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A Cohesive-Zone-Based Contact
Mechanics Analysis of
Delamination in Homogeneous
and Layered Half-Spaces
Subjected to Normal and Shear
Surface Tractions
A contact mechanics analysis of interfacial delamination in elastic and elastic-plastic
homogeneous and layered half-spaces due to normal and shear surface tractions induced
by indentation and sliding was performed using the finite element method. Surface separa-
tion at the delamination interface was controlled by a surface-based cohesive zone consti-
tutive law. The instigation of interfacial delamination was determined by the critical
separation distance of interface node pairs in mixed-mode loading based on a damage ini-
tiation criterion exemplified by a quadratic relation of the interfacial normal and shear trac-
tions. Stiffness degradation was characterized by a linear relation of the interface cohesive
strength and a scalar degradation parameter, which depended on the effective separation
distances corresponding to the critical effective cohesive strength and the fully degraded
stiffness, defined by a mixed-mode loading critical fracture energy criterion. Numerical
solutions of the delamination profiles, the subsurface stress field, and the development of
plasticity illuminated the effects of indentation depth and sliding distance on interfacial
delamination in half-spaces with different elastic-plastic properties, interfacial cohesive
strength, and layer thickness. Simulations yielded insight into the layer and substrate mate-
rial property mismatch on interfacial delamination. A notable contribution of the present
study is the establishment of a computational mechanics methodology for developing plas-
ticity-induced cumulative damage models for multilayered structures.
[DOI: 10.1115/1.4062141]
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1 Introduction
Delamination is commonly observed in multilayered structures

used in various applications, such as semiconductor devices [1],
electronics packaging [2], plastic packaging [3], high-performance
capacitors [4], sliding wear [5,6], cutting tools [7,8], thermal
barrier coatings for turbines [9] and automotive engines [10], and
high-temperature materials [11]. This phenomenon is controlled
by an interfacial cohesive strength toughness parameter which,
together with the mechanical properties of the layer and substrate
materials, controls the inception of failure. Low interfacial cohesive
strength can lead to layer delamination, thereby not serving the
desired purpose of preserving the integrity of the substrate and
close-fitting design tolerances. A layered structure may also
evolve from an initially uniform structure during fabrication and/
or usage. A characteristic example is the development of a strain-
hardened surface layer on a machined part or a load bearing compo-
nent. Therefore, even an initially homogeneous structure can ulti-
mately become a layered structure during fabrication and/or
usage. Consequently, basic understanding of interfacial delamina-
tion prompted by the mismatch of the layer and substrate physical

properties is critical to the reliability and functionality of structures
subjected to thermomechanical loadings.
Various experimental and computational methods have been

used to study interfacial delamination in layered structures.
Gerberich et al. [12] identified five sequential stages of plasticity
and interface fracture due to nanoindentation resulting in layer
decohesion from the substrate (delamination). It was reported that
activation of dislocations followed by hardening and material
pile-up around the nanoindenter were the precursors of
plasticity-induced delamination at the layer/substrate interface. He
et al. [13] designed a test method for measuring the delamination
toughness of bilayer coatings attached to non-planar components,
which was guided by beam-theory solutions of the energy release
rate and the structure compliance. In addition, they used the finite
element method (FEM) to study the effect of residual stress on
the energy release rate and determined that the shear-to-normal
stress ratio was highly dependent on the layer thickness and the
modulus ratio of the two layers comprising the bilayer coating.
Liu and Yang [14] performed an FEM analysis of interfacial delam-
ination in an indented stiff layer/compliant substrate system and
obtained numerical results showing that both the delamination
zone and the maximum nodal separation increased with the inden-
tation depth and the decrease of the layer thickness.
Significant advancements in fundamental understanding of inter-

facial delamination have been achieved by implementing cohesive
constitutive laws in FEM analysis. The concept of a cohesive
zone model (CZM), proposed by Dugdale [15] and Barenblatt
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[16], has been widely used to analyze localized damage or plastic
flow in the close proximity of crack tips. Subsequently, various
cohesive zone laws (in the form of interface traction-separation rela-
tionships accounting for elastic and softening deformation prior to
final failure) were integrated in the analyses of crack initiation
and growth and interfacial fracture. Alfano et al. [17] performed a
comparative study of various CZMs used to model the instigation
of interfacial cracking and delamination.
The integration of CZMs in FEM studies provided an effective

computational methodology for undertaking complex interface
problems in layered structures. For instance, Yan and Shang [18]
demonstrated the use of different CZMs in FEM simulations of
interfacial fracture of micrometer-thick films, showing that the
cohesive strength and work of separation are the most dominant
parameters in CZMs. Song and Komvopoulos [19] used a CZM
that obeyed a bilinear traction-separation constitutive law to
model the layer/substrate interface in an FEM analysis of adhesive
contact between a rigid sphere and an elastic film attached to an
elastic-perfectly plastic substrate and obtained numerical solutions
that provided insight into the evolution of interfacial delamination
during a full load-unload cycle. Mróz and Mróz [20] presented a
CZM-based analytical study of progressive delamination in
bilayer systems subjected to pure shear loading, which shed light
on the mode of delamination, the effect of material properties on
the damage process, the critical interface stress, and the fracture
energy. Walter et al. [21] used different fracture mechanics
methods to study the adhesive strength of a polyimide passivation
layer on copper-film stacks deposited on a silicon substrate and
the dependence of the critical energy release rate on the mode of
loading and evaluated the delamination data using both analytical
models and a CZM-FEM analysis.
More recently, Lin et al. [22] used a combined approach based on

molecular dynamics (MD) simulations and a CZM-FEM analysis to
study the interfacial fracture energy and delamination in multilay-
ered integrated circuit packaging. Specifically, critical material
parameters, such as the interfacial fracture energy, used in the inter-
facial cohesive constitutive law were derived from the MD simula-
tions and were then input in the FEM model to analyze interfacial
delamination in the multilayered structure due to indentation
loading. Soroush et al. [23] developed an FEM model of interlam-
inar and intralaminar delamination damage in laminated composite
plates subjected to impact using a CZM and a progressive damage
model. Hassan et al. [24] introduced the interfacial strength and
fracture toughness of a steel-steel bilayer sheet measured from a
peel-off test into a CZM-FEM model to study interfacial delamina-
tion in the bilayer sheet caused by normal loading and provided
experimental evidence showing more accurate estimates of delami-
nation damage growth obtained with a liner-exponential traction-
separation softening law than a linear softening law. Long et al.
[25] used a CZM-FEM approach to investigate the failure character-
istics of bimaterial systems in uniaxial tension and observed a tran-
sition from coating cracking to interface delamination with
increasing coating thickness. Liang et al. [26] performed a
CZM-FEM analysis of damage and fracture at the interfaces of
ceramic films and metal substrates under uniaxial tensile loading
and reported a dependence of the interfacial strength on both the
residual radial force and the axial pressure and a catastrophic
failure for thicker films.
Although the foregoing studies (and several others) greatly con-

tributed to the elucidation of various challenging problems in inter-
face mechanics, further research is needed to elucidate interface
delamination in elastic-plastic homogeneous and layered media
subjected to normal and shear (frictional) surface tractions. Conse-
quently, the purpose of this study was to provide additional insight
into interfacial delamination in half-spaces subjected to indentation
and sliding contact loadings. To accomplish this objective, a CZM
was incorporated in an FEM analysis to simulate interface separa-
tion when appropriate fracture energy conditions were satisfied.
Simulation results revealing the evolution of subsurface stresses
and plasticity illuminated the effects of indentation depth and

sliding distance on interfacial delamination in homogeneous and
layered half-spaces with different elastic-plastic properties, interfa-
cial cohesive strength, and layer thickness. The present study eluci-
dated the important role of elastic-plastic property mismatch at the
layer/substrate interface of layered half-spaces and provided a
modeling framework for analyzing interfacial delamination in
multilayered structures subjected to quasistatic and dynamic
contact loadings.

2 Modeling Approach
2.1 Finite Element Model. Figure 1 shows a schematic of the

plane-strain contact problem of a rigid cylinder with a radius R
sliding against a deformable layered half-space examined in this
study. After the cylinder indented the half-space up to a
maximum depth d, it was slid laterally by a total distance s. The
half-space consisting of a surface layer with a thickness h= 0.1R
and a half-space substrate was discretized by an 8R× 8R FEM
mesh having 36,162 four-node, reduced-integration, quadrilateral
finite elements with a total of 37,658 nodes. The layer/substrate
interface comprised pairs of nodes with initially the same coordi-
nates. To accurately capture the large stress/strain gradients adjacent
to the contact interface and the separation at the layer/substrate
interface and to reduce the computational time, the mesh was com-
partmentalized into three segments centered at the point O of initial
contact. The near-surface region of the mesh with dimensions 2h=
0.2R and l= 2.2Rwas uniformly refined with elements having a size
lc= 0.005R, representing ∼49% of the total number of elements, of
which half were layer elements and the other half were substrate ele-
ments (inset of Fig. 1). Outside of this region, the substrate was
meshed with elements with a size gradually increasing from
0.005R to 0.1R. Finally, the outer part of the mesh was uniformly
meshed with 0.1R size elements. The nodes at the bottom boundary
of the mesh were constrained in both x- and y-directions, whereas
the nodes at the left and right boundaries of the mesh were not con-
strained. All FEM simulations comprised three sequential phases,
i.e., indentation of the half-space by the rigid cylinder to a depth
d, sliding of the cylinder against the half-space in the x-direction
by a distance s, and, finally, full unloading of the cylinder.
Surface contact was simulated with a finite sliding algorithm,

which treated the surfaces of the deformable half-space and the
rigid cylinder as slave and master surfaces, respectively, and con-
trolled the relative separation and slip between the interacting sur-
faces. Each slave node coming into contact with the master
surface was constrained to slide against the master surface, while
the position of the slave node relative to the master surface was con-
tinuously tracked by the algorithm during the deformation. The
finite sliding algorithm was implemented in the FEM analysis by
using automatically generated contact elements. At each integration
point of a contact element, the overclosure was adjusted to prevent a
surface point of the deformed layer surface to penetrate the surface

Fig. 1 Finite element mesh (top) and refined mesh adjacent to
the contact interface (bottom) (the dashed line corresponds to
the delamination interface and the layer/substrate interface)
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of the rigid cylinder and the relative shear slip was computed after-
ward. Coulomb friction between the cylinder and the half-space
surface was modeled by assigning to the contact elements a constant
coefficient of friction equal to 0.1 that related the maximum
allowable shear stress at the contact interface to the local contact
pressure. All simulations were performed in displacement-control
mode, using the multi-physics code ABAQUS/Standard (implicit
solver) [27].

2.2 Cohesive Zone Model and Interfacial Delamination.
Interfacial delamination under combined normal and tangential
loading was modeled with a surface-based CZM for mixed-mode
loading, depicted in Fig. 2. The CZM relates the effective cohesive
interface traction �σ to the effective separation �δ at the interface
through the following linear relation [28]:

�σ = k�δ = k
��������
δ2n + δ2s

√
(1)

where k is the initial stiffness (a penalty parameter not representa-
tive of a physical quantity), and δn and δs are the relative separation
distances in the normal and tangential directions, respectively.
Ideally, the initial stiffness should be infinite so that not to affect
the overall compliance of the model in the path OA (Fig. 2);
however, a finite stiffness must be used to avoid numerical errors
[27,29]. Preliminary simulations showed that k= 106 MPa/mm
was a good choice for the present analysis; therefore, this stiffness
value was used for both the normal and the tangential nodal dis-
placements at the layer/substrate interface.
When the peak value of the applied traction was reached (point A

in Fig. 2), the interfacial stiffness begun to degrade according to a
damage initiation criterion. Various criteria for damage initiation
have been proposed, such as the maximum nominal stress and qua-
dratic nominal stress criteria. A comparative study [30] has shown
a better agreement between experimental and FEM results based
on the quadratic nominal stress criterion for damage initiation.
According to this damage initiation criterion, interfacial delamina-
tion is instigated when the following traction-based relation is
satisfied [28]:

〈tn〉
σc

( )2

+
ts
τc

( )2

=1 (2)

where tn (= kδn) and ts (= kδs) are the interface tractions in the
normal and tangential directions, and σc and τc are the critical cohe-
sive normal and tangential tractions, assumed equal to each other in
this study. The Macaulay bracket (< >) used in Eq. (2) indicates that
a purely compressive stress state does not initiate damage.

In mixed-mode loading, the critical separation distance �δc (point
A in Fig. 2) at which Eq. (2) is satisfied is given by

�δc =
σc
k

( ) τc
k

( ) 1 + γ2

τc
k

( )2
+ γ2

σc
k

( )2
⎡
⎢⎣

⎤
⎥⎦

1/2

(3)

where γ is the ratio of the shear displacement δs to the normal dis-
placement δn of the node pairs, derived from Eq. (2) and the
traction-displacement stiffness relations. Equations (2) and (3)
were used to determine the initiation of delamination.
Stiffness degradation was represented by a linear softening

behavior (path AC in Fig. 2) obeying the relation

�σ = �σ∗(1 − D) (4)

where �σ is the current effective interface cohesive strength, �σ∗ is the
effective interface cohesive strength in the absence of damage, and
D is a scalar degradation parameter, given by

D =
1 − �δc/�δ

1 − �δc/�δf
, 0 ≤ D ≤ 1 (5)

where �δf is the effective separation distance corresponding to the
fully degraded stiffness (point C in Fig. 2).
The area under the traction-separation response (OAC) is equal to

the critical fracture energy Gc. For a substrate much thicker than the
layer, the critical fracture energy in the normal and tangential inter-
face directions Gc

n and Gc
s , respectively, are given by [31,32]

Gc
n =

1
2

h

E′

( )
σ2c (6)

Gc
s =

1
2

h

G

( )
τ2c (7)

where h is the layer thickness, E′ is the effective elastic modulus,
and G is the shear modulus.
Under mixed-mode loading, the stiffness degradation and the

parameter �δf depend on the following fracture energy-based crite-
rion [28]:

Gn

Gc
n

+
Gs

Gc
s

= 1 (8)

where Gn and Gs are the fracture energies in the normal and shear
(lateral) directions of the layer/substrate interface given by

Gn =
k�δc�δf

2(1 + γ2)
(9)

Gs =
k�δc�δf γ2

2(1 + γ2)
(10)

Substitution of Eqs. (9) and (10) into Eq. (8) yields the following
expression for �δf :

�δf =
2(1 + γ2)

1
Gc

n

+
γ2

Gc
s

( )
k�δc

(11)

Accordingly, Eq. (11) was used to determine failure due to
delamination.
FEM simulations that use CZMs often encounter convergence

difficulties at the instant of node separation at the delamination
interface, known to evolve from an elastic snap-back instability
commencing when the stress reaches the interface cohesive
strength. This convergence problem can be avoided by introducing
a small fictitious viscosity in the CZM used to characterize the
delamination interface [33]. Consequently, a small viscous dissipa-
tion parameter equal to 0.001, which resulted in negligibly small
energy dissipation, was introduced into the CZM to prevent

Fig. 2 The cohesive model of the effective traction �σ versus
effective separation �δ at the delamination interface used in this
study
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instabilities due to the separation of the nodes at the delamination
interface.

2.3 Constitutive Model. To model quasi-static, isothermal,
isotropic strain-hardening material behavior, the half-space was
modeled to obey the following constitutive law:

σ = Eε (σ < Y), σ = Kεn (σ ≥ Y) (12)

where σ is the true stress, ɛ is the true strain, E is the elastic modulus,
Y is the yield strength, K is the strength coefficient, and n is the
strain-hardening exponent (assumed equal to 0.2 in this study).
Yielding was determined by the von Mises equivalent stress σeq

yield criterion, given by

σeq =
3
2
SijSij

( )1/2

= Y (13)

where Sij are components of the deviatoric stress tensor.
The development of plasticity was traced by the equivalent

plastic strain εpeq, calculated by

εpeq =
∫
Ω

2
3
dεpijdε

p
ij

( )1/2

(14)

where Ω is the strain path used to track the accumulation of plastic-
ity and dεpij are plastic strain increments.

2.4 Dimensionless Parameters. To obtain generalized solu-
tions, both input and output parameters were normalized by appro-
priate quantities. Specifically, the dimensionless indentation depth �d,
sliding distance �s, and layer thickness �h were defined by d/R, s/R,
and h/R, respectively. This normalization of the foregoing dimen-
sional parameters is appropriate because the cylinder radius repre-
sents the relevant length scale of the problem. In fact, the ratio
d/R has been used to represent the global deformation in numerous
contact mechanics studies. The delamination fraction α was defined
as the number of the separated node pairs at the layer/substrate inter-
face divided by the total number of interface node pairs. The delami-
nation ratio β was determined as αl/αh, where αl and αh are the
delamination fractions of a layered half-space with different layer
properties and a homogeneous half-space with substrate properties,
respectively. The elastic modulus ratio was defined as the elastic
modulus of the layer El divided by that of the substrate Es, i.e.,
�E = El/Es. Similarly, the yield strength ratio was defined as the
yield strength of the layer Yl divided by that of the substrate Ys,
i.e., �Y = Yl/Ys. Thus, the values of the dimensionless parameters
�E and �Y were indicative of the mismatch between the layer and sub-
strate mechanical properties.

3 Results and Discussion
Interfacial decohesion (delamination) in a homogeneous elastic-

plastic half-space is discussed first to establish a reference for the
effects of normalized parameters, such as the sliding distance �s
and the indentation depth �d, and the interface cohesive strength σc
on interfacial delamination in a layered elastic-plastic half-space
with varying elastic-plastic properties and layer thickness.

3.1 Delamination in Homogeneous Half-Spaces. The depen-
dence of the effective nodal separation �δ at the cohesive interface
before and after unloading on the sliding distance �s and indentation
depth �d for a homogeneous elastic-plastic half-space can be inter-
preted in light of the results displayed in Fig. 3. For a short
sliding distance (�s = 0.1), interfacial delamination was confined
within a short distance from the center of indentation (x/w= 0),
with unloading inducing a slight increase in effective nodal separa-
tion (Fig. 3(a)). For a fixed indentation depth (�d = 0.002), a longer

sliding distance (�s = 0.3) resulted in a profound increase in both
the delamination length and the effective nodal separation, espe-
cially after unloading (Fig. 3(b)). Although the unloading did not
affect the delamination length, it enhanced the effective nodal
separation, particularly with the increase of the sliding distance.
A similar trend was observed with the increase of the indentation
depth (�d = 0.0025) (or load) for a fixed sliding distance (�s = 0.1)
(Fig. 3(c)).
The dependence of the delamination fraction α on the sliding dis-

tance �s, cohesive strength σc, and indentation depth �d is illustrated
in Fig. 4. In all cases, the delamination fraction increased monoton-
ically with the sliding distance. The simulations revealed two differ-
ent tendencies. For a fixed indentation depth (�d = 0.002), a
profound decrease of the delamination fraction occurred with
increasing cohesive strength, because more energy was needed
to separate the node pairs, whereas for a fixed cohesive strength
(σc= 100 MPa), increasing the indentation depth from 0.002 to
0.0025 enhanced the delamination fraction significantly, especially
with increasing sliding distance. For �s = 0.3 and σc= 100 MPa, for

Fig. 3 Effective nodal separation �δ profiles at the delamination
interface (�h= 1) obtained (—) before and (—) after unloading
versus distance x/w measured from the center of initial contact
(x/w=0) for a homogeneous elastic-plastic half-space with E=
100 GPa, Y=200 MPa, and σc=100 MPa: (a) �s= 0.1, �d = 0.002,
(b) �s= 0.3, �d = 0.002, and (c) �s= 0.1, �d = 0.0025

Fig. 4 Delamination fraction α after unloading versus sliding dis-
tance �s for a homogeneous elastic-plastic half-space with E =
100 GPa, Y=200 MPa, �d = 0.002, 0.0025, and σc=75–125 MPa
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example, increasing the indentation depth by 25% fostered interfa-
cial delamination more than twice. It is noted that for a relatively
high cohesive strength and small indentation depth (or light load),
pure indentation loading did not induce delamination.
The distributions of the equivalent von Mises stress σeq in a

homogeneous elastic-plastic half-space shown in Fig. 5 provided
further insight into interfacial delamination due to indentation
loading, sliding, and unloading. Because an indentation depth �d =
0.002 did not cause delamination for σc= 100 MPa (Fig. 4), the
stress field was characteristic of an indented homogeneous half-
space (Fig. 5(a)). However, sliding by a distance �s = 0.3 induced
delamination at the cohesive interface (Figs. 3(b) and 4), resulting
in localized stress discontinuities and stress intensification in the
region above the partially delaminated cohesive interface
(Fig. 5(b)). Unloading promoted the lateral expansion of the high
residual stresses above the cohesive interface (Fig. 5(c)), attributed
to the increase of the effective nodal separation in the delaminated
portion of the cohesive interface upon unloading (Fig. 3(b)).

3.2 Delamination in Layered Half-Spaces. Simulation
results for layered elastic half-spaces are presented first to illuminate
the effect of the elastic modulus mismatch (represented by the
elastic modulus ratio �E) on the delamination at the layer/substrate
interface, hereafter referred to as interfacial delamination.
Figure 6 shows the variation of the delamination ratio β after
unloading with the elastic modulus ratio �E for Es= 85–200 GPa.
The figure reveals two important trends. First, all simulation cases
demonstrated a monotonic increase in β with �E, originating from
a common point (β= 1) corresponding to the homogeneous half-
space case (�E = 1). The tendency for interfacial delamination to
intensify with increasing elastic modulus mismatch can be attri-
buted to the proliferation of the interfacial stresses due to layer stif-
fening, leading to further nodal separation upon unloading. Second,
a nonlinear increase in β with decreasing Es occurred for fixed El.
This trend does not imply that a more compliant substrate promotes
delamination; rather it suggests a more prominent effect of the
layer’s elastic modulus on interfacial delamination for more compli-
ant substrates. For �E = 2.5, for instance, the delamination length
was about 5.5 and 2 times greater than that corresponding to a

homogeneous elastic half-space with Es= 85 and 200 GPa,
respectively.
The foregoing result can be explained by considering the stresses

produced by the sliding process in elastic layered half-spaces with
different layer and substrate elastic moduli. Figure 7 shows contours
of the equivalent von Mises stress σeq in an elastic layered half-
space produced before unloading for various �E values and the cor-
responding delamination fraction α. For a fixed substrate elastic
modulus (Es= 100 GPa), layer stiffening intensified the stresses in
the layer and the layer/substrate interface, consequently increasing
the delamination fraction (Figs. 7(a)–7(c)). In the case of a homo-
geneous half-space (�E = 1), high stresses developed below the
contact interface and interfacial delamination was limited (α=
0.05) due to minor stress intensification at the delamination inter-
face (Fig. 7(a)). The tensile and shear stresses arising at the interface
nodal points slightly to the right of the cylinder increased the effec-
tive nodal separation locally, causing delamination at those node
pairs where the decohesion condition (Eq. (2)) was satisfied. The
increase in layer stiffness, significantly fortified the stresses at
the layer/substrate interface, consequently increasing the delamina-
tion fraction by a factor of about 3 and 4, i.e., α= 0.13 and 0.20 for

Fig. 5 Contours of the equivalent von Mises stress σeq for a homogeneous elastic-plastic
half-space with E=100 GPa, Y=200 MPa, and σc=100 MPa at three sequential simulation
stages: (a) indentation (�d = 0.002), (b) sliding (�s= 0.3, �d = 0.002), and (c) unloading (the hori-
zontal black line corresponds to the delamination interface)

Fig. 6 Delamination ratio β after unloading versus elastic
modulus ratio �E for an elastic layered half-space with Es=85–
200 GPa and σc=100 MPa (�h = 0.1, �d = 0.002, and �s= 0.1)
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�E = 2 and 3, respectively (Figs. 7(b) and 7(c)). A similar trend was
observed with the decrease of the substrate stiffness, characterized
by the augmentation of interfacial delamination. Specifically, for
the most compliant substrate (�E = 2), high stresses developed
below the contact interface and across a small interfacial region,
resulting in localized delamination (α= 0.13) (Fig. 7(d )). Substrate
stiffening promoted the evolution of much higher stresses in the
layer and the layer/substrate interface, contributing to an increase
in delamination fraction with substrate stiffness, i.e., α= 0.17 and
0.22 for �E = 1.33 and 1, respectively (Figs. 7(e) and 7( f )).
Simulation results for elastic-plastic layered media are presented

next to reveal the effect of plasticity on the evolution of interfacial
delamination. Figure 8 shows the delamination fraction α after
unloading versus the yield strength ratio �Y . Although interfacial
delamination did not occur for Ys= 50 MPa, all other simulations
demonstrated an initial increase in α with �Y followed by a decrease
beyond a certain �Y value, depending on the yield strength of the
substrate Ys. Specifically, the maximum α for Ys= 100, 200, and
300 MPa corresponded to �Y ≅ 1.3, 0.75, and 0.5, respectively.
Moreover, although a higher yield strength of the substrate
produced a higher delamination fraction in the low range of �Y , an
opposite tendency occurred in the high range of �Y , where the
delamination fraction decreased sharply. This trend is also reflected
in the results of the effective nodal separation presented next.
Figure 9 shows distributions of the effective nodal separation �δ

before and after unloading for a layered elastic-plastic half-space
with �Y = 0.75 and 1. Before unloading, significantly larger nodal
separation distances were encountered with the relatively lower

strength layer (�Y = 0.75), especially in the region –10 < x/w< 0,
compared to the higher strength layer (�Y = 1.5). A notable amplifi-
cation of the nodal separation distances originated upon unloading,
especially for �Y = 0.75, where much larger nodal separations devel-
oped in the interfacial region 0 < x/w< 12 and much lower in the
region –10 < x/w< 0, contrary to what was found before unloading.
This can be attributed to the effect of residual stresses in the layer
causing it to conform and the nodal separations to adjust accord-
ingly. For �Y = 1.5, however, the increase in nodal separation
upon unloading was much less pronounced than that for
�Y = 0.75. The difference between these two cases can also be quan-
tified in terms of the delamination fraction, i.e., α= 0.55 and 0.62
(�Y = 0.75) and α= 0.27 and 0.27 (�Y = 1.5) before and after unload-
ing, respectively. Despite the increase of the effective nodal separa-
tion in Fig. 9(b), the delamination fraction did not change upon
unloading because the delamination criteria (Eqs. (2)–(11)) were

Fig. 8 Delamination fraction α after unloading versus yield
strength ratio �Y for an elastic-plastic layered half-space with
El =Es=100 GPa (�E = 1), Ys=50–300 MPa, and σc= 100 MPa
(�h= 0.1, �d = 0.0025, and �s= 0.3)

Fig. 9 Effective nodal separation �δ profiles at the delamination
interface (�h= 1) obtained (—) before and (—) after unloading
versus distance x/w measured from the center of initial contact
(x/w=0) for a layered elastic-plastic half-space with El=Es=
100 GPa (�E = 1), Es=200 MPa, (a) Yl=150 MPa (�Y = 0.75),
(b) Yl =300 MPa (�Y = 1.5), and σc=100 MPa (�h= 0.1, �d = 0.0025,
and �s= 0.3)

Fig. 7 Contours of the equivalent von Mises stress σeq versus elastic modulus ratio �E and delamination fraction α obtained
before unloading for an elastic layered half-spacewith (a)–(c) Es= 100 GPa and El=100, 200, and 300 GPa (�E = 1, 2, and 3, respec-
tively), (d )–(f ) El=200 GPa and Es=100, 150, and 200 GPa (�E = 2, 1.33, and 1, respectively), and σc=100 MPa (�h= 0.1, �d = 0.002,
and �s= 0.1) (the horizontal black line corresponds to the delamination interface)
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not satisfied in this case. This was also the reason for the constancy
of the delamination fraction seen in some of the unloading simula-
tions presented in the following figures. The results shown in Fig. 9
illustrate that increasing �Y (or Yl) by a factor of 2 decreased �δmax by
a factor of ∼3 and the delamination length by a factor >2, indicating
a profound effect of the yield strength of the layer on interfacial
delamination.
The results shown in Figs. 8 and 9 can be interpreted by consid-

ering the effect of the yield strength ratio �Y on the subsurface stress
and strain fields before and after unloading. Figure 10 shows con-
tours of the von Mises equivalent stress σeq in an elastic-plastic
layered half-space for different values of the yield strength ratio
�Y . For �Y = 0.25 (Fig. 10(a)), two small pockets of high stress
formed before unloading, one adjacent to the contact interface
and another in the substrate just below the layer/substrate interface.
However, the generated interfacial stresses did not satisfy the frac-
ture energy criteria to instigate delamination (α= 0), consistent with
the result shown in Fig. 8. For �Y = 0.75 (Fig. 10(c)), significantly
higher stresses occurred in the layer, spreading laterally and
through the layer/substrate interface and causing interfacial delami-
nation (α= 0.55). For �Y = 1.5 (Fig. 10(e)), a larger zone of high
stresses developed in the layer; nonetheless, both stress spreading
within the layer and delamination were less (α= 0.27) than those
for �Y = 0.75. All simulations demonstrated extremely small residual
stresses in the substrate just below the layer/substrate interface after
unloading, suggesting that plastic deformation was confined within

the layer and at the layer/substrate interface. A comparison of
Figs. 10(b), 10(d ), and 10( f ) indicates that, although the increase
in �Y progressively intensified the residual stresses, the effect on
the delamination length did not show a specific trend. Specifically,
for �Y = 0.75 (Fig. 10(d )), the delamination length increased from
0.55 to 0.62 after unloading, whereas for �Y = 1.5 (Fig. 10( f )), the
effect of unloading on the delamination length was negligible.
The contours of the equivalent plastic strain εpeq shown in Fig. 11

provided further insight into the previous findings, confirming
the strong effect of the yield strength of the layer on interfacial
delamination. Despite widespread plastic deformation in the bulk
of the layer and at the layer/substrate interface for �Y = 0.25
(Fig. 11(a)), the relatively low stresses in the low-strength layer
(Fig. 10(a)) did not lead to delamination (α= 0). Moreover, while
layer strengthening (�Y = 0.75) reduced widespread plasticity in
the layer (Fig. 11(b)), it also intensified the stresses at the layer/sub-
strate interface (Fig. 10(c)), resulting in delamination (α= 0.55),
which was further augmented upon unloading (α= 0.62)
(Fig. 11(b)). Interestingly, further layer strengthening (�Y = 1.5)
reduced plasticity in the layer significantly, with large plastic
strains confined into the upper region of the layer (Fig. 11(c));
but, although this was accompanied by stress intensification
(Fig. 10(e)), delamination decreased and remained unaffected
even after unloading (α= 0.27) (Fig. 10( f )). A similar result was
encountered by varying the yield strength of the substrate, while
maintaining a high yield strength of the layer (Figs. 11(d )–11( f )),

Fig. 11 Contours of the equivalent plastic strain εpeq after unloading versus yield strength ratio �Y and delamination fraction α for
an elastic-plastic layered half-space with El=Es=100 GPa (�E = 1), (a)–(c) Ys=200 MPa and Yl=50, 150, and 300 MPa (�Y = 0.25,
0.75, and 1.5, respectively), (d )–(f ) Yl=300 MPa and Ys=100, 200, and 300 MPa (�Y = 3, 1.5, and 1, respectively), and σc=
100 MPa (�h= 0.1, �d = 0.0025, and �s= 0.3) (the horizontal black line corresponds to the delamination interface)

Fig. 10 Contours of the equivalent von Mises stress σeq before (left) and after (right) unloading versus yield strength ratio �Y and
delamination fraction α for an elastic-plastic layered half-space with El=Es=100 GPa (�E = 1), Ys=200 MPa, Yl=50, 150, and
300 MPa (�Y = 0.25, 0.75, and 1.5, respectively), and σc=100 MPa (�h= 0.1, �d = 0.0025, and �s= 0.3) (the horizontal black line cor-
responds to the delamination interface)
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signifying a dominant effect of layer plasticity on interfacial
delamination.
Figure 12 shows distributions of the effective nodal separation �δ

acquired before and after unloading of an elastic-plastic layered
half-space for different values of the yield strength ratio �Y . These
results provided additional supporting proof to the foregoing con-
tention. In all simulation cases, unloading enhanced surface separa-
tion without affecting the delamination fraction. The highest yield
strength ratio (�Y = 3) produced the smallest nodal surface separa-
tions and delamination fraction (α= 0.19) (Fig. 12(a)). Decreasing
�Y instigated larger delamination gaps, but only a small increase in
delamination fraction, i.e., α= 0.27 for both �Y = 1.5 (Fig. 12(b))

and �Y = 1 (Fig. 12(c)). The results shown in Fig. 12 can be
further interpreted by examining the corresponding stress fields
before and after unloading, shown in Fig. 13. A comparison of
the stress fields before or after unloading shows close similarity,
despite less stress spreading in the layer for �Y = 3 than �Y = 1.5
and 1, consistent with the corresponding delamination fractions
and the variation of α with �Y displayed in Fig. 8.
In addition to the elastic-plastic material properties of the layered

half-space, the layer thickness is another important parameter
affecting the stresses arising at the layer/substrate interface and,
consequently, interfacial delamination. Figure 14 shows the delami-
nation fraction α after unloading as a function of layer thickness �h
for different values of �Y . All simulation cases displayed a mono-
tonic decrease in α with increasing �h and �Y . This trend can be
explained by considering that a thicker and stronger layer can
accommodate much higher stresses compared to a thinner and
weaker layer, hence significantly lessening the stresses at the
layer/substrate interface and in the bulk of the substrate. In fact,
the material near the interface may not even experience plastic
deformation in the case of a thicker layer, despite the material prop-
erty mismatch between the layer and the substrate.

4 Conclusions
A contact mechanics analysis of interfacial delamination in

homogeneous and layered elastic and elastic-plastic half-spaces
subjected to normal and shear tractions generated by indentation

Fig. 13 Contours of the equivalent von Mises stress σeq before (left) and after (right) unloading versus yield strength ratio �Y and
delamination fraction α for an elastic-plastic layered half-space with El=Es=100 GPa (�E = 1), Ys=300 MPa, Ys=100, 200, and
300 MPa (Y = 3, 1.5, and 1, respectively), and σc=100 MPa (�h= 0.1, �d = 0.0025, and �s= 0.3) (the horizontal black line corresponds
to the delamination interface)

Fig. 14 Delamination fraction α after unloading versus delami-
nation layer thickness �h for an elastic-plastic layered half-space
with El=Es=100 GPa (�E = 1), Ys=200 MPa, Yl=100–400 MPa
(�Y = 0.5–2, respectively) and σc=100 MPa (�d = 0.002, �s= 0.2)

Fig. 12 Effective nodal separation �δ profiles at the delamination
interface (�h= 1) obtained (—) before and (—) after unloading
versus distance x/w measured from the center of initial contact
(x/w=0) for a layered elastic-plastic half-space with El=Es=
100 GPa (�E = 1), Yl=300 MPa, (a) Ys=100 MPa (�Y = 3), (b) Ys=
200 MPa (�Y = 1.5), (c) Ys=300 MPa (�Y = 1), and σc= 100 MPa
(�h= 0.1, �d = 0.0025, and �s= 0.3)
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and sliding was performed in this study. A surface-based CZM was
implemented in an FEM analysis to model nodal separation at the
delamination interface (layer/substrate interface for layered half-
spaces) when appropriate fracture energy conditions were satisfied.
A parametric study demonstrated that increasing the indentation
depth and/or sliding distance and decreasing the cohesive strength
enhanced interfacial delamination in homogeneous elastic-plastic
half-spaces, even more after unloading, the primary reason being
the high stresses spreading in the region above the delamination
interface. An elastic FEM analysis of layered half-spaces showed
that increasing the elastic modulus of the layer while fixing that
of the substrate resulted in high stress localization, whereas the
reverse caused more pronounced stress intensification in the bulk
of the layer and its interface with the substrate, with both scenarios
leading to the enhancement of delamination at the layer/substrate
interface. Simulations of an elastic-plastic FEM analysis demon-
strated a significant effect of the yield strength mismatch between
the layer and the substrate on the delamination process, character-
ized by a transition from increasing to decreasing delamination
with the increase of the layer-to-substrate yield strength ratio.
This trend was attributed to a change from intensifying to lessening
subsurface stresses and less plastic deformation in the layer and
the layer/substrate interface. The effect of layer strengthening on
interfacial delamination was more profound than that of substrate
stiffening. Moreover, increasing the layer thickness while maintain-
ing a high yield strength of the layer effectively suppressed delami-
nation at the layer/substrate interface. The results of this study
provided insight into the effects of indentation depth, sliding dis-
tance, and elastic-plastic property mismatch between the layer
and substrate of layered half-spaces on interfacial delamination.
The present analysis can be further extended to include a
plasticity-induced damage model for studying cumulative damage
in strain-hardening half-spaces subjected to cyclic dynamic
contact loading by a rigid surface exhibiting multiscale roughness.
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