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bstract

ayered ceramics have been proposed as an alternative choice for the design of structural ceramics with improved fracture toughness, strength and
eliability. The use of residual compressive stresses, either at the surface or in the internal layers, may improve the strength as well as the crack
esistance of the material during crack growth. In this work, two alumina–zirconia laminates designed with external (ECS-laminates) and internal
ICS-laminates) compressive stresses have been investigated using a fracture mechanics weight function analysis. An optimal architecture that

aximises material toughness and strength has been found for each design as a function of geometry. From a flaw tolerant viewpoint, ECS-laminates

re suitable for ceramic components with small cracks or flaws which are embedded in or near the potential tensile surface of the piece. On the
ther hand, the existence of large cracks or defects suggests the use of ICS-laminates to attain a more reliable response.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

The increased number of engineering design constraints,
riven by the growing product requirements, as well as the
reater range of advanced materials now available face the
esigner with complex choices for selecting a material to meet
he performance of a particular system. The outcome of com-
etition between various classes of materials is given not only
y the combination of their intrinsic properties but also by the
rocessing capability that they may offer for being tailored for
pecific tasks. The development and implementation of multilay-
red ceramics for structural applications is an excellent example
f the above design and material selection approach.1–4

Layered ceramic composites have been proposed as an alter-
ative design to enhance the strength reliability of ceramic
omponents as well as to improve their fracture toughness by
eans of energy release mechanisms, such as crack deflection
r crack bifurcation.5–10 A direct consequence of these energy-
issipating toughening mechanisms, which reduce the crack
riving force at the crack tip, is the development of an increas-
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ng crack growth resistance, i.e. R-curve behaviour. Ceramics
hat exhibit this behaviour can show not only reduced scat-
er in fracture strength (higher reliability) but also, in some
ases, higher fracture loads compared to brittle materials with
o crack-growth resistance. A commonly used multilayer design
s that which combines layers with different densification dur-
ng cooling from the sintering temperature, yielding as a result

tensile-compressive residual stress distribution in the lami-
ate. The specific location of the compressive layers, either at
he surface or internal, is associated with the attempted design
pproach, based on either mechanical resistance or damage
olerance, respectively. In the former case, the effect of the com-
ressive residual stresses results in a higher, but single-value,
pparent fracture toughness together with enhanced strength
the main goal) and some improved reliability.11–13 On the
ther hand, in the latter case, the internal compressive layers
re microstructurally designed to rather act as stopper of any
otential processing and/or machining flaw at the surface lay-
rs, independent of original defect size (threshold strength), such
hat failure tends to take place under conditions of maximum

rack growth resistance.14–17 From this viewpoint, much effort
as been put in the fabrication of laminates with a tailored resid-
al stress profile arising from mismatch of elastic properties and
hermal expansion coefficients between layers, selective phase

mailto:raul.bermejo@mu-leoben.at
dx.doi.org/10.1016/j.jeurceramsoc.2007.11.003
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temperature below which the residual stresses arise (considered
to be 1200 ◦C), T0 is the room temperature, and e = E′

ext/E
′
int.

It is known that the residual stress state associated with the
above-mentioned parameters may condition the crack growth

Table 1
Material properties corresponding to the layers of both ECS- and ICS-laminates

Material E (GPa) ν ᾱ (10−6 K−1) (20–1200 ◦C) K0 (MPa m1/2)

A 391 0.24 8.64 3.8
AZ 305 0.26 9.24 4.3
ATZ 390 0.22 9.82 3.2
ig. 1. Cross-section detail of the two alumina–zirconia layered architectures i
nternal compressive layers (ICS-laminates).

ransformation and/or chemical reactions.18–20 Within this con-
ext, alumina–zirconia layered systems have been extensively
nvestigated as an alternative route for enhancing the mechani-
al response of alumina-based monolithic ceramics in terms of
trength and/or fracture toughness.19,21–26

The aim of this work is to optimise the architectural design of
eramic multilayered systems as a function of its potential appli-
ation. In doing so, two alumina–zirconia systems designed with
xternal or internal compressive stresses respectively are com-
ared using a fracture mechanics weight function analysis. An
xample of such layered architectures can be seen in Fig. 1,
here tailored residual compressive stresses were introduced in

he laminates during sintering, either in the surface layers or
n the internal ones. The material designed with external com-
ressive stresses, named ECS-laminate, consists of alternated
ape cast sheets of alumina/stabilised-zirconia (AZ) compos-
te and sheets of pure-alumina (A), following the sequence
/AZ/A, . . ., A/AZ/A.27 The material fabricated with internal

ompressive stresses, referred to as ICS-laminate, is made of
lumina/pure-zirconia (AMZ) layers sequentially slip cast with
lumina/stabilised-zirconia (ATZ) layers as ATZ/AMZ/ATZ,
. ., ATZ/AMZ/ATZ.28

An optimal architecture that maximises both material tough-
ess and strength is sought for each layered design as a function
f its layer thickness ratio. The influence of elastic properties
nd number of layers is also discussed.

. Experimental procedure

.1. Laminates of study

In this work, symmetrical laminates fabricated with nine
lternated layers and a fixed total thickness of W = 3 mm, accord-
ng to a possible design condition, were studied. All the layers

ade of the same material (A, AZ, ATZ or AMZ, respectively)
ave the same thickness, so that the laminate is well defined by
he number of layers, N, and the layer thickness ratio, λ = tint/text.
he indexes “ext” and “int” refer to the external and first internal
ayer for each case. Table 1 summarises the material proper-
ies corresponding to the layers of both laminates, where the
oung’s modulus, E, and Poisson’s ratio, ν, were measured by

mpulse excitation technique, the coefficient of thermal expan-

A

a
d

igated, designed with (a) external compressive layers (ECS-laminates) and (b)

ion, α, by means of a dilatometer between 20 and 1200 ◦C
nd the intrinsic toughness K0 following the VAMAS procedure
single-edge-V-notch beam in four-point bending test).29,30

.2. Residual stresses

As a result of the thermo-elastic mismatch between adjacent
ayers occurring during sintering, a uniform and biaxial resid-
al stress distribution parallel to the layer plane appears in the
aminate far away from the free surfaces (Fig. 1). For the case
f ECS-laminates the thermal mismatch between layers is given
y the different thermal expansion capability of the AZ layers
ith respect to the A layers, due to the zirconia content of the

ormer. On the other hand for the ICS-laminates the significant
hermal mismatch between adjacent layers is associated with
he zirconia phase transformation occurring in the AMZ layers
uring cooling down from sintering.28 The magnitude of these
esidual stresses can be assessed by31:

res,int = −E′
int

∫ Tsf
T0

�α dT

[1 + (N − 1)/(N + 1)](e/λ)
(1a)

res,ext = −σres,int
(N − 1)

(N + 1)
λ (1b)

here E′ = E/(1 − ν), ν being the Poisson’s ratio,
α = (αext − αint) is the difference of the thermal expan-

ion coefficients between two adjacent layers, Tsf is the
MZ 280 0.22 8.02a 2.6

a The low thermal expansion coefficient value is due to the volume increase
ssociated with the t → m zirconia phase transformation in the AMZ layers
uring cooling28.
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Table 2
Weight function coefficients (Aνμ) for a 3-point bend bar determined by the
“boundary collocation method”34

μ = 0 μ = 1 μ = 2 μ = 3 μ = 4

ν = 0 0.50 2.45 0.07 1.32 −3.07
ν

ν

t
o
e
b
f
d
i

a
b
e
t
l
t
c
e
t
T

3

3

l
w
a
w
b

Y

λ

t
l
o
s

R. Bermejo et al. / Journal of the Europ

esistance of the multilayered system.14–16,23,24 In this work,
he layer thickness ratio (λ) will be the parameter of study. A
racture mechanics analysis will be performed to optimise the
racture response for each design.

.3. Weight function analysis

The apparent fracture toughness of a laminate with a residual
tress distribution can be calculated considering the equilibrium
ondition at the crack tip, i.e. crack propagation is possible if
he stress intensity factor at the crack tip equals or exceeds the
ntrinsic material toughness, K0. In the case of materials with
esidual stresses, the stress intensity factor at the crack tip as a
unction of the crack length, Ktip(a), can be given as the exter-
ally applied stress intensity factor Kappl(a) plus the contribution
f the residual stresses Kres(a):

tip(a) = Kappl(a) + Kres(a) (2)

hus, solving Eq. (2) for Kappl(a), the crack propagation criterion
s fulfilled when:

appl(a) ≥ K0 − Kres(a) = KR(a) (3)

The term Kres(a) can be assessed by means of the weight
unction approach, which allows us to calculate the apparent
oughness KR(a) for an edge crack1 of length a for an arbitrary
tress distribution acting normal to the prospective fracture path
s33:

R(a) = K0 −
∫ a

0
h(x, a)σres(x) dx (4)

here K0 is the intrinsic fracture toughness of each individual
ayer (given in Table 1), x is the distance along the crack length

easured from the surface, a is the crack length, and h(a,x) is
he weight function, as developed by Fett34 for an edge crack in
3-point bend bar, commonly employed in the evaluation of the
-curve behaviour for multilayered systems. The corresponding
eight function is given by

(a, x) =
(

2

�a

)1/2 1

(1 − x/a)1/2(1 − a/W)3/2

×
[(

1 − a

W

)3/2 +
∑

Aνμ

(
1 − x

a

)ν+1( a

W

)μ
]

(5)

here W is the specimen thickness, and the coefficients Aνμ and
xponents ν and μ determined using the “boundary collocation
ethod”34 are listed in Table 2. We caution the reader about

he fact that a weight function that applies to a homogeneous

aterial (with constant elastic properties) has been here con-

idered. This approximation may lead to an overestimation of
he calculated apparent fracture toughness in the ATZ layers of

1 In this paper, edge crack refers to a straight crack running from the tensile
urface of the laminate normal to the layer plane. It should not be confused
ith edge cracking phenomena occurring in some laminates due to the residual

tresses.32

o
l
l
i
A
r
l

= 1 0.54 −5.08 24.35 −32.72 18.12
= 2 −0.19 2.56 −12.64 19.76 −10.99

he ICS-laminates and in the A layers of the ECS-laminates,
wed to the lower stiffness of the adjacent AMZ and AZ lay-
rs, respectively.35,36 In this regard, an alternative procedure has
een proposed elsewhere,37 to predict in a more accurate way the
racture toughness of multilayered ceramics whose layers have
ifferent elastic properties. Nevertheless, this level of accuracy
s beyond the scope of this work.

The apparent fracture toughness, KR(a), was calculated
ccording to the procedure explained above, integrating Eq. (4)
y means of analytical software Mathematica© V.5.1. The influ-
nce of the different residual stress states, given by the layer
hickness ratio (λ), on the apparent fracture toughness of the
aminates has been examined in detail aiming to obtain archi-
ectures which yield the maximum shielding effect. Within this
ontext, a linear elastic fracture mechanics analysis based on
xperimental flexural tests has also been implemented in order
o provide an optimal design combining toughness and strength.
he results are expressed for both ECS and ICS layered systems.

. Results and discussion

.1. Layer thickness ratio for maximum shielding

Fig. 2 shows the apparent fracture toughness for different
ayer thickness ratios (λ) in the layered architectures designed
ith external (Fig. 2a) and internal (Fig. 2b) compressive layers,

s a function of a crack length parameter â, expressed as Y
√

a,
ith Y defined for an edge in a crack 3-point bend bar and given
y38:

(δ) =
[

1.99 − δ(1 − δ)(2.15 − 3.93δ + 2.7δ2)

(1 + 2δ)(1 − δ)3/2

]
, δ = a

W

(6)

As it can be inferred from Eq. (1), the architectural parameter
influences the residual stress field. Thus, the apparent fracture

oughness is represented for different values of .λ (until the crack
ength a being approximately half of the specimen thickness) in
rder to determine the geometry that provides the maximum
hielding in both laminates.

As shown by previous authors the apparent toughness curves
f multilayers show an oscillating behaviour.12,24,39–41 For the
aminates with external compressive residual stresses, ECS-
aminates, the toughness increases in the external layers with

ncreasing crack length and reaches a local maximum at the
/AZ interface, whereas it decreases in the tensile layers

eaching a local minimum at the AZ/A interface. For the ICS-
aminates toughness decreases within the external layer up to the
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As explained above, the different residual stress state in the
laminates is associated with the layer thickness ratio between
layers (λ). Table 3 represents the magnitude of the biaxial resid-
ual stresses which develop in the layers of both ECS- and

Table 3
Magnitude of the biaxial residual stresses which develop in the layers of both
ECS- and ICS-laminates for several geometries as a function of the layer thick-
ness ratio (λ)

Residual stress (MPa)

Ratio (λ) ECS-laminates ICS-laminates

A AZ ATZ AMZ

0.05 – – 30 −740
0.10 – – 57.5 −719
0.20 – – 109 −682
0.35 – – 177 −633
0.5 – – 236 −591
1 −142 177 – –
2.5 −224 112 – –
ig. 2. Apparent toughness as a function of the layer thickness ratio (λ) in the l

TZ/AMZ interface, due to the negative contribution of the sec-
nd term in Eq. (4) to the intrinsic fracture toughness of the ATZ
ayers. In some cases, the apparent fracture toughness of the lam-
nate predicted by the weight function analysis may even result in
egative values (see shaded area in Fig. 2b), owed to the signifi-
ant tensile residual stresses in the thick ATZ layers. However, as
oon as the crack enters the compressive AMZ layer, the appar-
nt toughness rises up to a maximum value at the AMZ/ATZ
nterface. It can be stated that the compressive stresses shield
he material against flaws, while the tensile stresses have a detri-

ental effect in the effective apparent toughness. Regarding the
hielding effects as a function of the different geometries, i.e.
arious λ, the following aspects may be inferred from Fig. 2.

For the ECS-laminates λ is defined as tAZ/tA in the range
f 1–25. Therefore, high values of λ correspond to thin A lay-
rs in comparison to the AZ layers, and thus high compressive
tresses are present in the former according to Eq. (1). That is
he reason why the shielding increases so steeply in the A lay-
rs and a high stress intensity factor should be applied to lead
he specimen to failure (Fig. 2a). However, for low values of
, the thickness of the A layers is much bigger than that of the
Z layers and as a result, high tensile stresses arise in these
Z layers. Hence, the effective toughness drops remarkably in

he AZ layers for these laminates. An interesting conclusion
rawn from Fig. 2a is the existence of an architecture that max-
mises the shielding at the first interface. Opposite to what could
e expected, the highest surface compressive stress (the high-
st λ) does not correspond to the highest shielding in the first
ayer. Since the maximum shielding in the first layer is obtained
t a distance equal to the outer layer thickness, the thickness
A plays an important role. In this case, a maximum shield-
ng factor at the first interface is achieved for geometries with
λmax ≈ 2.5, where a compromise between high compressive

tresses and relative thick layer thickness applies, leading to an
pparent toughness of ≈10.6 MPa m1/2. In terms of layer thick-
ess, this will correspond to A layers of tA ≈ 200 �m and AZ
ayers of tAZ ≈ 500 �m. The residual stresses corresponding to
his layered architecture can be calculated using Eq. (1), yielding

ompressive stresses of ≈−224 MPa in the A layers and tensile
tresses of ≈+112 MPa in the AZ layers.

For the ICS-laminates λ is defined as tAMZ/tATZ in the range
f 0.05–0.5. Low λ values yield very thin AMZ layers with

1
2
2

d architectures designed with (a) external and (b) internal compressive layers.

igh compressive stresses and thick ATZ layers with negligible
ensile stresses, as inferred from Eq. (1). On the other hand, rel-
tive high λ values lead to significant tensile residual stresses
n the ATZ layers which may be detrimental for the material
ntegrity. In any case, the shielding effect is provided by the inter-
al AMZ compressive layers and, similar to the ECS-laminate
esign, an optimal apparent toughness (≈9.3 MPa m1/2) is found
or a geometry that combines high compressive stresses in the
MZ internal layers of a relative thick thickness. A maximal
arameter of λmax ≈ 0.2 is found in such case, which would cor-
espond to ATZ layers of tATZ ≈ 520 �m and AMZ layers of
AMZ ≈ 100 �m. The residual stresses associated with this lay-
red architecture, calculated using Eq. (1), yield tensile stresses
f ≈+109 MPa in the ATZ layers and compressive stresses of
−682 MPa in the AMZ layers. The fracture behaviour of this

articular architecture has been experimentally assessed in.17

.2. Residual stresses in the laminates of study
5 −278 69 – –
0 −315 39 – –
0 −338 21 – –
5 −343 17 – –
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CS-laminates for several geometries. The values were calcu-
ated using Eq. (1), and the elastic and thermal properties were
aken from Table 1.

The maximum shielding in both ECS- and ICS-laminates
s given by an optimal combination of compressive stresses and
ayer thickness. However, the tensile residual stresses which bal-
nce the layered architecture must also be taken into account. In
his case, however, the corresponding tensile stresses are about

100 MPa for both ECS- and ICS-laminates (see Table 3), which
hould not affect the integrity of the layered structure. This is an
mportant factor to take into account, since a high tensile stress
tate could lead to the appearance of closed transverse cracks,
o-called tunnelling cracks, which might negatively affect the
aterial mechanical response.42

.3. Implications of maximum shielding on strength

The weight function analysis performed above yields optimal
esign geometries in terms of maximum shielding for layered
eramics with tailored external/internal compressive stresses.
n both cases, relative thick compressive layers are required to
rovide a maximum crack growth resistance for an edge crack
nder a tensile stress field. Due to the large variety of flaw sizes
nd population which may be encountered in a real ceramic
omponent, flexural strength tests are often performed to identify
oth the shape and the kind of the critical defects causing the
ailure as well as their location within the specimen. It is well
nown that the failure stress variability of ceramic components
ften recalls the use of Weibull statistics to evaluate the strength
f the material.43–45 For some of the multilayered geometries
ere investigated, experimental four-point bending strength tests
ave been carried out in previous works, aiming to discern the
ype and size of critical flaws causing the material failure as
ell as to understand the fracture process of a crack propagating

hrough the layered structure.17,24,25,46

Within the crack resistance context assessed in Section 3.1,
simple fracture mechanics analysis is here employed to better
nderstand the implications of the maximum shielding provided
y the layered geometries above described on the strength and
racture behaviour of both designs (ECS-laminates and ICS-
aminates). In this regard, additionally to Eq. (3) which dictates
he conditions for crack growth, a stable/unstable crack propa-
ation criterion is given by the following equation, defined for
ach layer except at the interfaces:

dKappl(a)

da
≥ dKR,effective(a)

da
(7)

hen Eq. (7) is fulfilled, unstable crack propagation will occur.
hether or not the crack propagation yields to catastrophic fail-

re will be associated with the capability of the layered structure
o arrest the approaching crack.

.3.1. ECS-laminates

Fig. 3 represents the crack growth resistance of several ECS-

aminates (with different λ) as a function of the crack length
arameter â in the region of maximum shielding. As reported
n the previous sections, for the ECS-laminates, the maximum

s
f
t
s

ig. 3. Optimal apparent toughness and strength as a function of the layer thick-
ess ratio (λ) in the layered architectures designed with external compressive
ayers. The range of flaw size experimental found (aexp

c ) is also represented.

hielding is achieved at the first A/AZ interface of the external
ompressive layer A, for a design corresponding to a layer thick-
ess ratio of λmax = 2.5. Experimental flexural tests carried out
n some ECS-laminate geometries along with the corresponding
nspection of the fracture specimens revealed a homogeneous
urface defect population within the first A layer. Abnormally
rown grains were identified as failure origins having a critical
ize of ac = 15–60 �m.46 This flaw range is represented in Fig. 3
n terms of the crack length parameter â(0.0076–0.015 m1/2),
ssuming the geometric factor Y given by Eq. (6). We caution
he reader that other critical flaws such as embedded flaws or
mall semi-elliptical cracks may also be found in this type of
aminates. Such defects are not as critical as the edge cracks
ere considered, which yields a certain overestimation of the
ritical parameter â, namely, a safer design condition.

The straight lines in Fig. 3 represent a given applied stress
ntensity factor Kappl which increases linearly as the crack length
arameter â rises, and whose slope corresponds to the applied
tress σappl, according to the following equation:

appl(a) = σapplY
√

a = σapplâ (8)

When this line intersects the effective apparent toughness
f the material (KR), Eq. (3) is fulfilled and crack propagation
ccurs. In addition, if Eq. (7) is satisfied, the crack propagates
n an unstable manner until it reaches a region were Eq. (7)

ay no longer apply. For the particular geometry of maximum
hielding (λ = 2.5), and considering the largest critical flaw found
xperimentally (â ≈ 0.015 m1/2), the crack propagation will take
lace when the applied stress intensity factor Kappl overcomes
he apparent toughness of the laminate according to Eq. (3),
epresented by point S in Fig. 3. Moreover, since Eq. (7) is also
ulfilled at this point, crack propagation will be unstable leading
o catastrophic failure. Hence, the slope of this line (represent-
ng the applied stress, σappl) can be considered as the failure

tress of the laminate. An interesting observation can be inferred
rom Fig. 3 when estimating the failure stress corresponding
o other geometries (such as λ = 10) for the same critical flaw
ize. Within this context, the applied stress intensity factor nec-
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ig. 4. Optimal apparent toughness and strength as a function of the layer thick-
ess ratio (λ) in the layered architectures designed with internal compressive
ayers.

ssary to satisfy Eq. (3) is now higher (point P in Fig. 3), as
ell as the corresponding applied stress (higher slope). Such
esign yields a maximum apparent toughness of ≈9.4 MPa m1/2

hich is almost 2.5 times that of the corresponding alumina
onolith taken as a reference. Therefore, an optimal geometry

λ = 10) which combines maximal strength and high shielding is
ere proposed for the investigated ECS-laminates, now designed
ith external compressive layers (A) of tA ≈ 66 �m and internal

ensile layers (AZ) of tAZ ≈ 660 �m. The corresponding resid-
al stress state of this optimal layered architecture is listed in
able 3. The compressive stresses in the A layers are higher

han those for the design of maximum shielding, which in fact
ontributes to higher values of strength. Moreover, the tensile
tresses within the AZ layers are significantly smaller. This is
eneficial with respect to avoiding other types of damages, e.g.
unnelling cracks, which may affect the structural integrity of
he material.

.3.2. ICS-laminates
Fig. 4 shows the crack growth resistance of several ICS-

aminates (with different λ) as a function of the crack length
arameter â in the region of maximum shielding. For the ICS-
aminates, the maximum shielding is achieved at the AMZ/ATZ
nterface of the internal compressive layer (AMZ), with an opti-

al design given by a layer thickness ratio of λmax = 0.2.
A similar approach analogous to the previous section has

een attempted to establish the conditions for stable/unstable
rack propagation. As it can be inferred from Fig. 4, a different
ituation to the ECS-laminates can be observed. In this case,
he critical flaw size will determine whether the applied stress
ntensity factor leads to catastrophic failure. In this regard, two
egions corresponding to unstable (region I) or to unstable/stable
rack propagation events (region II) may be defined for each
rchitecture (Fig. 4). For short cracks which fall within region
, the condition for crack propagation given by Eq. (3) will also

mply unstable crack propagation, since Eq. (7) is also satisfied
ithin the compressive AMZ layer. However, large cracks that

re found in region II will experience an initial unstable growth
p to a certain point within the compressive AMZ layer where

l
i
I
fi

eramic Society 28 (2008) 1575–1583

q. (7) no longer applies (Fig. 4). A further applied stress will
ield stable crack growth up to the point of maximum shielding,
here Eq. (7) is again satisfied, and thus, unstable crack propa-
ation will follow. In these cases (region II), failure occurs at a
efined stress level (so-called threshold stress, σth) and a fixed
ritical crack size, regardless of the initial defect size. Exper-
mental four-point bending tests performed in previous works
or a particular design, i.e. λ ≈ 0.2, showed in fact two trends in
erms of failure stress levels.24 On the one hand, when the failure
as originated from natural flaws embedded near the surface,
failure stress level of 360 ± 14 MPa was achieved, associated
ith small critical defects of ac = 65 ± 18 �m (mostly agglom-

rates located near the surface in the ATZ layer).24 In such cases,
he corresponding critical stress intensity factor calculated using
q. (8), assuming a Y factor for embedded flaws as 2/�, resulted

n 3.25 ± 0.1 MPa m1/2, thus being the fracture process governed
y the ATZ material. However, on the other hand, indentation-
trength experiments (where large indentation cracks where
ntroduced in the tensile ATZ surface) yielded a very constant
lthough lower failure stress, i.e. 167 ± 4 MPa.17 In such cases
n initial crack growth of the indentation up to the ATZ/AMZ
nterface was observed, as predicted in Fig. 4. The corresponding
ritical stress intensity factor given by Eq. (8) assuming the crit-
cal flaw size as an edge crack of approximately the ATZ + AMZ
ayer thickness, results in ≈8.6 MPa m1/2, which is in agreement
ith the maximum apparent toughness predicted in Fig. 4 for

uch geometry. Following these ideas, we can conclude that ICS-
aminates with small flaws show similar mechanical strength as
TZ monoliths. However, for laminates containing large cracks
reliable design in terms of a minimum failure stress (threshold

trength) is associated with the maximum shielding provided by
he AMZ compressive layer (Fig. 4).

Overall, from a flaw tolerant viewpoint, laminates designed
ith compressive stresses in the outer layers (ECS-laminates)

eem to be suitable for ceramic components with small cracks or
aws which are embedded in or near the potential tensile surface
f the piece. In such a case, an optimal architectural design which
ombines high strength with a significant high toughness can
e achieved using relatively thin external compressive layers,
hich contain the most critical flaw. On the other hand, the

xistence of large cracks or defects suggests the use of laminates
esigned with compressive stresses in the inner layers (ICS-
aminates) in order to attain a more reliable response, being the

aximum shielding provided by the internal compressive layers
he key factor for structural design.

.4. Influence of elastic properties and number of layers

The influence of the elastic mismatch between layers has
een investigated by varying the Young’s modulus of the inter-
al layers for both ECS- and ICS-laminates. Fig. 5 represents
he maximum apparent toughness associated with each layer
eometry (λ) as a function of e = Eext/Eint, for ECS- and ICS-

aminates, respectively. It is shown how a stiffer material in the
nner layers (↑Eint) will increase the toughness in both ECS- and
CS-laminates. Another interesting conclusion drawn from this
gure is that, for the case of laminates with external compressive
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Fig. 5. Influence of the elastic mismatch between layers on the maximum shielding (λmax) for (a) ECS-laminates and (b) ICS-laminates.
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Fig. 6. Influence of the different number of layers (N) on the

ayers (ECS-laminates), the optimal layer thickness ratio (λmax)
n terms of maximum shielding increases for more compliant
nternal layers (↓EAZ), yielding as a result lower maximum
pparent fracture toughness (Fig. 5a). However, for the case of
CS-laminates, the elastic properties of the internal layers have
o significant effects on the optimal layer thickness ratio, leading
o an almost constant λmax value (Fig. 5b).

An additional study was performed to account for the influ-
nce of the different number of layers (N) on the shielding effects
or both ECS- and ICS-laminates. As inferred from Eq. (1),

modifies the residual stress field thus influencing the crack
rowth resistance. The reader should keep in mind that for this
ork the stress field considered is given by Eq. (1), thus introduc-

ng some error in the outer layer since it does not consider the free
urface effect on the residual stress distribution.47 Using a finite
lement model developed elsewhere,24,41 it has been observed
hat this discrepancy is not significant in most of the geome-
ries here investigated. However, for laminates with relatively
hick layers, i.e. N ≤ 5, the model predicts a non-uniform resid-
al stress field within the layers (Saint-Venant’s principle) and
he constant residual stress distribution here considered would
ot apply. As it can be inferred from Fig. 6a, the different num-
er of layers in the ECS-laminate architecture does not influence

he position of the maximum shielding, given for a layer thick-
ess ratio of λmax ≈ 2.5. Under these conditions, a maximum
pparent toughness value of ≈12.5 MPa m1/2 might be achieved
t the A/AZ interface for N = 5. On the other hand, for the case

i
p
s
E

um shielding for (a) ECS-laminates and (b) ICS-laminates.

f ICS-laminates (Fig. 6b), the optimal thickness ratio is found
o slightly increase as the number of layers diminishes. An inter-
sting feature is found for architectures with 5 layers, where the
max results in 1.3, i.e. compressive AMZ layers thicker than

he ATZ ones. In such a case, a maximum shielding level up to
14 MPa m1/2 might be tailored at the AMZ/ATZ interface.
Following these ideas, both elastic properties and number

f layers should also be taken into account for optimal reliable
esign, according to processing capabilities and final perfor-
ance of the component.

. Conclusions

In this work, two alumina–zirconia geometries designed
ith external (ECS) and internal (ICS) compressive layers have
een investigated using a fracture mechanics weight function
nalysis. In general, ECS-laminates maximise their apparent
oughness at the first interlayer (A/AZ), for a relative thin
uter compressive (A) layer. On the other hand, ICS-laminates
each the maximum apparent toughness at the second interface
AMZ/ATZ) for architectures containing a relative thick ten-
ile outer (ATZ) layer. In terms of strength, an optimal design
as been found based on experimental results considering lam-

nates of 9 layers and a total thickness of 3 mm according to
ossible design conditions. A geometry which combines high
trength and relative maximal shielding is here proposed for the
CS-laminates designed with A layers of tA ≈ 66 �m and AZ
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ayers of tAZ ≈ 660 �m. Likewise, a reliable design in terms of
aximum threshold strength and maximum shielding for the

CS-laminates would correspond to ATZ layers of ≈ 520 �m
nd AMZ layers of ≈100 �m.

The variation of the elastic properties through the layered
rchitecture shows how a stiffer material in the internal lay-
rs (↑Eint) would increase the apparent toughness in both ECS-
nd ICS-laminates. In the former, the optimal layer thickness
atio (λ = tAZ/tA) that maximises shielding decreases for stiffer
nternal layers (↑EAZ). However, for the latter, the elastic mis-

atch between layers has no significant effects on the optimal
ayer thickness ratio (λ = tAMZ/tATZ), yielding an almost constant
alue and thus a less restrictive design condition. Addition-
lly, a modification of the geometry by reducing the number
f layers (N) yields an increase in the maximum shielding capa-
ility for both laminates. While an optimal layer thickness ratio
emains constant with N for the ECS-laminates, a tendency to
ncrease was appreciated for the ICS-laminates, especially for
rchitectures designed with few layers (N ≤ 5).

From a flaw tolerant viewpoint, ECS-laminates seem to be
uitable for ceramic components with small cracks or flaws
hich are embedded in or near the potential tensile surface of

he piece. On the other hand, the existence of large cracks or
efects suggests the use of ICS-laminates to attain a more reli-
ble response, being the maximum shielding the key parameter
esign.
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