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Abstract: The microstructure and tensile properties were investigated in a thick-walled section (approximately 45 mmx43 mm) of a
rheocast component produced by the RheoMetal™ process. Due to the long solidification period of such components, it is expected
that the Al-Si eutectic formed will be coarse. Therefore, sodium (Na) was used as a modifying agent to reduce the coarseness of the
eutectic. Tensile test bars were machined from three different sets of materials: 1) non-modified melt, 2) modified melt cast directly
after Na addition, and 3) modified melt cast 30 min after Na addition. The alloy used was a secondary AlSi6Cu2.5 alloy (STENAL
Rheol), specially developed for rheocasting. The material was studied in the as-cast condition as well as after a T6 heat treatment.
The results show that the Al-Si eutectic is significantly refined by the Na addition, even after a fading time of 30 min. However, it is
observed that the Na modification generally has a detrimental effect on the mechanical properties, despite the structure refinement.
This is especially true in the T6 heat treated condition, where the yield strength is reduced by more than 30%. Some possible

mechanisms for the degradation of mechanical performance are discussed.
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1 Introduction

Semi-solid casting is characterised by the use of a
partially solidified metal alloy having a globular
microstructure, also known as slurry, to produce
thick-walled or thin-walled cast components. Semi-solid
casting is divided into two main routes: thixocasting and
rheocasting. Thixocasting is the forming of components
from reheated billets in the semi-solid state. Rheocasting
is the production of semi-solid slurry from a melt
normally followed by component casting in a high
pressure die casting (HPDC) machine. The semi-solid
route considered in this work is rheocasting, and slurry
production has been done using a RheoMetal™ slurry
station. The RheoMetal™ process is based on the rapid
slurry forming (RSF) technology. This process involves
an enthalpy exchange between two alloy systems where
one alloy is the superheated melt and the other is the cold
solid enthalpy exchange material (EEM) alloy piece,
which is immersed and stirred in the melt. During
stirring, melting and dissolution of the EEM occur
quickly, thereby forming metal slurry. As a consequence,
a new alloy system will form with a certain enthalpy and

solid fraction. More in depth description of the RSF
technology has been presented elsewhere[1-2]. The
influence of slurry process parameters in the
RheoMetal™ process has previously been investigated
for aluminium alloys[3]. One of the advantages of using
the RheoMetal ™ process is that it is possible to produce
thick-walled cast components, which are virtually free
from porosity, using standard cold chamber HPDC
machines. This means that components with pressure
tightness requirements, which typically have been
produced by gravity casting or even by machining from a
blank, now can be produced at a lower cost via
rheocasting. To achieve low porosity it is important to
have a correct component design and ingate design.
Some other rheocasting processes used to varying extent
for producing aluminium slurries are new rheocasting
(NRC), semi-solid rheocasting (SSR), sub liquidus
casting (SLC), continuous rheoconversion process (CRP),
swirled enthalpy equilibrium device (SEED) and Honda
advanced semi-solid casting technology[4—9].

The most common alloys for semi-solid casting are
A356 or A357. These alloys have been reported to
generate good mechanical properties in rheocast
components[10]. A new secondary unmodified alloy
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based on an AlSi6Cu2.5 composition has been developed
in an effort to decrease the alloy cost in semi-solid
casting towards the standard HPDC A380 alloy without
severely  reducing  castability or  mechanical
properties[11]. This new alloy (STENAL Rheol) is
similar to A319, which has previously been investigated
in thixocasting[12].

The effect of chemical eutectic modification by
strontium or sodium in aluminium alloy castings is well
known. It has also been claimed that mechanical stirring,
such as electromagnetic stirring, has an effect on
modification of silicon particles in rheocasting[13]. A
major advantage of semi-solid casting is the possibility
to cast thick-walled components with reduced porosity
level, thus not lowering the mechanical properties by
such defects. The aim of this work is to investigate the
effect of chemical modification by sodium on
microstructures and  mechanical  properties  of
thick-walled rheocast components using a secondary
AlSi6Cu2.5 alloy.

2 Experimental

In this study, components were produced in open
atmosphere rheocasting trials using a RheoMetal™
slurry station. In step 1 of the casting trials, an
unmodified AISi6Cu2.5 alloy was used. The chemical
composition of this alloy, measured in the gating system
of cast components, is shown in Table 1. In step 2 of the
casting trials, the alloy was modified with sodium using
Foseco SIMODAL-77 tablets. After this casting trial, the
melt was held for 30 min before a third casting trial was
made. These two trials will be referred to as “Na, 0 min”
and “Na, 30 min” respectively, and their respective
chemical composition, measured in the gating system of
cast components, are also shown in Table 1.

Table 1 Chemical compositions of AlSi6Cu2.5 alloy
unmodified (base) and modified with Na at various fading
times (0 min and 30 min) (mass fraction, %)

Alloy  Si Fe Cu Mn Mg Zn Na

Base 58 0.53 224 028 0.03 0.50 0
Na,

. 58 049 219 027 0.02 047 4.3x107°
0 min
Naa —3
. 58 051 220 028 0.02 047 3.0x10
30 min

The rheocasting trial was done using a cold
chamber HPDC machine having a 750 t locking force. A
RheoMetal™ slurry station was connected to the HPDC
machine together with an automatic robot dosing unit.
Shot mass, casting machine parameters and slurry
machine parameters were set according to the parameter

layout in Table 2. After correct melt dosing and ladle
transfer to the slurry station by the robot dosing unit, the
EEM, with its height dimensioned for the EEM to be
approximately 4% (mass fraction) of the melt mass, was
immersed and stirred into the melt during 30 s for slurry
production. After its formation, the slurry was
automatically poured from the ladle into the shot
sleeve of the HPDC machine for injection into the die
cavity.

Table 2 Shot mass, casting machine parameters and slurry
machine parameters

Parameter Value
Shot mass/ kg 9
Piston diameter/mm 120
Piston velocity (1st phase)/(m's ") 0.30
Piston velocity (2nd phase)/(m's ') 0.55
Shot sleeve length/mm 500
Intensification pressure/MPa 25
Furnace temperature/°C 645
EEM diameter/mm 43
EEM height/mm 110

All components were cast with a gating system
modified according to rheocasting principles. After
casting, the gating systems were separated from the
components for sample evaluation purposes. The height
and width of the gating where the samples were taken
was approximately 45 mm and 43 mm, respectively,
giving a cross section area of 1 765 mm?, as illustrated in
Fig.1. Samples for microscopy investigation were taken
from the centre of the cross section. The surface of the
hardness test samples was ground flat before testing.
Normal metallographic procedures for aluminium alloys
were followed during microscopy sample preparation
and polishing. Microstructures were studied using a
Leica DMRX optical microscope as well as a JEOL
7001F FEGSEM. Seven tensile test specimens were
taken from the gating, as shown in Fig.1. The dimensions
of these specimens are shown in Fig.2. The crosshead
velocity of the tensile test machine was 1 mm/min,
applying an increasing load until the specimen fractured.
A double-sided clip-on type extensometer with gauge
length of 20 mm was used. Six of the specimens were
used for tensile testing, and one specimen was saved for
reference purposes.

The tensile test bars were evaluated both in the
as-cast state and in a T6 heat treated state. The following
heat treatment cycle was applied: solution heat treatment
at 490 °C for 6 h, quenching in water, and artificial aging
at 170 °C for 10 h. The Brinell hardness was measured
using a 5 mm ball and a load of 612.5 N.
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Fig.1 Dimensions of gating system, also showing locations for
taking tensile test bars
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Fig.2 Dimensions of tensile test specimen (Unit: mm)
3 Results and discussion

For good rheocasting characteristics, it is desirable
to use alloys with a large amount of primary a(Al) phase,
hence relatively low Si-contents. However, at a too low
Si-content, problems related to hot tearing can be
expected. The calculated solid fraction of the alloy used
in this trial, using Thermo-Calc[14] together with the
TTAL database[15], is shown in Fig.3. It is found that the
amount of primary a(Al) phase formed is between 54%
and 58% assuming Scheil segregation and full
equilibrium. This is slightly higher as compared with the
more commonly used A356 and A357 alloys, where the
amount of primary a(Al) phase is around 50%. A simple
thermal analysis of the non-modified melt was done by
measuring the temperature in the centre of a graphite cup
(d50 mm) during solidification. The recorded cooling
curve is shown in Fig.4. It is seen that temperatures for
onset of the a(Al) phase (labelled FFC Al in Fig.3), as
well as for the Si-eutectic, correspond rather well with
the Thermo-Calc predictions. However, the thermal
analysis reveals that the precipitation of the Cu-rich
phases Al,CuyFe and Al,Cu starts at around 505 °C and
500 °C, respectively, which is 1520 °C lower than the
Thermo-Calc predictions assuming Scheil segregation.
The discrepancy can most likely be explained by
nucleation characteristics which naturally are not
accounted for in the equilibrium calculations.

The microstructures evaluated in the centre of the
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Fig.3 Scheil segregation (solid line) and equilibrium (dotted
line) computed by ThermoCalc[14] using TTAL database[15]
(original AlSi6Cu2.5 composition from Table 1 used)
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Fig.4 Cooling curve measured during solidification in d50 mm
sampling cup using non-modified AISi6Cu2.5 alloy

cross section for the three different materials produced,
i.e. non-modified, Na, 0 min, and Na, 30 min, are shown
in Figs.5(a)—(c). Naturally, the microstructure consists of
predominantly globular a(Al) grains surrounded by the
a(Al)/Si eutectic (most easily seen in the Na modified
samples). Additionally, a small amount of massive
intermetallic phases exist.

It is clear that the Na modification has led to a
significant refinement of the eutectic as expected, by
comparing Fig.5(a) with Figs.5(b) and (c). In the
it is difficult to distinguish the
individual Si lamellae using light optical microscopy,
while the Si lamellae have a length up to approximately
100 um in the non-modified sample. Interestingly, the
coarseness of the a(Al)/Si eutectic does not change to
any major extent even after a fading time of 30 min, even
though the Na content has decreased from 4.3x107 to
3x107 (see Table 1). This means that even a very small
amount of sodium provides a proper modification effect

modified samples,
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Fig.5 Microstructures obtained in various materials produced:
(a) AlSi6Cu2.5; (b) Na, 0 min; (c) Na, 30 min

on the a(Al)/Si eutectic.

By using a SEM supplied with a EDS detector, the
chemical composition of the intermetallic phases was
analyzed. In Fig.6, the appearance of the phases Al,Cu
and Al;5(Fe,Mn);Si, (denominated “ALPHA” in Fig.3)
are shown.

The hardness values evaluated in the centre as well
as close to the surface are shown in Table 3. The most
striking feature of these measurements is that the
hardness is lower in the Na modified samples. The
hardness on the surface as well as in the centre has
decreased by almost 10 % directly after Na modification.
There is no major change in hardness of the modified
samples after a fading time of 30 min. Generally, a fine
microstructure is expected to have a higher hardness than
a coarse one. However, the measurements in this
experimental series indicate the contrary result. Some
possible mechanisms which could lead to such an

Fig.6 SEM image indicating appearance of major intermetallic
phases existing in microstructure

Table 3 Brinell hardness including standard deviations
obtained in each component

Alloy Average Surface Center
hardness hardness hardness
Base 73.8+5.9 78.2+7.5 71.243.2
Na, 0 min 68.3+3.8 72.7+0.9 65.7+1.5
Na, 30 min 69.3+6.7 71.7+1.5 67.8+8.4

abnormal behaviour are discussed below.

1) It is generally accepted that the modification
effect of the a(Al)/Si eutectic is obtained by a reduced
growth velocity, thereby decreasing the growth
temperature. The growth velocity, v, and microstructure
coarseness, 4, can be related to each other using the
following equation[16]:

v-A’=C (1)

where C is a constant.

A consequence of a lower growth temperature is
that the a(Al) phase is given more time to grow before
being interrupted by the eutectic growth, thus leading to
a higher primary a(Al) phase content. The hardness of
the eutectic is higher than that of the a(Al), which
consequently will give the result that a modified melt
could lead to a microstructure with a lower hardness than
a non-modified one. An attempt was made to quantify
the amount of primary a(Al) phase in the samples, but
due to the very coarse eutectic structure in the
non-modified samples, it is impossible to distinguish
between primary and eutectic a(Al) phase in this
microstructure, and no reliable results are obtained.

2) Elements added in small amounts can have a very
strong effect on the phase morphology during eutectic
growth, in addition to the coarseness. This is typically
the case in cast irons where the existence of minute
amounts of trace elements such as lead can give rise to
“spiky” graphite or other degenerated graphite
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morphologies[17]. The elements act either by directly
changing the conditions at the phase boundary, thereby
affecting the growth morphology, or by indirectly
eliminating other surface active elements. This is
probably the mechanism by which added Mg alters the S
and O contents in cast irons, thereby controlling the
transition from lamellar graphite to compacted graphite
and then to nodular graphite. Thus, these elements affect
the phase interfaces, and it is then also possible that the
cohesion between the phases is affected negatively.
Consequently, the addition of Na to Al-Si alloys might
lead to weaker contact between the Si-phase and the a(Al)
phase, which will lead to a lower hardness. It is, however,
beyond the scope of this experimental work to
investigate this in more detail.

3) When the Na addition is made, it is observed that
the melt surface is oxidized more than that before the
addition, and also obtains a slight blue colour. As a
natural consequence, more oxides might have ended up
in the final castings. Normally, it is not expected that the
hardness should be significantly affected by small
amounts of oxides incorporated into the microstructure.
Instead, such defects will mainly control the elongation
at fracture. However, it cannot be excluded that the
hardness might be reduced if the oxide content is
increased.

The results from the tensile tests of the non heat
treated samples are shown in Table 4, and complete
stress—strain curves from material version (the sample
having the highest fracture elongation) are plotted in
Fig.7.

Obviously, the yield strength also has decreased by
almost 10% in the Na modified samples as compared
with the non-modified ones. The ultimate tensile strength
is not significantly affected by the Na modification, even
though the samples cast 30 min after the modification
treatment show somewhat lower values. The elongation
values have increased after Na modification. Further, it is
interesting to note that the standard deviation values
generally are lower in the Na modified samples. This
positive effect is most likely related to the significant
refinement of the AIl-Si eutectic caused by the Na
modification. The standard deviation and the elongation
values are both strongly connected to the defect (oxide)
content.

Table 4 Tensile properties including standard deviations
obtained in as-cast condition

Alloy 09,/MPa oy/MPa 0/%

Base 102.2+5.5 196.2+36.7 2.9+1.3
Na, 0 min 93.9+3.9 197.2+20.7 3.6+1.5
Na, 30 min 94.3£2.9 188.2+14.9 3.1+0.9
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Fig.7 Stress—strain curves obtained for various materials in
as-cast state as well as in T6 heat treated state

The strength has been strongly increased by the T6
treatment, as seen in Table 5. The corresponding stress—
strain curves (the samples having the highest fracture
elongation) are also shown in Fig.7. The most obvious
feature is that the Na modified samples now have
significantly larger standard deviation for the yield
strength as well as the tensile strength. Further, the
strength level is strongly reduced by the Na modification;
even the yield strength has been reduced by more than
30% when comparing the non-modified samples with the
modified ones cast after 30 min. There is no major
difference in fracture elongation between different
materials.

Table 5 Tensile properties including standard deviations
obtained after T6 heat treatment

Alloy 00/MPa o,/MPa 0/%

Base 222.8+16.3 300.2+21.2 3.8+1.6
Na, 0 min 188.8+24.2 254.0+44.3 3.8+1.8
Na, 30 min 152.0+34.6 219.0+£72.0 3.2+1.5

During tensile testing, it is observed that the stress
level increases discontinuously for the Na modified
samples, thus giving rise to a jagged stress—strain curve.
Typically, this behaviour starts after a strain of
approximately 2%. The effect is the strongest for the T6
heat treated samples cast directly after Na modification,
as can be seen when comparing the curves in Fig.7. It is
beyond the scope of this investigation to make an
in-depth analysis of this phenomenon. However, it is
assumed that it can be related to crack growth
characteristics and decohesion between phases within the
Al-Si eutectic.
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Some representative SEM images of fracture
surfaces obtained in the unmodified sample as well as in
the “Na, 0 min” sample in the T6 state are shown in
Fig.8. In contrast to the observation about the melt
surface oxidation during Na addition, as previously
mentioned, no obvious difference in the fracture surfaces
appearance with respect to oxides can be found.

Fig.8 Typical fracture surface morphologies of unmodified (a),
and Na, 0 min (b) samples

4 Conclusions

1) There is a significant refinement of the Al-Si
eutectic by the Na addition. The effect is preserved even
after a fading time of 30 min in the holding furnace.

2) Generally, there is a degradation of the
mechanical properties after the Na modification
treatment. The mechanical properties are further
degraded after a fading time of 30 min in the holding
furnace. This is valid both in the as-cast state as well as
in the T6 heat treated state.

3) Consequently, the authors do not recommend the
use of Na as a modifying agent for thick-walled rheocast
components.
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