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Abstract

Porous aluminum oxide (Al,O3) preforms were formed by sintering in air at 1200 °C for 2 h. The A356 aluminum alloy was infiltrated into the
preforms in order to fabricate Al,03/A356 composites with different volume content of A356 by squeeze casting. The volume contents of A356
alloy in Al,03/A356 composites were 5—40 vol.%. For the corresponding composites, the four-point bending strength of the composites changed
from 397 to 443 MPa, the hardness decreased from 1109 to 227 HV and the fracture toughness increased from 4.97 to 11.35MPam'?2. One can
fine three toughening mechanisms, crack bridging, crack deflection and crack branching in the composites on SEM micrograph.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Aluminum oxide (Al;O3) is a hard refractory ceramic, which
has been investigated for high temperature structural and sub-
strate applications because of its good strength and low ther-
mal expansion coefficient. Nevertheless, like other monolithic
ceramics, Al,O3 is apt to suffer from low ductility and low
fracture toughness. Therefore, metals (e.g. aluminum, cobalt,
niobium) or alloys were added to ceramics for the purpose of
improving their toughness [1-5].

Recently, the demands for lightweight materials having high
strength and high toughness have attracted much attention in
the development of ceramic-matrix composites (CMCs). CMCs
represent a new class of materials, which are on their way to
substitute conventional materials in many fields. In the last few
years, considerable advances have been made in the develop-
ment of manufacturing processes for CMCs, which have led to
higher damage tolerance and reduction in weight [6]. The most
important limitation of the fabrication of CMCs by liquid-phase
process relies on the compatibility of the reinforcement and the
matrix [7]. This problem is especially important in the case
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of aluminum matrix composites, because aluminum is usually
covered with a thin oxide layer which blocks surface wetting.
Several methods have been investigated to improve the compat-
ibility at the interface [8—11]. The squeeze casting is one of the
most favorable processes, since the contact time between the
reinforcement and the aluminum melt is short [12,13].

In this study, porous Al,O3 preforms were formed by sin-
tering in air at 1200 °C for 2h. Molten aluminum alloy was
infiltrated into the preforms to make Al,O3/A356 composite by
squeeze casting. The physical and mechanical properties of the
composite were measured. The effects of the composition on
the physical and mechanical properties have also been investi-
gated. In addition, the microstructure and fracture behavior of
the composites were examined.

2. Experimental
2.1. Sample preparation

The second phase to improve strength and toughness of Al;O3 ceramic
matrix in this study was aluminum alloy A356, the composition is shown in
Table 1. The Al,O3 powders were extracted from thermally reactive process
(A16SG ALCOA, USA), the particle size being about 0.3—0.5 wm. The structure
of Al,O3 powders are a-phase, with purity higher than 99.8%.

The Al,O3 powders were first mixed homogeneously with 5, 10, 20, 30 and
40 vol.% of paraffin wax at 80 °C. The mixture was then placed in a stainless
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Table 1
The chemical composition of A356 alloy

Elements Content (wt.%)
Si 7.13

Mg 0.63

Fe 0.11

Cu <0.1

Zn 0.07

Al Rest

steel die to exert 20 MPa pressure to form the Al,O3 preform. Then they were
thermally debinded at 300 °C for 2 h to remove paraffin wax and sintered in air
at 1200 °C for 2 h. The porous Al, O3 preforms with different pore content of 5,
10, 20, 30 and 40 vol.% were then made. The molten aluminum alloy A356 was
infiltrated into the preform to form Al,O3/A356 composite. The apparatus and
processes of squeeze casting are shown schematically in Fig. 1. The squeeze
casting processes included four steps: (1) preheating the casting die to 600 °C,
and preparing molten A356 alloy; (2) Al,O3 preform setting (preheated in fur-
nace to 600 °C); (3) high mechanical pressure for infiltration and (4) release the
pressure and extraction of the ingot [ 14]. During the squeeze casting process, the
downward velocity of squeeze head was 0.8—5 cm/s with a pressure of 200 MPa,
and the loading time at high pressure was 30s.

The composites were then cut and polished to 1 um. Because the appar-
ent difference between ceramic and aluminum alloy phases, the Al,03/A356
composites were not etched for scanning electron microscopy (SEM). The den-
sity and mechanical properties of the composites were measured. The effects of
the composition on the physical and mechanical properties were investigated.
In addition, the microstructure and fracture behavior of the composite were
examined.

2.2. Density and mechanical properties

The density was measured by the water displacement technique. The hard-
ness was determined applying a Vickers (Akashi AVK C21) indenter and calcu-
lated as H = P/2d?, where d is the half-diagonal indentation impression and P is
the indentation load (196 N for 15 s). Flexural strength was measured by a four-
point bending test on an Instron universal testing machine (series 8511, Instron
Co., Canton, MA, USA). The outer and inner spans were 40 and 20 mm, respec-
tively. The nominal dimensions of the testing bars were 3 mm x 4 mm x 50 mm.
Fracture toughness was measured in the same testing fixture using a single edge
notched beam (SENB) method [15,16]. The maximum test load and the moment
of the four-points bending load were used to calculate the toughness of the com-
posite according to the following equation:
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where P is the maximum test load, M the moment of the four-points bending load,
d and b the width and height of the bending samples bar, respectively, a the depth
of the single edge notched, L; and L, the outer and inner spans, respectively,
and Y is the equation about (a/b) ratio. For the stable crack growth mode in the
single edge notched beam four-point bending specimen, it was suggested that
a/b=1/2, L =40 mm and L, =20 mm.

Y

2.3. Microstructural analysis

The phases of the as-received Al;O3/A356 composites were analyzed by
an X-ray diffractometer (Rigaku D/Max-II BX) using Cu Ka radiation (30 KV,
20 mA) in the range of 20-80° at a speed of 4°/min. The polished specimens of
the composite were observed and characterized using optical microscope (OM)
and image analyzer (Optimas, Vol. 1.0, Imaging Fundamentals, Tacoma, WA).
Each image is divided into nine discrete elements (pixels), and entered into
a digital computer to calculate the volume fraction of Al,03/A356 composite.
Fracture surfaces and crack propagation behavior were scrutinized using OM and
scanning electron microscopy (SEM, Hitachi S-4200). Etching is not necessary
for optical micro-structural examination due to the adequate contrast between
the bright A356 and dark Al,Os3.

3. Results and discussions
3.1. Phase analysis

The X-ray diffraction patterns of A356 alloy, Al,O3 powder,
Al O3 preform, and Al;03/A356 composite are shown in Fig. 2.

Fig. 2d shows that the Al,03/A356 composite consists only
of a-Al> O3 ceramic and A356 alloy. Because of the stability of
a-Al» O3 against molten Al-alloys, is a hard refractory ceramic to
reaction at high temperature, one can not find any other reaction
product in the compositions.

3.2. Compositional and micro-structural analysis
The Al,O3/A356 composites made from Al,O3 preforms

at five A356 volume contents (5, 10, 20, 30 and 40%) were
designated as AlS, Al10, Al20, Al130 and Al40, respectively.
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Fig. 1. Schematic of the squeeze-casting process: (a) flow of A356 liquid into the mold, (b) placing of the Al,O3 preform into the mould, (c) application of pressure

(200 MPa) for infiltration, (d) pressure release and extraction of the ingot.
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Fig. 2. X-ray diffraction patterns of: (a) A356 aluminum alloy, (b) Al,O3 pow-
der, (c) Al O3 preform, (d) Al,03/A356 composite.

A typical optical photograph showing the microstructure of the
Alp03/A356 composite (Al10) is shown in Fig. 3a, and in Fig. 3b
as TEM bright field image. These two pictures show that the
Al,03/A356 composite has a uniform distribution between and
the ceramic phase and alloy phase. Because the A356 alloy con-
tains elementary silicon and high mechanical pressure to exert
upon the composites during squeeze casting process.

3.3. Density measurement

The Al,O3/A356 composites fabricated in this study con-
tain 5—40 vol.% aluminum alloy A356. The density of A356 is
2.713 g/cm?, and the density of a-AlyOj3 is 3.987 g/cm>. The
tendency of density change was shown in Fig. 4. The density
decreases with increasing A356 content from 5 to 40vol.%
in a linear mode, and the relative density of composites fab-
ricated with squeeze casting with a high mechanical pressure of
200 MPa for 30 s were almost 100%.
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Fig. 4. The density and relative density versus aluminum alloy A356 content in
Al,03/A356 composites.

3.4. Mechanical properties

3.4.1. Hardness

The results of hardness measurements are shown in Fig. 5.
The hardness decreased dramatically from 1009 to 227 HV by
increasing the A356 from 5 to 40 vol.%. This is because the A356
alloy is a comparable soft material. The hardness of pure Al,O3
and pure A356 Al-alloy are 1800 HV and 70 HB, respectively.
One can get the hardness of CMCs decreases with increasing
A356 Al-alloy contents from 5 to 40 vol.%.

3.4.2. Bending strength

Fig. 6 shows the four-points bending strength relating to
different A356 contents of the Al,03/A356 composites. The
four-points bending strength of the composites increased from
397 to 482.5 MPa with increasing the A356 contents from O to
10 vol.%, and then decreased from 482.5 to 443 MPa with fur-
ther increasing the A356 contents to 40 vol.%. It is because the
relative density increases from 97.5 to about 100% (Fig. 4). Nev-
ertheless, the strength decreases with increasing A356 content

Fig. 3. Micro-photographs showing the microstructure of Al;O3/A356 composite (Al110): (a) optical photograph, the bright area is A356 and the dark area is Al,O3,
(b) TEM micro-photograph, showing that the paraffin wax appearing as connected path.
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Fig. 5. Vickers hardness vs. aluminum alloy A356 content in Al,O3/A356 com-
posites.

from 10 to 40 vol.%, but the relative densities were the same
to approach 100%; the strength decreases because the materials
were infiltrated with the soft material aluminum alloy A356.

3.4.3. Fracture toughness and toughening mechanisms

Fig. 7 shows the fracture toughness of the Al,O3/A356 com-
posites with different contents of A356. The fracture tough-
ness increased from 4.97 to 11.35MPam!? with increasing
A356 content from 5 to 40 vol.%. The fracture toughness of
all of these composites were higher than pure ceramic material,
Al,O3. Because we infiltrated a high fracture toughness mate-
rial, aluminum alloy A356, the fracture toughness increased with
increasing A356 content.

One can find crack bridging, crack deflection and crack
branching in the composites in the SEM micrograph. These three
conditions are the toughening mechanism shown in Fig. 8. Frac-
ture toughness means the capability to prevent and stop crack
growth, typically relying on these three toughening mechanisms
[17-19]: crack bridging, crack deflection and crack branching,
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Fig. 6. Bending strength vs. aluminum alloy A356 contents in Al,O3/A356
composites.
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Fig. 7. Fracture toughness vs. aluminum alloy A356 contents in Al,03/A356
composites.
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Fig. 8. Three toughening mechanisms: (a) crack bridging, (b) crack deflection,
and (c) crack branching in Al;03/A356 composites.

to scatter and disappear the energy of cracks growth, and then
prevent and stop cracks growth. Crack bridging (Fig. 8a arrow
area) was almost leading by soft materials of composite, alu-
minum alloy A356. Crack deflection (Fig. 8b arrow area) can
scatter and dissipate the energy of cracks by increasing the crack
length and make the crack turn. Crack branching (Fig. 8c arrow
area) was also increasing the crack length from major crack to
several minor cracks.

4. Conclusion

1. The density decreases linearly with increasing A356 content
from 5 to 40 vol. %, and the relative densities of all composites
were almost 100%.

2. As the A356 content increased from 5 to 40 vol.%, the hard-
ness decreased substantially from 1009 to 227 HV. With
increasing the A356 contents from 5 to 40 vol.%, the fracture
strength decreased from 492.5 to 457 MPa.

3. The four-points bending strength of the composites increased
from 397 to 482.5 MPa with increasing the A356 contents
from O to 10vol.%, but decreased from 482.5 to 443 MPa
with increasing the A356 contents from 10 to 40 vol.%.
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4. The fracture toughness increased from 4.97 to 11.35
MPam'”? with increasing A356 content from 5 to 40 vol.%.

5. One can fine three toughening mechanisms, crack bridging,
crack deflection and crack branching in the composites on
SEM micrograph.
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