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Abstract

Cohesive zone modelling is commonly used in treating complicated damage, failure
and fracture phenomena in different materials and mechanical components; however, a
number of the disadvantages, difficulties or even inherent problems exist. This paper
reviews some recent critical progress in cohesive zone models (CZMs) at different scales.
Four new potential-based and non-potential-based CZMs proposed by McGarry et al.
cleared the inherent problems with the well-known Xu-Needleman CZM. A multiscale
CZM by Zeng and Li introduced a local quasi-continuum medium that obeys the Cauchy-
Born rule to model the bulk material and then a coarse grained depletion potential to
formulate the cohesive force and displacement relations inside the cohesive zone, based
on an idea in colloidal physics. First-principle calculation of mixed-mode responses of a
metal-ceramic interface by Guo et al. showed a promising way to construct an accurate
interface cohesive law. A nonlocal cohesive zone model for finite thickness interfaces
developed by Paggi and Wriggers are able to accounts for the complex failure phenomena
affecting the material microstructure of the interface region, through a continuum
damage mechanics concept. These studies provide novel constitutive laws of CZMs and
open up new possibilities in improving the cohesive modeling of fracture and failure.

Keywords: Cohesive Zone; Modeling; Fracture; Mechanical Components.

Introduction

Classical fracture mechanics treats a pre-existing crack-like defect as a mathematically
sharp crack. This type of continuum mechanics framework enjoyed countless successes,
but also possesses several critical issues such as crack nucleation. The theory of cohesive
zone model (CZM), another phenomenological continuum framework, is an alternative
way to treat many of complicated damage, failure and fracture phenomena such as
interfacial delamination/debonding, crack/void nucleation, and that in materials of
composites, coatings/thin films, concrete, rock [1-7]. Up to now, cohesive zone
approaches have vitality in that they are able to describe a wide range of issues and
make good predictions or reasonable understandings, and hence have gained much
popularity in basic research and engineering applications related with material failure
behaviors. There is now an abundant literature on cohesive modelling, simulation of
fracture. However, despite this, a number of the disadvantages, difficulties or even
inherent problems have been gradually observed by researchers. Recent years witness
some critical progresses in improving the common CZMs or in solving the above issues.

No attempt is made in this paper to provide a thorough overview of these efforts.
Rather, some of the highlighted works are picked up to discuss a bit more clearly where
the problems are and what the possible ways to tackle them are. Specifically, recent
developments from four research groups are discussed in particular, including, (1)
McGarry et al. and Mairtin et al. [8,9], proposal for four new potential-based and non-
potential-based CZMs under mixed-mode separation and over-closure, after a
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comprehensive analysis of the well established CZMs; (2)
Zeng and Li [10], a novel multiscale CZM being capable of
simulating strong discontinuities across a solid at nanoscale,
such as micro-cracks and dislocations at smallscales; (3) Guo
et al. [3], an interface cohesive potential that is linked to the
first-principle mixed-mode responses; (4) Paggi and Wriggers
[11,12], a nonlocal cohesive zone model for finite thickness
interfaces that accounts for the complex failure phenomena,
through a continuum damage mechanics concept.

New Potential and Non-Potential-based
CZMs for Mixed-Mode Fracture

McGarry et al. [8,9] made a thorough analysis of potential-
based and non-potential-based CZMs under conditions of
mixed-mode separation and mixed-mode over-closure.
Several problems are identified with the widely implemented
potential-based Xu-Needleman (XN) model [6], and four new
CZMs are proposed to overcome them.

Modified potential (MP) formulation

For the XN model, the critical problem is the occurrence
of the non-physical repulsive normal tractions and the
instantaneous negative incremental energy dissipation under
displacement controlled monotonic mixed-mode separation
when the work of tangential separation exceeds the work of
normal separation. To solve this, McGarry et al. modified the
original exponential form of the XN interface potential
function ¢, referred as MP model, as

48,0 =+ expLE 21— s LD (20
" - (1
o AL A, g
m()( 2
where
AZ
SA) =1+m—mexp(5—’2) )

t
A, A, are the normal and tangential components of the
interface separation vector, respectively. ¢ , ¢, are the work of
normal and tangential separation, respectively. § , &, are the normal
and tangential interface characteristic lengths, respectively
The parameters q and r are defined as ¢=4¢,/¢,.r=A, /5, ,
and A} is the value of A_after complete tangential separation

The new interface parameter, m, actually controls the zone
of influence of tangential behavior for mixed-mode conditions.
If m=0, the MP potential function collapses to the XN model.
With the increase of parameter m, both the magnitude and the
dominant region of repulsive normal tractions occur are
reduced. Here an important point to note, the possibility of
computing repulsive normal tractions cannot be fully eliminated
for any potential-based model where the work of tangential
separation exceeds the work of normal separation.

By checking the energy dissipation during monotonic
loading to failure for a range of separation mode angles, it is
found that the MP mode reduces the zone of repulsive normal
traction and consequent negative dissipation, but at the price
of increasing the magnitude of repulsive tractions within this
zone. From an examination of the penalization of mixed-
mode over-closure of MP model, it is seen that the penalization
of tangential separation increases with increasing normal
over-closure, resulting in a physically realistic penalization of
mixed-mode over-closure. And an increase in the coupling
parameter m, results in an increased penalization of mixed-
mode over-closure.

Non-potential-based CZMs

Since the XN model provides physically realistic coupling
under mixed-mode separation only if g=1(q is the ratio of
work of tangential separation to the work of normal
separation), vanden Bosch et al. [13] proposed a coupled
non-potential based CZM(the BSG model) that provides
physically realistic coupling during mixed-mode separation.
However, similar to the XN model, the BSG model does not
provide correct penalization of mixed-mode over-closure as
well, with peak tangential tractions decreasing with increasing
over-closure, becoming repulsive when the normal over-
closure exceeds the characteristic distance.

Non-potential-based formulation 1(NP1): To correct this
unphysical behavior of the BSGCZM in mixed-mode over-
closure, Mc Garry et al. further modified the form of the
tangential traction—separation relationship by removing the
term (1+4 /8,). Thus, the reductions in peak tangential
traction during mixed-mode over-closure is eliminated, and

the resultant traction—separation relationships are
2

A;
takes place under the condition of normal tension being 7, = ”)exp(—? )
zero(T =0). m is the interface parameter describing additional A2
coupling between normal and tangential tractions. T=r, /2exp(l) §t 52 (6)
The derived interface traction T-separation A relations are ! % ]
given by where g and T__ are the peak tractions computed during
2 ure normal and tangential separation, respectively.
T,(8,.8)= £ (4, )("j o xp LB SO, o 2 P aneng Par pecivey
S, S, 2 3) Non-potential-based formulation 2(NP2): The XN, BSG
+1—_q[1_ex (_A_f)][r_ f(A)A, I and NP1 CZMs have different forms for normal and tangential
r—1 P S} S, separation, and no model parameters can be chosen so that
4, —f(A)A q. f(A)A, identical normal and tangential traction-separation relationships
T(A 2 "
(B b) =20 )6, exp(- 52) P 3, i +( ) 3, 5 @ o obtained for these three models. To treat this limitation,
mA, f(A,)A A? f(A )An Mc Garry et al. proposed a second non-potential-based
HTH( 5, xp(- ) ( )(1 xp(- 57'2)0 —5 formulation (NP2) as
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When o =1 and 6 =6, this model provides identical
behavior in normal and tangential separation. The parameters
o and S represents the weighting of the mixed-mode coupling
terms. The NP2 model provides identical “effective traction”
- "effective separation” relationships for 90° (normal), 0°
(tangential) and 45° (mixed-mode) separation in addition to
providing physically realistic behavior in mixed-mode over-
closure.

Separation magnitude coupling (SMC) formulation: A
third non-potential-based model is constructed (so-called
Separation Magnitude Coupling (SMC) formulation) in which
the effective separation is used for mixed-mode coupling, as

A /N A?
T = exp(D)(=) exp(—, [—= + —L 9
n = Omax XP(1)( 5n) xp( 5 53) 9)

A} A
—Z+—= (10)
5o
This model provides identical behavior in normal and
tangential separation when g_ =7 and 6 =6, as well

Additionally, the traction separation equations can be derived
from a potential function

(a2 A2 (A2 A2
¢(An’At)t = ¢0 +Umax exp(l)(1+ 5; +§)exp(_ 5_;+§) (1 1)

onlywheng =t andé =6.

The SMC model provides identical and path-independent
separation if o =7__ and 6 =6, but no penalization to the

mixed-mode over-closure. Thus, the SMC mode should be
used in separation (4_>0) only.

A
T; = T exp((=5) exp(=

t

The above three non-potential-based cohesive zone
formulations succeed in achieving a physically realistic
coupling between normal and tangential tractions in mixed-
mode separation and over-closure. But, further challenges
appears, such as, some results from the MP model are not in
agreement with experimental observation and theoretical
results, and the NP1, BSG, and SMC models under traction
controlled mode mixity still display certain bias or problems.
That is, a mere modification to a cohesive zone model might
be insufficient.

A Multiscale CZM for Interface Fracture

At present, most of CZM applications are macro scale
material failure analysis and restricted to the small scale
yielding conditions. When the crack size becomes very small,
say below sub-micron scale, the conventional cohesive zone
model may reach to its limit, since irreversible plasticity theory
is highly size-dependent, and the conventional cohesive law
inside the cohesive zone may become inaccurate. By taking a
completely different approach, Zeng and Li [10] recently
developed a novel multi scale CZM, where the cohesive zone

as a finite width zone is considered and the constitutive
relations in the inter planar cohesive zone is modeled by
making use of the coarse graining methodology in colloidal
physics.

To reduce the computational cost and complexity in
computing the atomistic potential energy, the proposed multi
scale CZM models the bulk material as a local quasi-continuum
medium that obeys the Cauchy-Born rule. This is necessary to
construct an atomistically based macro scale constitutive
relation in multi scale computations.

To represent possible non-uniform local deformation
fields caused by the presence of defects, such as interfaces,
the interface is remodeled as a finite width compliance
cohesive zone. The cohesive zone between two bulk media is
remodeled as a different lattice strip region whose lattice
constants and atomistic potential are different from those of
the bulk medium. The main assumption adopted but the
authors are that the non-uniform deformation field is mainly
confined inside the cohesive zone between the adjacent bulk
elements, and its effective displacement field can be treated
as an affine displacement field. In other words, the effective
affine displacement field inside the cohesive zone is a coarse
grain model for local non-uniform displacement field. That is,
in the proposed multi scale cohesive zone model, there are
two coarse graining models: one for the bulk medium and
one for the interfaces. The advantage of such coarse graining
treatment is that the effective deformation field can be
uniquely determined by the bulk finite element nodal
displacements, and the coarse grain model for the cohesive
zone is properly connected with the kinematics of bulk
elements that are treated as a quasi-continuum.

The authors had a belief that the nature of the cohesive
force inside a realistic weak interface, for instance, grain
boundary, is same as the colloidal adhesive force, and its
cohesive law therefore can be obtained by various coarse
graining methods and the basic idea of the depletion potential
in colloidal physics. Their hypothesis is that most defects are
multi-scale entities, so should be the cohesive zone. Taking
crack as an example, once a crack starts to grow, it will evolve
into a growth of a depleted material zone, which contains
voids, grain boundary, slip lines, and surface separation.

Specifically, Derjaguin’s approximation [14] was used to
find the cohesive potential inside the cohesive zone. Because
the cohesive zone is considered as a physical zone with
dimension, the local version of quasi-continuum method is
applied to obtain a coarse grained stress—strain relation. For
instance, the first Piola—Kirchhoff stress inside the cohesive
zone can be written as:

Pzii%ﬂ

c

oo o o

(12)

where B_is the adjustable factor for equivalent cohesive zone
lattice density, Q¢ is the volume of the a unit cell inside the
cohesive zone, and ¢_, is the so-called depletion potential
inside the cohesive zone. r; is an arbitrary deformed bond
vector in a unit cell and is the un deformed bond vector.
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To obtain the depletion potential, the key in this model,
the cohesive zone is assumed as a compliance interface and
much weaker than the adjacent bulk elements. Thus, when
calculating the interaction between two material points inside
the cohesive zone and the bulk medium, the bulk medium is
considered as a rigid with almost no deformation, so the two
bulk elements adjacent to the compliant cohesive zone may
be viewed as two rigid body half spaces. Therefore, if the
atomistic potential for a given bulk medium is available, say a
pair potential, the atomistic potential of the cohesive zone
can be obtained by integrating the bulk potential over the
rigid bulk medium half space.

For example, when using Lennard-Jones potential as the bulk
potential

B =4[ = ()] 13)

the interface depletion potential will be
me 1 re 1 K
ohesive = =L (—) —= (= 14
¢cahe.xlvc \/5 [45 ( » ) 3 ( ¥ ) ] ( )

where € is the depth of the potential well, and g'is the distance
at which the bulk atomistic potential is zero. r, is the
equilibrium bond distance in the bulk materials. In this way,
the cohesive zone in the multi scale CZM is constitutively
consistent with the bulk materials.

This work is unique in providing a completely different
approach to find constitutive relations for cohesive zone.
And this CZM could be validated by results from molecular
dynamics (MD) simulations [15] of crack propagation under
high-speed impact. Most strikingly, this model is capable of
simulating strong discontinuities across a solid at nano
scale, such as micro-cracks and dislocations at small scales.
Since the basic principles of colloidal physics and surface
chemistry are used to determine the interface cohesive force
and the underneath atomistic structure is considered to
construct surface or interface cohesive laws.

First Principle assisted Development of
Cohesive Law

A key issue to apply a CZM is to determine the values of
cohesive parameter, such as at least work of separation,
cohesive strength, cohesive length and the coupling between
the various modes. In the present literature, many techniques
are seen, either fitting to experiments, deriving from a
physical  model like ™MD simulation, meso-scale
homogenization formulation or multi-scale approaches.
And a direct calculation or experimental measurement of a
cohesive constitutive relation and parameters seems difficult,
if not impossible. Several studies have already suggested
that, an ideal cohesive analysis would be based on the
interface cohesive potential that is linked to the atomistic
potential obtained from first principle calculations [10], and
an accurate cohesive zone model should capture the
characteristics of atomic-level bond breaking between
adjacent atomic layers of a crystal [16,17].

Toward this target, Guo et al. [18] recently performed
first-principle (FP) calculations of mixed-mode mechanical
responses of a Ni/AlLQ, interface in thermal barrier coatings,
in order to investigate the spallation and de lamination of the
coatings. The authors presented a special discussion on the
development of interface cohesive potential that is used to
construct the cohesive laws.

First-principle calculation results

The simulation super cell of Ni/Al,O, employed by the
authors involves two blocks, namely, Ni block and Al,O, block,
see figure 1. The Ni block translates by a displacement (r, &)
relative to the Al,O, block, where ris the horizontal shift of Ni
block relative to the Al,O, block along the <110> or <112>
direction of the Ni lattice, and § is the opening displacement
of two blocks. The loading angle ¢ is defined as, tan @=4&/r.
The authors considered three loading orientations of 22.5, 45
and 67.5° with respect to the interface.

: ® o o
Ni(111)(V3xv3) e | r ., A
ALO(0001)(1x1) i 7

- Ni - Lr Ni—Rigid

spocpeOos
sobRoeta M I
@6 ¢ G eoe ' "'%“* N

NN 90‘
o9 969 e
@6 &6 ¢ o

¢ 06 ¢ 0 ¢ ¢

ALO,—Rigid

Y<110>
Z<11> |

X<112> '—"Y<110>

Figure 1. Simulation cell of Ni/ALO,
interface subject to mixed loading [18].

Their FP simulations predict the variations in the tensile
and shear stresses with respect to the tensile and shear
displacements along different loading angles. The results
show that tensile stress—displacement curves are insensitive
to the mixed-mode loading angle, and the tension has a
substantial effect on the shear strength. Also, interfacial
potential energy ¥ and unstable stacking energy y  are
calculated from this FP study. ¥ is much insensitive to the
loading angle under mixed-mode loading. The maximum
value of y _ decreases as the mixed-mode loading angle
increases. Since y__is the energy barrier to be overcome in the
block-like shear of one-half of a crystal relative to the other, it
measures the resistance to sliding of the Ni/ALO, interface
[19]. These mechanical properties are useful in formulating a
cohesive law of the interface.

Failure mechanism

The unique output of this FP study is the evolution of
interfacial atomic bonds during loading process, which is a
direct evidence of failure mechanism. Figure 2 shows a series
of snapshot for notable changes in atomic bonds during the
mixed-mode loading process for <110> slip cases. The early
breakage of the weaker Ni-O bonds (blue ring) is observed at
6=0.3 A for all loading angles. With the further increase of the
applied load, the new Al-Ni bond (red ring)emerges leading
to appearance of two Al-Ni bonds (red and black rings) in the
interface. After one of the Al-Ni bonds breaks, the other Al-Ni
bonds across the interface break at a critical tensile
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displacement. The generation of a new Al-Ni bond and the
premature breakage of one Al-Ni bond have effectively
delayed the final failure of the Ni/ALQ, interface. In addition,
the failure of this interface under any mixed-mode loading
case takes place by breaking the Al-Ni bond in a ductile
fracturing manner. It should be noted that the tensile
displacement @ exceeds 0.5 A, as shown in figure 2, the atomic
rearrangement of two Ni atomic layers (green ring) near the
interface occurs distinctly, coupling with the formation of the
new Al-Ni bond near the interface.

yio hindhesflbidosghiv

-
o=1.1A

9=0.6A

0=0.3A 0=0.5A 0=0.8A

0=0.0A

Figure 2. Evolution of interfacial atomic bonds under mixed-mode
loading angle of 22.5° (slipping along <110> direction) [18].

Development of the potential function

Sun et al. [20] conducted a pioneering work about the
potential energy ¥, and suggested an analytical form of ¥ for
the combined opening and slip displacements between two
atomic planes with an initial separation 4. Based on this work,
Guo et al. [18] derived the following formulation for ¥(r, ) for
the <110> slip case

!//(}",H) = I/Vsep {1_[1+(0/L) exp(— e/L)]

_ (15)
+sin*(Co)x[q + L2 6/ L)exp(-6/ L)}
b 1-p
and for the <112> slip case
y(r,0) =W, {1-[1+(6/L)exp(-6/L)]
+Isin? (C0y 4+ 282 602 7051 x g + L= 2 (9/ L) exp(- 0/ L)} (16)
b 2 b I-p

where W_is the work of separation for cleaving the two
blocks, b is the length of Burgers vector, L is the characteristic
length of the de cohesion process, and the parameters p and
g are the two dimensionless material parameters that quantify
the extent of tension-shear coupling. The potential energy
function ¥(r, ) is related to stress components through its
derivatives as follows

_oy. _oy 17
=70 0=5, (n

After checking the variations in the tensile and shear
stresses obtained from Eq. (17) with respect to the tensile and
shear displacements, the authors found that the analytical
expression (17) is able to reasonably reproduce the peak
tensile stresses in terms of magnitudes for the cases of
loading angle 45 and 67.5°, but not for the case of 22.5°.
Moreover, Eq. (17) does not fully reproduce the shear stress—
displacement curves for the different loading angles. In
addition, the derived shear strengths are overestimated to
some extent. Both the derived shear strengths and the critical
shear displacements increase with the increase of loading
angle, indicating the opposite tendency of first-principle
calculations.

The divergence between the analytically derived and first-
principle calculated stresses—displacement relationships
might come from two aspects: (i) a pronounced relaxation
effect observed in the mixed-mode first-principle calculations
was fully neglected in the calculations of Sun et al. (i) the
analytical potentials might not fully consider the particular
physical phenomena found in first principle study, such as, re
configuration of Ni atomic layers, generation of a new Al-Ni
bond. That is, a linkage between the interface cohesive
potential to its first principles awaits further effort. This work
demonstrates that first-principle electronic calculation, as the
ideal and ultimate solution way to extract a cohesive law, is
promising in spite of great complexity.

A Non-Local CZM Accounting Failure
Mechanisms

Compared to first-principle method, MD simulations are
more favorable in establishing a relationship between CZMs
and the physics governing crack formation. However, Paggi
and Wriggers [11,12] state briefly that several problems still
remain largely unsolved for MD simulations. Instead, they
resort back to a continuum damage mechanics formulation,
since both CZMs and damage mechanics are routinely used
to model complex phenomena of progressive damage
eventually leading to fracture. The nonlocal CZM proposed
[11,12] takes into account the properties of finite thickness
interfaces, and its traction—separation relation considers the
complex failure phenomena affecting the material
microstructure of the interface region.

Proposals to the nonlocal CZM

A tri-material system is considered as an example to
explain their model, figure 3, in which two bi-material
interfaces are perfectly bonded, and the specimen is subjected
to uni axial tension in vertical direction.

The loading process has three different stages. In the first
stage, the materials deform linearly, and the total axial
displacement & is the sum of all materials

!
5=5+0,+0, =il b, (18)
El EZ E3

This relation holds until the axial deformation of layer 2
reaches a certain value, &,, after which the progressive damage
develops in material 2 as a result of lower length scale
dissipative mechanisms, such as dislocation motion, breaking
of inter-atomic bonds and micro-voids. Thus, a damage
variable D is introduced, ranging from zero (§,=6,) to unity
(6,=6,, full damage of material 2). Hence, the global traction-
displacement relation becomes
P A . IR . A

ho b b 19
£ Ea-p) T EY =
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Figure 3. A tri-material system subjected to uniaxial tension [11].

Eqg. (19) can be recast by introducing the increment of
axial displacement, g,, with respect to the undamaged case

L1 l
(E1 E, E3)O- En (20)
where
gN=[—l2 b ]<7=—12D o 21)
E,(1-D) E,  E(-D)

To define the evolution of the damage variable, D is set to
the ratio between the increment of deformation from the
undamaged case, w=(6,-6 ), and its critical value corresponding
to crack formation, w =(6-6), raised to a power

w o
D=(—) (22)
The variables 6, 6_ and a depend on damage mechanisms
taking place at the lower scales. From Egs. (20)-(22), the
authors have
-5y
i:#]@vg&_f\/ (23)
w a
% () e
w

where W/T/VC el0, 1], 6.=k6,, and 0,=E,& /L, is the stress
corresponding to the onset of damage. This equation
determines the relation o=f(g,) between stress and an-elastic
displacement of the mechanical system.

The authors reinterpreted the traction-displacement
relation, g=f(g, ), as a new cohesive traction-displacement law
whose shape is no longer assumed a priori.

For this tri-material system subject to shear, damage variable
D is defined as

D=y (24)
uc
Where u=|p,|-v, and u, =(y,-w,), v, and y_area
threshold and critical values of horizontal displacement of
layer 2, respectively. The relation between tangential traction
and an-elastic displacement, 7=f(g,), is determined to be

. G
r_ M_ k, &r (25)
Te (7)11 l//v
u

c

For the mixed-mode condition, an effective dimensionless
opening displacement A is introduced,

A= (D2, asi (26)
w, u,

Damage is equal to D=A* and the tractions are given by

0':1—/1”‘k gy

Z-2 27
o, PR 5 (27a)
T e (27b)
., A v,

By increasing the exponent o the response surface of the
nonlocal CZM for mode mixity become smoother.

The validity of this nonlocal CZM is verified by comparing
with a MD simulation of a mixed-mode crack propagation
into Tungsten, which says that the true o-f(g,) constitutive
equation of the interface is independent of (.. This work can
be regarded as a kind of self-redemption of continuum
mechanics for fracture analysis, and continuum damage
mechanics formulation was taken to determine the cohesive
laws, see Eq. (23) and Eq.(25). They truly recovered several
shapes of CZMs used today, such as linear, bi-linear CZMs
and also linear softening cohesive law. By tradition, damage
mechanics and nonlinear fracture mechanics are totally
independent from the mathematical and the engineering
viewpoints, and this work bridged this gap nicely. Quite
possibly, this method is also applicable to more complicated
fracture problems.

Discussions

Cohesive fracture formulations are frequently used to
address a variety of complicated phenomena related to
damage, cracking and failure of materials, components and
structures [21]. However, the simulation accuracy and
prediction quality from these analyses should be examined
seriously, before giving any guidance or making conclusions
in terms of the safety and reliability of the components and
structures, or the actual mechanical response of the materials.
In recent years, the inherent problems in cohesive zone
models are uncovered by researchers, and also many efforts
are made to revise them. By reviewing of the main results
obtained from the above four groups, some comments and
suggestions can be given as below.

Several problems exist in the common cohesive zone
models that are widely applied at present. For example, when
using the well-known Xu-Needleman CZM of exponential
type [22], it may predict an unphysical response of tractions
and displacements under mixed-mode separation and over-
closure conditions. Most CZMs are applicable for macro-scale
material failure analysis in order to fulfill the small scale
yielding conditions, and their feasibility cannot be guaranteed
when go below sub-micron scale. In other words, they
normally suffer from an uncertain range of validity. The shape
and input parameters of the CZMs are often chosen as simple
as possible for numerical reasons rather than being physically
meaningful. In fact, its constitutive parameters may not have
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a clear physical meaning, and thus are difficult to identify
experimentally and to be further verified. By constructing a
cohesive law even with the aid of first-principle study,
sufficient consideration of mechanical response of material
should be taken into, e.g., the relaxation effect, tension-shear
coupling and particular physical phenomena during material
separation process, in order to provide a physically realistic
response from cohesive modelling. And it is somewhat
difficult to include all the necessary physics properly, if not
impossible.

While there are a great number of CZMs available [22],
adequate care should always be taken in performing
simulations of fracture. Checking the cohesive law of the
model used is a necessity, and if possible, different cohesive
laws on simulation results should be systematically and
quantitatively investigated. Secondly, when choosing a
specific cohesive zone model, one at least has to do, either
fitting to experiments, or deriving from a physical model of
the fracture process, or directly determination of the cohesive
parameters, instead of simply assuming a set of the parameter
values. Since cohesive modelling is only a phenomenological
continuum approach where no fundamental physics are built
in, although it was initiated from a concept of atomistic de-
cohesion and the defect process zone of Barrenblatt [1] and
Dugdale [2]. Thirdly, given a cohesive relation between
traction and separation, attention should be paid to its
capabilities, performance, and limitations under the cases to
be investigated, in terms of loading condition, material type,
main feature of the mechanical response, and more
importantly, inclusion of the key nonlinear processes and
dissipative mechanisms. Here, a good example is the work of
Mc Garry et al [9], where each of the four newly proposed
CZMs has its merits and is suitable in certain case.

As commented by several studies, an ideal cohesive
analysis would be based on the interface cohesive potential
that is linked to the atomistic potential obtained from first
principle calculations [10], and an accurate cohesive zone
model should capture the characteristics of atomic-level bond
breaking between adjacent atomic layers of a crystal [16]. This
suggests the ultimate replacement to the empirical cohesive
potential approach. While the current first-principles
electronic calculations are still confined in a small range of
space and time scales [18,19], one can rely upon alternative
ways such as atomistic scale molecular dynamics [23], discrete
dislocation dynamics, meso-scale homogenization treatment
[24], coarse graining methodology in colloidal physics [10], or
emerging multi-scale approaches [25].

Last but not least, cohesive zone modelling is just one
option, and all the above-mentioned methods themselves are
similarly useful in studying fracture behavior. For example, to
treat fracture of a nano-component with a feature size of, say
~50 nm, a direct atomistic simulation would be more efficient
than any continuum frameworks including cohesive one.
Since there are some arguments about the validity of basic
continuity assumption and even the definition of stress at the
atomic scale, and so on [26].

Concluding Remarks

According to the recent developments by researchers, some
of inherent problems or difficulties in cohesive zone modelling
have been solved. New potential-based and non-potential-based
CZMs proposed by Mc Garry et al. [9] gives a better performance
under mixed-mode conditions, compared to the well-established
XN potential-based CZM. And they also proposed several useful
non-potential-based cohesive zone formulations, providing
valuable guidance for future implementation of CZMs for
problems involving mixed-mode separation and over-closure. A
multi scale CZM introduced by Zeng and Li [10] made the
interface constitutive descriptions genetically consistent with the
bulk constitutive relations. The method provides an effective
means to describe properties of material in homogeneities such
as grain boundaries, bi-material interfaces, and inclusions, etc. To
let the fundamental physics built in cohesive modelling, first
principle electronic calculation could be the necessary or even
ultimate solution, since the characteristics of atomic-level bond
breaking between adjacent atomic layers of a crystal could be
captured by such kind of cohesive zone laws. And the example
provided by Guo et al. [18] showed a promising way to construct
an accurate interface cohesive law of this kind. While the current
first-principles calculations are still confined in a small range of
space and time scales, the approaches such as continuum
damage mechanics is also helpful to analyze the complex failure
phenomena, at larger material scales. Depends on the failure
behavior of materials and components and the nature of the
problems of interest, one can refer to these studies in selecting a
reasonable constitutive laws of CZMs.
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