
Ceramic Matrix
Materials

|
Materials Manufacturing and Engineering

Edited by
J. Paulo Davim



Editor

Prof. Dr. J. Paulo Davim

University of Aveiro

Department of Mechanical Engineering

Campus Santiago

3810-193 Aveiro, Portugal

pdavim@ua.pt

ISBN 978-3-11-029222-0

e-ISBN (PDF) 978-3-11-029225-1

e-ISBN (EPUB) 978-3-11-038887-9

Set-ISBN 978-3-11-029226-8

Library of Congress Cataloging-in-Publication Data

A CIP catalog record for this book has been applied for at the Library of Congress.

Bibliographic information published by the Deutsche Nationalbibliothek

The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliografie;

detailed bibliographic data are available on the Internet at http://dnb.dnb.de.

© 2016 Walter de Gruyter GmbH, Berlin/Boston

Cover image: gettyimages/thinkstockphotos, Abalone Shell

Typesetting: PTP-Berlin, Protago-TEX-Production GmbH, Berlin

Printing and binding: CPI books, GmbH, Leck

♾ Printed on acid-free paper

Printed in Germany

www.degruyter.com



Preface

Ceramic matrix composites (CMCs) are materials “in which one or more different ce-
ramic phases are deliberately added, in order to increase some property that is not
controlled by the monolithic ceramic materials”. The majority of CMCs contain a ce-
ramic matrix (alumina, silicon nitride, silicon carbide, titanium carbide, and several
types of glass) with metallic or ceramic fibers (short fibers such as whiskers or long
fibers) or particulates as reinforcements. CMCs consist of a ceramic primary phase
embedded with a secondary phase. The integration of the secondary phase into ce-
ramic matrix results in improvement of mechanical properties, namely, its toughness.
In general, CMCs are resistant to high temperatures and have good wear resistance.
Also reinforcements are added during the processing of CMCs to improve the proper-
ties such as electrical conductivity, thermal conductivity, and thermal expansion.

The present volume aims to provide recent information on ceramic matrix com-
posites – materials, manufacturing and engineering – in six chapters. Chapter 1
provides information on the mechanical behavior of ceramic matrix composite and
lifetime prediction by acoustic emission. Chapter 2 is dedicated to advanced elec-
troceramic composites (property control through processing). Chapter 3 describes
the regulation and control of macro-micro structure for optimal performance in alu-
mina self-lubricated composites. Chapter 4 contains information on themeasurement
of mechanical properties of interfaces in ceramic composites. Chapter 5 describes
carbonaceous nanomaterials for hybrid organic photovoltaic application. Finally,
Chapter 6 is dedicated to a review on advances in self-healing based on carbon nano-
materials for electrical circuits.

This book can be used as a research book for the final undergraduate engineering
course or as a topic on ceramic matrix composites at the postgraduate level. Also, the
book can serve as a useful reference for academics, researchers, materials, mechan-
ical and manufacturing engineers, and professionals in ceramic matrix composites
and related industries. This book is of interest for many important research centers,
laboratories, and universities as well as industry. Therefore, it is hoped this book will
inspire and enthuse others to undertake research in the field of ceramic matrix com-
posites.

The editor wishes to thank De Gruyter for this opportunity and for their enthusi-
astic and professional support. Finally, I would like to thank all the chapter authors
for participating in this work.

Aveiro, Portugal, July 2016 J. Paulo Davim
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Yongsheng Zhang, Junjie Song, Yuan Fang, Hengzhong Fan, and
Litian Hu

3 Regulation and control of macro-micro structure

for optimal performance in alumina self-lubricated

composites

3.1 Introduction

High-performance alumina-matrix composites are potential candidates for the appli-
cationofwear-resistance components, due to theirhighwearability andhardness, low
specific density, corrosion resistance, and antioxidation. Nevertheless, the lubricating
problems andbrittleness of these structural materials aremajor constraints to promot-
ing them for practical application. Therefore, it is significant to design and fabricate
alumina-matrix composites with excellent mechanical and tribological properties.

The combination of the bionic design of ceramic materials and self-lubricating
ceramic-matrix composites with excellent lubricating properties is a promisingway to
achieve the optimal integration of mechanical and tribological properties [1–3]. Dur-
ing the past decade, laminated ceramic composites with weak layers which inspired
frombionic multilayer structures like shells, due to their excellentmechanical proper-
ties, have attracted many researchers. Based on the layered structure design concept,
Clegg et al. [4] usedSiC as strong layers and graphite as theweak interface successfully
fabricated the SiC/graphite laminated composites, which exhibited great mechanical
properties, with the fracture toughness and work of fracture being 15MPam1/2 and
4,625 Jm−2, respectively. Moreover, the laminated composites also have excellent lu-
bricating properties andwear resistance because of their special weak interfacial layer
[5, 6]. According to previous studies, Al2O3/Mo composites with a laminated struc-
ture have excellent self-lubricating and mechanical properties [6]. The existence of
the weak interfacial layer of Mo results in high fracture toughness and low friction
coefficient. The fracture toughness of the prepared materials could be 1.6 times higher
than that of monolithic Al2O3 ceramics. In addition, their friction coefficient could be
reduced to 0.34 when subjected to dry sliding wear against Al2O3 pins at 800 °C under
a load of 70N with sliding frequency of 2Hz, a decrease of approximately 60% below
themonolithic Al2O3 ceramics.

Compared to traditional monolithic ceramics, the laminated self-lubricating com-
posites have many advantages resulting from the laminated structure and lubricants.
It is perceivable that for laminated composites with weak layers, structural parame-
ters and interfacial characteristics have enormous effects on both their mechanical
and tribological properties. The geometric parameters of the layered structure and in-
terfacial characteristics are the key factors for the optimal design of materials with
the same compositions [7–13]. Previous studies showed that the structural parameters
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significantly affect the performance of laminates. The strengthand fracture toughness
of the materials were not only depended on the thickness of Al2O3 and weak layers,
but also on the thickness ratio of strong-weak layers. With the increase in the layer
thickness ratio, the bending strength of Al2O3/W laminates also increases, but the
fracture toughness decreases [10]. In order to obtain the maximum toughening effect,
the thickness of the strong layers and weak layers as well as the thickness ratio must
be kept at an appropriate value. In addition, the interfacial characteristics also have
an important impact on the performance of laminated composites. It is an effective
method to optimize the properties of the laminated composites through implanting
special interface with controllablemorphology or adjusting the compositions of weak
layers [7, 11, 12]. Any modification of the interface will be a determining factor in the
strength of the interfacial bond and thereby affect the crack propagating path, in-
terfacial residual stress, and interfacial fracture resistance of laminated composites.
Moreover, these interfacial designs may ensure the reliability of these materials in
practical application. Therefore, it is an effective method to improve the properties
of laminated composites by adjusting the structure parameters and interfacial char-
acteristics.

Based on the above background, two kinds of ceramic composites with high relia-
bility were designed and prepared which can achieve stable and effective lubrication
at room- and high-temperature conditions, respectively. The relation between the
macro-micro structure of thepreparedmaterials and their propertieswas investigated.

3.2 Influence of structure parameters on the mechanical

properties of the alumina-laminated composites

For laminated composites with a weak layer, the geometrical parameters of the lay-
ered structure are the key factors for the optimal design of the multilayer materials.
The structural parameters mainly include the number and thickness of the matrix
layers and the weak layers. In order to investigate in depth the effect factors on the
mechanical properties of the materials, a series of Al2O3/Mo and Al2O3/graphite lam-
inated self-lubricating composites with different structure parameters were prepared
through layer-by-layer method and hot-pressing process [14, 15]. Figure 3.1 illustrates
the schematic and the design concept of laminated composites. The thickness of the
A layer and B layer are d1 and d2, respectively, where the A layer is the Al2O3 and the
B layer is Mo or graphite.

The microstructures of typical Al2O3/Mo and Al2O3/graphite laminated materials
are given in Fig. 3.2 [14, 15], where the dark layer is the Al2O3 layer and the light layer is
the Mo or graphite layer that is markedly thinner than the Al2O3 layer. The laminated
composites presents an obvious multilayer structure, and a relatively straight weak
interface can be observed without clear delamination, and the boundary between the
strong layer and weak layer is sharp. Moreover, the graphite layers in the compos-
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A layer B layer

d1

d2

Fig. 3.1: The schematic and design concept of laminated composites.

(a)

Al2O3
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500 µm

Al2O3Graphite

20 kV X35 500 µm

(c)

500 µm

Fig. 3.2:Microstructure of the Al2O3/Mo (a and b) and Al2O3/graphite (c and d) laminated compos-

ites.

ites are not fully densified, due to its poor sinterability, while the metal Mo and Al2O3
present compact crystallized structures andhavenoobviousflaws. These specialweak
interfacial layers play an important role in improving the mechanical and tribological
properties of the laminated composites.

Figure 3.3 summarizes the influence of structural parameters on the toughness
and work of fracture of Al2O3/Mo and Al2O3/graphite laminated composites and
monolithic Al2O3 ceramics. When the number of Al2O3 layers was 15 and Mo layers
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Fig. 3.3: Effect of the numbers of weak layers on the mechanical properties of the laminated com-

posites.

14, the toughness andwork of fracture of Al2O3/Mo laminated composites could reach
6.6MPam1/2 and 8757 Jm−2, respectively, which were 1.7 and 58.4 times higher than
those of monolithic Al2O3 ceramics. Meanwhile, when the number of graphite lay-
ers was 5, the Al2O3/graphite laminated composite showed the best comprehensive
properties. The toughness and work of fracture of this kind of material could reach
7.6MPam1/2 and 572 Jm−2, which were approximately 1.6 and 5.5 times higher than
those of monolithic Al2O3 ceramic, respectively.

Taken as a whole, the laminated composites have a better fracture toughness
compared with monolithic Al2O3 ceramic. This is mainly because the weak layer acts
as a geometrical obstacle to separate the intact Al2O3 layer from the crack tip, that
is, intact Al2O3 layers have a higher resistance against crack initiation than the pre-
cracked Al2O3 layer [16]. Therefore, a smaller effective thickness of Al2O3 in front of
the pre-crack (dp) is rather conductive to a higher fracture toughness, especially for
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dA

Pre-crack

dA

dP dP

Fig. 3.4: The schematic diagram of precracked monolithic Al2O3 ceramic and laminated composites

with different layer-numbers.

the materials having the same effective number of weak layer (n). Thus, designing the
laminated composites with an even number of the ceramic layers is better for the ap-
parent toughness of the materials (Fig. 3.4). Additionally, the effective numbers of the
weak layers also have an effect on the properties of thematerials. With the increase in
the effective numbers of the weak layers, the work of fracture of the laminated com-
posites increased significantly. A higher number of the weak layers will cause more
dissipation of fracture energy by crack defection, crack blunting, matrix layer pull-
out, frictional bridging, and so on (Fig. 3.5). Thus, the laminated composites with a
largenumberofweak layers showamorenoncatastrophic fracture behavior,while the
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monolithic Al2O3 ceramic (a and b), Al2O3/Mo (c and d) and Al2O3/graphite (e and f) laminated

composites.
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materials with a small number of weak layers have a few dissipation mechanisms of
fracture energy and even show brittle fracture characteristics (Fig. 3.5). Moreover, the
effective number of weak layers also significantly effects the contribution of the weak
layers to the toughness of the composites. For the laminated composites with ductile
metal layers, the increase of the effective layer number of Mo will cause an increase of
the area fraction of the ductile phase (Fig. 3.4), and thereby improve the contribution
of the metal phase to the toughness of the composite. Therefore, the larger the effec-
tive number of the Mo layers is, the higher the toughness and work of fracture will be
(Fig. 3.3). However, for the laminated composites with the graphite layers, the effec-
tive layer number of weak layers has a counter-effect on the toughness of materials
compared with that on the Al2O3/Mo laminated composites. Graphite is known to be
material with extremely low bending strength. So the intact Al2O3 layers play a domi-
nant role in the loading and fracture process. The fracture toughness is related to the
value of maximum force in the process of complete rupture of the sample. The more
effective number of the graphite layer (n) will cause thinning of the effective thickness
of the intact Al2O3 layers in front of the precrack (Fig. 3.4), and thus decrease the frac-
ture toughness of the materials. Therefore, the larger the number of graphite layers,
the lower the toughness will be (Fig. 3.3). The combined action of the values of n, dp
and dA influenced the mechanical properties of laminated composites.

In addition, the thickness of theweak layer alsohas a great impact on themechan-
ical properties of the laminated composites. Figure 3.6 summarizes the influenceof the
layer thickness of graphite on the toughness and work of fracture of Al2O3/graphite
laminated composites. It can be seen, with the increases of the thickness of the
graphite layer, the fracture toughness of the laminated composites first increases and
then gradually decreases, and the work of fracturing shows a diminishing trend. The
thickness of a graphite layer that is either too small or too large is unfavorable to the
improvement of fracture toughness. It is difficult to form a continuous layer of graphite
if the thickness of graphite layer is too small, which is not conducive to the crack de-
flection (Fig. 3.7 a). If the thickness of the graphite layer is too large, the residual stress
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500 μm 500 μmX50 500 μm20kV X50 500 μm20kV

(b)(a)

Fig. 3.7: SEM images of crack propagating path of Al2O3/graphite laminated composites with a rela-

tively thin graphite layer (a) and thick graphite layer (b).

will cause the occurrence of delamination in materials. And the frictional sliding be-
tween layers in fracture processing will become the sliding inside graphite (Fig. 3.7 b),
and thereby decrease the fracture resistance [14].

Therefore, the combined contributions of the weak layer and alumina layer to the
crack propagation energy and load-carrying ability of thematerials influence the frac-
ture toughness and the work of the fracture of laminated composites. The greater the
effective number of the weak layers, the more the work of fracture of the materials
will be. The higher the value of effective intact thickness of Al2O3 layers in front of
the pre-crack, the better the load-carrying ability and higher fracture toughness of the
materials. Consequently, the mechanical properties of the laminated composites can
be flexibly optimized by the adjusting parameters of layered structure [14, 15].

3.3 Influence of structure parameters on the tribological
properties of the alumina laminated composites

From the above results, the bionic layered structure design realizes the improvement
of themechanical properties for the alumina-matrix composites, and the properties of
the materials were further enhanced by optimizing the structure parameters. There-
fore, the layered structure and its structure parameters play an important role in the
performance of the ceramic materials. To systematically investigate the effects of ge-
ometrical parameters of the layered structure on the tribological properties of the
laminated composites, the relationship among the structure parameters, formation
of lubricating and transferring films, load-bearing capacities and wear mechanisms
were studied [5, 17].
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The variations of the friction coefficients with different layer number of weak lay-
ers and layer-thickness ratio (d1 /d2) for theAl2O3/Mo (Figs. 3.8 a,b) andAl2O3/graphite
(Figs. 3.8 c,d) laminatedcompositeswere summarized inFig. 3.8 [5, 17]. Comparedwith
the monolithic Al2O3 ceramics, Al2O3/Mo and Al2O3/graphite laminated composites
exhibited excellent tribological properties at 800 °C and room temperature, respec-
tively. The optimal friction coefficient of the Al2O3/Mo laminated composites can be
reduced to 0.43 when sliding against Al2O3 pins at 800 °C under a load of 70N with
sliding frequency of 10Hz. Meanwhile, the friction coefficient of the Al2O3/graphite
laminated composites can reach 0.31when subjected todry sliding conditions at room
temperature and when coupled with Al2O3 balls under a load of 35N and frequency
of 5Hz. Furthermore, it can be observed in Fig. 3.9 [5, 17] that the friction coefficient
of the monolithic Al2O3 ceramic shows shrewd fluctuation, while that of the lami-
nated composites are relatively steady. This is mainly attributed to the formation of
the lubricating and transferring films on the sliding surfaces from lubricants or their
reaction products. For the Al2O3/Mo laminated composites at 800 °C [17] (Fig. 3.10),

0

0 5 10 15 20 25 30 35 40 45 50

0.0

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

5 10 15
Layer–number(a)

(c) (d)

(b)

Layer–number

Layer–thickness ratio

Layer–thickness ratio

Fr
ict

io
n 

co
effi

ce
nt

Fr
ict

io
n 

co
effi

ce
nt

Fr
ict

io
n 

co
effi

ce
nt

Fr
ict

io
n 

co
effi

ce
nt

Thickness of Mo layer is 71.5μm

Thickness of graphite layer is 
56 μm

Thickness of Al2O3 layer is 440μm

Thickness of Al2O3 layer is 791 μm

Al2O3/Mo laminated 
composites 800°C

Al2O3/Mo laminated composites 
Room temperatutre

Al2O3/Mo laminated composites 
Room temperatutre

Al2O3/Mo laminated 
composites 800°C

20 25 0

0.0
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

4 6 8 10 12 14 16 18 20

0.0

0.2

0.4

0.6

0.8

1.0

8 10 12 14 16 18

Fig. 3.8: Effect of layer-number of weak layer and layer-thickness ratio of strong-weak layers on the

friction coefficient of laminated composites.



3.3 Influence of structure parameters on the tribological properties of laminates ◼ | 67

0
(a)

0.0

0.0

0.2

0.4

0.6

0.8

1.0

0.2

0.4

0.6

0.8

1.0

300 600
Time/s

Fr
ict

io
n 

co
effi

cie
nt

Fr
ict

io
n 

co
effi

cie
nt

900 1200 1500 1800

0 500 1000 1500 2000
Time/s(b)

Al2O3/Graphite laminated composites

Al2O3/Graphite laminated composites

Monolithic Al2O3 ceramics

Monolithic Al2O3 ceramics

High temperature

Room temperature

2500 3000 3500 4000

Fig. 3.9: Friction coefficient curves of monolithic Al2O3 ceramics, Al2O3/Mo, and Al2O3/graphite

laminated composites at high temperature and room temperature.

metal molybdenum exposed to the air reacts with the oxygen in the air and forms
molybdenum oxide. MoO3 has relatively low hardness and demonstrates low shear
stress, which makes it easier to smear during sliding, and thereby reducing the re-
sistance of friction [17, 19, 20]. During the friction test, the amount of molybdenum
oxide increases, and they smear on the friction surface to form lubricating and trans-
ferring films. Similarly, the graphite can act as a lubricant to promote the formation
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of well-covered lubricating films on the surfaces of ceramics and friction pairs during
dry-sliding. The formation of the well-covered lubricating and transferring films on
the sliding surfaces significantly reduces the resistance of friction and also protects
the ceramic and friction pair from abrasion (Fig. 3.11) [5].

(a)

500 µm 500 µm 20 µm

500 µm 500 µm 20 µm

(b) (c) Element
Atomic percent/%

O
59.00

Al
40.68

Ti
0.23

Cu
0.10

(d) (e) (f) Element
Atomic percent/%

C
36.40

O
23.01

Al
40.26

Ti
0.33

Fig. 3.11: The worn sufaces of samples and the corresponding frcition pairs at room temperature:

monolithic Al2O3 ceramic (a–c); Al2O3/graphite laminated composite (d–f).

Moreover, the structure parameters have an enormous effect on the friction coefficient
of the laminated materials. The larger the number of weak layers and smaller layer-
thickness ratio (d1/d2), the lower will be the friction coefficient of the material. This is
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mainly because the content of the lubricant phase in composites directly affects the
formation of the lubricating and transferring films on the sliding surfaces. With the
increase in thenumberofweak layers anddecreaseof the layer-thickness ratio (d1 /d2),
the volume fraction of the lubricant phase becomes larger, which is more conducive
to the formation of successive lubricating and transferring films.

In addition, a larger layer number of weak layers and a lower layer-thickness ratio
(d1/d2) can cause a smaller amount of space between weak layers, which is conducive
to the formation of the lubricating films and the reduction of abrasion. Nomatter how
thick the graphite layers are, the severe wear at the edge of graphite layer often occurs
when the materials have a large thickness of Al2O3 layers (Fig. 3.12) [5]. An extremely
large thickness of Al2O3 layers will result in a large spacing among the graphite layers,
which is not better for the formation of the effective lubricating films on the friction
surface during the initial stage of sliding friction, thus causing a high friction resis-
tance. The edge of the Al2O3 phase near the graphite layer will be ruptured once the
Al2O3 cannot bear the resistance of friction, followed by the accumulation of fatigue
damage. Thus, a smaller spacing between the lubricant layers may be beneficial to a
fewer possibilities for the rupture of ceramic at the edge of Al2O3 layers, especially for
the graphite which has a low load-bearing capacity.

(a)

500 µm 500 µm 500 µm

(b) (c)

Fig. 3.12: The SEM images for the worn surfaces of Al2O3/graphite laminated composites with differ-

ent thickness of graphite layer and Al2O3 layer.

3.4 Design of interfaces for the optimal performance of laminated

composites

The layered structure design and optimization of the alumina self-lubricated com-
posites achieve the integration of the structure and lubricating function. The opti-
mized Al2O3/Mo and Al2O3/graphite laminated composites show better lubricating
properties and wear resistance than traditional monolithic self-lubricating ceramics.
Considering the practical significance, the interface of materials has become an im-
portant field of research in both science and technology. For laminated composites
with weak layers, interfacial characteristics may have an important effect on their
mechanical and tribological properties. The interface characteristics are mainly in-
terface chemistry and morphology. Chen et al. [11] designed and prepared layered
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Al2O3/Ni composites. They found that the toughness and strength of materials could
be controlled by the tortuosity interface, which is achieved by changing the nickel
layer profile. The interfacial bonding strength can be easily adjusted by this interfa-
cial design. The mechanical interlock at the interface greatly affects the debonding
length to free some of the constraint in the metal layer from the ceramic layers with
applied loading and plastic deformation of the metal layer, which contributes to en-
ergy absorption [12]. Furthermore, the residual stresses vary with the change in the
interface geometry [21], influencing the position of crack initiation and energy absorp-
tion through crack propagation [22]. Moreover, Wang et al. [7] indicated that adding
a ceramic-matrix phase as weak interfacial layer modifier could enhance the physical
strengthofweak layers and thebonding strengthbetween layers, and thereby improve
the performance of the laminates. Therefore, it is an effective method to improve me-
chanical and tribological properties of laminated composites by implanting special
interface morphologies or adjusting the compositions of weak interfaces.

To improve the overall performance of laminated composites, the Al2O3/Mo and
Al2O3/graphite laminated composites with special interface morphology were design
and prepared [14, 18]. Figure 3.13 shows the schematic and design concept of lam-
inated composites with the controllable morphology [14, 18]. Firstly, the Al2O3/Mo
laminated composites with different interfacial texture were successfully fabricated
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(Fig. 3.13 a). The micro-textures of different densities were produced by a solid-state
pulse Nd:YAG laser on the surface of an Al2O3 green body (Fig. 3.14 a). The grooves on
the surface of the texturedAl2O3 layers are clear and uniform, and the plateau around
the grooves remains smooth (Fig. 3.14 b). The interface morphology remains clearly
visible after sintering (Fig. 3.15 a), and the interfacial characteristics not only increase
the contact area between the two layers but also use the mechanical interlock effec-
tively (Fig. 3.15 b) [18].
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Fig. 3.15:SEM images of microstructure and the crack-path in double-shearing for the Al2O3/Mo

laminated composites with interfacial texture.

The interfacial bonding strength of the Al2O3/Mo/Al2O3 sandwich composites with
different interfacial texture is summarized in Fig. 3.16 a. With the increase in the area
density of the grooves at the interface of the Al2O3 layer, the interfacial bonding
strength also improves linearly. The results show that the higher the area density of
the grooves is, the stronger the interfacial bonding will be. The interfacial bonding
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strength can be easily adjusted by this interface morphology design, confirming the
previous prediction.

Moreover, this controllable interfacial morphology has a great impact on the me-
chanical properties of the laminated composites. Figure 3.16 [18] summarizes the
influence of interfacial characteristics on the bending strength, toughness, and work
of fracture of Al2O3/Mo/Al2O3 sandwich composites. The hot-pressed Al2O3/Mo/Al2O3
sandwich composites with interfacial texture exhibit excellentmechanical properties
compared with the monolithic Al2O3 ceramics. Interfacial bonding strength that is
either too strong or tooweak is unfavorable for the improvement ofmechanical proper-
ties. As show inFig. 3.15 b, the interfacial bonding strengthand interfacialmorphology
can suppress slipping between the layers and adjust the residual stress between lay-
ers which is caused by the mismatch of the thermal expansion of the Al2O3 and Mo
layers. If the interface bonding strength is too strong, the laminated materials will
behave like a brittle monolithic ceramic, which results in low fracture toughness and
work of fracture. However, if the interfacial bonding strength is too weak, less frac-

0.0

0.0
0 16 18 20 22 24 26 28 30 32 34 36

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

0
0

240

250

260

270

280

290

300

310

320

0

0
0

180
200
220
240
260
280
300
320
340
360
380

16 18 20 22 24 26 28 30 32 34 36

16 18 20 22 24 26 28 30 32 34 36

16
18
20
22
24
26
28
32
36
38

0.4 0.6 0.8 1.0

W/mm(a) (b)

K IC
/M

Pa
m

1/
2

In
te

rfa
cia

l b
on

di
ng

 st
re

ng
th

/M
Pa

Interfacial bonding strength/MPa

Interfacial bonding strength/MPa

ϒ W
OF

/J 
m

–2

Interfacial bonding strength/MPa

Be
nd

in
g 

st
re

ng
th

/M
Pa

1.2 1.4 1.6

(c) (d)

Fig. 3.16: Relationships betweem the area density of the interfacial texture, interfacial bonding

strength, bending strength, toughness, and work of fracture of the Al2O3/Mo composites.



3.4 Design of interfaces for the optimal performance of laminated composites | 73

ture energy will be dissipated by the resistance of special interfacial structure, which
goes against the tougheningof the ceramics. Meanwhile, aweaker interfacial bonding
strength will also result in lower residual compressive stress of the internal layer due
to lower creep constraint. Lower residual compressive stress causes a lower appar-
ent toughness. Therefore, the combined actions of the interfacial bonding strength,
interfacial morphology, and residual stress between layers influence the mechanical
properties of laminated composites. Also, the performance of the composites can be
easily adjusted by this interfacial design.

The toughness, bending strength, and work of fracture of Al2O3/Mo/Al2O3 sand-
wich composites can reach 7.9MPa · m1/2, 309MPa, and 339 J · m−2 when the area
density of the interfacial texture is 26.5%, which is approximately 102.6%, 23.4%,
and 88.83% higher, respectively, than those of monolithic Al2O3 ceramics [18].

Additionally, the Al2O3/graphite laminated composites with orthogonally mi-
crocorrugated interface were also designed and prepared (Fig. 3.13 b) [14]. And the
microcorrugated structure on the surface of theAl2O3 green layer is formedwith a tem-
plate defining a pattern having corrugated features. From Fig. 3.17, we observed that

(b)

(c)(a)

400

300
Shortcoming

Shortcoming

Sample A

K IC
/M

Pa
.m

1/
2

τ/
M

Pa
γ W

OF
/J.

m
–2

Sample B Sample C

200

100

0
600

400

200

0
8

90
80

Crack propagation
in stable-state

Matrix layer 
pull-out resistance

Frictional sliding
resistance

500 µm20kV X50   500 µm

Matrix layers pull-out,
frictional sliding, bridging

Displacement/mm

Sample C

Lo
ad

/N

70
60
50
40
30
20
10
0

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

6

4

2

0

Fig. 3.17:Mechanical properties and fracture behaviors of the Al2O3/graphite laminated composites

with orthogonally corrugated interface.



74 | 3 Optimal design of alumina self-lubricated composite properties

the overall performance of the materials can be significantly improved by optimizing
the design of the microinterface. This is mainly because the existing corrugated in-
terface not only improves the crack length because of the waved weak layer, but also
increases the resistanceof frictional sliding.Moreover, this corrugated interfacialmor-
phology increases the resistance in the pull-out process of the fractured matrix layer
(Figs. 3.17 b,c), could significantly enhance the constraint among layers and disperse
the local interfacial stresses, and thereby improve the resistance to the elastic defor-
mation, thus increasing the bending strength of the laminated composites. Therefore,
this interfacial design overcomes the delamination failure that existed in laminated
composites with smooth interfaces due to the larger interface area and constraint be-
tween layers, and it also ensures the reliability of these materials in applications.

Adjusting the compositions of the interfacial layer is also a promising way to im-
prove the overall performance of the laminated composites. Our results showed that
the performance of the Al2O3/Mo laminated composites can be further improved by
introducing a transition interface with appropriate Mo content (Figs. 3.18 a,b) [15]. The
fracture toughness of the materials can reach 7.3MPam1/2 when the chemical compo-
nent of transition interface is 50wt.%Al2O3–50wt.%Mo. A relatively high Mo content
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in transition interfaces could improve the amount and uniformity of the interface be-
tween the twophases (Fig. 3.18 c),which is beneficial to themechanical properties and
fracturebehaviorof Al2O3/Mo-laminatedcomposites.Moreover, there exists a residual
radial tensile stress and radial tangential compressive stress surrounding the Mo par-
ticles, due to the thermal expansion coefficient mismatch of the thermal expansion of
ceramic particles and metal particles. Cracks will propagate in a direction parallel to
the axis of the compressive stress and perpendicular to the axis of the tensile stress in
the matrix (Fig. 3.18 d), which increases the extended path of the cracks and resistant
force of crack expansion, and dissipates more frature energy.

In summary, Al2O3/Mo and Al2O3/graphite laminated self-lubricating composites
realize the integration of mechanical and lubricating properties of ceramic materials.
The performance of the laminated composites can be facility controlled by the design
of the structure parameters, interfacial morphology, and compositions of the weak
layers. The excellent mechanical and tribological properties of the optimal laminated
composites enable them to be used in a wide range of applications.
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