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Analysis of crack development during processing
of laminated ceramic tubes
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Models for the strain energy release rate in crack extension and tunnelling are taken from
the literature with minor modification to take account of the compressive stresses in
multi-layer ceramic tubes or composites. These models are applied to predict the potential
for crack development in co-extruded tubes fabricated from combinations of alumina,
zirconia (fully and partially stabilized) and zirconia toughened alumina. Experimental
results show that the models predict the failure in the composites closely and thus form
useful tools in the design of such structures. The main aspect of the predictive capacity is in
the selection of the layer numbers and the layer thicknesses to prevent failure. The
significance of crack-free layers is improved mechanical properties, in particular strength,
and potential improvement in fracture toughness and device performance.
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1. Introduction

Thin walled ceramic tubes are finding applications in
many functional areas including fuel cells. These tubes
require structural integrity and in the case of micro-
reactors comprise layered materials, which facilitate the
required functionality and structural integrity. Purely
structural applications for thin-walled, multi-layered
tubes are less common, but of increasing interest.

The potential of laminated ceramics to show superior
properties was first demonstrated by Gutshall and Gross
[1]. The toughness was shown to improve by placing the
surfaces into residual compression, resulting in either
an increase in intrinsic resistance to crack extension or a
reduction of the crack driving force. In a series of papers
by Clegg et al. [2, 3] it was shown that ceramic lami-
nates could be toughened by the incorporation of weak
interfaces giving rise to crack deflection. The optimum
layer structure and compositions have been widely dis-
cussed. For example Russo et al. [4] designed a tri-layer
composite consisting of two strong homogeneous outer
layers and a more flow tolerant inner layer. This gave
a 35% increase in strength over samples made only of
the outer layer material. Marshall et al. [5] predicted
that in a Ce-TZP/Al,O3 composite the Ce-TZP layers
should be 20-200 pm in thickness to optimize tough-
ness and produced a laminated structure with layers
of Al,O3 separating Ce-TZP. The toughness increased
from 5 MPam®? to 17.5 MPam®. Lakshminarayanan
and Shetty [6] examined the effects of microscopic
residual stresses on fracture toughness in multi-layer
laminates, both analytically and experimentally. They
produced a tri-layer composite with alumina +5% un-
stabilized zirconia as the outer layers and a central core
of alumina +15 vol% fully stabilized zirconia plac-
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ing the surfaces in residual compression, increasing the
apparent toughness ~5 fold. Further, properties are en-
hanced by minimising the layer thickness, but it would
be advantageous to be able to predict these optima.

The main problem with the preparation of ceramic
laminates in tubular or sheet form is a propensity for
cracking during processing, especially during the dry-
ing and sintering stages of their manufacture. In lami-
nates where each layer is composed of a different ma-
terial, which dries and sinters at a different rate than the
adjacent layers, stresses develop in the individual layers
depending on whether the adjacent layers are contract-
ing or expanding relative to the layer under consider-
ation. If these stresses exceed some critical value the
layers will fail weakening the composite.

The drying process in ceramic materials can be com-
plex and the linear shrinkage of the materials can be
affected by the process and the morphology of the pow-
ders involved. In extrusion, particularly where the pow-
ders are highly concentrated in the binder, the linear
shrinkage during drying is often small. In the work re-
ported here, the linear shrinkages proved to be similar
for all compositions, ~1%. In some laminates the lay-
ers vary only in dopant content and so such uniform
shrinkage behaviour is to be expected. The majority of
the differential shrinkage occurs during the sintering
stage. In recent work on chocolate [7] cracking in com-
posites is reported during extrusion, but in ceramic co-
extrusion the paste flow characteristics (rheometry) are
generally engineered to be similar [8] and thus cracking
during the extrusion process was felt to be an unlikely
occurrence. The authors had no visual evidence of its
presence in the extrudates produced in the preparation
of this work.
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Figure 1 Schematic diagram illustrating the types of cracks which can
develop during the sintering process.

Ceramics frequently sinter at different rates and to a
different degree depending on their composition. How-
ever, the ability of the laminated composite to resist
fracture during the sintering process will depend on the
compliance of the layers. If at the sintering stage all
the materials are compliant, rearrangement within the
layers and accommodation of the imposed stresses are
possible. The material will essentially be crack-free as
it transfers from compliant to incompliant behaviour
during cooling. When the layers exhibit reduced com-
pliance, any differential sintering stresses will be ac-
commodated by the development of cracks. Cracks that
form at or close to the sintering temperatures of the lam-
inate, will tend to be open and show signs of post frac-
ture smoothing due to sintering. Further cracking may
occur during cooling below the temperature marking
the onset of brittle failure, if the thermal expansion co-
efficients of the layers are different. These cracks would
tend to be less open and show brittle fracture surfaces.
The above fracture modes are shown schematically in
Fig. 1.

Experimental evidence suggests that cracking oc-
curred largely at low temperatures in the brittle region.
This implies that the process is controlled by the layer
structure and the thermal expansion behaviour of the
materials from which the laminate is constructed. In this
paper, this hypothesis is explored by extending analyses
developed by Ho et al. [9] and Hillman et al. [10] and
verifying the results using thinwalled tubes prepared by
a co-extrusion route.

2. Crack development analysis

In a composite comprising three layers (A, B, A), as
shown in Fig. 2, the centre layer (B) will be placed
under a tensile stress, if the shrinkage of B is greater

Material B —> 4 ud
Material A - > t
Material B —> $ %d

Figure 2 Schematic diagram illustrating the stress distribution in a tri-
layer laminate.
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than A. Thus a force balance exists, if the material is
not failing, such that

ot + U(B)d =0 (D

where o(a) and o) are the normal stresses in layer A
and B, respectively, ¢ is the thickness of layer A and d is
the thickness of layer B. In this situation &g = €p + €5,
where & is the residual strain in the system. Thus,
Equation 1 can be written in terms of strain as

eaEAt epEpd .

l—vB

0, 2)
1 - VA

where € and ep are the strain, E5 and Ep are Young’s
moduli and v4 and vg are the Poisson’s ratios of layers
A and B respectively. The difference in the strain Aeg
is given by

T;
Agy = (g —ap)dT 3)

T;

where ap and «ap are the coefficients of thermal ex-
pansion (CTE) for layers A and B, respectively, and T¢
and T are the final and initial temperatures. The initial
temperature in this case was taken as the temperature
marking the onset of brittle fracture. Here a value of
1200°C was chosen based on the work of Hillman et al.
[10], cooling to a final temperature close to room tem-
perature (25°C). Taking alumina (Al,O3) and zirconia
with 3 mol% Yttria (ZrO,(3Y)) as examples, data for
the Young’s moduli, i, was found from the literature as
390 and 200 GPa respectively [11]. Poisson’s ratio for
both materials was assumed to be 0.27. Ho and Suo’s
study [9] confirmed that this assumption will influence
the results only slightly. The CTE values were mea-
sured using a dilatometer (the method and results are
given later) and the results for Al;O3 and ZrO,(3Y) are
shown in Fig. 3, as well as results for a zirconia tough-
ened alumina containing 20% ZrO, and 80% Al,03
(ZTA) and a zirconia with 8 mol% yttria (ZrO,(Y8)).
The values of CTE reported here for Al,Oj3 differ from
those reported by Hillman et al. in form, but the mean
values in the equations are similar and thus will not
influence the results greatly.

The results for residual stress in an Al,O3/ZrO»(3Y)
tri-layer composite are shown in Fig. 4. The
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Figure 3 Coefficients of thermal expansion CTE (10~%/°C) measured
as a function of temperature for ZrO»(Y3), ZrO,(Y8), Al,O3 and
Al,O3 + 20 wt% ZrO,(Y3).
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Figure 4 Calculated residual stresses as a function of temperature for
the individual layers in an Al,03/ZrO,(Y3) tri-layer tube, where Al,O3
is in compression and ZrO,(Y3) is in tension.

compressive stress in the alumina reaches 409 MPa at
25°C, while the tensile stress in the ZrO,(3Y) layers
reaches 818 MPa, these values being affected by the
value selected for 7;, being larger of course if 7j is
raised. Note that due to the alumina layers being half
the thickness of the zirconia layers, the force balance
given in Equation 1 is satisfied. Therefore the residual
strain and stress as a function of temperature can be
calculated.

Ho and Suo [9] developed a strain energy release
rate expression of a crack present in a layer subject to
biaxial tension. Hillman [10] modified Ho’s analysis
to take into account the crack extension into adjacent
layers. From Fig. 1 it can be seen that as laminated
materials cool from an initial temperature 7;, a tensile
stress develops in the layers with the greatest contrac-
tion. When that tensile stress becomes sufficiently large,
pre-existing flaws within the tensile layer will be subject
to tension and may extend firstly through the layer and
then into the adjacent compressive layers. Continued
extension by tunnelling the crack along the interface
is also possible. The energy release rates for both ex-
tending, G, and tunnelling, G, are the driving forces
for crack extension in laminates on cooling. The strain
energy release rate (Gg) subjected to tension (o) and
constrained by adjacent layers containing a compres-
sive stress (07) is given for the normalized crack length

a/t by
G— z 0_12 El
ST\2)Er\:
and

2 2
G =50—1<f) sin~"! (5) ¢ ait>1 )
ST2E 1 a

For a given residual stress there is a critical layer thick-
ness below which no cracks will extend regardless of
internal flaw size. In the studies, compressive stress in
the outer layers caused by the shrinkage of the middle
layer was not taken into account. In this work, follow-
ing the concepts of Watkins and Green [12], Hillman
et al’s analysis is further modified to take account of
the compressive residual stresses in layers with higher
CTEs. This brings about a modification to Equation 5
to give

a/t <1 4)
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Figure 5 Gg and G as a function of a/t for an Al,O03/ZrO,(Y3) tri-
layer tube with an even layer thickness (t =80 pum) at 20°C. (1) Gg
(present study), (2) Gs (Hillman et al. [10]), (3) Gt (present study),
(4) Gt (Hillman et al. [10]).

e G o)fr () (]

a/t >1 (6)

where Ef = Ea/(1 — n%) and a is the flaw size. The re-
sult of the analysis will be compared to those of Hillman
and experiments have been conducted to evaluate the
behaviour of real systems and the applicability of the
model.

Fig. 5 plots G as a function of the normalized crack
length, a/t, at 20°C for the composite with even layer
thicknesses of 80 um. When the crack is within the
tensile layer, then there is no influence of the compres-
sive layer and so for values of a/t below 1 the result
follows Hillman et al.’s analysis. When the crack ex-
tends into the compressive layer (a/¢ > 1), the tensile
stress quickly vanishes as the compressive stress works
against growth.

The energy release rate (Gt), that drives the crack to
extend along the layer (tunnelling), is given by Hillman
et al. [10] as

Gr = l/a Gs(a)da (7
aJo

By substituting Equations 4 and 5 into Equation 7 and
solving the integral numerically, plots for the behaviour
of Gt over arange of a/t values can be obtained. The
results at 20°C are plotted in Fig. 5. Again the additional
term influences the behaviour in the compressive layers,
but note that the maximum value of Gt occurs when
a/t is slightly above 1, where Gs = Gt as was the case
in Hillman et al.

Since both tensile (o) and compressive (0,) stresses
are functions of temperature, Gg and Gt will increase
at higher temperature differences in accordance with
Equations 4, 5 and 7. Fig. 6 plots Gg at different tem-
peratures for an Al,O3/ZrO,(Y3) tri-layer composite
with even layer thicknesses of 80 um. As temperature
is reduced from 7;, G increases.

Ho and Suo [9] show that a crack will not extend
until the energy release rate reaches a critical value
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Figure 6 Gg as a function of a/t and temperature for an Al,Os/
ZrO,(Y3) tri-layer tube with an even layer thickness ( =80 um). G¢
has the value of 157 J. G is shown at different temperatures, (1) 20°C,
(2) 200°C (where Gc =Gr), (3) 400°C, (4) 530°C (where G¢c = Gs)
and (5) 700°C.

(G¢). This crack criterion is satisfied when
GC < GS or GT (8)

G ¢ was estimated from the toughness (K ¢) of the ten-
sile layer in the material using the expression

K2 K2
G — 1C 1 2 — 1C 9
=5 (I—=v9) —E{“ 9

where K¢ is the measure of the ability of the mate-
rial to resist fracture when a crack is present. Kic was
estimated by Vickers indentations using the equations
proposed by Liang et al. [11]. This and other meth-
ods [13] for determining K¢ from indentations are
known to overestimate the value. Thus, as K¢ appears
in Equation 9, it is probable that G¢ is overestimated
to some degree.

The above analysis suggests that, if Gg and Gt can
be controlled to be always smaller than G¢ throughout
the cooling process, a crack-free product should result,
i.e., if G > Gsmax) and GT(max), Where Gs(max) is the
maximum value of Gs and Grmax) that of Gt. Both
Gsmax) and Gremax) are a function of the tensile layer
thickness, 7, and the maximum tensile stress (07 max)
built up in the tensile layer during the whole cooling
process. Thus following Hillman et al. [10]:

2
T 01
GS(max) = Eﬁt (10)
and
_ T UIZmax 11
GT(max) - Z E_ik t ( )

Since Gsmax) is always greater than G(max), the ex-
pression for crack-free densification can be simplified
to

Gc > Gsmay (12)

Tensile stress is dependent on the ratio of the layer
thicknesses, (d/t), the tensile layer thickness (¢) and
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the difference between CTE values of the compressive
and tensile layers, (o — «2). Thus the maximum tensile
Stress o max 18 given by

Tmﬂx—min
E1E2 1200 (0[1 - 062) dr (13)

(I = w)(Et/d + Er)

Olmax =

Tmin can be determined by plotting the tensile stress
against temperature. In the case of composites com-
prising layers of Al,O3 and ZrO,(Y3) T, occurs at
room temperature. Equations 10, 12 and 13 suggest
that by adjusting d/¢, t and (a¢; — «), it is possible to
reduce the probability of crack propagation and ulti-
mately eliminate cracks growing prematurely in lami-
nates during cooling from the sintering temperature.

The critical layer thickness, 7., required to prevent
the development of cracks can be derived from
Equations 10 applying the criterion given in
Equation 12, such that:

_ 2GcE;

7T O1max

(14)

c

If the tensile layer thickness is fixed along with
(o1 — ap), the influence of d/t with respect to G/t
can be calculated. Gs increases with increasing d/¢
values, which implies that lower values of d/¢ should
result in lower crack populations. This relationship is
shown graphically for a Al,03/ZrO,(Y3) system with
three layers in Fig. 7. The critical value of d/t, (d/t).,
is determined from the intercept of Gsmax/t and G¢ /1,
which can be calculated as

E
t). E,Ei—C

1-— 2GcE
C = n cLq (16)
€ wt(l —v?)

for tri-layer tubes. Thus, if d/t was below 0.5 with
zirconia being the centre layer, Fig. 7 would predict
that cracks would not be found.

If the dimensions, layer number and (o) — «) are
fixed, then the tensile layer should be designed to be
either very thin to reduce ¢ or they should be much
thicker to reduce o relative to the compressive layer.

where

7
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Figure 7 Gs(max) as a function of d/t when t =80 um and n =3 for
Al>,03/ZrO,(Y3) tubes.
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Figure 8 Gs(max) as a function of r when t +d =250 pum and n =3 for
Al>,03/ZrO,(Y3) tubes.

Fig. 8 shows Gy as a function of 7 for Al,03/ZrO,(Y3)
laminates (n = 3). Two critical values exist, where G¢
crosses Gs. For the values of Gg to be small, the values
of ¢+ must be either very small or very large. Hence,
cracking should be observed between the two critical
values of ¢.

Reducing (a; — o) will reduce the tendency for
crack propagation during cooling. In addition, the flaw
size present in the processed ceramic will strongly influ-
ence the tendency for propagation. As shown in Fig. 5,
where G and G are plotted against a/¢, smaller de-
fects are preferred to minimise crack growth potential.
There exists a critical flaw size (a.), which is given by

2 GeE?
a. === (17)
T O max
where
ac = 1c/071 max (18)

3. Experimental procedure

The preceding analysis was validated using a co-
extrusion route with four paste compositions. The ma-
terials were formed using methods described by Alford
et al. [14, 15] and a PVB based binder system. The
powders were alumina [BAX 541, Alcan Chemicals],
fully stabilized zirconia (ZrO,(Y8)) [HSY8, Mandoval]
and partially stabilized zirconia (ZrO,(Y3)) [HSY3,
Mandoval]. A ZTA was formed from 20 vol% of
7Zr0,(Y3) in AlO3. This method of preparation
produced thin sheets (approximately 1 mm thick),
which were plastic in nature and could be cut
and stacked in any desired combination for co-
processing in the manner of van Hoy et al. [16].
Thin-walled tubes were made using a simple ram
extruder in which a mandrel was supported on the
end of the ram. The barrel was 20 mm in dia-
meter and the die and mandrel were 3 mm and 2.3 mm
in diameter respectively. The assembly was manufac-
tured to our design and driven by a universal load frame
(Instron 4467). The formulated sheets were wrapped
around a central pin (2.3 mm in diameter), placed in
the barrel and extruded through the die, yielding tube
extrudates with an outside diameter of around 2.4 mm
(after sintering) and 250 pm wall thickness [8]. For the
best production of discrete, well defined layers the rhe-
ological properties of the pastes had to be similar. In this

work a simple approach was adopted to verify the sim-
ilarity of the pastes. When the load vs. ram speed plots
were near coincident (£5%), then good co-extruded
products resulted. Materials with up to 18 layers across
the wall thickness were extrudable by this route. Thus,
materials with a range of layer numbers, n, with vari-
ousd,t,a/t, o —ay combinations could be produced
to evaluate the analysis. The extruded materials were
dried at room temperature and then sintered at 1550°C
for 1 hour in all cases.

The quality of the structures was examined in two
ways. First, images of polished sections of the materi-
als were taken using SEM analysis and the defect pop-
ulation observed qualitatively. Second, test specimens
were subjected to three-point-bend analysis. The tube
strength, oy, is given by

FLR 19
- (19)
where F is the load required to break the specimen, L
is the span length, R is the outer diameter and r is the
inner diameter of the tube.

In order to relate the experimental results to the the-
oretical analysis certain physical parameters had to be
measured. Coefficients of thermal expansion were mea-
sured using a dilatometer (Netzsch 402 E) with sintered
monolithic rods of the layer materials. Dilatometry was
also used to assess the sintering characteristics of the
materials in terms of linear shrinkage.

4. Results and discussion
Multi-layer tubes could be formed from combina-
tions of the four paste formulations with layer num-
bers from n =1 to 18. Three composite combinations
were evaluated ZrO,(Y8)/Al,03, ZrO,(Y3)/Al,03 and
ZTA/Al,O3. Equations 12 to 16 predict that the
Zr0,(Y8)/Al, O3 composites would be prone to failure.
More than 18 layers would be required to prevent tensile
layer crack growth, if the layers were of uniform thick-
ness. Fig. 9 shows a co-processed ZrO,(Y8)/Al,03
composite with 11 layers in a thicker walled tube. The
cracking in the tensile layers is clear. Given that the
openings are both large and small, failure in this case
may be a combination of differential sintering as well
as cooling cracking. Reasons for the failure include the
low strength and K¢ of ZrO,(Y8) relative to Al,Os.
In tri-layer tubes, n = 3, the analysis predicted that d/¢
would need to be below 0.2 when ¢ is 80 um, giving a
total wall thickness of 100 um. Such a geometry was
not attainable and the prediction could not be tested. In
the systems available, where d 4+t =250 umand n =3,
¢ must be either below 10 um or above 240 pm. To pro-
duce bodies with such geometries proved impractical
due to failure of the layers through a form of boudi-
nage (a term used in geology derived from the French
for sausage where incompliant layers fail under elonga-
tion into rounded blocks [17]). All manufacturable geo-
metries were predicted to fail and this proved to be the
case.

The ZrO,(Y3)/Al, 03 system proved more interest-
ing, as the K¢ of the zirconia layers was, of course,
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Figure 9 Cracks observed in an Al;03/ZrO,(Y8) tube with 11 layers (wall thickness 900 pm).
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Figure 10 Gs(max) as a function of layer number in Al;O3/ZrO>(Y3)
tubes with 250 pm wall thickness and d/t = 1.

much improved through transformation mechanisms.
If a/t and (o] — ap) were kept constant and the layer
thickness, ¢, was varied, the model predicted that the
critical layer thickness for this system would be 46 pm.
In the geometry used in this case, the layer thickness
could be changed by changing the number of layers.
The critical number of layers was 5.4 (Fig. 10), thus, a
6 layer composite should be crack-free. Extrudates with
n=3,5,6,9 and 15 were produced and cracks were
clearly visible only in the n = 3 samples. However, ex-
amining the mechanical data of the specimens (Fig. 11),
a significant increase in strength of the tubes can be
seen, with the greatest increase being centred around
the predicted value of 5.4 layers, indicating a close fit
with the prediction. At low layer numbers the strength
is very low due to the cracking, while composites above
the critical layer number have equal or better strengths
than monolithic materials. The higher the layer num-
ber the higher is the strength due to crack deflection
mechanisms.

The outer layer may either be ZrO; or Al,Os. Fig. 12
shows that tubes with PSZ as the outer layer are stronger
than pure PSZ and tubes with Al,O3 on the outside.
The Al,O3 tubes show similar strength to the compos-
ite materials with Al,O3 on the outside. This is due to
the additional surface stresses developed during forma-
tion. In the zirconia outer layer these stresses work to
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Figure 11 Flexural strength as a function of layer number in Al,O3/
ZrO,(Y3) tubes with 250 pm wall thickness and d/t =1, for (®) com-
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Figure 12 Flexural strength as a function of the number of layers in the
crack-free zone for various layer compositions. (1) pure Al,O3 tubes,
(2) pure PSZ tubes, (3) composite with Al,O3 as outer layer, (4) com-
posite with PSZ as outer layer.

the composite’s advantage, as stress induced transfor-
mation places the outer layer into compression. There
was some evidence that the prediction that a tri-layer
composition of ZrO,(Y3)/Al,03, where the total wall



thickness is 250 um, having zirconia layers either less
than 22 or greater than 202 pm would result in crack-
free composites (Fig. 8) was upheld in experimental
extrudates, but reliable samples for mechanical testing
were not produced.

The closer that «; can be brought to o, the lower the
propensity will be for the materials to crack and fail.
Zr0,(Y8) and ZrO,(Y3) have similar « values. The ca-
pability of bringing o/} and o, closer together arises with
the formation of composites of Al,O3 and ZTA, where
despite the difference in toughness the CTE behaviour
of the materials is much closer than in the ZrO,/Al,03
systems discussed earlier. The critical layer thickness
for a Al,03/A1,03 (80%) + ZrO,(Y3) (20%) compos-
ite with even layer thickness (z/d =0.5) is 339 um
which implies that cracks should not be found in these
composites in the die used in these experiments. No
cracks were observed verifying the prediction.

5. Summary

Co-extruded laminated composites may fracture dur-
ing processing, the cracks forming during the extrusion
process itself, during drying, sintering or cooling. Ev-
idence presented in this paper suggests that the major
failures occur while cooling from the sintering stage as
the materials become less compliant and the different
layers exhibit different mechanical properties includ-
ing thermal contraction. Equations predicting failure on
cooling are presented and tested for co-extruded tubes.
It is shown that the predictions are valid for a range of
zirconia/alumina and ZTA/alumina laminates and that
the methods could be used as a predictive tool in com-
posite preparation.
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