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Abstract: 6061Al1 matrix composites reinforced by ZnO-coated Al;3B40s; whiskers were fabricated by a semi-solid mechanical
stirring technique. The effects of ZnO coating on interfacial reaction between whiskers and matrix and the tensile properties of the
composites were investigated. Tensile tests on composites were performed at room temperature, and microstructures were observed
by scanning electron microscopy (SEM). The results show that the surface treatment of whiskers could reduce interfacial reaction
effectively, improve the wettability between whiskers and matrix and enhance the tensile properties of the composites obviously. In
addition, semi-solid stirring parameters were also under preliminary study. The stirring parameters were determined by the
distribution of whiskers in the composites. The composites with homogeneously distributed whiskers were fabricated by semi-solid

stirring at 610 “C for 30 min.
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1 Introduction

Aluminum borate whisker reinforced aluminum
composites  (Al;gB4Os34/Al)  have  been
extensively investigated on account of their low density,
improved mechanical properties and low cost[1-2]. Thus,
aluminum borate whiskers have been paid many
attentions. Because the interface between the matrix and
reinforcement plays a critical role in determining the
properties of metal matrix composites (MMCs), many
researches on the interface reaction and its effect on the
mechanical properties of Al;gB4O;3,/Al composite have
been done[3—4]. The poor interfacial wettability between
aluminum borate whisker and aluminum matrix affects
the properties of the Al;3B4O33,/Al matrix composites.
Unfortunately, few studies have been concerned with the
improving of wettability between Al 3B4Os; whisker and
aluminum matrix. Reinforcement coating is one of the
most effective technique to improve interfacial properties
of MMCs[5]. The coating of whiskers was prepared
commonly by sol-gel method and electroless
plating[6—7]. Electroless plating can only achieve a
relatively uniform metallic layer effectively, while
sol-gel method is an advanced technique to synthesize

matrix

high quality ceramic materials including fine powders
and oxide thin films[8-9]. YUE et al[10] have
successfully prepared ZnO coating on Al;sB40s;, surface
by means of sol-gel method. ZnO coating can improve
the Al;sB4Os;3,/Al wettability effectively. However, the
sol-gel method has the disadvantages of complicated
technology, high cost and severe pollution. The
precipitation process is very effective for the preparation
of whisker coating and it has advantages such as simple
production equipment, low cost and suitability for
industrial manufacture.

In addition, the application of Al;gB4Os3,, reinforced
aluminum matrix composites is affected by the
preparation methods. The process of powder metallurgy
is complex and squeeze casting technique is not suitable
for industrial manufacture. Semi-solid stirring and
forming are very effective molding method for metals
and metal matrix composites because of low cost and
easy handling[11—12]. The semi-solid technique also can
solve the problems such as floating, segregation and
unwettability of nonmetal materials[13—15]. Although
semi-solid stirring technique is very useful for the
application of the composites, study on this technique is
limited.

In the present work, ZnO coating is coated on the
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surface of Al;3sB4O;3 whisker using precipitation process
in order to improve the interface wettability and reduce
the interfacial reaction between Al;3sB4Os3; whisker and
matrix. The composites are fabricated by semi-solid
mechanical stirring technique. Subsequently, the coating
characteristics, the stirring parameters, microstructure
and mechanical properties of composites are investigated
and discussed.

2 Experimental

The reinforcement of the composites used in this
study was Al;sB4O;; whisker with 0.5—-1 pm in diameter
and 10—-30 pm in length. The composition of the selected
matrix 6061 alloy was as follows: 0.6% Si, 0.7% Fe,
0.3% Cu, 0.15% Mn, 0.8% Mg, 0.25% Zn and balance
Al (mass fraction).

The Al;sB40;3 whiskers were coated with ZnO layer
using a precipitation process. Firstly, Al;sB,O;3 whisker
and ZnCl, at a mass ratio of 10:1 were put in distilled
water. Secondly, the NH;-H,O solution was put into the
slurry slowly and mixed by ultrasonic vibration and
electric stirring to prevent whisker from agglomeration.
Finally, the treated whiskers were dried at 90 C,
followed by calcination at 500 ‘C. For simplification, the
coated whiskers were marked as Al;3sB4033,/Zn0O, and
the composites reinforced by the coated and uncoated
Al;3sB4O3; whiskers were marked as AlgB4Os3,/
Zn0/6061Al and Al;3B4033,,/6061Al, respectively.

The Al 1 gB4O33W/606 1Al and Al 1 3B4O33W/Z1'10/
6061Al composites containing 5% volume fraction of
whiskers were fabricated using semi-solid mechanical
stirring technique in a protective atmosphere of argon to
avoid oxidation. The process was as follows: 1) 6061Al
alloy was melted at 800 ‘C in stainless steel crucible and
then cooled to a semi-solid temperature. In order to
investigate the effects of stirring temperature on the
whiskers distribution, the semi-solid temperatures were
selected as 650, 630 and 610 °C, respectively; 2)
Al;gB4O3; whiskers were preheated to 600 'C and added
quickly into the semi-solid alloy, and the melt was stirred
at 300 r/min for 15 and 30 min respectively at the
determined semi-solid temperature; 3) the semi-solid
slurry was then poured into a preheated extrusion
container (480 ‘C) and allowed to solidify under a 200
MPa pressure to obtain billet with high density; 4) The
billet was extruded with an extrusion ratio of 25:1 and a
constant ram speed of 15 mm/s and then cooled in the
air.

The phase composition of coated whiskers was
analyzed using a Philips X'Pert X-ray diffractometer
(XRD). The morphologies of the whiskers before and
after surface treatment and the whisker distribution in the
composites were examined by a Hitachi S-3000N

scanning electron microscope (SEM). The tensile tests
were carried out using an Instron-1186 universal testing
machine at a constant crosshead speed of 0.5 mm/min.

3 Results and discussion

3.1 Characterization of coated Al;gB,O33 whisker

The SEM micrographs of the whiskers before and
after coating treatment are shown in Fig.l. From the
figure it can be seen that there is no evident change in
length and diameter of the whiskers before and after the
coating treatment. The surface of the Al;3sB4O;; whisker
is coated by a layer of relatively uniform particulates
after coating treatment and the coated surface is rougher
than that before coating treatment, indicating that certain
material is coated on the surface of the Al;3B,Os;
whisker.

Fig.1 SEM micrographs of Al;3sB403; whiskers: (a) Al;gB4O33y;
(b) A1|8B4O33W/ZHO

To determine the phase composition of the
AlsB4O;; whisker after coating treatment, XRD analysis
was carried out for the coated Al;gB4O;; whiskers. The
XRD result shown in Fig.2 for the coated Al;sB4Os;
whiskers demonstrates that the surface of the Al;3B4Os;
whisker is coated with ZnO. The total reaction during
coating treatment and high temperature calcining stage is
as follows:

ZnCl,+2NH;-H,0=2NH,CIl+ZnO + H,O ( 1 )
3.2 Effect of ZnO coating on wettability between

molten 6061AIl and Al;sB,O3; whisker
In order to evaluate the effect of ZnO coating on the
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Fig.2 XRD pattern of coated Al;3B40s; whiskers

wettability between molten 6061Al and Al;sB4Os;
whisker, the infiltration pressure of molten 6061
aluminum alloy into the Al;3sB4O3; whisker preform was
measured and analyzed. The preforms with the coated
and uncoated whiskers were prepared with the same
process. Colloidal silica as a binder was added during
perform fabrication. The mixture of the whiskers and the
binder was stired and ultrasonic  oscillated
simultaneously, then it was poured into a cylindrical
mold and pressed into a required size. The preform was
subsequently baked at 80 ‘C for 8 h followed by
sintering at 700 ‘C for 2 h. Fig.3 shows the variations of
the infiltration pressure with the ram displacement during
the infiltration of molten 6061Al into the uncoated and
coated Al;3sB4Os3; whisker preforms. The collected data
suggest that the infiltration pressure increases with the
increase of the ram displacement. It is also found that the
pressure for the coated whisker preform is lower than
that for the uncoated one during infiltration process. This
may be attributed to the improvement of the wettability
between Al;sB,O3; whisker and molten 6061 aluminum
alloy owing to ZnO coating, which is analyzed as
follows.

For squeeze casting process, the critical infiltration
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Fig.3 Variation of infiltration pressure with displacement

pressure p can be expressed as[16]

4 9 1
121p5 -ud-n3-L 4oy, cosd
p=—t )
ds & ¢

where p is the critical infiltration pressure, p is the
density of liquid, u is the average velocity of liquid, # is
the dynamics viscosity of liquid metal, L is the
infiltration depth, d. is the equivalent aperture of the
porous perform, g, is the surface tension force of liquid
metal, ¢ is the porosity and 6 is the contact angle.

The combination of ZnO particulates with high
activity and large specific surface area and molten 6061
aluminum alloy facilitates the decrease of the critical
infiltration pressure p, which leads to the decrease of the
contact angle 6. This indicates that the coating of
whiskers can improve the interface wettability. It is
attributed to the reaction between ZnO and molten
aluminum during squeeze casting. The interface reaction
equation can be written as:

3ZnO+2A1=AL05+3Zn 3)

The increase of wettability can improve the
interface bonding strength in Al;3sB4O3;3,/Zn0O/6061Al
composites.

3.3 Microstructure of AlgB4Os3,/6061AI composites

and AllgB4O33W/ZnO/6061AI

SEM images of the distribution of whiskers in
AlsB4033,/6061Al1 and Al;5B4033/Zn0/6061Al
composites are shown in Fig.4. The composites were
prepared using semi-solid mechanical stirring technique
at stirring temperature of 610 ‘C for 30 min and at a
stirring rate of 300 r/min. It is seen from Fig.4(a) that the
Al3B4033,/6061A1 composite has experienced a severe
interfacial reaction during high temperature stirring,
resulting in the formation of fragile spinelle (MgAIL,Oy)
phase at the interface[17]. The reaction equations can be
concluded as follows:

A118B4O33+4A1:1 l}l-A1203+4B (4)
y-A1203+Mg+[O]:MgA1204 (5)

It has been proved that the interfacial reaction
product in a AlgB4Os33/ZL109A1 composite is
MgALO4[17], which is a fragile phase and harmful to
aging strengthening and mechanical properties of the
composites. With the appearance of the reaction, the
structure of the whiskers is damaged, such as the
uniformity of surface flatness and elastic modulus[18],
so the composition at the interface no longer distributes
homogenously and the properties of the composite are
decreased. At the same time, it can be seen from the
Fig.4(a) that little whisker is observed in the composite,
indicating that only part of the whiskers have been stirred
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into the molten 6061Al due to the poor wettability
between the uncoated whisker and molten 6061Al On
the contrary, no evident interfacial reaction is found at
the Al;3B4O334/ZnO/6061A1 composite, as shown in
Fig.4(b). The whiskers have been stirred into the
composite completely and uniformly distribute in the
composite compared with the A;3sB40;3,/6061A1
composite. Based on the discussion mentioned above, it
can be concluded that the coating treatment of whisker
can improve the wettability between whisker and matrix
and reduce the interfacial reaction effectively.

Fig.4 SEM images showing distribution of whiskers in
composites: (a) Al;gB;033,/6061AL; (b) Al;sB4033,/Zn0O/
6061Al1

The properties of the whisker reinforced aluminum
matrix composites fabricated by semi-solid stirring
technique are generally determined by stirring
parameters such as stirring temperature, stirring time and
stirring rate. In this work, the effects of stirring
temperature and stirring time on the distribution of
whiskers and the amount of whiskers stirred into the
composites were studied. The SEM images of the
whiskers distribution at different stirring temperatures
(stirring time is 30 min, stirring rate is 300 r/min ) and
different stirring time(stirring temperature is 610 C,
stirring rate is 300 r/min) are shown in Fig.5 and Fig.6,
respectively.

Fig.5 reveals that the amount of whiskers stirred
into the composites increases with the decrease of
stirring temperature. Only a few whiskers are found in
the composite at the stirring temperature of 650 C,
meanwhile, the amount of whiskers in the composite at

Fig.5 SEM images of distribution of whiskers in composites at
different stirring temperatures: (a) 650 C; (b) 630 C; (c) 610
T

stirring temperature of 630 C is more than that at
stirring temperature of 610 ‘C, but the whiskers
agglomerate in the composite at stirring temperature of
630 ‘C. When the temperature decreases to 610 C, the
whiskers distribute uniformly in the composite. It is
known that the wviscosity of the semi-solid slurry
decreases with the decrease of temperature. When the
stirring temperature is 610 C, the semi-solid slurry has a
lower viscosity and can provide a higher driving force
for the movement of the whiskers, which results in a
uniform distribution of the whiskers in the composite.

Fig.6 shows the distribution of the whiskers in the
composites with different stirring time. It is seen that
prolonging time is beneficial to the distribution of the
whiskers, but the properties of the composites will be
deceased because of the oxidation of the matrix in a
longer time stirring. So it is very important to choose an
appropriate stirring time.
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different stirring time: (a) 15 min; (b) 30 min

3.4 Tensile properties of Al;gB4O33,/6061AI composites
The detailed mechanical properties, such as ultimate
strength and elastic modulus are shown in Table 1.

Table 1 Tensile properties of 6061 aluminum alloy and

composites
. Ultimate tensile Elastic
Material
strength/MPa ~ modulus/GPa
6061Al 124 70
Al;3B4033,/6061A1 183 74
A118B4O33W/Zn0/6061A1 264 86

In Table 1, no evident changes in elastic modulus
can be found between 6061Al and Al;3B4Os;,,/6061A1
composite because the amount of the whisker in the
Al13B4033,/6061A1 composite is very low (less than 2%),
as shown in Fig.4(a). The elastic modulus of the
Al1gB4033,/Zn0O/6061A1  composite is  improved
obviously due to the larger amount of the whisker (about
5%) in the Al;sB40s534/Zn0O/6061A1 composite. The
ultimate tensile strength of the Al3B40;3,/6061A1
composite is higher than that of 6061Al alloy, and the
ultimate tensile strength of the Al;3B4033,/Zn0/6061A1
composite is increased obviously compared with that of
the Al;3B4O3;,/6061A1 composite. These results show
that the surface treatment of whisker can improve the
properties of aluminum borate whisker reinforced
aluminum matrix composite, because coating treatment
of whiskers not only enhances the wettability between
whisker and matrix but also decreases the damage of the
whisker caused by the interfacial reaction between

whisker and matrix.

It should be specially mentioned that there are many
factors influencing the mechanical properties of the
composites, such as the fracture of whiskers during
stirring and extrusion, uniformity of whiskers in the
composite and the oxidation of matrix during stirring.
These problems will be studied in the future study.

4 Conclusions

1) The surface of Al;gB4Os3, can be coated with
ZnO by precipitation process. Coating treatment of
whiskers can reduce interfacial reaction effectively and
improve the wettability between whisker and matrix.

2) The Al3B40;3/Zn0O/6061Al1 composites can be
fabricated successfully by semi-solid mechanical stirring
technique, in which the stirring time is 30 min, the
stirring temperature is 610 C and the stirring rate is
300 r/min. The Al;3B4O;; whiskers distribute uniformly
in the composite.

3) ZnO coating on the surface of the Al;3sB4Os;
whiskers can obviously enhance the properties of
Al13B4033,/Zn0/6061Al1 composites.
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