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bstract

ince Clegg et al. first fabricated SiC/C multilayer composites in 1990, multilayer ceramics have received much attention because of their improved
roperties achieved by designing weak interfaces. The weak interface can deflect the crack propagating perpendicularly to the plane of laminates
epeatedly during fracture, thus leading to extremely high work-of-fracture. In this work multilayer composites of Al2O3/LaPO4 were prepared
sing tape casting technique. Alumina slurry with acrylic latex binder was cast first on a polyester film, dried and then coated by LaPO4 interlayer

ast on it. The coated green tapes were dried, stacked and laminated. After the removal of the binder, the green body was hot pressed in argon
tmosphere at 1280 ◦C. A series of experiments were designed and conducted to investigate the influence of geometrical factors on mechanical
roperties of multilayer composites. Work-of-fracture of layered composites as high as 1100 J/m2 has been found.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Ceramics have many excellent properties that make their use
s structural materials very attractive. However, their brittleness
as prevented their use in structural application to date. The most
romising candidates for improving ceramic brittleness have
een continuous fiber ceramic composites, which have shown
igh strength and toughness.1 These basic materials include sil-
con carbide or boron nitride layer between fiber and matrix, to
eaken the fiber/matrix interface. Without a weak interface, the
ber-reinforced composites demonstrated catastrophic failure.
owever, the high fabrication cost of these materials and the high

emperature oxidation of the interlayer and polymer-derived
bers remained a technological problems to solve. Ultimate
aterials occurred to be laminate composites,2 where matrix

nd interlayer have been exchanged by oxides,3–5 behaving like
arbon and boron nitride in non-oxide systems. A potential oxide
nterphase is lanthanum phosphate (LaPO4), having a monazite
tructure, which was proposed by Morgan and Marshall6 and

ttrium phosphate (YPO4), with a xenotime structure evaluated
y Kuo and Kriven.7
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In this paper, all-oxide ceramics were fabricated by a low-
ost, tape casting technique without incorporating expensive
bers. The material was LaPO4 containing alumina laminate.
series of experiments were designed to investigate the influ-

nce of geometrical factors (thickness of matrix layer and
nterlayer) on crack propagation and mechanical properties of
l2O3/LaPO4 multilayer ceramics.

. Experimental procedure

Alumina (Taimicron TM-DAR from Taimei Chemicals Co.,
apan) and LaPO4 (Strem Chemicals Inc., USA) powders were
sed for fabricating multilayer composites by tape casting tech-
ique. The slurry formulation contained ∼60 wt% oxide pow-
er, ∼30 wt% distilled water, ∼10 wt% acrylic latex (DM765A,
lariant, Germany) as a binder and plasticizer and ∼0.1 wt% dis-
ersant (Dispex A-40, Allied Colloids Co., Great Britain). Alu-
ina slurry was cast first to yield laminae of 50–300 �m thick-

ess, dried and then coated by LaPO4 interlayer of 10–100 �m
hickness cast on it. The double green tapes were dried, punched
nto a rectangle (40 mm × 80 mm), stacked and laminated by
niaxial and isostatic cold pressing. After the removal of the

rganic additives, the green body was hot pressed in argon
tmosphere at 1280 ◦C. The hot pressed samples were cut
nd ground to the dimensions of 45 mm × 4 mm × 4 mm or
5 mm × 4 mm × 2 mm.

mailto:henryk.tomaszewski@itme.edu.pl
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Fig. 1. Typical micrograph showing polished surface of layered composite:
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Fig. 2. Typical load–displacement curves of Al2O3/LaPO4 multilayer compos-
ite (matrix layer of 100 �m and LaPO4 of 20 �m) and monolithic Al2O3 prepared
at the same conditions.
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was stopped before the bend bar broke and the specimens were
examined under optical and scanning electron microscopes. As
it occurred, the first slope change in the elastic region of the
load–displacement curve seen at about 35–40 N load can be

Table 1
Comparison of mechanical properties of monolithic component materials and
Al2O3/LaPO4 multilayer composite

Material Bending strength (MPa) Work-of-fracture (J/m2)
l2O3 layer (dark one) and LaPO4 layer (light one) with thickness of 100 and
0 �m, respectively.

The microstructure of composites was observed by scan-
ing electron microscope (SEM) of OPTON DSM 950. Typical
icrograph is shown in Fig. 1.
The bending strength of composites was determined on

quare bars having the dimensions 45 mm × 4 mm × 4 mm per-
endicularly to the layers in three-point bending tests using a
niversal testing machine (Model 1446, Zwick) with 1 mm/min
oading speed and 35 mm bearing distance.

For measurement of Young’s modulus the beams were
hinned to the height of 1 mm and then the compliance of the
amples was recorded during loading tests with 0.1 mm/min
oading speed and 40 mm bearing distance. The values of
oung’s modulus were determined using the relationship given
y Fett and Munz.8

The controlled crack growth tests were performed on notched
ars with one surface perpendicular to the layers polished and
imensions 45 mm × 4 mm × 2 mm during three-point bending
ith 5 �m/min loading speed and 40 mm bearing distance. The
ath of the crack during fracture was registered by optical micro-
cope and SEM. All experiments were done at room temperature
n normal air environments. Regarding that the area under the
ecorded load–deflection curve of the specimen is the sum of the
ork used for creating of two new surfaces and the elastic strain

nergy of the system and sample studied, the work-of-fracture,
F, was determined.5

In all cases 10 composite samples has been used to determine
ending strength and work-of-fracture and calculate standard
eviation.

. Results
As can be seen from Figs. 2 and 3 component materials of
l2O3/LaPO4 layered composite fracture catastrophically at

oading speed used in controlled crack growth tests. Bending
trength and work-of-fracture both of these materials are listed

A
L
A

ig. 3. Typical load–displacement curves of Al2O3/LaPO4 multilayer com-
osite (matrix layer of 200 �m and LaPO4 of 20 �m) and monolithic LaPO4

repared at the same conditions.

n Table 1. The load–displacement responses of multilayer
omposites, shown in Figs. 2 and 3, are characteristic of the
on-catastrophic fracture. To reveal the detailed nature of the
racture, the flexural test of the laminates for some samples
l2O3 432.3 ± 10.2 36.2 ± 3.2
aPO4 103.0 ± 5.2 4.7 ± 0.5
l2O3/LaPO4 composite 356.3 ± 25.6 1165.1 ± 120.1
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Fig. 4. Path of the crack propagating through layered composite for loading
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matrix/interlayer interface independent of interlayer thickness
topped at 50 N (just after the first slope change in the elastic region of the
oad–displacement curve shown in Fig. 2).

elated to cracking of the matrix layer (Fig. 4). After opening at
he bottom of the notch crack propagates through the matrix layer
erpendicularly and then deflects in the LaPO4 layer running at
he interface to the left and right side. Continuous load increase
s observed at the load–displacement curve during delamination.
he delaminated interfaces extend laterally up to some millime-

res to the outer loading points, but do not run to the end of the test
ar. The laminate delaminates up to the first load drop and dissi-
ates the strain energy by creating free surfaces. At this stage, the
l2O3 layer plays an important role. This strong layer supports

he applied load, which keeps the delaminated composite from
racturing catastrophically. At the first load drop accumulated
train energy occurs to big and crack propagates perpendic-
larly, running through some pairs of alumina/lanthanum
hosphate layers. Close relation between volume of the first
oad drop, thickness of the matrix layer and amount of matrix
ayer broken was observed. In the case of matrix layers 100 �m
hick crack crossed 8–11 pairs of layers (see Fig. 5). Amount
f layers crossed is dependent on the volume of load at the first
oad drop and varies from sample tested to sample influencing
he final value of work-of-fracture. For thicker matrix layers the
rst drop of the load appears at lower load and only two of the
atrix composite layers break (see Figs. 3 and 6), which can be

elated to lower amount of accumulated strain energy. After the
rst load drop, crack stops at matrix/interlayer interface, then
ropagates parallel to the layers leading to the following load
xtend at the load–displacement curve. At the second load drop
nly two pairs of layers break independent of matrix layer thick-
ess (see Figs. 6 and 7). As the cracking/delamination events
ontinue, the load–displacement curve looks like saw teeth
nd a non-brittle fracture response is achieved. This fracture
ehaviour is similar to that occurring in fiber-reinforced ceramic
omposites having a weak interface. Interfacial debonding and

elamination are followed by load redistribution among unfrac-
ured part and the unbroken fibers. Interfacial delamination as
een in this study is an important toughening mechanism operat-

(
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ig. 5. Optical micrograph showing the crack path after the first load drop from
he load–displacement curve presented in Fig. 2.

ng in flaw-tolerant ceramics, more effective than those of crack
eflection, crack branching and microcracking, which operate
n most particulate and laminated composites with strong
nterfaces.5

As shown in Table 1, Al2O3/LaPO4 layered composites
emonstrate good mechanical properties. As compared with
onolithic alumina, this oxide laminate has a comparable
echanical strength, but excellent work-of-fracture. To find the

nfluence of geometrical factors (thickness of matrix layer and
nterlayer) on crack propagation and mechanical properties of
l2O3/LaPO4 multilayer ceramics two series of laminates with
atrix layer thickness or interlayer thickness constant were pre-

ared. As it was observed, delaminating crack always runs at
Fig. 8). It means that decrease of interlayer thickness keep-
ng Al2O3 layer thickness constant can lead to increase of

atrix layer/interlayer pairs amount in composite sample and
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Fig. 6. Optical micrograph showing the crack path responsible for
load–displacement curve shown in Fig. 3.

Fig. 7. Optical micrograph showing the crack path after the second load drop
from the load–displacement curve presented in Fig. 2.
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ig. 8. Optical micrograph showing the path of delaminating crack in
l2O3/LaPO4 multilayer composite with 40 �m thick LaPO4 interlayer.

mount of cracking/delamination events responsible for non-
atastrophic fracture. According to this thesis work-of-fracture
f Al2O3/LaPO4 multilayer ceramics shown in Fig. 9 strongly
ncreases with interlayer thickness decrease. Similar curve of
ending strength versus interlayer thickness is investigated from
ig. 10. In multilayer ceramics, bending strength is mainly deter-
ined by matrix layers. Their amount increases with decreasing
nterlayer thickness resulting in a small but increase of compos-
te strength.

Similar influence on composite work-of-fracture is observed
Fig. 11), when Al2O3 layer thickness decreases at interlayer

ig. 9. Work-of-fracture as a function of LaPO4 interlayer thickness for
l2O3/LaPO4 multilayer composite with Al2O3 layer thickness (100 �m) con-

tant.
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Fig. 10. Bending strength as a function of LaPO4 interlayer thickness for
Al2O3/LaPO4 multilayer composite with Al2O3 layer thickness (100 �m) con-
stant.

Fig. 11. Work-of-fracture as a function of Al2O3 matrix layer thickness for
Al2O3/LaPO4 multilayer composite with LaPO4 interlayer thickness (20 �m)
constant.

Fig. 12. Bending strength as a function of Al2O3 matrix layer thickness for
Al2O3/LaPO4 multilayer composite with LaPO4 interlayer thickness (20 �m)
constant.
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hickness constant. Matrix layer thickness decrease increases
he amount of cracking/delamination events that reflects in an
ncrease of fracture energy adsorbed during fracture. According
o Fig. 12 bending strength of laminate decreases when matrix
ayer thickness increases.

. Conclusions

In this work LaPO4 containing Al2O3 laminates with con-
entional two-layer configuration were fabricated and studied.
xide laminate with high strength and work-of-fracture was
btained exhibiting extended interfacial delamination. The influ-
nce of geometrical factors (thickness of matrix layer and inter-
ayer) on mechanical properties of Al2O3/LaPO4 multilayer
eramics was found.
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