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Abstract: A novel irrsitu reaction system AFZr-O was developed. In situ Al3Zr and Al,0; particulate reinforced A356

alloy matrix composites have been fabricated by direct melt reaction method. The results show that the maximum sizes of

AlZr and AL O3 particulates synthesized in the system ZrOClyA356 are 1 Hm and 3 Pm respectively, and they are well

distributed in the matrix. The investigation shows that the AlZr crystal is in the shape of polyhedron and rectangle.

There is a faceted growth phenomenon on ALZr crystal surface. It is firstly found that the ALZr crystal grows in the

mechanism of twinning. The twinning plane is (1 14), and the twinning direction is [ 2 2 1]. The crystal morphology of

irrsitu & AL, O3 particulate is rectangle or sphere. Furthermore, (AlzZr+ Al O3),/ A356 composites have not only higher

tensile strength at room temperature (376. 2 MPa) but also higher yield strength (319.4 MPa) and higher tensile

strength at elevated temperature (200 ‘C) than those of the A356 alloy. The dry sliding wear test shows that the wear re-

sistance of the (AlzZr+ Al;03) ,/ A356 composites is greatly enhanced with increasing particulate volume fraction.
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1 INTRODUCTION

Recently, much attention has been paid to the
development of effective fabrication processes for par-
ticulate reinforced metal matrix composites ( PRM M-
Cs),

particles formed in situ are an emerging group of dis-

However, metal matrices reinforced with

continuously reinforced composites that have distinct
advantages over the conventional composites' . In
the irrsitu fabrication process, the spontaneous reac
tion betw een the reactants is utilized to synthesize the
reinforcements in the metal matrix. Especially, the
direct melt reaction method (DM RM) is of simplici-
ty, low cost and possibility of near net-shape forming
and considered to be one of the most promising in-situ
synthesis techniques of commercial production'®. In
selecting a metal for fabricating the composites, alu-
minum (Al) can be noticed due to its lightmass, low
melting point (933 K) and high processing. Up to
now, however, imrsitu reaction systems are mainly
concentrated on AFTrX, for example, AFTFO, Ak
TrB and AFTrC. Insitu formed reinforcements are
only focused on a few particles such as ALTi, ALOs,
TiB,, and TiC'"*.

In this study, a novel in-situ reactive system Al

Zr-O was developed. The novel (AlzZr+ ALO3),/
A356 composites synthesized in the system AFZrO
was fabricated by the direct melt reaction between
zirconium oxychloride with molten aluminum alloy
A356. The dispersion behavior and crystal morpholo-
gy of in situ formed reinforcements were studied.
Moreover, the mechanical properties and dry sliding
wearresistance of the composite were investigated
and the strengthening mechanism was discussed.

2 EXPERIMENTAL

Raw materials are AF7Sr0. 3Mg ( A356) alu-
minum alloy ingot and zirconium oxychloride (ZrOCl,
*8H,0) powder (99.92%). Zirconium oxychloride
was pre-heated to dehydrate the bounded water in it
at 523 K for 3 h. Then the dried ZrOCl, was cooled,
ground and screened. At the same time, 5 kg alu-
minum ingot was molten in a graphite crucible in an
electric furnace under an argon atmosphere, and held
at the experimental temperature of 1 073 K. Then
dehydrated ZrOCl, power was added and incorporated
by the melt-stirring method. During this stirring, in-
situ Al3Zr and A1,03 particles were formed in the liq
uid aluminum and subsequently the melt was cast into
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a permanent mould.

The composite samples were cut off into discs
(d10 mm x5 mm) and polished for microstructure
observation with the help of scanning-electron micro-
scope (SEM), electron probe microanalysis (EPMA)
and X-ray diffraction (XRD). The composite samples
for transmission electron microscopy were sectioned
into thin slices (10 mm X 0. 5 mm), mechanically
ground on 1 000 grit silicon carbide paper, polished to
approximately 60 Pm in thickness, and subsequently
thinned using argomrion beam at 5 kV, 4 mA at an
eles 30° and 10°. The foils prepared were carefully
examined using JEM-2000EX transmission electron
microscope equipped with a double-tilt holder and op-
erated at 120 kV.

3 RESULTS AND DISCUSSION

3.1 Microstructure of composite

Fig. 1 shows the microstructure of the composite
synthesized in the system A356-ZrOCl, using SEM
and EPMA. It is indicated that the size of Al3Zr par
ticulate is in the range of 0. 1 = 1. 0 Pm, whereas the
size of AL O3 particulate is in the range of 0.2~ 3.0
Pm. In-situ formed AlsZr and Al,O3 particles are well

distributed in the aluminum alloy A356 matrix.

3 J '\:.‘H

Fig. 1 SEM microstructure of (AlzZr+

AO3) ./ A356 composites
(a) —SEM; (b) —EPMA

Fig. 2 shows the X-ray diffraction pattern of the
composite synthesized by the direct melt reaction in
the system AFZrO. It is shown that the in situ

formed reinforcements in the system AFZr-O are
AlzZr and &AL O3. The metallurgical reactions in the
molten aluminum are as follows!”':
272r0Clh= ZrCl+ ZrO;

3ZI"C14+ 4A1(1): 3[21"] + 4A1C13(g)
3Zr02+ 4Aly= 3[Zr] + 2ALO;

[Zr] + 3A1(1): A13ZI"
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Fig.2 X-ray diffraction pattern of composite
synthesized in AFZr-O system

3.2 Crystal morphology and growth

Figs. 3(a~ d) show the crystal morphology and
TEM diffraction pattern and growth model of AlzZr
reinforcement. There are two forms of Al3Zr crystal,
one is polyhedral ( Fig. 3(a)), the other is rectangular
(Fig. 3(b)). The length/ width ratio of the rectangle
is in the range of 1.572.0. There is a faceted grow-
ing tendency on the surface of the polyhedral and a
twin growth on the surface of the rectangular. The
interface between the Al3Zr particulate and the Al ma
trix is smooth, clean and without reaction product.
Moreover, the observation in many samples shows
that the dislocation density of aluminum matrix near
the polyhedral is higher than that of the matrix near
the rectangular. The TEM diffraction pattern of the
twin is shown in Fig. 3(¢). According to the diffrac
tion pattern, it is determined that the twin plane is
(1 14). The growth direction of the twin is [2 2 1]
. The twinning growth model of the AliZr crystal is
illustrated in Fig. 3(d).

What is the relation between the twin and the
morphology of Al3Zr intermetallics? Depending on the

experimental observation and the crystal growth theo-
ry' %' the Alz;Zr intermetallic compound grows in the
form of facet. The atomic arrangement on the inter-
face of liquid/ solid is smooth. Thus single molecule is
difficult to accumulate up on the smooth surface of the
AlZr crystal. However, the twin occurs because of
the atomic dismatch. It results in a very pronounced

reentrant edge or groove. The diffusing ALZr molecules
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(1d)
N, Twin plane

Fig. 3 Crystal morphology and growth model of AlzZr

(a) —Polyhedral AlsZr; (b) —Rectangular AlsZr ; (¢) —Diffraction pattern of twin;
(d) —Twinning model of AlsZr crystal

from the liquid melt are easy to attach to the groove.
It may be concluded that the twin plane reentrant
edge! "', TPRE, is important here for the growth ki-
netics of the AlsZr crystal. Although one twin can be
observed in the AlsZr crystal, the fact is that there
are four closely packed planes in the AlZr crystal
such as (114), (114), (114) and (11 4) according
to the analysis of the AlZr crystal stereogram''>'.
The twinning phenomenon may take place on one or
several closely packed planes. So it can result in one
twin or several twins. Under the observation of the
Al Zr morphology by SEM and TEM, the AZr rein-
forcement grows in the shape of rectangle when only
one twin is caused, whereas the Al3Zr reinforcement
grows in the form of polyhedron when multiple twins
are produced.

Figs. 4 (a~b) show the crystal morphology and
TEM diffraction pattern of the Al,O3 particle. It is
shown that the crystal morphology of the Al,O3 par
ticulate is approximately equiaxial, and the AlLO3
crystal is of hexagonal structure.

3.3 Mechanical property of composite

The mechanical properties of the composite are
shown in Fig. 5. The results indicate that the tensile
strength and yield strength of the (AlzZr+ ALO3),/
A356 composites are enhanced greatly with increasing
volume fraction of particles. However, the percentage
elongation of the composite is decreased with increas-
ing volume fraction of particles. Furthermore, the (AlZr

Fig. 4 Transmission electron micrographs
of inrsitu AL O3 particulate
(a) —Equiaxial Al,O3 particulate;
(b) —Diffraction pattern of [0 1 1 2]

+ ALO3),/ A356 composites have higher tensile strength
not only at room temperature( 0,= 376. 2 MPa) but also
at elevated temperature (G,= 187. 6 MPa) than those of
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Fig. 5 Mechanical properties of (AlsZr+
AO3) ./ A356 composites at room and

elevated temperature

(a) —At room temperature;
(b) —At elevated temperature (200 C)

A356 matrix alloy. The strengthening mechanism

grain-refined

strengthening, and solid-solution strengthening' .

may include Orowan strengthening,

1) Orowan strengthening. Orowan strengthen-
ing results from the interaction between the disloca
tion and the dispersed particles. When the composite
bears the load the plastic deformation of the material
is caused. The hard Al3Zr and ALLO3 particles act as
obstacles to hinder the motion of dislocations near the
particles in the matrix. The Orowan strengthening
effect of the particles on the matrix is enhanced grad-
ually with increasing particulate volume fraction.

2) Grairrrefined strengthening. The experimen-
tal observations indicate that the Al:Zr reinforcing
phase can reduce the grain size of the aluminum ma
trix significantly. According to the analysis of the
AlzZr crystal structure, the polyhedral AlsZr particles
act as the heterogeneous nucleation catalyst for alu-
minum. The grainrefined strengthening effect of the
AlzZr particulate is improved by increasing volume
fraction of the polyhedral Al3Zr particles.

3) Solid-solution strengthening. When a foreign
Zr atom dissolves in the matrix Al, it may act as an
atomicsized obstacle to the motion of dislocations.
Because the volume of the foreign Zr atom (0. 023

272 nm”) is larger than that of the Al atom (0. 016

603 nm’) a misfit strain field will be produced around
the Zr atom that may interact with the dislocation
strain field.

3.4 Wear property of composite

The dry sliding wear characteristics of the
(AlZr+ ALO3),/A356 composites is illustrated in
Fig. 6. It is shown that the wear resistance of the
(AlsZr+ ALO3),/ A356 composites is superior to that
of its matrix A356, and is greatly enhanced with in-
creasing particulate volume fraction. The observation
of the wear surface and subsurface by SEM shows
that there are serious deformation and stripped pits on
the wear surface of the A356 alloy, and the crack
band occurs in the wear subsurface layer of the A356
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Fig. 6 Wear property and wear subsurface of
(AlsZr+ ALO3),/ A356 composites and matrix
(a) —Wear property of composites and matrix;

(b) —Wear subsurface of matrix A356;

(¢) —Wear subsurface of composites
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alloy. The wear feature of the matrix A356 is adhe
sive wear. However, the wear subsurface of the
(AlZr+ ALO3),/A356 composites has no cracks,
the wear surface has also no severe wear and deforma-

tion. The wear feature of the (AlsZr+ Al,03) ,/ A356

composites is abrasive wear.
4 CONCLUSIONS

1) Inrsitu AZr and A, O3 particles reinforced a-
luminum alloy A356 matrix composites have been fab-
ricated by the direct melt reaction in the system Al
Zr-0.

2) The crystal morphology of the Al3Zr particu-
late with a tetragonal structure is mainly in the shape
of polyhedral, whereas the crystal morphology of the
ALOj3 particulate with a hexagonal structure is e
quiaxial.

3) It is found that the Al3Zr crystal grows in the
mechanism of twinning. The twinning plane is
(1 14). The twinning direction is [ 2 2 1].

4) Tensile tests indicate that the ( AlzZr +
ALO3),/ A356 composites exhibit high strength not
only at room temperature but also at elevated temper-
ature. The wear resistance of the (AlzZr+ ALLO3) p/
A356 composites is superior to that of the matrix

A356 alloy.
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