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Abstract

An approach for the fabrication of an in situ (Al3Zr,+Al1;03,,)/2024A1 composite with a quasi-
continuous 3D network reinforcement architecture using the powder metallurgical technique
has been suggested. The network structure was obtained by an in situ reaction between
20244l and ZrO,, with subsequent synthesis of AlsZr and Al;O; particulate around the
boundaries of the large Al particles, using low energy ball milling and reactive sintering.
With a reinforcement volume fraction of 10vol. %, the macrohardness and tensile strength of
the composite were found to be 54.8 HRB (97HB) and 261 MPa, respectively.

1 Introduction

The combination of good properties, low cost, high workability and significant increase in
performance over unreinforced alloys, have made aluminum metal matrix composites a
commercially very attractive system [1]. The past few decades have seen the rapid
development of homogeneously reinforced metal matrix composites, but in recent times
there have been concerted efforts dedicated to the careful tailoring of three dimensionally
networked microstructures such as bi-continuous, interpenetrating and quasi-continuous
composites [2, 3]. The ability to design and fabricate networked three dimensional (3D)
microstructures raises the possibility of developing materials with superior performance
characteristics; each phase contributing its own characteristics to the overall properties of the
composite [4]. However, composites with 3D continuous networks face certain difficulties
such as, forming the matrix or reinforcement into a porous network structure following the
impregnation of one material into the other, the complexity of varying the volume fraction of
the phases and easy crack propagation along the continuous phase of the composite [5]. On
the other hand, quasi-continuously networked composites have relatively simpler processing
techniques and display exceptionally good properties[3, 5].

Transition metal tri-aluminides such as AlsZr and Al3Ti having, thermal equilibrium existing
between them and the matrix, high elastic moduli and low density, have made them good
candidates for the in situ reinforcement of Al and Mg alloys. Al;Zr exists in thermodynamic
equilibrium, unlike other ceramic particulates, with the Al matrix - a real chemical bonding
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between the Al and trialuminide reinforcement rather than an intermediate reaction zone. Its
excellent resistance to oxidation and corrosion, high melting temperature (1580°C) and
thermal stability along with a relatively high elastic modulus (205 GPa) has made it a
potential reinforcement to augment the properties of Al and its alloys. It has also been
demonstrated that at a similar volume fraction of reinforcement the strengthening effect of
AlsZr particles in a pure Al matrix is equivalent to that of 5 and 250 um SiC particulates [6-8].
In order to enhance performance characteristics when compared to composites with
homogeneous microstructures, and tackle the challenges posed by composites with 3D
continuous networks, an attempt at fabricating a composite with a quasi-continuous network
structure consisting of in situ synthesized Al;Zr, + Al,Os,p, using powder metallurgy has been
made.

2 Materials and Testing Methods

2.1 Materials

2024Al alloy powders (50-150 pm) and commercially pure ZrO, powders (0.5 -0.8um) were
used for the fabrication of this composite. The elemental composition of the 2024 Al used is
given in Table 1.

Cu Mg Si Fe Mn Zn Al
4.5 1.14 0.5 0.3 0.8 0.1 Balance

Table 1. Chemical composition of 2024 Al (wt. %)

2.2 Low energy ball milling & reactive hot pressing

Initially, to produce a composite with reinforcement volume fraction of 10 vol. %, 2024Al
(92.1 wt. %) and ZrO; (7.9 wt. %) powders, were weighed and mixed using a low energy ball
milling process, according to the expected reaction equation [9]:

Al+Zr02 > AI3ZT+A1203 (1)
The process was carried out under a high purity argon atmosphere, at 150 rpm and with ball to

powder ratio of 5:1 for 2 hours. As a result of low energy ball milling, the ZrO, powders were
evenly dispersed on the surface of the 2024 Al particles as shown in Fig. 1.

Quasi-continuous
224@ ' (Al3Zr+Alp03)/2024Al

network structured composite
After ball milling at :

150rpm ; 2 hrs

LEBM : Low Energy Ball Milling
RHP : Reactive Hot Pressing

Figure 1. Fabrication process for (Al;Zr,+Al,03,,)/2024Al networked composite.
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The milled powders were then transferred to a graphite mould and sintering was commenced
by applying a pressure of 25 MPa at 600°C for 30 minutes to achieve good compaction.
Following which the temperature was raised and held at 850°C under no pressure for a period
of 1 hour giving sufficient time for completion of the reaction Eq. (1). Subsequently a
pressure of 25 MPa was reapplied during cooling at 600°C for 30 minutes to effectively
compact the reacted components. For meaningful comparison monolithic 2024 Al powders
were also sintered at 570°C under a pressure of 25 MPa for one hour. The sintering procedures
were carried out under a high vacuum of 10 Pa and a heating rate of 10°C/min.

2.3 Microstructural examination and testing

X-ray diffraction (XRD) analysis was done using Philips X'pert. Hardness tests were carried
out using a Rockwell hardness testing machine - B scale 1/16 inch diameter (1.588 mm) steel
sphere, a load of 100kgf and loading time of 60 seconds. The hardness value mentioned is an
average of 5 indentations. Tensile tests were carried out on samples of gauge length 15mmx
Smmx2mm, using an Instron-5569 universal tensile testing machine with a constant crosshead
speed of 0.5 mm/min. Scanning electron microscopy (SEM, Quanta 200FEG) and
transmission electron microscopy (TEM, TECNAI F30) along with energy-dispersive x-ray
spectroscopy (EDX) were used to perform microstructural examinations.

3 Results and Discussion

Fig. 2 shows the XRD pattern of the as-sintered composite which points out the sole presence
of Al and Al;Zr phases and the absence of ZrO,, which indicates the completion of the in situ
reaction between Al and ZrO,.Zhu et al. [9] have indicated that the standard Gibbs free energy
for Eq.(1) is negative and therefore the reaction can take place spontaneously. However, the
anticipated Al,Os3 phase according to Eq. (1) is not detected in the XRD pattern, the probable
reason being the in situ synthesized Al,O; phase is too fine and too little.

3500
r e o Al
080 = « ALZT
2500
0o L
a.
o 2000 -
2
2 1500 -
i)
= L
= N
1000 .
500 - ‘
aAs A A A | oA Ag A |
" JWL\-WQ’WM.M'\M‘ w’\/J Lduw"!p»WJL’Vi\ﬁ,‘:gwx.w-vwmm,M-J‘w'%“wwwm.l'.,\mJ \,‘,,Jl.\,-,\.;.,.w,,_‘w
I i 1 i I i I i 1 i I

20 30 40 50 60 70 80 90
2-Theta (°)
Figure 2. XRD spectra of (Al;Zr,+Al,05,,)/2024Al composite

Microstructural examination on the composite using SEM clearly reveals the presence of two
distinct regions as shown in Fig. 3(a) and (b). Firstly the particle lean matrix region (R1) and
secondly, the particle rich reinforcement network (R2). R2 forms the skeletal structure of the
composite, which is a 3D quasi-continuous network of dispersed components. The possible
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formation of the network structure can be explained as follows; a chemical reaction as
described in Eq. (1) takes place only on the periphery of the large 2024 Al particles resulting in
the formation of a network made up of dispersed Al;Zr and Al,Os particles. However, a large
portion of the Al particles are undisturbed by the chemical reaction thereby making it to be
reinforcement scarce regions. This phenomenon is clearly illustrated in Fig. 3(b). As shown in
Fig. 4(a) the morphology of the Al;Zr particles in R2 are mostly polyhedron and rectangular
which are in agreement with Zhao et al. [10] The size of the Al;Zr particles along the network
varies between 5-20um.

Figure 3. Microstructure of the as-sintered (Al;Zr,+Al,03,,)/2024Al networked composite (a) low magnication
(b) high magnication

According to Eq. (1) Al,O3 phase must be present in the composite but the XRD spectra and
the SEM images do not verify the presence of the Al,Os particles. However, the TEM and
EDX analysis performed on the microstructure, as shown in Fig. 4(b) confirms the presence of
nano particles comprising of Al and O. Therefore it can be concluded that this Al and O rich
phase corresponds to Al,Os. It is to be noted that as the matrix used is an Al alloy, there are
certain remnants consisting of precipitates and intermetallics formed during this process.

Figure 4. (a) SEM and EDX showing the morphology of Al;Zr particles and (b) TEM image and EDX showing
the morphology and distribution of the Al,O; nano particles.
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This has not been discussed in detail because it has been demonstrated that homogeneously
reinforced composites consisting of a 2024Al alloy matrix can be suitably heat treated to
further enhance its properties [11].

With a reinforcement volume fraction of 10vol. % the rockwell hardness of the composite is
54.8 HRB. The tensile characteristics of the composite are shown in Fig.5. The composite
exhibits yield strength (YS) of 175 MPa, ultimate tensile strength (UTS) of 261 MPa and an
elongation of 2.3%, whereas the monolithic alloy has a YS of 105 MPa, UTS of 220MPa and
elongation of 12%. In other words the YS and UTS of the composite depicts an increase by
65.71% and 18.18% relative to that of the monolithic 2024 Al alloy.
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Figure 5. Tensile characteristics of the as-sintered (Al3Zr,+Al,03,,)/2024Al networked composite

4 Conclusions

This work demonstrates the successful fabrication of a 3D quasi-continuous network
structured composite using powder metallurgy. As a result of the low energy ball milling and
reactive hot pressing between 2024Al and ZrO,, particle Al;Zr and Al,O; were synthesized
around the larger 2024Al particles to form the reinforcement network. A superior
strengthening effect has been explored by tailoring a (AlzZrp+Al,03,5)/2024A1 metal matrix
composite with a novel network microstructure.
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