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Microstructures and mechanical properties of aluminum matrix composites
fabricated from Al–x wt.% Zr(CO3)2 (x = 5, 10, 15, 20, 25) systems
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Abstract

The aluminum matrix composites reinforced by Al2O3 and Al3Zr particulates were fabricated from Al–x wt.% Zr(CO3)2 (x = 5, 10, 15, 20,
25) systems via magneto chemistry in situ reaction at 1173 K. XRD analysis shows that �-Al2O3 and Al3Zr reinforcement phases have been
obtained. The microstructure analysis indicates that the reinforcement particulates are distributed uniformly in the aluminum matrix and the size is
0.08–0.12 �m. The mechanical properties test results show that the tensile and yield strengths of the composites are much higher than that of pure
aluminium. The values of the tensile, yield strengths and elongations change with x from 5 to 25. Especially when x = 20, the composite exhibits
the highest tensile and yield strengths with kb = 2.151 and ks = 3.298, reaching 167.8 and 138.5 MPa, respectively.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, much work has been done on aluminum
metal-matrix composites to meet the increasing demands of
advanced structural applications, including aircraft components
and key parts in automobiles, such as brake rotors and drums due
to their light density, high elastic modulus, specific strength and
good thermal stability compared with conventional monolithic
alloys [1–5]. Aluminum matrix composites reinforced by partic-
ulates can be fabricated by ex situ synthesis, where particles are
added to the melt as a powder (e.g. liquid ingot casting and pow-
der metallurgy) [6–9] and in situ synthesis, where particles are
synthesized within the melt (e.g. exothermic dispersion, reac-
tive hot pressing, reactive infiltration and direct melt reaction)
[10–12]. Especially, direct melt reaction (DMR) process is con-
sidered one of the most promising in situ synthesis techniques
for commercial applications due to its simplicity, low cost and
near net-shape forming capability. However, the DMR process
requires long agitating time at high temperature in order to obtain
full incorporation and thorough reaction of the added reactants
with the molten metal [13]. In order to eliminate the require-
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ment for long mixing time at high temperature, some work has
been done [14–18]. Up to the present, the processing technol-
ogy for the Al–Zr(CO3)2 composites reinforced by Al2O3 and
Al3Zr particles via magnetochemistry in situ melt reaction has
not been reported.

In the present work, we focused on a novel and economical
technique to fabricate bulk Al–Zr(CO3)2 composites at 1173 K
via magnetochemistry in situ melt reaction. The microstruc-
tures and mechanical properties of the composites were investi-
gated.

2. Experimental procedures

The starting materials were commercial aluminum ingots and inorganic salt
Zr(CO3)2 powder (average size 20 �m). Table 1 shows the nominal compo-
sition of the experimental Zr(CO3)2 powder. Firstly, Zr(CO3)2 powders were
dehydrated at 573 K for 3 h in an electric furnace. Then aluminum ingots were
heated at 5 ◦C/min. Fig. 1 shows the schematic diagram of experiment setup.
When the temperature of the melt was at 1173 K, the dried Zr(CO3)2 powders
with the weight ratio x (x = 5, 10, 15, 20, 25) to the total aluminum melt were
added and pressed into the aluminum melt with a campanulate graphite mantle,
because they tended to float on the surface of the aluminum melt for their low
density comparing with aluminum. During the melt in situ reaction, the impulse
magnetic field producing device (WY1600) was turned on and the frequency
was fixed at 25 Hz and the magnetic current intensity was 150 A. After 20 min,
the melt was degassed, slag removed and refined, then was poured into special
mould with 14 mm inside diameter. After cooled to the room temperature in air,
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Table 1
Nominal composition of the experimental Zr(CO3)2 powder

Substance Content (wt.%)

Zr(CO3)2 ≥99.97
SiO2 ≤0.01
Al2O3 ≤0.003
Fe2O3 ≤0.002
Na2O ≤0.01
TiO2 ≤0.005
SO4 ≤0.001

Fig. 1. Schematic diagram of experiment setup.

the specimens were cut two parts, the small one was used for XRD and SEM
analysis and the large one for mechanical properties testing.

X-ray diffractometer (Dmax2500PC) using Cu K� radiation was used
to determine phase component of the as-prepared specimens; scanning elec-
tron microscopy (SEM, JOEL-JXA-840) and transmission electron microscopy
(TEM, JEOL-JEM-2000) were used to analysis the microstructure of the as-
prepared ones. The particle size of the in situ reinforcement phase was char-
acterized by an image analyzer. Tensile properties test of the specimens with a
gauge diameter of 6.35 mm (0.25 in.) and length of 25.4 mm (1.0 in.) were car-
ried out at room temperature by a computer-controlled electronic tensile testing
machine (DWD-200) at a strain rate 1.67 × 10−4 s−1 according to the ASTM
E8 standard. Comparing the as-prepared composites with the pure aluminum
(defined x = 0), the pure aluminum testing specimens were also prepared in
the present experiment. The tensile properties are the average values of three
tests at each condition. The fracture surfaces of the as-prepared specimens were
observed under SEM.

3. Results and discussion

3.1. Preparation of the composites fabricated from
Al–x wt.% Zr(CO3)2 (x = 5, 10, 15, 20, 25) systems

The XRD patterns of the composites synthesized from
Al–x wt.% Zr(CO3)2 (x = 5, 10, 15, 20, 25) systems by above
method are shown in Fig. 2. It consists of Al, Al2O3 and Al3Zr
three phases according to Refs. [19–21], respectively. As shown
in Fig. 2, it can be seen that with the increase of x from 5 to 25,
the phases of the as-prepared composites changed as followed:
when x = 5, weak intensity lines of Al2O3 and Al3Zr phases
were observed; and they became stronger with the increase of x
to 25. Especially, when x = 20, 25, the strong peaks of Al2O3 and
Al3Zr phases were observed. This is attributed to the increas-
ing additional amount of inorganic salt Zr(CO3)2 to the molten
aluminum. The relative variation of the in situ Al2O3 and Al3Zr

Fig. 2. XRD patterns of the composites synthesized from Al–x wt.% Zr(CO3)2

(x = 5, 10, 15, 20, 25) systems: (a) x = 5; (b) x = 10; (c) x = 15; (d) x = 20; (e)
x = 25.

phases affect the overall mechanical properties of the aluminum
matrix composites.

In the Al–Zr(CO3)2 system, some chemical reactions take
place in the aluminum molten liquid at 1173 K. The formations
of the in situ Al2O3 and Al3Zr phases are described by the fol-
lowing reactions:

Zr(CO3)2 → ZrO2 + 2CO2↑ (1)

3ZrO2 + 4Al(l) → 3[Zr] + 2Al2O3 (2)

After reactions (1) and (2), the Zr reduced from the reac-
tion (2) then reacts with Al(l) to form Al3Zr according to the

Table 2
The expressions and calculated values of the standard Gibbs free energy of ZrO2,
Al2O3, Zr and Al substances

Substance �G◦
T (J/mol) �G◦

1173(T =
1173 K)(J/mol)

ZrO2 −1082151.4 + 198.52T −849287.44
Al −5609.9 − 11.35T −18923.45
Al2O3 −1675285.5 + 329.24T −1289086.98
Zr −8308.6 − 11.23T −21481.39

Table 3
The values of tensile strengths (σb), yield strengths (σs) and elongations (δ) for
pure aluminum (x = 0) and the as-prepared aluminum matrix composites

x σb (MPa) kb σs (MPa) ks δ (%) kδ

0 78.0 1.000 42.0 1.000 59.8 1.000
5 97.6 1.252 69.2 1.648 38.7 0.647

10 118.4 1.518 87.4 2.081 34.2 0.572
15 139.8 1.792 118.9 2.831 28.6 0.478
20 167.8 2.151 138.5 3.298 20.9 0.349
25 159.3 2.042 133.1 3.169 15.7 0.263
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