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Abstract: The influence of temperature on the flow behavior and rheological characteristics of an A356 alloy in the semi-solid state
was investigated using backward extrusion process. Experiments were performed at 5 temperatures and 4 different wall thicknesses.
Viscosities were determined using the force—displacement graphs obtained form back extrusion tests. As observed experimentally, at
a constant temperature, the increase of shear rate results in the decrease of alloy viscosity exponentially. Raising the temperature
increases the liquid fraction hence reduces the semi-solid alloy viscosity. Metallographic and image analyses show that, because of
low forming speed, liquid has time to escape from solid phase forward the sample wall. This condition is the main reason for the
segregation phenomenon seen in the base and walls. Vickers hardness test on samples reveals that the hardness increases with the

decrease of temperature and wall thickness.
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1 Introduction

About 40 years ago, SPENCER et al[1] noticed that
stirring a metallic alloy in the semi-solid state (SSS)
produced non-dendritic microstructures with alluring
rheological properties. The technological potential of this
phenomenon was quickly recognized. Semi-solid
forming (SSF) processes, also called thixoforming,
gained a broad applications in the aerospace, transport,
military and industry[2]. Appropriate
viscosity values depend on the establishment of a
specific microstructure, typically non-dendritic, which is
a precondition for the success of all semi-solid
processing technologies. Perfectly, this microstructure
should be composed of equiaxed particles of the primary
phase a(Al) well insulated by a layer of eutectic liquid.
These features can be obtained by a number of methods,
such as: 1) mechanical or electromagnetic stirring in the
liquid state[3]; 2) thermo-mechanical treatments
consisting of plastic deformation followed by heating up
to a chosen semi-solid temperature[4]; 3) cooling
slope[5]. Along the way to industrialization, it is
necessary to obtain the alloy behavior in all processing
conditions. Rheological behavior in semi-solid state, and
the impact of raw material characteristics and different

automotive

parameters of forming process have to be carefully
investigated.

Rheological investigations are carried out mainly by
rotational viscometry[6-7] and simple compression
between parallel plates[8-9] and back
tests[10-11]. Each method has its advantages and
disadvantages. In this study, back extrusion method was
chosen to investigate the temperature effects on
rheological behavior of aluminum A356 samples. The
influence of temperature on the microstructure and
hardness of samples was also investigated.

extrusion

2 Experimental

2.1 Apparatus and reagents

The reference material was an A356 alloy. There
was not any information about the thermal and
mechanical history of the material; however, that was not
necessary either; because aluminum ingots were remelted
before casting by cooling slope. Solidification and melting
temperature of this alloy are 555 °C and 618 °C,
respectively. In this study, cooling slope treatment was
employed in order to obtain a non-dendritic
microstructure. The cooling slope parameters chosen in
this study were pouring length of 30 cm, slope angle of
60° and pouring temperature of 640 °C. Aluminum melt
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was poured in a mould with 30 cm in inner diameter, 250
cm in height and 3 mm in wall thickness. The material of
the mould was hot work tool steel H13. After casting,
samples were machined to 20 mm in diameter and 20
mm in length. Backward extrusion tests were done in 5
different temperatures: 570, 575, 580, 585 and 590 °C
using 4 different punch diameters: 16, 17, 18 and 19 mm,
which produced 2.0, 1.5, 1.0 and 0.5 mm wall
thicknesses, respectively. The corresponding solid
fractions for 5 temperatures were 60%, 56%, 51%, 47%
and 44%, respectively.

2.2 Reology measurement

The flow behavior of metallic alloys in the semi
solid state can be obtained by rheological data, such as
the degree of thixotropy and pseudo plasticity, the
stress—strain curve characteristics and viscosity. In this
study, rheology measurements were carried out by back-
ward extrusion. Forming condition was isothermal. In
order to maintain constant temperatures, the forming
process was conducted in a resistance furnace. K-type
thermocouples were used to measure the temperatures of
mold set and samples. Before each test, samples and
mold were reheated for 15 min at desired temperature.
Holding time at semi-solid temperatures accounts for the
spheroidation of solid fraction in the samples
microstructure. After semi-solid holding completion, the
samples were back extruded at a constant ram speed.
Ram speed of 100 mm/s was applied in all of the
experiments. Figs.1 and 2 demonstrate typical diagram of
extrusion force vs ram displacement and schematic
diagram of the back extrusion apparatus, respectively.

The apparent viscosity of semi solid alloy can be
calculated from force-displacement diagram that is
obtained from back extrusion experiments. In this
technique, the apparent viscosity (#7.pp) is obtained from

the following equation, developed by LOUE et al[12]:
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Fig.1 Typical diagram of force vs displacement curve
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Fig.2 Schematic diagram of back-extrusion equipments

where R. and R, are the cup and plunger radii,
respectively; v, is the plunger velocity and C; is a
parameter which depends on both the system geometry
and the alloy physical constants. Therefore, the
experimental variable is df/dx, that is the slope of the
linear part of force versus displacement curve. The mean
shear rate in the gap between the cup and the plunger can
be calculated using:

G [ln[zc_f?RJ - 1] —-G,(R} -R))
}}ave = . - - (2)

R, —R,

Figs.3(a) and (b) display the primary billets and an
extruded cup at 580 °C with 2 mm in wall thickness,
respectively. Table 1 summarizes the calculated apparent
viscosity of the Sn-Pb samples at different shear rates. It
should be noted that the experiment was designed to
compare the apparent viscosity for each wall thickness at
equivalent shear rate.

Fig.3 Primary billets (a) and extruded cup at 580 °C with 2

mm in wall thickness (b)

2.3 Microstructure investigation and hardness tests

In order to investigate the impact of temperature on
microstructure, image analysis has been done on samples.
For this purpose, three different regions of samples were
chosen to be photographed with an optical microscope
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(Fig.4). Solid-liquid fraction, microstructure and
segregation between liquid and solid phase were
investigated in these three different zones of the samples.
In order to obtain mechanical properties of the samples,
standard tension tests could not be performed because of
the geometry and the length of the samples. Therefore,
Vickers hardness tests were performed on the samples
instead. For this purpose, external surface of the walls
were polished along the longitudinal axes of the parts
and the hardness tests were performed on them.

Table 1 Calculated shear rate and apparent viscosity from slope
of linear portion of extrusion force vs extrusion distance curves

Sample Forming .Wall Share Appearz‘mce
No. temperatur/  thickness/ rate/s! viscosity/
°C mm (Pa‘s)
1 570 2 19 241
2 570 1.5 35 123
3 570 1 80 76
4 570 0.5 331 16
5 575 2 19 222
6 575 1.5 35 108
7 575 1 80 62
8 575 0.5 331 10
9 580 2 19 194
10 580 1.5 35 96
11 580 1 80 45
12 580 0.5 331 9
13 585 2 19 157
14 585 1.5 35 89
15 585 1 80 43
16 585 0.5 331 8
17 590 2 19 137
18 590 1.5 35 79
19 590 1 80 41
20 590 0.5 331 8
o
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Fig.4 Selected points for metallography

3 Results and discussion

3.1 Rheology

The calculated rheology and shear rate from Eqgs.(1)
and (2) are shown in Fig.5 and Table 2. It can be seen
that at a constant temperature, increasing the shear rate
reduces the alloy viscosity exponentially. This kind of
rheological behavior is seen in a semi-solid paste that is
known as shear thining behavior. This phenomenon is
also observable in a semi-solid microstructure. As it is
mentioned in the literature, the microstructure of
semi-solid alloys is composed of spherical particles
which are distributed in a liquid matrix. While for the
rest, spherical particles in the microstructure are
connected together by solid bands. When the semi-solid
alloy is sheared, as a result of breakage of these bands,
the spherical particles can slip on each other freely,
which causes a sudden decrease of viscosity in the initial
seconds of shearing. Liquid matrix acts as a lubricant
material and helps for the slippage of solid particles. In a
constant shear rate, when the time reaches extreme
values, the alloy viscosity will converge to a constant
value. In this condition, interaction between spherical
solid particles and combination of agglomeration and
disagglomeration processes will arrive to an equivalent
phase. So, it is clear that the increase of shear rate
increases the number of broken bands between spherical
particles and decreases the alloy viscosity. This is the
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Fig.5 Apparent viscosity vs shear rate curves at different
temperatures

Table 2 Vikers hardness test results

Temperature/ Wall thickness
C 0.5 mm 1.0 mm 1.5mm  2.0mm
570 103 99 87 82
575 98 92 80 79
580 91 85 78 76
585 87 79 72 70
590 85 77 69 68
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behavior that is seen in Fig.5. This diagram expresses the
pseudoplastic behavior of the semi-solid alloy in the
shearing range.

3.2 Microstructure and mechanical properties

The initial microstructure of the alloy prepared by
the cooling slope is shown in Fig.6. As shown in Fig.4,
the formed samples were divided into three regions: wall,
base and corner. Because of low forming speeds, liquid
fraction segregated partially from solid phase and moved
toward the walls. It was found that in region 4, which is
the base under the plunger head, almost all of the liquid
phase escaped, and just a little fraction remained in the
microstructure (Fig.7(a)). This causes an error in the
measurement of semi-solid viscosity. Because of this
nonhomogenous flow during the forming process,
different viscosities can be obtained from different parts
of force-displacement curve which in turn, can be related
to different solid-liquid fractions. In order to solve this
problem, we tried to use the very first portion of the curves
to assume that the segregation has not yet occurred. This

part of the curve usually appears linear in the obtained
force-displacement ~ diagrams.  Referring to the
microstructural observations of the samples, it was
shown that increasing the temperature from 570 °C to
590 °C, significant decrease in liquid fraction happened
in region A. Because of less solid fraction in region C,
increasing the temperature did not have any significant
impact in this region but raised the length of it (because
of the limited force of the press we used, 3.5 t).
Temperature increase also caused the decrease of the
base thickness samples. The reason is that, the increase
of temperature decreases the viscosity, thus enhances the
easy flow of semi-solid material from base toward walls.
Another phenomenon observed in this study was the
presence of more solid fraction in the central part of
sample wall (Fig.7(c)). In other words, the combination
of horizontal and vertical segregation of solid-liquid
phase was observed in the sample wall. High pressure of
the material in the central part of the wall and also low
forming speeds could be reasons for such a phenomenon.

In such a condition, liquid phase had enough time to
escape towards the low pressure regions, i.e. wall
surfaces, and thus formed a thin high liquid fraction
region.

Fig.8 shows the sample hardness vs temperature
change for different plunger diameters. According to this
diagram, the hardness is increased with the decrease of
temperature and wall thickness. The change of sample
hardness caused by the changes of temperature and
plunger diameter could be related to the liquid
segregation and possibility of defect creation and porosity
in the samples. It is obvious that solidified liquid which
contains more silicon than the primary solid is harder
than the solid. As mentioned previously, the decrease
of the wall thickness increased the segregation in the
parts, i.e. more liquid fraction escaped to the walls. So, the

Fig.7 Metallographs of sample formed at 575 °C and plunger diameter of 16 mm: (a) Sample base; (b) Sample wall; (¢) Horizontal

segregation in wall
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Fig.8 Hardness vs temperature for different wall thickness

presence of more liquid fraction in the walls and hence
more silicon particles, is a good reason for the increase
of hardness.

The decrease of the hardness with the increase of
temperature can be related to the porosities that are
present in the parts. It is clear that at high temperatures
the flow of the material has more turbulental
characteristics and this kind of flow potentially produces
more defects in the parts. This can be a reason for the
hardness reduction.

4 Conclusions

1) At a constant temperature, the increase of shear
rate results in the decrease of alloy viscosity
exponentially.

2) Raising the temperature increases the liquid
fraction, thus resulting in semi-solid alloy viscosity
reduction.

3) Because of low forming speeds, liquid fraction
has time to escape from liquid phase to sample wall and
thus causes the segregation between base and wall, along
with horizontal segregation in the walls.

4) Vickers hardness test on samples reveals that the
hardness is increased with the decrease of temperature
and wall thickness.
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