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bstract

Porous aluminum oxide (Al2O3) preforms were formed by sintering in air at 1200 ◦C for 2 h. A356, 6061, and 1050 aluminum alloys were
nfiltrated into the preforms in order to fabricate Al2O3/A356, Al2O3/6061, and Al2O3/1050 composites, respectively, with different volumes of
luminum alloy content by squeeze casting. The volume contents of aluminum alloy in the composites were 10–40 vol.%. For the corresponding
omposites, the hardness decreased dramatically from 610 to 213, 201, and 153 HV, the four-points bending strength of the composites increased

1/2
rom 397 to 443, 435.1, and 418.7 MPa, and the fracture toughness increased from 4.97 to 11.35, 11.15, and 10.98 MPa m of Al2O3/A356,
l2O3/6061, and Al2O3/1050 composites, respectively. From SEM microstructural analysis, the porous ratio and the relative density of the

omposites were the most important factors to affect the mechanical properties and the three different toughening mechanisms, i.e. crack bridging,
rack deflection, and crack branching in the composites.

2006 Published by Elsevier B.V.
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. Introduction

Aluminum oxide (Al2O3) is a hard refractory ceramic, which
as been investigated for high temperature structural and sub-
trate applications because of its good strength and low ther-
al expansion coefficient. Nevertheless, like other monolithic

eramics, Al2O3 is apt to suffer from low ductility and low
racture toughness. Therefore, metals (e.g. aluminum, cobalt,
iobium) or alloys are added to ceramics to improve their tough-
ess [1–5].

Recently, the demands for lightweight materials having a

igh strength and a high toughness have attracted a lot of atten-
ion in the development of ceramic–matrix composites (CMCs).
MCs represent a new class of materials, which are on their
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ughness

ay to substitute conventional materials in many fields. In the
ast few years considerable advances have been made in the
evelopment of manufacturing processes for CMCs, which have
ed to higher damage tolerance and a reduction in weight [6].
he most important limitation of the fabrication of CMCs by

he liquid-phase process is caused by the compatibility of the
einforcement and the matrix [7]. This problem is especially
mportant in the case of aluminum matrix composites, because
luminum is usually covered with a thin oxide layer which
locks surface wetting. Several methods have been investigated
o improve the compatibility at the interface [8–11]. Squeeze
asting is one of the most favorable processes, since the contact
ime between the reinforcement and the aluminum melt is short
12,13].
In this study, porous Al2O3 preforms were formed by sin-
ering in air at 1200 ◦C for 2 h. Three different aluminum
lloys were chosen to be the reinforcement in composites.
olten aluminum alloys A356, 6061, and 1050 were infil-
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Table 1
The chemical composition of the aluminum alloys

Si Mg Fe Cu Zn Mn Cr Ti Al

A356 7.13 0.63 0.11 <0.1 0.07 – – – Rest
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into a digital computer to calculate the volume fraction of Al2O3/A356 compos-
ite. Fracture surfaces and crack propagation behavior were scrutinized using an
OM and scanning electron microscopy (SEM, Hitachi S-4200). Etching was not
necessary for optical microstructural examination due to the adequate contrast
between the bright aluminum alloy and the dark Al2O3.
061 0.8 1.1 0.7 0.2
050 0.25 0.05 0.4 0.05

rated into the preforms to make Al2O3/A356, Al2O3/6061,
nd Al2O3/1050 composites, respectively, by squeeze casting.
he physical and mechanical properties of the composites were
easured. The effects of the composition on the physical and
echanical properties were also investigated. In addition, the
icrostructure and fracture behavior of the composites were

xamined.

. Experimental

.1. Sample preparation

The reinforced phases to improve strength and toughness of the Al2O3

eramic matrix in this study were aluminum alloy A356, 6061, and 1050 (pure
luminum). The compositions are shown in Table 1. The Al2O3 powders were
xtracted from a thermally reactive process (A16SG ALCOA, USA), with a
article size being about 0.3–0.5 �m. The structure of the Al2O3 powders was
-phase, with purity higher than 99.8%. The selection of three different Al alloy
ompositions is simple and clear. We wanted to choose three similar but different
inds of Al alloy, so cast treatable alloy A356, heat treatable alloy 6061, and
ure aluminum 1050 were selected. Nevertheless, in this experiment, we did not
onsider the heat treated state with the Al2O3/6061 composite because it was
nvestigated in another experiment.

The Al2O3 powders were first mixed homogeneously with 10, 20, 30, and
0 vol.% of paraffin wax at 80 ◦C. The mixture was then placed in a stainless steel
ie to exert 20 MPa of pressure to form the Al2O3 preforms. Then, the preforms
ere thermally debinded at 300 ◦C for 2 h to remove paraffin wax and sintered

n air at 1200 ◦C for 2 h. Porous Al2O3 preforms with pore contents of 10, 20,
0, and 40 vol.% were then made. The molten aluminum alloys A356 (about
90 ◦C), 6061 (about 740 ◦C), and 1050 (about 750 ◦C), were infiltrated into
he preform to form Al2O3/A356, Al2O3/6061, and Al2O3/1050 composites.
he squeeze casting processes included four steps: (a) preheating the casting
ie to 600 ◦C, and preparing molten A356 alloy; (b) Al2O3 preform setting
preheated in furnace to 600 ◦C); (c) high mechanical pressure for infiltration;
nd (d) release of pressure and extraction of the ingot [14]. During the squeeze
asting process, the downward velocity of the squeeze head was 0.8–5 cm/s with
pressure of 200 MPa, and the loading time at high pressure was 30 s.

The composites were then cut and polished to 1 �m. Because the appar-
nt difference between ceramic and aluminum alloy phases, the composites
ere not etched for scanning electron microscopy (SEM). The density and
echanical properties of the composites were measured. The effects of the

omposition on the physical and mechanical properties were investigated.
n addition, the microstructure and fracture behavior of the composite were
xamined.

.2. Density and mechanical properties

The density was measured by the water displacement technique. The hard-
ess was determined applying a Vickers (Akashi AVK C21) indenter and calcu-
ated as H = P/2d2, where d is the half-diagonal indentation impression and P is
he indentation load (196 N for 15 s). Flexural strength was measured by a four-

oints bending test on an Instron universal testing machine (series 8511, Instron
o., Canton, MA, USA). The outer and inner spans were 40 and 20 mm, respec-

ively. The nominal dimensions of the testing bars were 3 mm × 4 mm × 45 mm.
racture toughness was measured in the same testing fixture using a Single Edge
otched Beam (SENB) method [15,16]. The maximum test load and the moment

F
p
A

0.25 0.15 0.15 0.15 Rest
0.05 0.05 – 0.03 Rest

f the four-points bending load were used to calculate the toughness of the com-
osite according to the following equation:

IC = 6Ma1/2

db2
Y

ith:

M =
(

P

2

)
(L1 − L2)

2

Y = 1.99 − 2.74
(

a

b

)
+ 12.97

(
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b

)2

− 23.17
(
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b

)3

+ 24.80
(

a

b

)4

here P is the maximum test load, M the moment of the four-points bending load,
and b the width and height of the bending samples bar, respectively, a the depth
f the single edge notch, L1 and L2 the outer and inner spans, respectively, and Y
s the (a/b) ratio equation. For the stable crack growth mode in the Single Edge
otched Beam four-points bending specimen, it was suggested that a/b = 1/2,

1 = 40 mm, and L2 = 20 mm.

.3. Microstructure analysis

The phases of the as-received Al2O3/A356 composites were analyzed by
n X-ray diffractometer (Rigaku D/Max-II BX) using Cu K� radiation (30 kV,
0 mA) in the range of 20–80◦ at a speed of 4◦ min−1. The polished specimens
f the composite were observed and characterized using an optical microscope
OM) and an image analyzer (Optimas, vol. 1.0, imaging Fundamentals, Tacoma,
A). Each image was divided into nine discrete elements (pixels), and entered
ig. 1. X-ray diffraction patterns of (a) A356 aluminum alloy, (b) Al2O3

reform, (c) Al2O3/A356 composite, (d) Al2O3/6061 composite, and (e)
l2O3/1050 composite.
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ig. 2. Optical photographs showing the microstructure of include 40 vol.% al
lloy, and (c) 1050 aluminum alloy.

. Results and discussions

.1. Phase analysis

The X-ray diffraction patterns of (a) A356 aluminum alloy,
b) Al2O3 preform, (c) Al2O3/A356 composite, (d) Al2O3/6061
omposite, and (e) Al2O3/1050 composite are shown in Fig. 1.

Fig. 1(c–e), respectively, shows the Al2O3/A356,
l2O3/6061, and Al2O3/1050 peaks. The composites consist
nly of �-Al2O3 ceramic and aluminum peak, and only the

l2O3/A356 composite has a diffraction patterns peak for its
wt.% silicon element content. Because of the stability of
-Al2O3 against molten aluminum alloys, no other reaction
roduct in the compositions was found.

g
c
t
m

able 2
he physical and mechanical properties of the aluminum alloys

Density (g/cm3) Melting point (◦C) Thermal expansio

356 2.71 560–580 21.5
061 2.70 580–650 23.6
050 2.705 660 23.6
um alloy in Al2O3 composites. (a) A356 aluminum alloy, (b) 6061 aluminum

.2. Compositional and microstructural analysis

All the composites were made from Al2O3 preforms at four
luminum alloy volume contents (10, 20, 30, and 40 vol.%).
ypical optical photographs showing the microstructure of the
l2O3/aluminum alloy composites are shown in Fig. 2. These

hree pictures show that the Al2O3/aluminum alloy composites
nclude 40 vol.% aluminum alloy, and the composites have a
ense surface and a uniform distribution between the ceramic
hase and alloy phase. Typical SEM polished surface micro-

raphs showing the microstructure of the Al2O3/aluminum alloy
omposites are shown in Fig. 3. These three figures show that
he Al2O3/aluminum alloy composites include 10 vol.% alu-
inum alloys and indicate that there is an almost dense surface in

n coefficient �m/(m K) Hardness (HB) Yield strength (MPa)

75 235
65 131
32 103
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Fig. 3. SEM micro-photographs showing the microstructure of include 10 vol.% aluminum alloy in Al O composites. (a) A356 aluminum alloy, (b) 6061 aluminum
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lloy, and (c) 1050 aluminum alloy.

l2O3/A356 composites but there are several cavities and holes
n the Al2O3/6061 and Al2O3/1050 composites. This is because
he A356 alloy contains elementary silicon (Table 1) and has a
onderful fluid property and high mechanical pressure to exert
pon the composites during squeeze casting process. Further-
ore, these figures show that most of the voids are found in the
iddle of the ingot after the squeeze casting process, and these

oids seriously influence the physical and mechanical properties
f composites.

The Al2O3/aluminum alloy composites fabricated in this
tudy contain 10–40 vol.% three kinds of aluminum alloy.
he densities of these three aluminum alloys are about
.70–2.71 g/cm3 (Table 2), and the density of �-Al2O3 is
.987 g/cm3. The tendency of density change of the different
l2O3/aluminum alloy composites is shown in Fig. 4. The den-

ity (Fig. 4(a)) decreases with increasing aluminum alloy content
rom 10 to 40 vol.% almost linearly, and the relative density
Fig. 4(b)) of the composites increase with increasing aluminum
lloy content from 10 to 40 vol.%. This is because the composites
abricated by squeeze casting with a high mechanical pressure
f 200 MPa for 30 s. In the squeeze casting process, one can

et more continue porous to infiltrate reinforcement inside pre-
orms with increasing aluminum alloy content. One can get the
elative density of composites content over 30 vol.% aluminum
lloy were almost approached to 100%.

c
i
b
r

2 3

.3. Mechanical properties

.3.1. Hardness
The results of hardness measurements are shown in Fig. 5.

he hardness decreased dramatically from 610 to 213, 201,
nd 153 HV with Al2O3/A356, Al2O3/6061, and Al2O3/1050
omposites, respectively, by adding aluminum alloy from 10
o 40 vol.%. This is because aluminum alloy is a comparably
oft material. The hardness of pure Al2O3 and pure aluminum
lloys are shown in Table 2. The hardness of CMCs decreases
ith increasing aluminum alloy contents from 10 to 40 vol.%,
ut these three curves in Fig. 5 were basically similar. The
ardness of all of the composites was approximate [17]. The
mperceptible difference among them was the different hard-
ess of aluminum alloys A356, 6061, and 1050. Therefore,
he basic ceramic phase controls the hardness properties of the
omposites.

.3.2. Bending strength and cross-section
Fig. 6 shows the four-points bending strengths relating to

ifferent aluminum alloy contents of the Al2O3/aluminum alloy

omposites. The four-points bending strength of the composites
ncreased from 397 to 482.5 MPa, and from 397 to 463.3 MPa
y increasing A356 and 6061 alloy contents from 0 to 10 vol.%,
espectively, and then decreased from 482.5 to 443 MPa, and
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ig. 4. The density (a) and relative density (b) vs. aluminum alloy content in
he Al2O3/aluminum alloy composites.

rom 463.3 to 435.1 MPa by further increasing A356 and 6061

lloy contents from 10 to 40 vol.%, respectively. This is because
he relative density increased from 97.5 to about 100% (Fig. 4).
evertheless, the strength decreases by increasing A356 content

Fig. 5. Vickers hardness vs. aluminum alloy content in the composites.
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Fig. 6. Bending strength vs. aluminum alloy content in the composites.

rom 10 to 40 vol.%, but the relative densities approach 100%;
he strength decreases because the materials were infiltrated with
soft material aluminum alloy [17]. The same phenomenon was

ound in the bending strength of the Al2O3/1050 composite. It
ncreased from 384.8 to 418.7 MPa by increasing the 1050 alloy
ontents from 10 to 20 vol.%. This is because the relative density
pproached 100%.

Fig. 7 shows the cross-section SEM micro-photographs of
he Al2O3/aluminum alloy composites, including the 10 vol.%
lloy, after four-points bending strength analyses of (a) A356
luminum alloy, (b) 6061aluminum alloy, and (c) 1050 alu-
inum alloy in Al2O3/aluminum alloy composites. The fig-

res show that the cross-section of the composites go from
mooth and flat to undulated and ripply from Fig. 7(a–c). This
s caused by discontinuous pores and voids inside the com-
osite, and by the different mechanical properties of these
hree aluminum alloys. Due to there being more pores in
l2O3/A356, Al2O3/6061 than Al2O3/1050 composites, and the
ield strength of A356 alloy is larger than 6061 and 1050 alloys
Table 2), one can detect the crack advance along these pores
o appear increasingly undulated and ripply from Fig. 7(a–c).
here are no pores in Fig. 7(a), because the Al2O3/A356 com-
osite was very dense (relative density is equal to 99.8%).
here are a few pores in Fig. 7(b) (arrow area), because the
l2O3/6061 composite was less dense (relative density is equal

o 99.1%). There are more pores in Fig. 7(c) (arrow area),
ecause the Al2O3/1050 composite was not dense (relative
ensity is equal to 97.3%). The pores inside the compos-
tes were affecting the mechanical properties greatly. There-
ore, the hardness of the Al2O3/A356 composite was larger
han the Al2O3/6061 composite and the Al2O3/1050 compos-
te with the same volume percentage aluminum alloy amount
10 vol.%).
.3.3. Fracture toughness and toughening mechanisms
Fig. 8 shows the fracture toughness of the Al2O3/aluminum

lloy composites with different contents of aluminum alloy.
he fracture toughness increased from 4.97 to 11.35, 11.15,
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ig. 7. The cross-section micro-photographs of Al2O3/aluminum alloy compo
lloy, and (c) 1050 aluminum alloy in the Al2O3/aluminum alloy composites.

nd 10.98 MPa m1/2 by increasing A356, 6061, and 1050 alloy
ontent, respectively, from 10 to 40 vol.%. The fracture tough-
ess of all of these composites was higher than pure ceramic
aterial, Al2O3. Because we infiltrated a high fracture tough-

ess material, aluminum alloy A356, 6061, and 1050, the

racture toughness increased with increasing aluminum alloy
ontent.

Crack bridging, crack deflection, and crack branching in the
omposites were observed in the SEM micrographs. These three

ig. 8. Fracture toughness vs. aluminum alloy content in the composites.
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four-points bending properties (a) A356 aluminum alloy, (b) 6061 aluminum

onditions are the toughening mechanisms shown in Fig. 9. Frac-
ure toughness means the capability to prevent and stop crack
rowth, and typically relies on these three toughening mech-
nisms [18–20], crack bridging, crack deflection, and crack
ranching, to scatter and remove the energy of crack growth,
nd then prevent and stop crack growth. Brittle ceramics can be
oughened by incorporating ductile metallic inclusions into them
21]. If ductile metallic inclusions bridge a propagating crack,
he ductile metallic inclusions can be stretched by the advanc-
ng crack until they are fractured or debonded. The stretching
nclusions can absorb the fracture energy of a propagating crack,
hus contributing to the toughness of brittle ceramics. The crack
ridging (Fig. 9(a) arrow area) was the main item of three
oughening mechanisms by soft materials in the composite.
rdogan et al. has suggested that the crack bridging toughen-

ng mechanism is effective as the bonding strength is in the
ntermediate range [22]. If the ductile metallic inclusions are
trongly bonded to the ceramic matrix, the extent of inclusion
ill be limited, resulting in a limited toughness increase. Oth-

rwise, if the bonding between the ceramic and metal is weak,
he crack should propagate along the interfaces and deflect out
f the plane that is normal to the applied tensile stress. Crack
eflection (Fig. 9(b) arrow area) can scatter and dissipate the

nergy of cracks by increasing the crack length and making
he crack turn. Crack branching (Fig. 9(c) arrow area) also
ncreased the crack length of a major crack to several minor
racks.
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ig. 9. Three toughening mechanisms (a) crack bridging, (b) crack deflection,
nd (c) crack branching in the Al2O3/A356 composites.

. Conclusion

. The density decreases linearly with increasing aluminum
alloy content from 10 to 40 vol.%, and the relative densities
of all composites were higher than 97.3%.
. The hardness decreased dramatically from 610 to 213, 201,
and 153 HV with Al2O3/A356, Al2O3/6061, and Al2O3/1050
composites, respectively, by increasing the aluminum alloy
from 10 to 40 vol.%.

[
[
[
[
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. The four-points bending strength of the composites increased
from 397 to 482.5 MPa, and from 397 to 463.3 MPa by
increasing A356 and 6061 alloy content, respectively, from
0 to 10 vol.%, and then decreased from 482.5 to 443 MPa,
and from 463.3 to 435.1 MPa by further increasing A356 and
6061 alloy content from 10 to 40 vol.%. The bending strength
of Al2O3/1050 composite increased from 384.8 to 418.7 MPa
by increasing the 1050 alloy content from 10 to 20 vol.%.
This is because the relative density approached 100%.

. The pores inside the composites affected the mechanical
properties and the form of the cross-section greatly.

. The fracture toughness increased from 4.97 to 11.35, 11.15,
and 10.98 MPa m1/2 by increasing A356, 6061, and 1050
alloy, respectively, content from 10 to 40 vol.%.

. Three different toughening mechanisms, i.e. crack bridging,
crack deflection, and crack branching in the composites were
observed on SEM micrographs.
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