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bstract

ontact damage is a key aspect in the structural integrity of ceramics, particularly ceramic coatings and multilayers that may have an elastic
ismatch. An understanding of the critical load and trajectories of the crack produced by contact loads in such materials is valuable to characterize

he damage tolerance and improve their reliability. In this work, the Hertzian cone crack initiation and propagation in brittle bilayers has been
tudied by FEM and verified by experimental observations. It was concluded that the elastic mismatch affects the crack initiation position and

ritical load for cone cracking. Critical loads are lower in bilayers than in monolithic materials. Cone crack trajectory and the corresponding fracture
nergy release rate are also affected by the elastic mismatch, which thus influences the damage tolerance of the system.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramic materials present interesting mechanical proper-
ies for surface loading applications such as high hardness,
ear resistance, chemical inertness and high stiffness. However

heir intrinsic brittleness makes them sensitive to small flaws.
ince fracture is controlled by the size of natural crack-like
efects, this translates into a large scatter in the strength and
ow reliability in service. In order to overcome such a weak-
ess, one strategy is to use ceramics as surface layers, either
n a tougher substrate or in multilayer architectures. Multilay-
red ceramics improve the damage tolerance, for example, by
rack deflection,1,2 residual stresses,3–6 phase transformation7

r porosity.8 Thanks to their enhanced mechanical properties,

eramic multilayers can be employed in structural applications,
ven where severe loadings can be expected. Among these,
he most common ones exploit the other good properties of
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eramics, such as wear resistance, and therefore involve contact
oading.

Contact loading in brittle materials, while not being the usual
nal cause of failure in components, produce damage and cracks

n the material which act as initial flaws for subsequent crack
ropagation and ultimate fracture.9,10 Very often, contact load-
ng takes place by a blunt contact, and the usual framework to
tudy such type of damage is by Hertzian indentation,11 either
ith a sphere or a flat punch.12The inhomogeneous, high-graded

tress field generated in Hertzian indentation represents satisfac-
orily the contact loading in service. It is worth mentioning that
ndentation techniques can also be used for extracting local prop-
rties of materials since they probe small volumes of materials.

Damage produced by such type of loading on monolithic
aterials can be classified as brittle or quasi-plastic, the former

eing characterized by ring-cone cracking starting from the con-
act zone,11,13 the latter by inelastic deformation by shear-driven

icrocracking beneath the indenter.14

In layered materials, the monolithic contact stress field is

odified by the presence of the residual stress field and by the

resence of interfaces which give rise to a number of modes
f damage, which can start at different locations: (a) from the
urface as a ring crack,15 as in the monolithic case, or as a remote

dx.doi.org/10.1016/j.jeurceramsoc.2011.04.032
mailto:emilio.jimenez@upc.edu
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ing, due to the stress field modification; (b) at the interface as
adial cracks; (c) within either the substrate or the coating as
lastic or quasi-plastic yield.16 An excellent analysis of the radial
nd remote-cone cracks initiation was presented by Chai.17

Recent studies have proved that laminated materials present
n enhanced resistance to contact loading, both under static and
yclic loadings.13,18 In terms of fracture mechanics, it has also
een shown that the cone crack angle and length may be severely
odified in these materials compared to monolithic ceramics,

oth by the R-curve behaviour and the residual stresses.19 It
s thought that even in absence of such phenomena, the mere
lastic mismatch between the first and second layer may have a
emarkable influence on the crack formation.

In this work, we have studied the effect of the elastic mismatch
etween an upper brittle layer (labelled as coating) of a thickness
n the order of magnitude of the contact diameter and a second
ayer (labelled as substrate) on the critical load for ring-cone
rack formation and on the crack path.

This was carried out by means of an automated Finite Element
odel of crack propagation, described in detail elsewhere.19

flat-punch indentation was applied to coatings of thickness
pproximately half the indenter radius, and with an either stiffer
r more compliant substrate. The critical load for ring crack for-
ation, its initial radius and growth stability, and the cone crack

ropagation inside the coating are affected by the stress modi-
cation. The values and considerations inferred by simulations
ere verified by experimental observations on a model material
f glass stacked on either alumina or PMMA. The objective of
he study was to analyse the influence induced by such cracks
n the damage tolerance of the component.

. Experimental procedure

Flat punch indentation was performed on a universal testing
achine, with a WC-Co 2.5 mm-radius indenter on two bilayer

omposites, consisting of a 1 mm thick glass layer, referred to as
coating layer” (Young’s modulus Ec = 72 GPa, Poisson’s ratio
c = 0.18), and either a stiff substrate of alumina (Es = 380 GPa,
s = 0.25) or a compliant substrate of PMMA (Es = 3 GPa and
s = 0.3), for Ec/Es ratios of 0.19 and 24, respectively. The output
f the test was the critical indentation load for the appearance
f the first crack, determined through an iterative procedure;
he crack radius was measured after the test with an optical

icroscope.
Finite Element simulation was carried out by means of

n automatic model of crack propagation, whose details are
eported elsewhere,19 created on the commercial software
BAQUS, version 6.7, powered by the use of the built-in pro-
ramming code Python. A model of the studied systems was
reated automatically based on the input geometry, the appro-
riate boundary conditions were applied, and the mesh was
enerated automatically. The mesh was highly inhomogeneous,
ner in the zones of higher stress gradient, at the contact zone and

t the crack tip. Such local refinement was obtained through a 3-
o-1 elements transition. A short crack (typically 7 �m long) was
laced close to the contact area, and flat punch indentation was
imulated by vertical displacement of the nodes corresponding

f
i
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o the contact zone. The corresponding indentation load was cal-
ulated from the reaction force at the same nodes. The fracture
nergy release rate G and the stress intensity factors KI, KII were
alculated at the crack tip from a contour integration, as a direct
utput of the software. For a general approach, the substrate
oung’s modulus was considered a parameter, ranging from 9

o 1728 GPa, so that the Ec/Es ratio varied between 0.125 and
4.

The analysis followed two steps: the initial radius and critical
oad for each value of Ec/Es were determined by varying the for-

er and finding the location of highest fracture energy release.
ince the model assumes purely elastic materials, it was possible

o calculate the corresponding indentation load indirectly after
ne simulation, following the approximate relation

Pc

P
∝

√
Gc

G
(1)

he critical fracture energy was taken as Gc = 9.5 Jm−2, as calcu-
ated from the known fracture toughness by means of the known
elation:

c = K2
Ic

E
(1 − υ2) (2)

he initial radius and load thus calculated were used for sim-
lation of crack propagation. The model described above was
pdated iteratively with small increments of the crack length
long the kinking direction, defined20 as

= −2
KII

KI
(3)

rack propagation was carried on until the crack tip was at a
hort distance from the interface, where the contour integration
ould have been ill defined.
The accuracy of the comparison with experiments was hin-

ered by the simplification of assuming only brittle cracking
n the simulations, but this on one hand is not unreasonable,
ecause all the materials chosen present prevalently brittle frac-
ure, and on the other hand was necessary for the sake of
implicity.

. Results and discussion

Crack formation and growth under blunt contact is caused
y tensile stress near the indentation area. The presence of a
ubstrate with a different Young’s modulus from the coating
odifies the peak values of such tensile stress and its location,

ecause a redistribution of the stress field takes place towards
he stiffer layer. The consequence is that, both the critical load
ecessary for the surface ring crack formation and the corre-
ponding initial crack radius are modified. This is confirmed
y the simulations of crack initiation, shown in Fig. 1, where
he critical load necessary for cone crack propagation (i.e. to

ulfil the relation G > Gc) is shown as a function of the start-
ng radius for several Ec/Es ratios. A summary of the results is
resented in Fig. 2 in terms of this latter parameter. It can be
een that the lowest loads correspond to the highest Ec/Es ratios,
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Fig. 1. Critical load necessary for crack propagation as a function of the starting
position, assuming a 7 �m long initial defect, for values of Ec/Es ranging from
0.125 to 24. The bold curve indicates the case of homogeneous material.
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ig. 2. Critical load for cone crack formation as a function of the Ec/Es ratio.

s could be expected from the larger compliance of the sub-
trate, which causes a bending-like deformation of the indented
ayer16; however, as Ec/Es becomes smaller than one, the criti-
al load becomes lower again. This is attributed to the constraint
nduced by the stiff substrate, which concentrates the stress near
he contact zone.

Experimental measurements of the critical load were in
greement with the predicted values, as shown in Table 1. The
rend of crack starting position variation was also confirmed,
lthough with some difference in the absolute values. Typical
racks from both systems are shown in Fig. 3, where the presence
f other crack systems can be seen, especially in the glass/Al O
2 3
ilayer, which are thought to be the reason for the mentioned
iscrepancy.

a
f

able 1
xperimental and numerical critical load for the appearance of ring crack and corresp

Ec/Es Pc [N]

Exp

lass/PMMA 0.19 1450
lass/Al2O3 24 5650
ig. 3. Typical ring cracks (a) in the glass/PMMA bilayer and (b) in the glass/
l2O3 bilayer.

The crack geometry is affected by the elastic mismatch, as it
an be seen in Fig. 4, where the crack trajectories are presented
or the studied range of the elastic mismatch. Although the
esults are slightly dependant on the initial crack size assumed,
here is a transition from the classical cone crack on mono-
ithic materials, with initial radius close to the contact area,
o a “remote cone crack” as the substrate elastic modulus
ecreases, which has been already reported before.17 The dif-
erent geometry is attributed to the stress field: the first principal
tress trajectories are almost parallel to the surface far from the
ndented zone, so that the first propagation is almost straight,
nd the outward curvature begins when the crack approaches
he layers interface, due in this case to the elastic mismatch.
lastic mismatch is also responsible of the geometry variation
c s

lmost the same for values from 0.125 to 0.5, a strong deviation
rom the classical constant-angle geometry can be observed for

onding initial crack radius, for the studied systems.

r [�m]

FE Exp FE

2017 3040 ± 56 2625
5417 4370 ± 602 5250
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Fig. 4. Cone crack trajectories corresponding to values of the ratio Ec/Es ranging fro

Fig. 5. Fracture energy released throughout the crack propagation for several
v
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alues of the Ec/Es ratio, as reported in the figure. The bold curve indicates the
ase of homogeneous material.

ong-enough cracks, with a kink at approximately half the coat-
ng thickness, kink that is more pronounced as the mismatch is
arger.

The fracture energy release rate, normalized against the criti-
al value Gc necessary for crack propagation, is shown in Fig. 5
s a function of the crack length. Whenever the energy released
as lower than the critical value, a small load increment was

pplied to produce stable growth, which results in saw-shaped
egions.

For Ec/Es > 1 (stiffer coating), the behaviour is different with
espect to the classical cone crack, since the classical 4-branched
hape21 is absent. Instead, there is only one maximum, so that
ropagation is unstable throughout the straight portion, while
he successive energy drop is associated with the change in the
ath angle shown in Fig. 4.

A different behaviour can be seen for the lower values of
c/Es. Because of the reduced starting radius, the ring-shaped
ortion of the crack is shallower, and Gc is lower, falling
oon below the critical value, so that the crack propagation
ecomes stable. An unstable branch follows, until, similarly to
he Ec/Es > 1 case, grows smaller and falls again below Gc when
he crack approaches the substrate.

. Conclusions
A Finite Element study was conducted to study the influence
f the elastic mismatch on the response to Hertzian indenta-
ion of brittle bilayers. The cone crack generated by flat punch
m 0.125 to 24. The bold curve indicates the case of homogeneous material.

ndentation was simulated by means of an automated model
f crack propagation, and the following considerations on the
nfluence on damage tolerance were drawn:

. Both a compliant and a stiff substrate reduce the critical load
for ring cracking of a brittle coating, compared to the same
material taken as a monolith, or to a coating much thicker
than the indenter diameter.

. As Ec/Es increases, the cone crack geometry changes towards
a remote cone configuration which, because of its unstable
propagation, can be immediately detrimental for the struc-
tural integrity of the component. In addition, the crack angle
is much higher (i.e. the crack is perpendicular to the surface),
which may result in a more harmful initial flaw, for a given
crack length.

. Low values of Ec/Es, despite favouring fracture initiation,
improve the resistance to cone crack propagation, because
of two stable branches at both short and long crack length.
Therefore, although less resistant to initial growth of a flaw
produced by contact loading, low values of Ec/Es will pro-
duce short, detectable cone cracks with a lower angle which
will be less harmful to the structural integrity of the compo-
nent.
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