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bstract

igh-performance Al2O3/Mo laminated composites are potential candidates for space applications because of their excellent self-lubricating and
echanical performance. This study aims at revealing the mechanisms of how interfacial morphology affects the mechanical properties of Al2O3/Mo

aminated composites. Four types of micro-textures of different densities were produced by solid-state pulse Nd:YAG laser on the surface of a
l2O3 green body. Al2O3/Mo laminated composites with different interfacial morphologies were prepared by laser-texturing and hot-pressing. It

s found that the self-locking function of a regular serrated interface improves the interfacial bonding strength and controls the residual stress of

aterials, thus realizing the optimization of materials. The toughness, work of fracture and strength of the materials could reach 8.0 MPa m1/2,

179 J m−2 and 293 MPa, which were 2.1 times, 6.6 times and 1.2 times higher than those of monolithic Al2O3 ceramics, respectively.
 2014 Elsevier Ltd. All rights reserved.
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.  Introduction

Lamination is one of the new strategies being used to enhance
he mechanical properties of ceramics.1,2 During the past
ecade, inspiration from bionic multilayer structures like shells,
hich are mounts of layered ceramic composites, has been

tudied.3–5 Combining the bionic design of ceramic materials
nd self-lubricating ceramic–matrix composites with excellent
ubricating property is a promising way to achieve the integra-
ion of mechanical and tribological properties.6–8 According to

 previous study, Al2O3/Mo composites with a laminated struc-
ure have excellent self-lubricating and mechanical properties.8

hese multilayer materials consist of a weak interfacial layer

f Mo, which results in high fracture toughness and low fric-
ion coefficient. The bending strength of the material can
each properties similar to those of general monolithic Al2O3

∗ Corresponding author. Tel.: +86 931 4968833; fax: +86 931 8277088.
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eramics, and the friction coefficient of the material can be as
ow as 0.34 at 800 ◦C, which is more than 60% lower than that of
he monolithic Al2O3 ceramics. These excellent tribological and

echanical properties enable many potential high-technology
pplications as structural materials. However, the in-depth and
ystematic studies on these materials are few, especially on their
ptimal design of the interface, which is the key to the practical
pplication of the materials.

For ceramic–metal laminated composites, interfacial char-
cteristics may have an important effect on their mechanical
roperties.9–13 Any modification of the interface will be a deter-
ining factor in the strength of the interfacial bond and will

ventually affect the toughness, strength, and fracture behav-
or of laminated composites.14–18 Moreover, the crack path and
nterfacial fracture resistance depend on the interfacial bond-
ng strength of laminated composites.19–21 Therefore, adjusting
he interface characteristics is an effective method to achieve

roperty control. The aim of this study is to analyze the inter-
acial morphology influence on the mechanical properties of
l2O3/Mo laminated composites and to guide the optimization

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2014.09.023&domain=pdf
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Fig. 1. The schematic diagram of the Al2O3/Mo laminated composites: the green
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smooth. The groove depth and width are 60 �m and 200 �m,
ody structure, side view, front view and detailed view of the textured Al2O3

ayer.

esign of Al2O3/Mo multilayer composites through interfacial
ontrol. The followings are the main objectives of this research:
1) fabricate Al2O3/Mo laminated composites with different
ontrollable textured interfaces (interfacial morphology), (2)
nalyze the relationship between the interfacial morphology and
echanical property of materials, and (3) discuss and put for-
ard the mechanism of how interfacial morphology affects the
echanical properties of Al2O3/Mo laminated composites.

.  Experimental  procedure

Fig. 1 and Table 1 illustrate the schematic and the design
oncept of Al2O3/Mo laminated composites. The thickness of
he Al2O3 layer and the Mo layer are d1 and d2, respectively. The
roove width of the textured layer is W1, groove interval is W2,
nd the depth d of the grooves is about 60 �m. The geometrical
arameters of the grooves of the samples are given in Table 1,
here Ad is the area density of the grooves at the interface. We
btained the Ad from the formula Ad =  1 −  W2

2/(W1 +  W2)2.
Commercially available Mo (≤4 �m) and micro-/nano-sized

l2O3 powders (33–1100 nm)22 were used in this study. The
teps to manufacture the materials are as follows: (1) prepare
he untextured or textured Al2O3 layers, (2) alternately stack
he Al2O3 layers and Mo powders in graphite mold layer by
ayer, and (3) hot-press the graphite mold. The monolithic Al2O3
amples and the Al2O3 layer of the laminated samples were
repared by placing the Al2O3 powders into a steel mold with

 definite weight and then dry-pressing them at 180 MPa for
 min. The interfacial texture was prepared on the surface of the
l2O3 layer for the laminated samples using a commercial pulse
d:YAG laser. The laser had a wavelength of 1064 nm and mean
ower of 10 W. A pulsing frequency of 15 kHz, scanning speed
f 5 mm s−1, and an overlapping rate of 94% for laser spot were

sed to produce micro-grooves on the surface of the Al2O3 layer.
fter laser ablation, the textured Al2O3 layers with a delicate

urface morphology were obtained using a hair drier to remove

r

c
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he scrap around the grooves. The green bodies of monolithic
nd laminated samples were sintered by hot-pressing at 1550 ◦C
nd 25 MPa for 90 min in an argon atmosphere.

Macroscopic features and microstructures of the Al2O3/Mo
aminated composites were observed under optical microscopy,

icro XAM 3D profilometer and JSM-5600LV scanning
lectron microscopy (SEM), respectively. The structures and
hemical compositions of the sintered composites were deter-
ined by X-ray diffraction (XRD) and energy dispersive

pectrometer (EDS). The rectangular beams for mechani-
al tests were conducted on a universal testing machine
DY35) at room temperature. The dimensions of the rect-
ngular beams for the toughness and bending strength tests
ere 25 mm ×  1.9 mm × 3.7 mm and 25 mm ×  4 mm ×  3.7 mm,

espectively. Bending strength (σ) was determined by a three-
oint bending test with a span of 20 mm and a cross-head
ate of 0.5 mm min−1.7,23 The toughness (Kapp) was determined
ith the same three-point bending test fixture with a span of

 = 16 mm and a cross-head speed of 0.05 mm min−1 using a
ingle-edge notched beam (SENB) specimen with a ∼1.75 mm
eep and ∼0.20 mm thick notch (inserted at the upper right cor-
er of Fig. 3b). Note that the middle Mo layer was retained
hen sawing the notch and each notch tip was sharpened (radius
20 �m) by a razor blade prior to the test. There is a small
istance between notch-tip and Mo layer, which is mainly to
void destroying the integrity of Mo layer, and ensure the ini-
ial crack extension will take place firstly at Al2O3 part between
otch-tip and Mo layer. The toughness was obtained from the
quation given by Zhang.23 Work of fracture was calculated
rom the formula γWOF = ∫

Pdδ/A  (
∫

Pdδ is the total energy
f the applied load and A is the projection area of fractural
urface), and the quantitative value of

∫
Pdδ was achieved by

he load–displacement curve in toughness. The double-shearing
ethod (inserted at the lower left corner of Fig. 3a) was used to

etermine the interfacial bonding strength, with a span length of
 mm and a cross-head rate of 0.05 mm min−1. Each specimen
or the double-shearing test was prepared by the same preparing
ethod of laminated materials (three Al2O3 layers and two Mo

ayers) with dimension of 12 mm ×  5 mm ×  8 mm. Two notches
bout 2 mm deep were sawed by a 0.20 mm-thick diamond disk
n the upper and lower ends of the test specimen parallel to the

o layer, which is to ensure that the initial crack could be ini-
iated at the interface. And the interfacial bonding strength was
alculated from the formula τ  =  PMAX/2S  (PMAX is the maxi-
um load in double shearing test and S  is the actual interfacial

rea).

.  Results  and  discussion

Fig. 2 shows the interfacial and profile microstructures of
he Al2O3/Mo laminated composites. As shown in Fig. 2a and
, the grooves on the surface of the textured Al2O3 layers are
lear and uniform, and the plateau around the grooves remains
espectively, for all the grooves of the textured Al2O3 layers.
The laminated structure with a relatively straight interface

an be observed without clear delamination and pores after
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Table 1
The geometry characteristics and mechanical properties of samples.

Sample Geometry characteristics Mechanical properties

W1 (mm) W2 (mm) Ad (%) d1 (mm) d2 (mm) Layer
number

τ (MPa) Kapp

(MPa m1/2)
γWOF

(J m−2)
σ (MPa)

Al2O3 Mo

A 0.2 1.6 21.0 1845 42 2 1 18.1 ± 0.8 6.1 ± 0.8 264 258
B 0.2 1.2 26.5 1845 42 2 1 21.8 ± 0.5 7.9 ± 0.2 339 310
C 0.2 0.8 36.0 1845 42 2 1 26.9 ± 0.6 6.7 ± 0.5 274 297
D 0.2 0.4 55.6 1845 42 2 1 34.9 ± 1.4 5.3 ± 0.3 196 269
E Untextured interface 1845 42 2 1 Interfacial failure occurred in the machining process
F  
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 – – – 3354 0
 0.2 1.2 26.5 912 42

intering (Fig. 2c). Metal Mo and Al2O3 have compact crys-
allized structures and no obvious flaws in them. Furthermore,
he boundary between the Al2O3 layer and the Mo layer is sharp.
he compositions of the specimen are �-Al2O3 and Mo, and the
lement contains Al, O, and Mo, as indicated by the XRD and
DS test results. Moreover, the serrated interfacial morphology

emains clearly visible, and this interfacial characteristic not
nly increase the contact area between the two layers but also
se the mechanical interlock effectively.

Rupture of Mo layer and delamination are the two main inter-
ace failure modes in double-shearing (Fig. 3a). After the crack
s initiated, delamination occurs firstly at the smooth interface
ecause of the relatively weak interfacial bonding strength. As
he crack propagates along the interface, the crack tip is resisted
y the raised area of the Mo layer, resulting in the occurrence
f the rupture of Mo layer. The higher the area density of the
rooves, the stronger the interfacial bonding (Table 1). There-
ore, the interfacial bonding strength can be easily adjusted by
his interface morphology design.

According to the above discussion, we assume that the
ontribution to the interfacial bonding strength of the rup-
ure of Mo layer and delamination is Br and Bd for every
nit area, respectively. All Bd are the same for the Al2O3/Mo
aminated composites because of the delamination mode in
ouble-shearing test, as illustrated in Fig. 3a. Therefore, the

nterfacial bonding strength can be expressed by the following
ormula:

 =  Ad ×  Br +  Bd. (1)

7
t
2
A

ig. 2. The interfacial and profile microstructures of the Al2O3/Mo laminated com
icrostructure of textured interface, (c) profile microstructure of sintering specimens
1 0 – 3.9 ± 0.1 179 251
4 3 21.8 ± 0.5 8.0 ± 0.3 1179 293

The approximate values of Br and Bd achieved by substituting
d and τ into formula (1) are as follows:

r =  46.8 MPa Bd =  9.4 MPa (2)

Consequently, for this interface design strategy, the interfacial
onding strength can be calculated by the following:

 =  46.8 ×  Ad +  9.4.  (3)

Based on these analyzes, it also can be seen that the contri-
ution to the interfacial bonding strength of the rupture of Mo
ayer is more than the delamination’s. Consequently, the inter-
acial bonding strength could not resist the driving force for
elamination of the layers without any texturing on the inter-
ace due to much residual stress being developed between two
issimilar materials on cooling. This residual stress is the rea-
on interfacial failure occurred in Sample E, in the process
f mechanical cutting. That reinforces the importance of this
nterfacial design which not only could adjust the mechanical
roperties of the laminated composites also ensure their practi-
al functionality. In addition, to obtain the maximum toughening
ffect, the interfacial bonding strength must be moderate and
uitable.14 A reasonable interfacial texture exists for outstand-
ng mechanical properties. As shown in Table 1, the toughness,
racture strength and work of fracture of the material can reach

1/2 −2
.9 MPa m , 310 MPa and 339 J m when the area density of
he interfacial texture is 26.5%, which is approximately 102.6%,
3.4% and 88.9% higher, respectively, than those of monolithic
l2O3 ceramics (sample F). Moreover, with a further increase

posites: (a) macroscopic features of four kinds of textured Al2O3 layers, (b)
.
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ig. 3. SEM images of the crack-path in double-shearing (a) and load–displace
).

n layer-number of Mo, this effect becomes more apparent. The
ork of fracture of material can reach 1179 J m−2 when the

ayer-number of Mo is 3 (sample G), and the load–displacement
urves shows a typical non-catastrophic characteristic (Fig. 3b).

Therefore, the performance of the Al2O3/Mo multilayer com-
osites can be improved significantly by introducing a regular
errated interface between the layers. The area density of the
rooves plays a key role in the optimization of material prop-
rties. This is mainly for two reasons. First of all, when the
rack propagates into the interfacial layer, delamination ini-
ially occurs at the smooth interface because of relatively weak
nterfacial bonding strength. As the crack propagates along the
nterface, the crack tip is dulled and resisted by the raised area
f the Mo layer, resulting in the occurrence of the rupture of
o layer (Fig. 4b). This dissipation mechanism is good for the

oughness and work of fracture. Whereas if the value of W2 is too
ow, the initial crack will propagates through Mo layer without
ny deflection at interface and resistance from the raised area
f the Mo layer (Fig. 4a). However, more plastic deformation
ccurs in laminated composites with a higher W2 value than a
ower W2 value (due to lower constraint among layers). 15 The

ore plastic deformation occurs, the more beneficial it is to the
mprovement of the toughness. If the value of W2 is extremely
igh, the crack tip will kink into the next layer immediately after
 small defection at the interface, before it be dulled by the raised
rea of the Mo layer (Fig. 4c). Therefore, the value of W2 must
e moderate for getting the maximum toughening effect.

f
c
c

Fig. 4. The crack-path of Al2O3/Mo laminated composites in a three
urves of the Al2O3/Mo laminated composites in fracture toughness (b, sample

Second, residual stress, which is caused by the mismatch
f the thermal expansion of ceramic and metal, also con-
ributes to incremental toughness.24 The mismatch of the
hermal expansion coefficient of Al2O3 (8.5 ×  10−6 K−1) and

o (5.2 ×  10−6 K−1) results in the generation of residual ten-
ile stress and residual compressive stress in the Al2O3 layer
nd Mo layer, respectively. When tested in SENB, the com-
ressive layer would hinder the crack propagation, increasing
aterials toughness and work of fracture.25 Consequently, the

aminated composites have higher apparent toughness compared
o the monolithic Al2O3 ceramics without crack-growth resis-
ance. Moreover, the level of residual stress controls the apparent
racture toughness.26 Fortunately, the residual stress between
he layers of Al2O3/Mo composites can be adjusted easily by
his interfacial design. This is mainly because the mechanical
nterlock among layers can effectively control the creep of lay-
rs. And the creep is conductive to the release of residual stress
n cooling. Therefore, the value W2 is excessively high, result-
ng in lower residual compressive stress in internal layer due
o lower creep constraint.25 Lower residual compressive stress
esults in lower apparent toughness. And the residual stress will
emain unchanged with the increase of W2 value, when there
xist enough creep constraint to resist the creep among layers.
oreover, the residual stresses have an effective effect on the
racture strength of Al2O3/Mo laminated composites. The thin
ompressive Mo layers within Al2O3/Mo laminated composites
an arrest large cracks, produce a threshold strength, and act as

-point bending test: (a) sample D, (b) sample B, (c) sample A.



an Ce

a
i
l
t
T
o
t
t

4

a
l
m
t
i
b
m
a
s
r
i
a
r

A

N
t
2
A

A

f
j

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

J. Song et al. / Journal of the Europe

 barrier to crack extension.25,27,28 And the higher compression
s, the higher failure stress will be.29 That is why the Al2O3/Mo
aminated composites have higher bending load compared to
he monolithic Al2O3 ceramics without crack-growth resistance.
aking all those affecting factors into account, if want to get the
ptimum performance, the value of W2 must be moderate. When
he value W2 is approximately 1.2 mm, which is more beneficial
o the improvement of fracture toughness.

.  Conclusions

In summary, this work demonstrates that the method is simple
nd effective in achieving the interfacial control of Al2O3/Mo
aminated composites by laser texturing. The interfacial design

ethodology presented in this paper not only ensures the prac-
ical functionality of Al2O3/Mo laminated composites but also
mproves the mechanical properties of composites. The com-
ined actions of the interfacial bonding strength, interfacial
orphology, and residual stress between the layers influence the

pparent toughness of the materials. Our experimental studies
how that the toughness and work of fracture of the material can
each 8.0 MPa m1/2 and 1179 J m−2 when the area density of the
nterfacial texture is 26.5%, which are approximately 2.1 times
nd 6.6 times higher than those of monolithic Al2O3 ceramics,
espectively.
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