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bstract

he aim of the present work was the determination of the fracture mechanisms in glass–alumina functionally graded materials (FGMs). The
nvestigation was performed by means of a combined approach based on microscale computational simulations, which provided for an accurate

odelling of the actual FGM microstructure, and experimental analysis. The numerical results proved that microstructural defects, such as pores,
eeply influenced the damage evolution. On the contrary, the minimization of the mismatch in the coefficients of thermal expansion of the ingredient

aterials allowed to obtain low thermal residual stresses, which did not relevantly affect the crack propagation. In order to support the numerical
odel, microindentation tests were performed on the cross-section of FGM specimens and the experimentally observed crack paths were compared

o the computationally predicted ones.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

Functionally graded materials (FGMs) are multi-phase sys-
ems, whose composition and/or microstructure are not uniform
n space, but vary following a pre-determined profile.1,2 The
radual compositional change yields a spatial gradient of mate-
ials properties and functions, which distinguishes function-
lly graded materials from traditional composites. If properly
esigned, the introduction of a smooth variation may signif-
cantly reduce the large-scale stress singularities which usu-
lly arise at sharp interfaces between heterogeneous materials.3

unctionally graded materials are currently used in several appli-
ations, especially if the thermo-mechanical loading conditions
re not uniform in space, since the gradient of microstructure and
elated properties can be tailored to the service requirements.4

herefore, they are used as thermal barrier coatings for nuclear
eactors, turbine blades and internal combustion engines, but

hey are also applied in machine tools, earth moving equipments
nd military armour.5 Functionally graded materials are also
idely employed in microelectronic devices, aerospace vehicles
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nd bioactive implants.1 Most of all, FGMs are successfully used
s protective coatings in order to face problems of contact dam-
ge. For example, in glass–alumina functionally graded mate-
ials the gradual variation in Young’s modulus may prevent the
ormation of Hertzian cone cracks, due to stress redistribution.6

he resistance to sliding-contact may be optimised as well.7

In order to carry out a proper microstructural design, great
ttention has been recently devoted to the FGM microstructure–
roperty relationship. In graded materials the definition of this
elation is more complex than in traditional composite materi-
ls, since the global property values cannot be related to a single
icrostructural parameter (e.g., reinforcement volume fraction

n not graded composites). As a consequence, many researchers
ave been looking for the connection between the FGM overall
ehaviour and a function describing the compositional variation
ver the whole component.8 Nevertheless, the FGM microstruc-
ure is usually discrete and stochastic, since distinct domains of
eterogeneous composition can be identified at the microscale.
his means that, even if the compositional gradient is the same at

he macroscale, the domains of the constituent phases may have

ariable placements at the microscale. Dao et al.9 proposed a
rst computational micromechanics model to evaluate the effect
f discreteness and randomness on thermal residual stresses at
he grain size level. On average, the micromechanics approach
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Table 1
Ingredient materials properties13

Ingredient
materials

Young modulus
(GPa)

Poisson
ratio

Thermal
expansion
coefficient (◦C−1)

Fracture
toughness
(MPa m1/2)
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The effect of the microstructural details on the crack propaga-
tion was analysed and the possible toughening mechanisms were
evaluated.
068 V. Cannillo et al. / Journal of the Europ

redicted the same macroscopic stresses given by a continuous
odel, which assumed that the materials properties changed in
continuous way. Yet the micromechanics model highlighted

elevant residual stress concentrations at the grain size level,
hich could initiate local damages and eventually lead to large-

cale failures. This investigation, however, used square “building
locks” in order to generate the discrete microstructures. In other
ords, the model geometry described the microstructural grains
ith square elements.9 However, in this kind of approach, the
odel geometry neglected the actual microstructural features,

uch as real grain shape or local defects, and pores were not
onsidered.

The target of the present work was to analyse the effect of the
ctual FGM microstructure taking into consideration all its fea-
ures. In particular, this research was focused on a glass–alumina
ystem. In fact, though in the past functionally graded materi-
ls typically included at least one metal phase,10,11 currently
eramic–ceramic and glass–ceramics systems are the object of
oncentrated researches due to their interesting potentialities. In
he present study, a CaO–ZrO2–SiO2 glass was used, since the
lasses belonging to this ternary system usually show interest-
ng mechanical properties, such as a high Young’s modulus and
relatively good fracture toughness (KIC).12–14 Moreover, the

bsence of Al2O3 in the glass composition was helpful to char-
cterize the resulting functionally graded materials, since it was
asier to distinguish the glass domains and the alumina grains,
or example, by scanning electron microscope–X-ray energy dis-
ersion spectroscopy (SEM–EDS) analysis. Finally, in order to
educe the mismatch in thermal properties, the glass compo-
ition was carefully formulated thus achieving a coefficient of
hermal expansion similar to that of the alumina.

The microstructure-dependent crack growth in such
lass–alumina functionally graded materials was investigated
ia a microscale computational modelling. The simulations were
arried out by using OOF,15,16 an innovative finite element code,
hich is able to read microstructural images and materials prop-

rties as input data. The numerical model, which can be built
n the basis of such data allows to evaluate the effect of the
onstituent phases and pores. The crack propagation was sim-
lated by coupling the finite element method with the Griffith
heory.15 The effect of the thermal residual stresses induced by
he fabricating process was also considered and the results were
ompared with the ideal case of a stress-free system.

. Experimental

The preparation and experimental characterization of the
ngredient materials – glass and alumina – and the function-
lly graded materials were accurately described in a previous
ork.13 The relevant properties of the ingredient materials are

ummarized in Table 1. The functionally graded materials were
btained by means of glass percolation into the alumina sub-
trate, which was induced by a proper thermal treatment. The

amples were heated up to 1600 ◦C and left at this temperature
or 4 h. After this treatment the FGM specimens were taken out
rom the furnace at 1000 ◦C and cooled down in the air in order
o avoid the crystallization of new phases.13,14

F
e
n

lass 96 0.27 8.65 × 10−6 0.90
lumina 358 0.20 8.18 × 10−6 2.60

A functionally graded material was cut and the cross-section
as observed by using a SEM. The microscopy observation,

oupled with a local chemical analysis, revealed that the glass
nfiltrated the alumina reaching a depth of at least 800 �m. The

olar percentages of Al2O3 and SiO2 – the latter being consid-
red as a marker of the glass – were measured as a function of
epth, but the trend was not strictly monotonic. This result, how-
ver, is reasonable, since the FGM microstructure is discrete and
andom, while the EDS chemical analysis is a punctual measure-
ent technique. The microstructural investigation, moreover,

evealed the presence of defects, such as pores, which had not
een completely filled by the glass, as illustrated in Fig. 1.

In order to point out the microstructural details, a FGM slice
as chemically etched with a 4% hydrofluoric acid for 10 s at

oom temperature. This chemical etching removed the glass,
ut did not attack the alumina grains. The cross-section was
bserved under the SEM as well, several digital images were
cquired and then joined via an image-elaboration software. This
peration allowed to obtain a picture of the entire profile, repro-
ucing a 100 �m wide, 800 �m deep cross-section area.17

Finally, a FGM sample was suitably cut, embedded in unsat-
rated polyester resin and carefully polished. Then Vickers
icroindentations (REMET HX-1000) were carried out on to

he FGM cross-section by applying a load of 1000 gf for 15 s. The
ross-section was observed by using a SEM, devoting particular
ttention to the crack paths engendered by the microindentations.
ig. 1. Detail of a BSD-SEM image of the FGM cross-section (not chemically
tched); the image refers to a microstructural defect, that is a pore which was
ot filled by the glass.
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. Microscale modelling

The microscale modelling was performed by using OOF,15

n image-based finite element code. As a matter of fact, this
oftware is able to directly acquire microstructural images,
uch as SEM micrographs, and create 2D finite element
eshes.
Since this computational tool is able to operate at the

icroscale, it is possible to correlate materials properties to
icrostructure. As a consequence, OOF has been widely used

n the past in order to investigate heterogeneous systems such
s composite materials. Hsueh et al., for example, studied
he stress transfer mechanism in platelet-reinforced composite

aterials.18 The same authors also investigated thermal bar-
ier coatings, devoting particular attention to the residual stress
istribution and the effect of superficial irregularities.19,20 Zim-
ermann et al. analyzed the thermal residual stresses which
ay arise in ceramic materials because of their thermal expan-

ion anisotropy.21 A second work was dedicated to the damage
ropagation in brittle polycrystalline materials.22 Zimmermann
t al. used OOF in order to model the fracture mechanism in
extured anisotropic ceramic systems.23 Vedula et al. modelled
he residual stress distribution and spontaneous crack propa-
ation, which may be caused in a polycrystalline alumina by
temperature decrease.24 Saigal et al. analyzed the microc-

ack propagation in iron titanate25 and the distribution of inter-
al stresses in aluminum–silicon alloys.26 Cannillo and Carter
pplied OOF to the evaluation of the reliability of compos-
te and heterogeneous systems.27 Cannillo et al. simulated the
lastic behaviour and damage evolution in porous glasses.28

oreover, Cannillo et al. investigated glass matrix compos-
te materials, reinforced by means of alumina platelets29–31

nd molybdenum particles.32 Wang et al.33 applied OOF to
EM micrographs in the intent of investigating the effect of
ores and interfaces on the effective properties of plasma-
prayed zirconia coatings, such as elastic modulus and thermal
onductivity. In particular, this microscale model was com-
ared with an alternative computational approach, based on
n experimental measurement of porosity and a subsequent
rtificial graphical re-building of the microstructure. Finally,
n a previous work,34 OOF was used in order to analyse the
hermal residual stresses in glass–alumina functionally graded

aterials.
The simulations carried out in this research focused on

racture mechanisms in functionally graded materials, which
s a crucial theme in order to evaluate their reliability. With
his aim, the SEM picture of the complete FGM profile was
ead by the pre-processor, the constituent phases were identi-
ed and the respective materials properties were assigned in
ccordance with Table 1. Then the microstructural image was
apped onto a 2D finite element mesh. Since the SEM obser-

ations confirmed the presence of some residual porosity in
he FGM cross-section, pores were considered as a third con-

tituent phase, along with the alumina and the glass. The mesh
as created with triangular elements, having about 92,000 ele-
ents. A detail of a microstructure-based grid is represented in
ig. 2.

i
a
o
b

Fig. 2. Finite element mesh (detail located just beneath the surface).

The crack propagation was computationally predicted by
oupling the finite element method, applied at the microscale,
ith the Griffith theory. In OOF, according to the Griffith crite-

ion, a crack propagates if the total surface energy required for
he creation of the new surfaces can be supplied by the elastic
eformation energy stored in the body.15

In the simulation, the sample is loaded and the energy balance
s computed. If the Griffith condition is satisfied, the stiffness

atrix of the cracked element is reduced according to a specific
arameter, which is usually assumed equal to 0.01. Such pro-
edure allows to track the damage evolution up to the complete
ailure of the system, which is assumed when a crack propa-
ates from one boundary of the mesh to the opposite one. In the
resent study, a unidirectional loading was applied parallel to
he infiltration direction and crack patterns were determined.

Moreover, since the alumina and the glass have similar but not
dentical coefficients of thermal expansion, the thermal residual
tresses that may arise during fabrication were considered. As a
atter of fact, below the glass transition temperature the glass

iscosity is so high that the thermal stresses cannot be relaxed:
n particular, the critical step of the fabricating process was the
nal cooling down, between the glass transition temperature,
hich was measured to be 790 ◦C,13 and room temperature. The

esulting value and distribution of the thermal residual stresses
ere thoroughly studied in a previous work.34 In order to account

or the effect of thermal residual stresses on crack propagation, in
second simulation a drop of temperature of −770 ◦C was set to
imulate cooling, then the thermal stresses were calculated and
he fracture mechanisms were analysed by loading the system as
n the previous case. Fracture paths obtained both considering

nd neglecting the thermal residual stresses were compared in
rder to evaluate the effect of the thermal history on the FGM
ehaviour.
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. Results and discussion

The effect of microstructural details on crack propagation
n glass–alumina FGMs was investigated. In fact, the com-
utational simulations were performed on the microstructure-
ased column-like image of the FGM cross-section obtained

s described in the previous paragraph. The model, therefore,
mplicitly accounts for the real graded distribution of the con-
tituent phases, since the image clearly shows that the glass
olume fraction decreases as a function of depth.13,17 In a

Fig. 3. Damage evolution in the FGM cross-section (strain = 0.4%).

Fig. 4. The simulations performed reveal the influence of microstructural details
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a) on the fracture mechanisms. In fact cracks are likely to initiate ahead of
ores (b, strain = 0.4%) and then propagate throughout the glass domains(c,
train = 0.6%).

revious contribution,17 an analogous column-like picture was
sed to evaluate the compositional profile, which resulted to
e parabolic. Moreover, the SEM acquired photographs also
nclude microstructural defects, such as pores, which may deeply
nfluence the crack propagation.

An example of a typical crack path is shown in Fig. 3.
The simulations performed suggest that pores act as crack-

riggers, as the first elements to fail are preferentially located
ext to pores, especially the larger ones; as a matter of fact,
ores are the weakest link in the microstructure.35 Then cracks
re likely to propagate through the glass phase, as depicted in
ig. 4. In fact, the glass is weaker than the alumina, which in turn
as a higher value of the fracture toughness (KIC) as reported in
able 1, and therefore, it is reasonable that cracks preferentially
ropagate through the glass phase. Accordingly, the simulations
how that the first cracks in the FGM cross-section develop in
he area at about 400 �m of depth, where the glass phase is
till abundant but the pores are not completely filled. It is only
hen the applied load is increased that cracks propagate also in

he superficial area, which is characterized by the highest glass
olume fraction but is devoid of pores, and in the deeper area,
hich is still defective but really rich in alumina.
Though the glass toughness is lower than the alumina one,

he glass penetration into the alumina substrate results into a
oughening mechanism, since it establishes a complex crack

echanism by modifying the damage evolution of the pure alu-
ina. In particular, the glass phase plays a double role: since

he glass is mechanically weaker than the alumina, cracks pref-
rentially move throughout the glass domains, thus following a
ortuous path; on the other hand, the glass partially fills the alu-
ina pores, which are likely to initiate cracks. By the way, some
imulations carried out on the pure alumina cross-section show
hat the superficial area (up to about 300 �m of depth), whose
ores are not filled by the glass, is more severely damaged than
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he correspondent area of the FGM cross-section (under the same
pplied strain).

In conclusion, the simulations confirm that the FGM
icrostructure morphology deeply influences the damage evolu-

ion: the crack propagation is governed by the constituent phase
istribution and gradient.

As already mentioned, in order to evaluate the effect of ther-
al residual stresses on the crack propagation, the simulation
as repeated by setting a temperature decrease equal to −770 ◦C
efore mechanical loading. The results, however, do not signif-
cantly differ from those previously found. A comparison of the
amage evolution in the examined structures, with and without
hermal residual stresses, is shown in Fig. 5. A quantitative anal-
sis of the predicted data is presented in Fig. 6; the graphs were

onstructed by plotting the fraction of fractured elements, which
s a damage parameter, as a function of the applied strain. The
imulation proves that, since the thermal residual stresses are
ery low in value, they can be neglected due to their reduced

ig. 5. The damage evolution in the FGM cross-section is not deeply influenced
y the thermal residual stresses, which are really low in value due to the min-
mized mismatch in thermal properties of the alumina and the glass: (a) crack
ropagation with thermal residual stresses and (b) crack propagation without
hermal residual stresses.

Fig. 6. The damage parameter as a function of the applied strain was calculated
w
c
i

e
u
m
m

s
t
m
t
f
d
l
c
a
a
c

F
f
A
p

ith (dashed line) and without (solid line) thermal residual stresses (TRS). The
omparison between the graphs show that the residual stresses, which are low
n value, do not affect the crack propagation.

ffect on fracture propagation. Actually, the glass composition
sed in this work was carefully designed in order to reduce the
ismatch in thermal properties of the ingredient materials, thus
inimizing the residual stresses.34

Thus, it can be remarked that, according to the numerical
imulations, the fracture mechanisms in the investigated func-
ionally graded material are marginally influenced by the ther-

al residual stresses, which are really low in value thanks to
he optimisation of the ingredient materials. On the contrary,
abrication-induced defects, such as residual pores, govern the
amage evolution, acting as crack-triggers. Moreover, the evo-
ution of the crack paths is influenced by the interplay of the
onstituent phases. In particular, the glass is a preferential prop-

gation site, since it is less tough than the alumina, but it plays
beneficial role by filling some pores and inducing a complex

rack mechanism.

ig. 7. The microindentations of the FGM cross-section (load of 1000 gf applied
or 15 s) were investigated devoting particular attention to the crack propagation.
s indicated by the arrow, the cracks induced by the microindentations usually
ropagate towards pores.
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9. Dao, M., Gu, P., Maewal, A. and Asaro, R. J., A micromechanical study
ig. 8. Comparison between the damage evolution predicted via the compu-
ational modelling (a) (strain = 0.6%) and the experimental results (b). Cracks
referentially start from and propagate towards pores.

The experimental evidence provided by the microindentation
ests supports such computational results. An example of the
racks propagating from the indents on the functionally graded
aterial cross-section is shown in Fig. 7. A direct compari-

on between a typical experimental crack path and a simulated
ne is represented in Fig. 8. Of course, the loading conditions
re different in the numerical model and in the experimental
pproach. Nevertheless, as predicted by the microscale simu-
ations, the cracks induced on the FGM cross-section prefer-
ntially evolve starting from pores and moving towards pores.
oreover, the experimentally observed crack paths are likely

o develop along the alumina grain boundaries, where the glass
s usually located,36 as predicted by the numerical model. The
ood qualitative agreement between simulations and experimen-
al observations confirms the reliability of the approach.

. Conclusions

This work aimed at investigating the damage evolution
n glass–alumina functionally graded materials by means of

icroscale simulations supported by experimental analysis.
The FGM specimens, obtained via glass percolation into an

lumina substrate, were observed by means of a scanning elec-
ron microscope. The microstructural investigation of the FGM
ross-section, besides confirming the glass penetration, clearly

evealed the presence of residual pores, which were not filled by
he glass. The images acquired during SEM observation were
irectly mapped onto 2D finite element meshes, thus providing
or an accurate modelling of the actual system microstructure.

1

Ceramic Society 26 (2006) 3067–3073

hen the crack propagation was simulated by coupling the finite
lement method with the Griffith theory. The numerical tests
emonstrated that pores act as crack-triggers, since the first
ailures occur ahead of pores. Furthermore, cracks preferen-
ially propagate through the glass phase, which is mechanically
eaker than the alumina. The computational predictions sug-
est that the damage evolution in the present system is not
ignificantly influenced by thermal residual stresses; this result,
owever, depends on the minimization of the thermal stresses,
hich was achieved via a proper glass formulation. On the

ontrary, the fracture mechanism is deeply influenced by the
istribution of the ingredient materials and by the presence of
icrostructural defects such as pores.
Though the microscale model is two-dimensional, the numer-

cal simulations agree well with the experimental evidence. As
matter of fact, the FGM cross-section microindentations cause
racks, which propagate from pore to pore, thus validating the
omputational simulations.

To conclude, a faithful simulation of crack propagation
hould account for real microstructural details, such as pores
nd phase distribution, which may deeply influence the system’s
verall behaviour. The computational approach applied in this
ork fully satisfies this requirement and ensures a good relia-
ility, thus providing a useful tool to model functionally graded
aterials and complex multiphase systems.
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