalent to the following three sets of
equations,

A% = [AX][F}], i=1,2,3,

which are easy to solve in computations. One can see from
Fig. 24(b) that there are twelve nearest neighbor atoms in a FCC
Wigner-Seitz cell,

R; = a(cos(m/4),0,sin(m/4)),

(

(
R4 = a(cos(n/4),0, —sin(m/4)),
Rs = a(cos(n/4),sin(n/4),0),
R = a(—cos(m/4),sin(n/4),0),
R; = a(—cos(n/4), —sin(n/4),0),
Rs = a(0,cos(m/4), —sin(m/4)),
Ry = a(0,cos(m/4),sin(w/4)),
Rio = a(0, — cos(m/4),sin(n/4)),
Ri1 = a(0, —cos(n/4), —sin(w/4)),

Ri2 = a(0, cos(m/4), — sin(m/4)).

Hence, the effective stress inside an interphase element may be cal-
culated as

oFc Q& o T

oW _ 1 iad),’nw r;®R;

P= (62)

We have conducted a numerical experiment on ductile fracture, in
which a thin plate with notch is subjected to uniaxial tension. The
lattice structures in both the bulk element and the interphase zone
are FCC lattice. The pre-notched plate is shown in Fig. 24. The plate
is 1T mm x 1 mm in size. There are total of 2400 bulk tetrahedron
elements and 4300 interphase wedge elements used in computa-
tion. The standard Lennard-Jones potential is used in the bulk ele-
ment, and the depletion potential in Eq. (30) is used as the
interphase potential inside the interphase zone. A prescribed dis-
placement (velocity) boundary condition is imposed at the both lat-
eral sides of the plate. A time sequence of fracture is displayed in
Fig. 25. From Fig. 25, clearly one may find the ductile fracture pat-
terns with three-dimensional features, such as crack bifurcation
along {111} and {110} planes. In three-dimensional calculation,
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Fig. 24. A three-dimensional pre-notched plate with FCC crystals.

for the purpose of illustration, we again used the L]-potential in bulk
elements, and the depletion potential (30) is used inside the inter-
phase zone. In the following example, we show how to use the
embedded atom method in a three-dimensional AIZM calculation.

6.6. Example VI: simulation of projectile fragmentation via AIZM

In this example, we simulate the fragment of a projectile made
by aluminum alloy power during high speed impact and penetra-
tion of thin aluminum plate.

We choose the multi-body Sutton-Chen (SC) potential [32] as
the bulk material’s atomistic potential, which is a special embed-
ded atom method (EAM) potential designed for aluminum metals.
For an chosen atom i in the bulk element,

Dranlr) = e{éz(f,) - cm}, (63)

where p; is the electron density at the site of atom i,

pi(r) = ; (r%)'”

and €, ¢, a, m, n are material constants obtained by fitting the
atomistic potential (Eq. (63)) with the results obtained from ab ini-
tio calculation based on a stable bulk configuration. In EAM poten-
tial there are two distinct contributions: the pair potential part and
embedding electron density part.

Inside interphase elements, we use the general interphase po-
tential expression,

¢intp(r) = ad)bulk(r) + (1 - (X)d)depl(r)’ (64)
However, in our approach, the depletion potential is chosen as the
coarse-grain potential of the pair potential part in the EAM poten-
tial, i.e.

¢depl(r) € Z/ (E>ndV, with dV = 7'Efr2 ClZ7
half-space

2954 ¢

5 ena’ a\"3
L=1\/12+ (z—T1y) :—Qg(n—Z)(n—3)J§<r_U> . (65)

The parameter for the Sutton-Chen potential for Al are:
€=3.31477x 107 eV, c=16.399, a=4.05A, m=6, n=7. For
the interphase potential we choose the parameter o = 0.48 in Eq.
(64).

The justification of the above approach is based on the argu-
ment that significant concentration of vacancy inside a damaged

interphase element will greatly affect electron density distribu-
tion. Therefore, we neglect its contribution in the colloidal
crystal approximation. Based on the proposed AIZM model, a dy-
namic simulation of penetration/fragmentation of a polycrystal-
line aluminum cylinder through an aluminum plate is carried
out in this example. The polycrystalline aluminum projectile is
1 mm in diameter and 3 mm in total length, and it impacts a
square aluminum plate that has the dimension 5 mm x 5 mm x
0.2 mm (width x length x thickness). The initial velocity of the
projectile is: 4000 m/s, shown as Fig. 15. The shock wave in-
duced by impact force propagates in both projectile as well as
the target plate, which causes dynamic fracture phenomena in
both bodies.

In this simulation, the bulk grains are represented by the
tetrahedral element with various volumes and lattice orientations.
Between grains, there is a wedge shaped interphase element that
represents the grain boundary. The computational domain is
discretized by 64,608 bulk elements and 124,820 interphase ele-
ments. The problem set-up and the finite element mesh are shown
in Fig. 26. From Fig. 27, one can observe the progressive fragmen-
tation of a high-speed projectile during and after penetrating the
thin aluminum plate. Based on the authors’ best knowledge, this
is the first successful simulation of this problem by any numerical
methods, including CZM, reported in the literature.

In this paper, we only briefly present a few preliminary results
of AIZM simulation on high speed impact and fragmentation
problems. An detailed report on how to use AIZM to simulate
three-dimensional spall fracture and various fragmentation
problems will be discussed in a separated paper [37].

7. Discussion

In this paper, we have reported a systematic study on the atom-
istic-based interphase zone model, and we have formulated and
implemented a multiscale finite element formulation of AIZM.
The proposed AIZM method is a single-physics coarse grained
model that may be able to describe physics of solids in a broad spa-
tial scales, from a hundred nanometers to mm scale. As shown in
this paper, this method is capable of simulating strong discontinu-
ities across a solid at nanoscale, such as micro-cracks and disloca-
tions at small scales. Compared to conventional cohesive finite
element method, the proposed AIZM model employs basic princi-
ples of colloidal physics and surface chemistry to determine the
interface cohesive force, and it is exploiting the underneath atom-
istic structure to construct surface or interface cohesive relations.
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Fig. 25. Three-dimensional simulations of ductile fracture.

To do so, we first extend the Cauchy-Born rule to the effective
deformation field of an interphase zone subject non-uniform defor-
mation; and then we propose a novel concept of element (mesh)
stacking fault energy that provides clear guidelines to simulate
both ductile and brittle fractures.

The preliminary numerical results have shown that the pro-
posed multiscale cohesive zone model may yield more accurate re-
sults than the conventional cohesive zone approach. In specific,
this is because first we adopt an atomistically informed constitu-

tive relation; second both the normal and tangential cohesive sur-
face potentials are derived from a single bulk depletion potential,
and therefore they are consistent with each other, and in fact AIZM
is applicable for arbitrary loading conditions without additional
mix-mode fracture criterion, and third in the proposed AIZM meth-
od the bulk material properties and the material properties inside
the interphase element are made consistent with each other,
because the depletion potential is derived from the bulk atomistic
potential.

Fig. 26. AIZM mesh for aluminum projectile/target system with an EAM potential.
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Fig. 27. Three-dimensional AIZM simulation of fragmentation of an aluminum projectile.

The justification for use of a finite thickness interphase zone
and for use of the Cauchy-Born rule to the mean field in the inter-
phase zone are based on the hypothesis that most defects are mul-
tiscale entities, so should be the interphase zone. Taking the crack
as an example, except at initial stage of atomistic scale fracture,
crack growth may be purely a cleavage surface separation; once
the initial crack growth starts, it may grow into a depleted material
zone, which involves with convolutions of many other types of de-
fects such as voids, grain boundaries, slip lines, and surface separa-
tions. The microscale cleavage feature will be lost.

To be a truly multiscale method, one would expect a multiscale
method transcendental across the scales. The real questions are:

1. Can AIZM model resolve cohesive length scale?
2. Can AIZM model resolve atomistic resolution?
3. How to choose Ry?

First, as mentioned before, the conventional CZM requires that
lfem < lezm, and according to linear elastic theory [28],

Ot/ E \2
fentv =0 =33 (1252) o
m

where E is the Young’s modulus, 7y is the surface energy, v is the
Poisson’s ratio, and oy, is the material strength. For ¢, ~ E/10—
E/20 — 10—70 pm.

For AIZM modeling, the parameters E, y, and &, can all be
extrapolated from interphase atomistic potential. In fact, AIZM
length scale is the shortest distance between two quadrature
points. If we use one-point integration, AIZM length scale may
become (., otherwise it is controlled by the spacing of
quadrature points. In fact, one can introduce bubble functions
in the interphase elements, and we may place several quadrature
points in the longitudinal direction of the interface to increase
accuracy of quadrature integration while avoiding shear
locking.

For CZM, when (o < fem, it will have strong interaction be-
tween the cohesive zones [13], and this will not happen in AIZM.
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This is because AIZM is not a cohesive zone model, and the inter-
phase zone is also a special bulk element, and all the interaction
between the elements are local; even though it may be interpreted
as an atomistic-based cohesive zone model (for one-point integra-
tion case) in the sense of coarse-graining. In passing, we would like
to point out that the multiple reduced integration algorithm al-
ways perform better than the one-point integration algorithm in
general.

The second question and the third question are somewhat re-
lated, because in AIZM, Ry is related to (n. In practice, how to
choose the thickness of the interphase zone depends on the
requirements of the simulation problem itself, and it may range
from a few nano-meters to sub-microns depending the specific
type of defects that one wishes to simulate. Once we determine
Ro, we may then determine ¢ based their ratio in AIZM formula-
tion. Moreover, we have found that when we decrease R, to atom-
istic scale, we have to increase the ratio Ry/{en — O(1). So far a
nanoscale scale case that we have tested is the case in which Ry
equals about 5 atomic spacing. In this case, the hexagonal element
among several interphase zone elements will become essential,
and the detailed fine scale element configuration has to be
carefully meshed with underneath lattice structure, in order to
have a conforming fine scale finite element discretization. This is
the fine scale limit of AIZM, which is more or less like a molecular
dynamics simulation. In the fine scale limit of AIZM, additional
information or constraints may be needed in determining Ry and
Ro/¢m ratio. An in-depth study of microscale limit of AIZM will
be reported in a separate paper. Physically, almost all the defects
have finite thickness, these include grain boundaries, phase
boundaries, persistent slip bands (PSB), twin boundaries, etc., and
they range from a few nanometers to sub-microns—that is the
physical basis for the proposed atomistic-based interphase zone
model.

Finally, one of the main advantages of AIZM is that this model
can be easily incorporated into a con-current multiscale scheme
with the molecular dynamics method by using the bridging scale
approach e.g. [46]. In fact, the con-current coupling between AIZM
model and MD has recently been achieved by the present authors
[22]. A multiscale simulation of a moving screw dislocation has
been carried out there, which allows a dislocation passing through
different scales.
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