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Abstract: To gain a better understanding of thixoforging for the Al,03-37%Al composite, its mechanical behavior in the
pseudo-semi-solid state was studied by isothermal compression tests. The results show that the values of peak stress obviously
decrease with increasing temperature and decreasing strain rate. The compressive true stress—strain curves of the Al,03-37%Al
composite can be divided into four stages. They are rapidly ascending, decreasing, steady and slowly ascending. Moreover, the main
deformation mechanism controlling deformation of the composite in the pseudo-semi-solid state is the sliding or rotary movement

between solid particles.
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1 Introduction

Compact billets were prepared under certain
pressure with ceramic powders and metal powders by the
powder metallurgy technology[1—3]. Then billets were
reheated into the temperature interval—pseudo-semi-
solid temperature, at which the ceramic was in the solid
state and the metal was in the liquid state based on the
characteristics of semi-solid metal processing[4—5].
Finally, the parts were prepared by forging. Based on
power metallurgy and semi-solid processing[6—7], a new
technology, thixoforging in the pseudo-semi-solid state,
was proposed.

It is important to grasp this technology and select
the processing parameters reasonably by studying the
mechanical behavior of the composite in the
pseudo-semi-solid state. In this paper, the research of
mechanical behaviors of Al/ALO; composite by
pseudo-semi-solid state isothermal compression was
presented. Moreover, the sketch of Al/Al,O; composite
structure changing during upsetting in the pseudo
semi-solid state was also proposed.

2 Experimental

Raw materials were Al metal powders with an
average size of 40 um and nearly spherical a-Al,O5 with

an average size of 120 nm. The composition of a-Al,O4
is listed in Table 1.

Table 1 Composition of Al,03 (mass fraction, %)
Al 04 SiO, Fe,04 Na,O Alkali
=98.4 =0.04 =0.03 =0.60 =1.0

The interface wettability and compatibility of
common metal/ceramic composites were poor[8—10]. To
improve the interface wettability between metal and
ceramic, two methods were adopted during the study as
follows[11—-12]: adding Mg and pre-heat treatment of
ceramic powders. The optimum heat treatment
technology was heating ceramic powders to 900  and
keeping this temperature for 2 h. The powders were
mixed by ball-milling with KQM—4 for about 5 h. The
charge ratio was about 5:1. The billets with the size of
d56 mm><60 mm were prepared by compression under
1 000 kN hydraulic press. To reduce internal pores and
avoid metal oxidation [13—16], the cold compacted
billets must be compacted further by hot compression.
The temperatures of mould and billets were about 350
and 550 , respectively.

The compression samples with the size of d8 mmx
12 mm were cut from billets obtained by hot
compression. The isothermal compression was carried
out on Instron—1186. The device is shown in Fig.1. The
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Fig.1 Schematic diagram of isothermal compression test of
Al/A1,0; composite: 1
apparatus; 4 Sample; 5 Thermocouple; 6 Under punch

Sensor; 2 Upper punch; 3 Heating
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temperatures are 700, 750, 800 and 850 |, respectively.
The strain rates are 1><10 ", 51072 5>107 and 2.5
107%™, respectively. The samples were placed into cold
water after compression quickly. Microstructures were
observed under SEM (S570).

3 Results and discussion

3.1 Isothermal deformation characteristics

Fig.2 shows the true strain—true stress curves of
Al,0O3-37%Al in the pseudo-semi-solid state. The shape
of the curves indicates that firstly the stress increases
with increasing strain. The true stress decreases with
increasing strain after the stress reaches the value of peak
flow stress. With further increasing true strain, the true
stress increases. But the amplitude is small. It could be
said that it is in a stable stage. Finally, the stress
increases when the true strain reaches a certain degree
again.

The compression process of Al,03-37%Al composite
can be divided into four stages. The first stage is the
increasing rapidly one. The liquid metal is flowed into
these micro zones whose iso-pressings are low when the
samples are compressed under pressure. But the liquid
metal mainly surrounds the solid grains because the
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Fig.2 True strain—true stress curves of Al/Al,O; composite during isothermal upsetting in pseudo-semi-solid state at different

temperatures and different strain rates: (a) 700 ; (b) 750

; (c) 800

: (d) 850
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deformation is small. More and more solid grains are
deviated from equilibrium position with increasing the
deformation. The attractive power between solid grains
decrease to zero when the distance between these grains
reaches a certain numeric value and the three-
dimensional net structure in the interior tissue is broken
without recovery. So, the first stage is the elasticity and
plasticity stage or the further densification one (see
Fig.3(a)).

The second stage is the decreasing one. The liquid
metal flows into the interior extended zones of samples
with the true strain further increasing because of pressure.
The iso-pressing between surface of samples and contact
site of dies is high, which in the central site is high and in
the outer site is low. So, the liquid phase flows into the
outer from central area. Solid grains begin to rotate and
slide greatly and micro flaws begin to appear too, for
example the pores and crackles. So, the internal friction
and apparent viscosity decrease because the distance
between solid grains increases and the flow stress
decreases. It displays that the true stress decreases with
the true strain increasing (see Fig.3(b)).

The third stage is the stable flowage stage. During
this stage most of the Al,O; solid grains in the samples
begin to slide and rotate. The inner pores and cracks
increase and the true stress decreases gradually. But the
metal in the central area is little because it flows to the
outer area. So, the central solid grains rotate and slide
difficultly under external force. It displays that the true
stress increases. In addition, the friction on the two end
surfaces increases because the contact area of the
samples increases during upsetting. This curve in this

(a) (b)

stage is relatively stable because of combining effects of
the both actions above (see Fig.3(c)).

During the fourth stage the true stress increases with
increasing the true strain. In this stage the liquid metal in
the central area is relatively little because of extruding.
At the same time the inner flaws and distances between
solid grains increase because the flaws generated in the
third stage extend sequentially, for example, the cracks
and the inner stress condition change. All of these make
the true stress increase. It displays that the true stress
increases with the strain increasing (see Fig.3(d)).

3.2 Influences of strain rate on mechanical behavior
Fig4 shows the
Al,03-37%Al composite in the high temperature stage.

strain rate sensitivity of
Under the conditions of the same strain capacity, the true
stress increases evidently and the true stress—true strain
curves shift up with decreasing the strain rate. The
shapes of the curves change, the peak flow stress begins
to decrease and the radiuses of curvature increase with
decreasing the strain rate. The reason is that with
increasing the strain rate some solid grains or
aggregations can not rotate or slide immediately, the
aggregations can not break easily and the inner frictions
of the samples increase.

The peak flow stress—strain rate curves and steady
flow stress—strain rate curves at different pseudo-
semi-solid temperatures are shown in Fig.4. As shown in
Fig.4, the peak flow stresses and steady flow stresses of
the materials increase with decreasing the temperature
and increasing the strain rate.

During the compression the micro flaws increase

(d)

Fig.3 Sketch of Al,0;-37%Al composite structure changing during upsetting in pseudo semi-solid state: (a) First stage; (b) Second

stage; (c) Third stage; (d) Fourth stage
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Fig.4 Relationship between stress and strain rate of
Al,03-37%A1 composite during isothermal upsetting in
pseudo-semi-solid state at different temperatures: (a) Peak flow
stress—strain rate; (b) Steady flow stress—strain rate

gradually because of most solid grains deformed
difficultly in the samples. Of course not all these solid
grains rotate or slide immediately under the action of
external force but are more ordered. The poor connection
grains begin to break firstly. Under the conditions of low
strain rates, more and more solid grains begin to rotate
and slide until the whole sample is broken. But if the
strain rate is too high some solid grains or aggregations
cannot rotate and slide immediately, only the poor
connections break and pores generate. It displays that the
peak flow stresses increase with increasing strain rates.
So, the strain rate has a great influence on Al,0;-37%Al
composite during high temperature deformation stage.

3.3 Influences of temperature on mechanical behavior

The steady flow stress—deformation temperature
curves of composite are shown in Fig.5. As shown in
Fig.5, the steady flow stresses decrease gradually with
increasing deformation temperatures.
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Fig.5 Relationship between steady stress and deformation
temperature of AlO;3;-37%Al composite during isothermal
upsetting in pseudo-semi-solid state at different temperatures

and different strain rates

With increasing temperature the energy of flow
units of sample increases, the ordering degree decreases
but the disordering degree increases; the interfacial force
of liquid metal and the inner friction of samples decrease;
the solid grains or aggregations rotate and slide easily;
and the coordinability of each phase and the
deformability in the composite and the wettability
between interfaces improve. It displays that the true
stresses decrease. So, the flow stress with appropriate
addition of deformation temperature is decreased during
thixiforging at pseudo-semi-solid temperature. At the
same time it explains the deformation temperature
sensitivity of Al,05-37%Al composite.

3.4 Microstructures of isothermal compression in

pseudo-semi-solid state

As shown in Fig.6, the samples break more and
more heavily with increasing compression degrees (Ah).
When AZ=0.5 mm (see Fig.6(a)), the inner of whole
sample is not broken basically but few zones are with
pores. This is just the first stage (increasing rapidly)
of true stress—true strain curves during isothermal
compression. The sample is much compact under
pressure. When the compression decrement increases
more and more the micro flaws generate and extend (see
Fig.6(b) and (c)). When A4=3 mm (see Fig.6(d)), the
compressing decrement is large, the shearing crushing
and some pores extending greatly appear in the inner of
sample because of interfaces separating. The distances
between solid grains increase, the apparent viscosity and
the flow stress decrease. All of these factors benefit to
the filling during die forming.
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Fig.6 Microstructures of Al,03-37%Al composite isothermal

Ah=0.5mm; (b) A#=1.5 mm; (c) Ah=2 mm,; (d) Ah=3 mm

4 Conclusions

1) There are four stages in the true stress—true
strain curves during isothermal compressing of
Al,0;-37%Al composite in pseudo-semi-solid state.

2) The steady flow stresses and peak flow stresses
decrease evidently with increasing the deforming
temperature and strain rate. It indicates that
AL O3-37%Al composite is with the characters of
deforming temperature and strain rate sensitivities.

3) The mechanical behavior depends on the fluxion
of liquid metal, rotation and sliding of solid grains or
aggregations.
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