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Abstract

Cracking of hard coatings during indentation is studied using the finite element method. The coating is assumed to

be linear elastic, the substrate is elastic-perfectly plastic and the indenter is spherical and rigid. Through-thickness

cracks are modeled using cohesive surfaces, with a finite strength and fracture energy. The interface between the coating

and the substrate is also modeled by means of cohesive zones but with interface properties. The primary potential

locations for the initiation of coating cracks are the coating surface close to the contact edge and the coating side of the

interface in the contact region, where high values of tensile radial stress are found. Circumferential cracks are found to

initiate from the coating surface and to propagate towards the interface. The initiation and advance of a crack is

imprinted on the load–displacement curve as a kink. The spacing between successive cracks is found to be of the order

of the coating thickness. The influence of other material and cohesive parameters on the initiation of the first crack and

spacing between successive cracks is also investigated. � 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Hard coatings on relatively soft substrates and their industrial applications have been receiving more and
more attention during the past few decades. The coating industry has advanced considerably in the pro-
duction of various kinds of coatings to cope with the increasing number of applications of hard-coated
systems. Hard coatings are usually applied to relatively soft substrates to enhance reliability and perfor-
mance. Hard ceramic coatings, for example, are used as protective layers in many mechanical applications
such as cutting tools. Such coatings are usually brittle and subject to fracture of the coating or failure of the
interface with the substrate. Therefore, the enhancement gained by the coatings is always accompanied by
the risk of such failure.

Indentation is one of the traditional methods to quantify the mechanical properties of materials. Several
techniques have been reported in the literature to extract the mechanical properties of both homogeneous
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and composite or coated materials from indentation experiments (Bhattacharya and Nix, 1988; Doerner
and Nix, 1986; Gao et al., 1992; King, 1987; Lim et al., 1999; Oliver and Pharr, 1992). Indentation has also
been advocated as a tool to characterize the properties of thin films or coatings. At the same time, for
example for hard wear-resistant coatings, indentation can be viewed as an elementary step of concentrated
loading. For these reasons, many experimental as well as theoretical studies have been devoted to inden-
tation of coated systems during recent years.

Contact-induced failure of coated systems has also been investigated during recent years (Abdul-Baqi
and Van der Giessen, 2001a,b; Li et al., 1997; Li and Bhushan, 1998; van der Varst and de With, 2001;
Malzbender et al., 2000; Wang et al., 1998). The main emphasis in such investigations has been to extract
quantitative data about the coating and interfacial fracture energies and strengths. Diverse results have
been obtained by different studies due to the complex nature of the problem and the different estimation
procedures (van der Varst and de With, 2001). The complexity is mainly attributed to the fact that such
system is a combination of at least two materials with different mechanical properties. Failure of such
systems may include, for example, the plastic deformation of the substrate, the cracking of the coating or
the failure of the interface. Interfacial delamination has been studied by the authors in previous work
(Abdul-Baqi and Van der Giessen, 2001a,b). In the absence of coating cracking, delamination was found to
occur in mode II driven by the shear stress at the interface outside the contact region during the loading
stage. During the unloading stage, delamination was found to occur in mode I driven by the tensile stress at
the interface in the contact region.

Coating cracking is one of the common failure events usually observed in indentation experiments.
Radial or circumferential cracks might initiate from the coating surface or from the coating side of the
interface and may grow into a through-thickness crack. Li et al. (1997) have proposed a method to estimate
the fracture toughness from indentation tests. From the load drop or plateau caused by the first circum-
ferential crack, they estimate a strain energy release to create the crack. The fracture energy is then cal-
culated using the energy release, the crack area and the elastic properties of the coating. This approach has
been also used by others (Li and Bhushan, 1998; van der Varst and de With, 2001; Malzbender et al., 2000).
van der Varst and de With (2001) have performed Vickers indentation experiments on TiN coatings on tool
steel. Arguing that the energy release which is estimated from the load–displacement curve is spent in both
creating the crack and some plastic dissipation in the substrate, they estimate an upper bound of 54 J/m2 for
the fracture energy of the coating. However, the method they have used to estimate the energy release from
the load–displacement curve is different from the one suggested by Li et al. (1997).

The objective of the present paper is to provide an improved understanding of coating cracking during
indentation. To this end, numerical simulation of the indentation process is performed. The coating is
assumed elastic and strong, the substrate is elastic-perfectly plastic and the indenter is spherical and rigid.
Coating cracking is modeled by means of cohesive zones. The cohesive zone methodology allows the study
of crack initiation and propagation without any separate criteria since the fracture characteristics of the
material are embedded in a constitutive model for the cohesive zone. The emphasis in this study will be on
circumferential cracks which initiate from the coating surface, its imprint on the load–displacement curve
and the spacing between successive cracks. Using our numerical findings, the above-mentioned estimates
of the fracture energy are tested. The effect of the material, geometric and cohesive parameters is also
investigated.

2. Problem formulation

The system considered in this study is illustrated in Fig. 1. It comprises an elastic-perfectly plastic
substrate coated by an elastic thin coating and indented by a spherical indenter. The indenter is assumed
rigid and only characterized by its radius R ¼ 25 lm. Assuming both coating and substrate to be isotropic,
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the problem is axisymmetric, with radial coordinate r and axial coordinate z in the indentation direction.
The coating is characterized by its thickness t ¼ 1 lm and elastic properties (Ec ¼ 500 GPa, mc ¼ 0:33) and
is bonded to the substrate by an interface. The substrate is supposed to be a standard isotropic elastoplastic
material with plastic flow being controlled by the von Mises effective stress re. It is taken to have a height
L� t and a radius L, with L large enough compared to film thickness so that the solution is independent of
L and the substrate can be regarded as a half space; thus, it is only characterized by its elastic properties
(Es ¼ 200 GPa, ms ¼ 0:33) and the yield stress ry ¼ 1:0 GPa.

The precise boundary conditions are also illustrated in Fig. 1. The indentation process is performed
incrementally with a constant indentation rate _hh ¼ 1 mm/s. Outside the contact area, with radius a mea-
sured in the reference configuration, the film surface is traction free,

trðr; 0Þ ¼ tzðr; 0Þ ¼ 0 for a6 r6 L: ð1Þ

Inside the contact area we assume perfect sliding conditions. The boundary conditions are specified with
respect to a local frame of reference ðq; fÞ that is rotated over an angle / such that f is always perpendicular
to the coating surface as shown in Fig. 1. The definition of this frame for points inside the material is also
shown in Fig. 1. The angle / is calculated for each material element in the deformed state (solid line) based
on the rotation of the element with respect to its original configuration (dashed line). In the normal di-
rection, the displacement rate _uuf is controlled by the motion of the indenter, while in the tangential direction
the traction tq is set to zero, i.e.

_uufðr; zÞ ¼ _hh cos/; tqðr; zÞ ¼ 0 for 06 r6 a: ð2Þ

The substrate is simply supported at the bottom, so that the remaining boundary conditions read

uzðr; LÞ ¼ 0 for 06 r6 L; urð0; zÞ ¼ 0 for 06 z6 L: ð3Þ

The indentation force F is computed from the tractions in the contact region,

F ¼
Z a

0

tzðr; 0Þ2prdr: ð4Þ

The analysis is carried out numerically using a finite strain, finite element method. The mesh is an
arrangement of four-noded quadrilateral elements. The elements are built up of four linear strain triangles

Fig. 1. Geometry of the analyzed problem, including definition of local frame of reference, ðq; fÞ, and detail of the layout of continuum

elements and cohesive elements along the interface.
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in a cross arrangement to minimize numerical problems due to plastic incompressibility. To resolve
properly the high stress gradients under the indenter and for an accurate detection of the contact nodes, the
mesh is made very fine locally near the contact area with an element size of t=10.

Since the indenter is rigid, contact nodes are identified simply by their spatial location with respect to the
indenter. At a certain indentation depth h and displacement increment Dh, the node is considered to be in
contact if the vertical distance between the node and the indenter is not greater than Dh. Local loss of
contact may occur if an open crack falls into the contact region. In the calculations, contact is released
when the nodal force becomes tensile. We have used a threshold value for tensile nodal forces equal to the
average current nodal force. A value that is an order of magnitude smaller did not show any significant
effect on the results. After a node is released from contact, the distance between the node and the indenter is
checked each increment for possible re-formation of contact.

Coating cracking is represented by inserting cohesive zones into the coating, perpendicular to the sur-
face. A cohesive zone is also used to model the interface between coating and substrate. A cohesive zone is a
surface along which a small displacement jump between the two sides is allowed with normal and tangential
components Dn and Dt, respectively. The cohesive behavior is specified in terms of a constitutive equation
for the corresponding traction components Tn and Tt at the same location.

The cohesive law we adopt in this study is the one given by Xu and Needleman (1993). The traction
components are determined by two potentials /nðDn;DtÞ and /tðDn;DtÞ according to

Tn ¼
o/n

oDn

; Tt ¼
o/t

oDt

: ð5Þ

The resulting traction-separation relations in normal and tangential direction are illustrated in Fig. 2. In
both directions, the peak traction represents the cohesive strength and the area under the curve corresponds
to the work of fracture. The work of normal (tangential) separation, /n(/t), can be expressed in terms of
the corresponding strengths rmax(smax) as

/n ¼ expð1Þrmaxdn; /t ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

2
expð1Þ

r
smaxdt; ð6Þ

where dn and dt are two characteristics lengths and q ¼ /t=/n is a coupling parameter. From the previous
equations, the normal and tangential strengths are related by

Fig. 2. The normal and shear cohesive tractions: (a) normal traction TnðDnÞ and (b) shear traction TtðDtÞ. Both are normalized by their

respective peak values rmax and smax.
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rmax ¼
1

q
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 expð1Þ

p dt

dn

smax: ð7Þ

More details of this constitutive model are found in Xu and Needleman (1993) and Abdul-Baqi and Van
der Giessen (2001a). The cohesive zones are incorporated in the finite element calculation using linear two
noded elements with two Gaussian integration points which is consistent with the type of continuum el-
ements in the coating and the substrate.

For the cohesive zones at the interface we have chosen dn ¼ dt ¼ 0:1 lm, q ¼ 0:4288 and /n ¼ 200 J/m2.
Making use of Eqs. (6) and (7), these values correspond to ri

max ¼ simax ¼ 7:36 GPa. For the coating dn ¼
dt ¼ 1:0 nm, q ¼ 0:4288 and /n ¼ 30 J/m2 so that rc

max ¼ scmax ¼ 11 GPa. The values assigned to the work of
separation for both coating and interface are comparable to these obtained by Wang et al. (1998) for di-
amond-like carbon coatings on steel substrates. The values assigned to the characteristic lengths dn and dt

for both interface and coating were chosen such that, when combined with the work of separation, rea-
sonable values for the strength are obtained. In terms of the coating material and the cohesive parameters,
the critical stress intensity factors for mode I and II fracture along a cohesive zone, i.e KIC and KIIC, are
ðEc/n=ð1� m2cÞÞ

1=2
and ðEc/t=ð1� m2cÞÞ

1=2
, respectively (Xu and Needleman, 1994). The ratio of KIIC to KIC

being
ffiffiffi
q

p
is about 0.65. This value is reasonable compared to the values obtained by different experimental

estimates as listed in Malzbender et al. (2000).
The effect of the variation of some of previously given parameters, such as the coating thickness, the

coating Young’s modulus, the yield stress and the coating cohesive parameters will be investigated. The
values given in this section will serve as a reference case in this study. In the remainder of this study we will
drop the superscripts from quantities referring to the cohesive parameters since, unless otherwise specified,
they all will refer to the coating.

3. Stress distribution in a perfect coating

Before performing the cracking analysis, it is instructive to have a brief look at the stresses that generate
in a perfect coating during indentation (i.e. without cohesive zones). Fig. 3(a) shows the radial stress dis-
tribution along the coating surface, rqqðrÞ. A tensile radial stress is found outside the contact area with a
maximum at r � 1:25a, where a is the instantaneous contact radius. It should be noted that the location of
this maximum is strongly dependent on the ratio t=R. For the same indentation depth, the smaller the ratio
t=R, the closer the location of the maximum tensile stress to the contact edge. The radial stress is found to be
compressive within the contact area r < a. It is interesting to note in Fig. 3(a) the decrease of the com-
pressive stress in the contact region with increasing indentation depth. This is a consequence of the plastic
flow of the substrate material in the indented region which induces an additional positive radial straining in
the coating, leading to a decrease in the compressive stress at the contact region. Tensile stress is also seen
along the coating side of the interface as shown in Fig. 3(b). It is located at the contact region r < a with a
maximum at the symmetry axis. This suggests that a circumferential crack is likely to initiate from the
interface at r < a or the coating surface at r � 1:25a due to the maximum tensile radial stresses at these
regions.

The distribution of the shear stress rqf along the mid-plane of the coating is shown in Fig. 3(c). The
highest value of this stress is found under the contact edge at r ¼ a. The shear stress has a smaller maximum
value than the radial stress and furthermore is located at the edge of the contact where only relatively small
tensile radial stresses are found. This indicates that shear stress is likely to play a minor role in the fracture
process. Comparing the radial stresses along the surface with those on the coating side of the interface, we
see that each tensile stress is faced by a compressive stress on the opposite side of the coating due to the
bending-like loading. This indicates that a crack, whether initiated at the surface or the interface, will not be
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able to propagate through the whole coating thickness. Tensile radial stresses at the surface and interface
are seen to be of the same order of magnitude. But crack initiation and propagation from the coating side of
the interface suffers an extra resistance as this requires some interfacial shearing (see inset in Fig. 1) and
hence more energy. Therefore, the main emphasis in this study will be on cracks that initiate from the
coating surface and advance towards the interface. Cracks which initiate from the coating side of the in-
terface do not have any significant effect on surface cracks as will be discussed later in this paper.

4. Analysis

A first approach to simulate coating failure was to place cohesive zones in between all continuum ele-
ments in the coating, as pioneered by Xu and Needleman (1993, 1994). Contrary to their work, however,
the present computation is a quasi-static one and this led to serious numerical problems. The numerical
problems originate from the fact that some adjacent cohesive zones reach the peak traction rmax and start
softening almost simultaneously, which breaks the uniqueness of the solution. Mesh refinement does not

Fig. 3. Stress distribution at several indentation depths for t=R ¼ 1=25: (a) radial stress along the coating surface, (b) radial stress along

the coating side of the interface and (c) shear stress along the middle plane in the coating (z ¼ t=2).
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solve the problem. When fine meshes are used, the region of more or less homogeneous, high tensile radial
stresses comprises several elements so that there is an even larger probability of running into a loss of
uniqueness. On the other hand, using coarser meshes to overcome this problem decreases the accuracy in
representing the high stress gradients in the coating and the precise contact between the indenter and the
coating. In addition, embedding of cohesive elements leads to an artificial enhancement of the overall
compliance (Xu and Needleman, 1994). This increase will tend to underestimate the stresses in the coating
and therefore the occurrence of failure. Since the compliance increase is proportional to the number of
cohesive zones, we adopt a procedure in this study in which the number of cohesive zones is minimized.

The location of the necessary cohesive zones is determined in the following way. We first conduct a
calculation without any cohesive zone and we trace the evolution of the maximum tensile radial stress along
the coating surface along with its location at each indentation increment. This is shown in Fig. 4, with the
steps in the curves originating from the node-to-node growth of the contact region. After an initial tran-
sient, both the maximum stress and its location seem to increase linearly with the contact radius a. The first
crack is predicted to occur when rmax

qq ¼ rmax. Fig. 4 shows that rmax ¼ 11 GPa is reached when the contact
radius a is 3:7 lm (h ¼ 0:5 lm) and at the radial location r ¼ 5:0 lm.

In the second step, a new calculation is carried out with a single cohesive zone being placed at this
location prior to indentation. The first crack will then indeed form at the expected indentation depth and we
continue the computation to determine the location of the second crack in the same way as for the first
crack. A third computation is then started with two cohesive zones, etc. Continuing this procedure, more
cracks are simulated. Fig. 5 gives the result after the fourth step in which three coating cracks have de-
veloped. Fig. 5(a) shows the distribution of radial stress rqq at an indentation depth of 0.75 lm. The first
crack at r ¼ 5:0 lm is visible in the figure and a tensile stress is seen to develop in the coating outside the
crack radius. At an indentation depth of h ¼ 1:25 lm, three cracks have already occurred at locations 5.0,
6.4 and 7.9 lm, see Fig. 5(b). The crack at r ¼ 6:4 lm is not visible in the figure since it has closed up. The
first crack has also closed from the surface side as a result of the compressive stress in the contact region.
Note that local loss of contact has occurred above the closed-up crack as explained in Section 2. The third
crack did not reach the interface yet at this stage of loading due to the compressive stress in this region.

The procedure is further illustrated in Fig. 6(a), showing the evolution of the maximum radial stress
along the coating surface. The maximum stress is seen to increase with indentation depth until the moment

Fig. 4. (a) Evolution of the maximum radial stress at the coating surface rmax
qq with the contact radius a and (b) the corresponding

location r at the coating surface at which the stress is maximum.
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of failure where a sudden drop occurs due to stress relaxation and redistribution. After initiation, the crack
propagates through the coating thickness and stops just before reaching the interface due to the com-
pressive stress at that region. About 10% of the coating thickness remains intact for a while until it shears
off (mode II) and later opens in mode I resulting in two small drops in the maximum stress. The location of
the fourth crack is predicted to be r ¼ 9:4 lm after h ¼ 1:55 lm. The four successive cracks thus found are
seen to have an almost uniform spacing k of 1:5 lm. The dependence of crack spacing on some of the model
parameters will be discussed in Section 5.

The corresponding load–displacement curve shown in Fig. 6(b) reflects these cracking events by a sudden
drop of the load. Each of three major drops on the curve is associated with the initiation of a crack. Since
the fracture energy is proportional to the crack radius, the larger the crack radius, the larger the drop in the
load. With further indentation, the contact radius increases, thus expanding the tensile region at the in-
terface. The growth of the freshly nucleated crack to the interface gives rise to small load drops in between
the major ones. The third crack shown in Fig. 5(b) for example reaches the interface forming a complete
through-thickness crack at an indentation depth of 1.3 lm. This gives rise to the small load drop seen on the
load–displacement curve at this depth.

Fig. 5. Distribution of the radial stress rqq at indentation depths of 0.75 lm (a) and 1.25 lm (b).

Fig. 6. (a) Evolution of the maximum radial stress at the coating surface rmax
qq with the indentation depth h. The curves belong to four

different calculations with the number of cohesive surfaces (and later cracks) increasing from 0 to 3. (b) Load–displacement curve for

the case shown in Fig. 5. Arrows point to sudden load drops caused by cracking events.
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These results demonstrate that the procedure described above is indeed capable of predicting the initi-
ation and growth of coating cracks within the cohesive zone framework. It should be pointed out, however,
that even with this small number of cohesive zones, some numerical problems were faced at first. Careful
examination has shown that these were caused by the fact that the cohesive zone parameters chosen here
approach atomic separation properties. The coating strength is on the order of tens of GPa’s and the critical
opening is only a nanometer. The consequence of this is that the cohesive stiffness beyond the peak strength
is very large, and negative, which would lead to local snap back in the finite element system. This can
probably be dealt with using, for instance, indirect displacement control (de Borst, 1987), but we have
adopted a simpler method to circumvent this. The idea is to reduce the instantaneous stiffness of the co-
hesive zone as soon as the normal strength is reached, Dn P dn, but to update the tractions directly from Eq.
(5). Of course, this leads to an error in the solution, but this error is corrected by way of the equilibrium
correction in the next time step. Practically speaking, the effect of this procedure is that snap back insta-
bilities are avoided and stability is maintained. Extensive testing has shown that the final error in, for
example, the traction continuity between a cohesive zone element and a continuum element is smaller than
a few percent, even when the instantaneous cohesive zone stiffness is reduced down to 5%.

Cracks initiating from the coating side of the interface have been excluded from the simulations despite
the high tensile stress found there. The main reason is the fact that the maximum tensile stress is always
found at the symmetry axis (Fig. 3b). A cohesive surface at this location will have a zero area in an axi-
symmetric formulation making it impossible to simulate. To study the effect of coating cracking starting
from the interface, three cohesive surfaces are placed at radial locations of 1.5, 3.0 and 4.5 lm. Being all
located at distances less than 5.0 lm (the expected location of the first surface crack), surface cracks are not
expected to occur. The radial stress distribution at an indentation depth of 1.0 lm and the evolution of the
maximum radial stress on the coating surface are shown in Fig. 7. Cracks at the three specified locations are
seen to have occurred. None of these cracks has reached the surface since at the moment of initiation of
each crack, the opposite side of the coating is already in contact and hence the stress state is compressive.
The stress at the coating surface outside the contact region is mainly driven by the contact between the
indenter and the coating at the contact edge r ¼ a. Since all cracks initiating from the coating side of the
interface lie in the region r < a, their effect on the stress outside the contact region is insignificant as shown
in Fig. 7(b).

Fig. 7. (a) Distribution of the radial stress rqq at an indentation depth of 1.0 lm. It illustrates the three cracks initiating from the

coating side of the interface at locations 1.5, 3.0 and 4.5 lm. (b) The corresponding maximum radial stress at the coating surface rmax
qq

(solid line) compared with the stress of the noncracked coating (dashed line).
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5. Effect of geometrical, material and cohesive parameters

The effect of various parameters on the initiation of the first circumferential crack and the spacing k
between successive cracks is studied. The chosen parameters are: the coating thickness t, the coating
Young’s modulus Ec, the substrate yield stress ry and the cohesive properties, i.e. coating strength rmax

as well as the coupling and reversibility of the cohesive tractions.
The coating thickness t and indenter radius R are the main length scales in the system and their effect is

studied by varying the nondimensional parameter t=R. Fig. 8 shows the variation of the crack spacing
with the coating thickness. The relation k=R � 1:4t=R provides the best linear fit. It should be noted that
spacing in this figure is taken to be distance between the first two cracks. From the average spacing we get
k=R � 1:5t=R. In the remainder of this study, k will refer to the average crack spacing.

Fig. 9 shows the location of the first crack as a function of the coating thickness and corresponding
indentation depth for two values of rmax. It can be seen that first crack occurs closer to the contact edge for

Fig. 8. Normalized crack spacing ðk=RÞ versus normalized coating thickness ðt=RÞ. Single points are the numerical results and solid line

is a linear fit. The error in k is ð�Þ half the finite-element size.

Fig. 9. The location of the first circumferential crack as a function of the coating thickness (a) and the corresponding indentation depth

(b) for two values of rmax. Discrete points are numerical results, lines are linear fits.
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thinner coatings and higher strengths. Moreover, the thicker the coating the larger the indentation depth
required to form the first crack.

A variation of the coating’s Young’s modulus Ec ranging from 200 to 500 GPa did not have any effect on
crack spacing. However, the location of the first crack and the corresponding indentation depth strongly
depend on Ec. The radial stress in the coating rqq is proportional to the degree of bending and to Young’s
modulus. Therefore, coatings of lower modulus require more bending or equivalently larger indentation
depths to reach the fracture strength and subsequently crack. Since the location of the maximum stress on
the coating surface increases with indentation depth (Fig. 4b), coatings of lower Young’s modulus crack at
larger radii as seen in Fig. 10. An increase in the coating strength rmax seems to be equivalent to a decrease
in the Young’s modulus in terms of location of the first crack and the corresponding indentation depth as
shown in Fig. 10. This suggests that the first crack radius and the corresponding indentation depth depend
on the ratio rmax=Ec which can be considered a measure of the critical strain for cracking. Contrary to the
Young’s modulus, the coating strength does have some influence on crack spacing. Strengths of rmax ¼ 5:5
and 16:5 GPa resulted in crack spacings of 1.2 and 1.8 lm, respectively.

The effect of the yield stress ry of the substrate is studied by comparing the results obtained using three
different values, namely, 0.5, 1.0 and 2.0 GPa. These values resulted in first circumferential cracks of radii of
5.6, 5.0 and 4.7 lm, respectively. The corresponding indentation depths did not deviate significantly from
the reference case, where h ¼ 0:5 lm. The crack spacing increased to 1.9 lm for ry ¼ 0:5 GPa, whereas it
decreased to 1.2 lm in the case of ry ¼ 2:0 GPa. The effect of the yield stress is explained in terms of the size
of the plastic zone. At the same indentation depth h, the lower the yield stress, the larger the plastic zone
size. The expansion of the plastic zone towards the surface is partially accommodated by bending of the
coating outside the contact region. Therefore, lower yield stresses tend to lead to larger radial location of
the maximum stress on the coating surface and therefore a larger crack radius. The corresponding larger
crack spacing is also explained by the same argument.

The effect of friction between the indenter and the coating on the location of the first crack and the crack
spacing is also investigated. In the case of perfect sticking contact conditions, the first crack occurred at
a radius r ¼ 5:5 lm and a corresponding indentation depth h ¼ 0:59 lm, instead of r ¼ 5:0 lm and

Fig. 10. The location of the first circumferential crack versus the corresponding indentation depth. Open circles are the numerical

results using Ec of 200, 300, 400 and 500 GPa, rmax ¼ 11 GPa. Stars correspond to values of rmax of 5.5, 8.25, 11 and 16:5 GPa,

Ec ¼ 500 GPa. Lines are quadratic fits.
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h ¼ 0:5 lm obtained previously in the case of perfect sliding contact. The crack spacing also increased from
1.5 to 2 lm when perfect sticking was assumed.

Souza et al. (2001) have experimentally investigated the spacing of indentation-induced cracks in tita-
nium nitride coatings on stainless steel substrates. They have used a Rockwell B indenter (R ¼ 795 lm) and
coating thicknesses of 0.4, 2.1 and 4.2 lm. They have found that cracks are almost uniformly spaced which
is consistent with our numerical results. The crack spacings observed for the various thicknesses were found
to be 1.5, 5.0 and 10.0 lm, respectively, so that k=R varies between 2:4t=R and 3:75t=R. However, these
experimental values are seen to be larger than those obtained in our calculations. There may be several
reasons for this discrepancy. One reason is the presence of residual compressive stresses of 0.7–1.5 GPa in
the coatings investigated by Souza et al. (2001), whereas in the current simulations, the coating is assumed
to be stress free prior to indentation. Another reason is the friction between the indenter and the coating
which is usually present in indentation experiments. In the presence friction, the crack spacing increases as
mentioned previously. In addition, the material parameters chosen in this study are not precisely those of
titanium nitride coatings on stainless steel substrates. Variation of these parameters has been shown above
to influence the crack spacing.

The coupling and reversibility in the cohesive law are also investigated. In the original Xu-Needleman
formulation (Xu and Needleman, 1993), the constitutive law of the cohesive zone is assumed to be re-
versible, so that the loading and unloading paths are the same. In this case, if a crack closes it heals and the
system recovers all the energy consumed. Even though this energy is very small in comparison with
the plastic dissipation, the effect of taking it into account is studied by using an irreversible version of the
tractions. Therefore, we modify the constitutive law by introducing a secant unloading branch as illustrated
in Fig. 11. If the opening velocity changes sign (unloading), the traction is assumed to decrease linearly to
zero as the opening diminishes to zero (Camacho and Ortiz, 1996). The same method is applied to the shear
traction. It should be noted that in the presence of coupling between the tractions, the formulation for
irreversibility would not be clear. Therefore, the effect of reversibility is studied by comparing the results
achieved when using reversible and irreversible uncoupled tractions. On the other hand, the effect of
coupling is investigated by studying the difference between using coupled and uncoupled reversible trac-
tions.

The results of coupled reversible tractions which has been used so far are compared to the results
obtained when using uncoupled reversible tractions; i.e., Tn ¼ TnðDn;Dt ¼ 0Þ and Tt ¼ TtðDt;Dn ¼ 0Þ (cf.

Fig. 11. Irreversible normal cohesive traction TnðDnÞ at Dt ¼ 0.
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Fig. 2). Three cracks were simulated and the location of the fourth one is predicted as explained in Section
4. The crack spacing is found to be 1.3 lm, which is less than the value of 1.5 lm found previously in
the presence of coupling. Moreover, additional cracks occur at smaller indentation depths compared to the
corresponding ones in the presence of coupling. This is demonstrated in Fig. 12. When a crack opens, the
shear strength is reduced in the presence of coupling as demonstrated in Fig. 2(b). The moment the crack
reaches the interface, it shears off by the shear stress which is present around the contact edge (Fig. 3c). The
shearing leads to some relaxation of the coating in the form of unbending. Compared to the uncoupled
tractions where shearing off does not occur, indenting to larger depth is required to arrive to the same
degree of bending and form an additional crack. Moreover, larger indentation depth means that the
maximum tensile stress on the coating surface occurs at a larger radius. This explains the larger crack
spacing in the case of coupling. Reversibility of the tractions does not seem to have any significant effect on
the results, even though we have noticed crack closure taking place (e.g. Fig. 5b). Uncoupled reversible and
irreversible tractions lead to almost indistinguishable load–displacement curves and to the same crack
spacing, k ¼ 1:3 lm.

6. Fracture energy estimates

Several researchers have tried to estimate the fracture energy from indentation experiments. One of the
approaches which has been used is to estimate the energy consumed to create the first circumferential crack
from the corresponding load drop or plateau on the load–displacement curve (Li et al., 1997; Li and
Bhushan, 1998; van der Varst and de With, 2001; Malzbender et al., 2000). In this section we will compare
the prediction of these methods with our numerical findings.

Li et al. (1997) have suggested an approach which is based on the idea that all the energy released upon
the formation of a crack, DU , is consumed in creating the crack with fracture energy /n per unit area. By
determining DU , the fracture energy can be estimated as

/est
n ¼ DU

2prt
; ð8Þ

with r the crack radius and t the coating thickness. Two methods have been suggested in the literature to
estimate DU from the load–displacement curve, as illustrated in Fig. 13. The first method (Li et al., 1997) is

Fig. 12. Load–displacement curve for uncoupled traction-separation laws in the cohesive zones compared to the coupled ones.
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to extrapolate the load in a tangential direction from the beginning to the end of the discontinuity. The
difference between the areas under the extrapolated curve and the discontinuous one (DU1 in Fig. 13) is
taken to be the estimate of the energy release. The second method (van der Varst and de With, 2001) es-
timates the energy release as half the cracking load Fc times the displacement jump Dh (DU2 in Fig. 13).
We here suggest a third method which estimates the energy release as half the cracking indentation depth
hc times the load jump (DU3 in Fig. 13). The second and third methods are borrowed from linear elastic
fracture mechanics for cracking under constant load and constant displacement (indentation depth), re-
spectively (Kanninen and Popelar, 1985).

We now use our numerical simulations to test the accuracy of the estimates obtained from Eq. (8).
Obviously, the values of the energy release estimated in the three methods are completely different and so
will be the estimated fracture energies. Based on our numerical results, Fig. 14 shows the estimated values
of the coating fracture energy for several values of /n and t. At low values of /n or t, the first method
underestimates the fracture energy, whereas the second and third methods give reasonable estimates. On the
other hand, at large values of /n or t, the second and third methods overestimate the fracture energy,

Fig. 13. Schematic load–displacement curve. DU1 to DU3 are different estimates of the energy release associated with a cracking event.

Fig. 14. Estimates for /n from Eq. (8). /est1
n , /est2

n and /est3
n are based on the energies DU1, DU2 and DU3 (cf. Fig. 13), respectively. (a)

Estimated values versus the actual ones for t ¼ 1:0 lm. (b) Estimated values versus the coating thickness for /n ¼ 30 J/m2. In (a) and

(b) single points are numerical results and lines are linear fits.
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whereas the estimation by the first method seems reasonable. Therefore, estimations of the coating fracture
energy from indentation experiments might lead to values different from the actual ones by as much as one
order of magnitude. The origin for the discrepancy is the fact that the estimates assume linearity of the
problem, while in fact it is quite nonlinear because of the energy dissipation in the plastic zone in the
substrate. Nevertheless, it is interesting to note the proportionality between the normalized estimated values
and the actual ones and the coating thickness.

7. Concluding remarks

In this paper, cracking of hard coatings on elastic-perfectly plastic substrates during indentation has
been studied using the finite element method. Cracking of the coating was simulated by assuming single or
multiple planes of potential cracks across the coating thickness at pre-determined radial locations prior
to indentation. These planes are assigned a finite strength and modeled by means of cohesive zones. The
interface between the coating and the substrate was also modeled by means of cohesive zones but with
interface properties.

The emphasis was on circumferential cracks which initiate from the coating surface outside the contact
edge and advance towards the interface. The initiation and advance of such cracks is imprinted on the load–
displacement curve as a sudden load drop (kink). The larger the crack radius, the larger the load drop, since
the energy released by the crack is proportional to the crack area. After initiation, the crack advances almost
spontaneously across the coating thickness and stops just before reaching the interface as a result of a
compressive stress at that side. With further indentation, the tensile region under the indenter expands and
when it encompasses the crack tip, the crack advances until the interface creating a complete through-
thickness crack. This is also imprinted on the load–displacement curve by a relatively smaller load drop. For
several coating thicknesses, the ratio of the crack radius to the instantaneous contact radius was found to
increase linearly with the coating thickness. The smaller the coating thickness, the closer this ratio is to unity.

With further indentation, successive cracking occurs at larger radii, which each additional crack also
imprinted on the load–displacement curve as a kink. The crack spacing was found to be predominantly
controlled by the ratio of the coating thickness to the indenter radius. For a fixed indenter radius, the crack
spacing is of the order of the coating thickness. Variation of the coating Young’s modulus did not show any
influence on crack spacing, whereas spacing increased with the coating strength and decreased with the
substrate yield stress. Coupling and irreversibility of the cohesive tractions were also investigated. The
presence of coupling was found to slightly increase crack spacing. Moreover, additional cracking occurs at
higher indentation depths compared to uncoupled tractions. Reversible and irreversible cohesive tractions
have led to almost indistinguishable results in terms of crack spacing and load–displacement data. The
predicted crack spacings are consistent with those obtained in recent experiments by Souza et al. (2001).

Finally, it has been shown that estimation of the coating fracture energy from the first crack area and
corresponding load drop, as commonly done in indentation experiments, leads to values different from the
actual ones by as much as one order of magnitude. The reason for this is that a small portion of the energy
release is consumed by the crack, while the rest of the energy is consumed by the accompanied plastic
dissipation in the substrate.
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