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SUMMARY: Mechanical properties of (10%Al2O3• SiO2+5%Ni)/Al and (10%Al2O3•
SiO2+5%TiO2)/Al hybrid composites fabricated by the reaction squeeze casting were
compared with those of (15%Al2O3• SiO2)/Al composites. Al-Ni and Al-Ti intermetallic
compound formed by the reaction between molten aluminum and reinforcing powder were
uniformly distributed in the Al matrix. These intermetallic compounds were identified as
Al3Ni and Al3Ti using EDS and X-ray diffraction analysis and they enhanced room and high
temperature strength. While tensile and yield strength of hybrid composites were greater at
room temperature and 300oC than those of (15%Al2O3• SiO2)/Al composites, strength drop at
high temperature was much smaller in hybrid composites. It was identified from the in-situ
fracture test of (15%Al2O3• SiO2)/Al composites, microcracks were initiated mainly at the
short fiber / matrix interfaces. As the loading was continued, the crack propagated mainly
along the separated interfacial regions and the well developed shear bands. It was identified
from the in-situ fracture test of (10%Al2O3• SiO2+5%Ni)/Al hybrid composites, microcracks
were initiated mainly by the short fiber / matrix interfacial debonding. As the loading was
continued, the crack proceeded mainly through the intermetallic compound clusters.
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INTRODUCTION

Al matrix composites have appeared as the key structural materials not only in the fields of
aeronautic and aerospace industries but also in the general industrial field. The automobile
industry will be one of the great targets for the composites, which have excellent mechanical
properties upto elevated temperature in addition to light weight. However, the application of
Al alloy metal matrix composites for automotive parts has been limited due to the softening of
Al matrix and interfacial reaction between matrix and reinforcement at the high temperature
(more than 300 oC)[1-4]. Recently the new reaction squeeze casting techniques have been
proposed to overcome the deterioration of Al matrix at high temperatures. Intermetallic
compounds formed by the reaction between aluminum melt and the metal powder(Fe,Cu,Ni)
or the metal oxide powder(TiO2, NiO) during the squeeze casting are very effective for
improving the mechanical properties such as hardness, wear resistance, and high temperature
strength[5-6]. Reaction squeeze casting which is newly applied to form intermetallic
compounds has advantages of low cost, simple process, low product defects, mass
productivity of near-net-shape parts, and save energy(form easily intermetallic compounds
near the melting point of low melting metal).



In the present study, (10%Al2O3• SiO2+5%Ni)/Al and (10%Al2O3• SiO2+5%TiO2)/Al hybrid
composites were fabricated by the reaction squeeze casting. Microstructure has been analyzed
and mechanical properties have been characterized for hybrid composites. Microstructure and
mechanical properties of (15%Al2O3• SiO2)/Al composites and pure Al have been also
analyzed for comparison. In- situ fracture tests were conducted on (15%Al2O3• SiO2)/Al
composites and (10%Al2O3• SiO2+5%Ni)/Al hybrid composites to identify the microfracture
process.

EXPERIMENTAL

Pure aluminum (purity 99.9%) was chosen for matrix. Kaowool short fiber(amorphous
structure with average dimensions of 2.8µ in diameter and 20 300µ in length, 47%Al2O3-
53%SiO2 : Isolite Co.), Ni powder(purity 99.9%, 2-3µ in diameter) and TiO2 powder(purity
99.9%, <1µ in diameter, anatase type) were used as reinforcements for the fabrication of
reaction squeeze cast (10%Al2O3• SiO2+5%Ni)/Al and (10%Al2O3• SiO2+5%TiO2)/Al hybrid
composites. The hybrid preform was prepared by employing the vacuum suction method. The
mixture of reinforcements, silica colloidal inorganic binder, starch organic binder and
polyacrylamide was dispersed in distilled water and consolidated with vacuum suction
method[7-8].
The aiming volume fraction of reinforcements in the preform(20⋅32⋅84mm) was about 15%
and roughly controlled with vacuum suction pressure. Preforms were dried at room
temperature for 3 days and at 110 oC for 7 days in an oven. (10%Al2O3• SiO2+5%Ni)/Al
hybrid composites were fabricated by infiltrating the molten aluminum of 750 oC, 800 oC, 850
oC and 900 oC into the hybrid preform placed in the high speed steel mold preheated to 400 oC
and (10%Al2O3• SiO2+5%TiO2)/Al hybrid composite was fabricated by infiltrating the
molten aluminum of 800 oC into the hybrid preform placed in the mold preheated to 400 oC.
The temperature of the molten aluminum in (10%Al2O3• SiO2+5%Ni)/Al hybrid composites
was varied to see the effect of temperature on the formation of intermetallic compounds.
Preforms were also heated to 400oC to improve the wettability between matrix and
reinforcements. During infiltrating molten aluminum into the hybrid preform, 35MPa was
applied within 7 seconds, and was held for 60 seconds[9-11].
SEM-EDS and XRD analyses were carried out to investigate the microstruc ture of the
composites. Microhardness test, three-point bending test and tensile test of the composites
fabricated by infiltrating the molten aluminum of 800 oC were performed to characterize the
mechanical properties. Tensile test was carried out at 25 C and 300 C to evaluate high
temperature properties of composites.
In-situ SEM fracture test for direct observation of the fracture process was conducted using a
compact tension (CT) type loading stage. Dimension of CT type specimen was 10⋅9.6mm
with a thickness of 0.5mm in the grooved section and sharp notch (about 75µ radius) was
introduced by electro-discharge machine. At each loading step, the stress intensity factor was
measured with the monitored load cell (the maximum load: 20kgf) which was connected to
the X-Y recorder. Apparent fracture toughness (KA) test and data interpretation procedures
followed ASTM E399 specification[12-15].

RESULTS AND DISCUSSION

Microstructure

Fig. 1 shows SEM microstructures of (15%Al2O3• SiO2)/Al composite, (10%Al2O3•
SiO2+5%Ni)/Al and (10%Al2O3• SiO2+5%TiO2)/Al hybrid composites fabricated by the
infiltration of molten aluminum of 800 C to the preforms. Composites reveal uniform



distribut ion of reinforcements and no visible casting defects. In hybrid composites, Al-Ni and
Al-Ti intermetallic compounds are formed through the reaction between reinforcements
molten aluminum. Microstructural investigation shows that (10%Al2O3• SiO2+5%Ni)/Al
hybrid composite has relatively more intermetallic compounds than (10%Al2O3•
SiO2+5%TiO2)/Al hybrid composite. It is considered that the difference in the quantity of
reaction products is caused by the reactivity between Al matrix and reinforcement powder.
That is, Ni powder is more reactive with molten aluminum than TiO2 powder. Al3Ni, Al3Ni2
or AlNi intermetallic compounds can be formed by the reaction with molten aluminum of
750 C-900 C according to the Al-Ni phase diagram[16]. The SEM-EDS analysis of
(10%Al2O3• SiO2+5%Ni)/Al hybrid composite in Figure 2 shows that the amount of Ni is
increased from 4.0at% at Al matrix(point A) up to 23.3at% at the center of intermetallic
compound(point C). Therefore, it could be concluded that main reaction product is Al3Ni
intermetallic compound.
The X-ray diffraction patterns of (10%Al2O3• SiO2+5%Ni)/Al hybrid composite in Fig. 3
show peaks of the Al3Ni without any peak of other compounds regardless of the pouring
temperatures of the molten aluminum. It can be seen from Al-Ni binary phase diagram[16]
that Al3Ni might be easily formed comparing to the other Al-Ni intermetallic compounds due
to its lower formation temperature.
The SEM-EDS analysis of (10%Al2O3• SiO2+5%TiO2)/Al hybrid composite in Figure 4
shows that the amount of Ti is increased from 7.0at% at Al matrix(point A) up to 31.0at% at
the center of intermetallic compound(point C). The fraction of Ti in the Al-Ti compound is
measured about 31%, and thus the reaction product is found as Al3Ti. The X-ray diffraction
patterns of (10%Al2O3• SiO2+5%TiO2)/Al hybrid composites in Fig. 5 reveal peaks of Al2O3
as well as Al3Ti.   It can be seen from Al-Ti binary phase diagram[17] that Al3Ti might be
easily formed comparing to the other Al-Ti intermetallic compound due to its lower formation
temperature.

Mechanical Properties

The results of the microhardness test and three-point bending test are summarized in Fig. 6
for squeeze cast Al, (15%Al2O3• SiO2)/Al composite, (10%Al2O3• SiO2+5%Ni)/Al and
(10%Al2O3• SiO2+5%TiO2)/Al hybrid composites with pouring temperature of molten
aluminum of 800oC. Microhardness and flexural strength of hybrid composites is higher than
that of (15%Al2O3• SiO2)/Al composite. These enhancements of mechanical properties, such
as microhardness and flexural strength are likely to be increased due to the hard intermetallic
compound particles.
Tensile tests were performed to evaluate the composite strength at room and elevated
temperature.  All tensile-test data are summarized in Table 1. It shows that tensile and yield
strength of hybrid composites are greater than (15%Al2O3• SiO2)/Al composite at both
temperatures(25 oC, 300 oC). Strength drop at 300 oC is much smaller in hybrid composites.
The relatively less drop of the strength at elevated temperature in hybrid composites could be
caused by the stability of the intermetallic compounds.
Tensile properties of (10%Al2O3• SiO2+5%Ni)/Al hybrid composite are superior to that of
(10%Al2O3• SiO2+5%TiO2)/Al hybrid composite at room temperature and 300 oC. The
difference of mechanical properties is due to the amount of reaction product. Microstructural
investigation in Fig. 1 showed that (10%Al2O3• SiO2+5%Ni)/Al hybrid composite had more
intermetallic compounds than (10%Al2O3• SiO2+5%TiO2)/Al hybrid composite.



Fig. 1: SEM microstructure of squeeze cast Al matrix composites with pouring molten

aluminum of 800 C : (a) (15%Al2O3· SiO2)/Al,  (b) (10%Al2O3· SiO2+5%Ni)/Al , (c)
(10%Al2O3· SiO2+5%TiO2)/Al.

`
Fig. 2: SEM-EDS analysis of (10%Al2O3· SiO2 + 5%Ni)/Al composite :

(a) SEM micrograph (× 2000), (b) EDS scan of A, (c) EDS scan of B, (d) EDS scan of C.



Fig. 3: X-ray diffraction patterns of (10%Al2O3· SiO2 + 5%Ni) / Al hybrid composite
according to pouring temperature of molten aluminum.

Fig. 4: SEM-EDS analysis of (10%Al2O3· SiO2 + 5%TiO2) / Al composites
(a) SEM micrograph(×3500), (b) EDS scan of A, (c) EDS scan of B, (d) EDS scan of C.



Fig. 5: X-ray diffraction patterns of  (10%Al2O3· SiO2 + 5%TiO2) / Al hybrid composite with
pouring temperature of molten aluminum of 800 oC.

Fig. 6: Hardness(Hv) and flexural strength(MPa) of squeeze cast Al and Al matrix
composites.

Table 1: The results of tensile test of the Al matrix composites
at the 25 oC and 300 oC.

0.2% Y.S.(MPa) U.T.S.(MPa) Elongation (%)
Composites 25 oC 300

oC 25 oC 300
oC 25 oC 300

oC
(15%Al2O3• SiO2)/Al 83 52 118 89 5 9

(10%Al2O3•SiO2+5%TiO2)/Al 121 112 129 118 2.2 4.4
(10%Al2O3• SiO2+5%Ni)/Al 130 123 135 130 1.2 2.3

In-Situ Observation of Fracture Process



The in-situ observations of fracture behavior for (15%Al2O3• SiO2)/Al composite and
(10%Al2O3• SiO2+5%Ni)/Al hybrid composite are made with reference to a series of SEM
micrographs in Fig. 7 and Fig. 8, respectively. Fig. 7(a) shows the feature near the notch tip of
CT specimen at the initial stage of loading (stress intensity factor (KQ) = 8.5MPa m ). The
separation of fiber/matrix interface occurs at several places. As the loading reaches to
KQ=10.9MPa m , Fig. 7(b) reveals the local plastic deformation (shear band) in Al matrix
and voids formed at the tips of fibers. Some evidence of the connection of microcracks
especially near the notch tip can be observed. Crack propagation with continued loading
shown in Fig. 7(c) proceeds along microcracks formed at fiber/matrix interfaces and shear
bands formed at ligament region of Al matrix between fibers. Voids at fiber tips and broken
sites of fibers also involve the propagation of crack. For the case of (10%Al2O3•
SiO2+5%Ni)/Al hybrid composite as shown in Fig. 8(a), defect initiation sites are fiber/matrix
and intermetallic/matrix interfaces and fiber tips at early stage of loading (KQ =
10.76MPa m ). Microstructure of the hybrid composite reveals high volume fraction of
intermetallic composite particle clusters. Fig. 8(b) shows the well developed cracks in the
clusters resulting from the connection of debonded intermetallic/matrix interfaces with
loading of KQ=11.16MPa m . Shear band formation in (10%Al2O3• SiO2+5%Ni)/Al hybrid
composite is not so pronounced as in (15%Al2O3• SiO2)/Al composite. Fig. 8(c) shows a long
crack developed with continued loading in front of the sharp notch tip of CT specimen, the
crack mainly propagates along the intermetallic clusters and fiber/matrix interfaces.

Fig. 7:  A series of SEM micrographs near a notch tip of (15%Al2O3·SiO2) / Al composite,
showing : (a) microcrack formation by the separation of short fiber / matrix interface(KQ=8.5

MPa m ), (b) (KQ=10.9 MPa m ) and (c) the cracks proceed mainly along the separated
interfacial regions.

(a) (b)

(c)



Fig. 8:  A series of SEM micrographs near a notch tip of (10%Al2O3·SiO2 + 5%Ni) / Al hybrid
composite, showing : (a) microcrack formation by the separation of short fiber / matrix

interface (KQ=10.76 MPa m ), (b) (KQ=11.16 MPa m ) and (c) crack propagation mainly
along the intermetallic compound clusters

CONCLUSIONS

1. (10%Al2O3• SiO2+5%Ni)/Al and (10%Al2O3• SiO2+5%TiO2)/Al hybrid composites were
fabricated successfully by the reaction squeeze casting.
2. Al3Ni intermetallic compounds and Al3Ti intermetallic compounds were formed by the
reaction of molten aluminum with Ni powder and TiO 2 powder.
3. Mechanical properties such as microhardness and flexural strength of hybrid composites
were superior to those of (15%Al2O3• SiO2)/Al composite. The enhancement of these
mechanical properties is likely to be due to the hard intermetallic compound particles.
4. Tensile properties of (10%Al2O3• SiO2+5%Ni)/Al hybrid composite were superior to that
of (10%Al2O3• SiO2+5%TiO2)/Al hybrid composite at room temperature and 300 oC. The
difference of mechanical properties was due to the amount of reaction product.
Microstructural investigation showed that (10%Al2O3• SiO2+5%Ni)/Al hybrid composite had
more intermetallic compounds than (10%Al2O3• SiO2+5%TiO2)/Al hybrid composite.
5. It was identified from the in-situ fracture test of (15%Al2O3• SiO2)/Al composite and
(10%Al2O3• SiO2+5%Ni)/Al hybrid composite that the microcrack initiation of both
composite occurred at the short fiber/matrix interfaces. The microcrack of (15%Al2O3•
SiO2)/Al composite propagated mainly along the separated interfacial regions and shear bands
were well developed in the matrix areas. The microcrack of (10%Al2O3• SiO2+5%Ni)/Al
hybrid composite propagated along the intermetallic compound clusters and fiber/matrix
interfaces.

(b)(a)

(c)
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