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Abstract: Several rheocasting processes are developed or applied worldwide in the metal forming industry. One of the new
rheocasting processes is the gas induced semi-solid (GISS) process. The GISS process utilizes the principle of rapid heat extraction
and vigorous local extraction using the injection of fine gas bubbles through a graphite diffuser. Several forming processes such as
die casting, squeeze casting, gravity casting, and rheo-extrusion of the semi-solid slurries prepared by the GISS process have also
been conducted. The GISS process is capable of processing various alloys including cast aluminum alloys, die casting aluminum
alloys, wrought aluminum alloys, and zinc alloys. The GISS process is currently developed to be used commercially in the industry
with the focus on forming semi-solid slurries containing low fractions solid (< 0.25) into parts. The research and development
activities of the GISS process were discussed and the status of the industrial developments of this process was reported.

Key words: gas induced semi-solid; rheocasting; die casting; formation mechanism; industrial applications

1 Introduction

Semi-solid metal forming employing the
rheocasting approach has attracted interests in recent
years[1-3]. The needs to produce high quality parts with
lower costs are the driving force for this attention.
Several techniques are applied in the worldwide industry
including the NRC[4], SLC[5], SSR[6], rheo-die
casting[7], rapid-S[8], and several more[9]. One of the
newer techniques that are in the research and
development stage is the gas induced semi-solid(GISS)
process[10-13]. This process utilizes the principle of
rapid heat extraction and vigorous local extraction using
the injection of fine gas bubbles through a graphite
diffuser. Semi-solid slurries with different solid fractions
can be obtained simply by varying the diffuser
immersion times.

The current focus of the GISS process is on forming
semi-solid slurries containing low fractions solid (< 0.25)
into parts. This allows prompt exploitation of the benefits
of semi-solid metal in several forming processes since

little modifications to the current machines and
processing steps are required[14]. Previous studies have
shown that the GISS process can be applied conveniently
and efficiently with a die casting machine, requiring only
minimal modifications of the process[13]. In addition,
the process has been shown to be able to produce slurries
of various alloys, including those with the compositions
close to the eutectic composition[12-13].

To demonstrate its commercial potential, it is
important that the research and development activities of
the GISS process shift from laboratory scale to industrial
scale. This work aims to discuss the research and
development activities of the GISS process that are
carried out and to report the status of the industrial
developments of this process.

2 GISS process

Current rheocasting processes use different
techniques to produce metal slurries. Most of them,

however, utilize the application of agitation to a molten
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metal coupled with controlled cooling during
solidification to achieve grain multiplication by dendrite
fragmentation[14-16]. Examples of the processes include
mechanical stirring[17], electromagnetic stirring[18],
low-temperature  casting[19-20], and  ultrasonic
vibrations[21-22]. These techniques use different media
or means to apply agitation to the melt such as solid
impellers or cylindrical rods, electromagnetic force,
convection from fluid flow, and vibrations,
respectively[11]. The GISS process, on the other hand,
induces vigorous convection to the melt using fine gas
bubbles as the medium. Various configurations may be
used to introduce the fine gas bubbles to the melt,
including gas injection through a nozzle or through
porous media as presented schematically in Fig.1[23].
Currently, the configuration shown in Fig.1(c) is selected
to use in the GISS machine due to its efficiency and
simplicity. In the GISS process, the steps start by having
a molten metal with a predetermined amount at a
temperature about 10 to 20°C above the liquidus
temperature. Then, the porous graphite diffuser is
immersed, injecting fine inert gas bubbles into the melt
for a predetermined time until the desired solid fraction
is achieved. Consequently, the semi-solid slurry is
formed and is ready for a further forming step. Fig.2
shows the processing steps schematically in the GISS
process.

Fig.1 Examples of possible configurations for introducing fine
gas bubbles to melt[23]

Graphite lnjecl inert gas
diffuser
Molten metal

C ¢

Ladle Tnert gas
Bubbles

Fig.2 Schematic representation of steps in GISS process

3 Formation mechanism

The exact mechanism for semi-solid metal structure
formation is still unclear. However, it is well accepted
that the globular structure is obtained when numerous
solid grains are present at the early stages of
solidification[24]. Then, the high density of the solid
grains grows non-dendritically, resulting in semi-solid
metal structure[25].

The likely theory that can explain how a large
number of solid particles are formed is grain
multiplication by dendrite fragmentation[26]. It has been
proposed that the convection produced during the
solidification causes dendrite arms to be detached by
melting off or breaking off. These detached arms then act
as secondary nuclei particles. A schematic diagram of the
dendrite multiplication theory is shown in Fig.3.

Before flow

After flow

Fig.3 Schematic diagram of dendrite multiplication model[27]

In the GISS process, convection is effectively
achieved by the flow of a large number of very fine gas
bubbles out of the cold diffuser surfaces into the melt.
This vigorous convection is believed to cause grain
multiplication, resulting in a large number of fine
disintegrated solid particles.

Using a rapid quenching mold, a study has shown
the evolution of grain particles of A380 alloy at various
time during the GISS process (Fig.4)[28]. The
micrographs show that the microstructure consists of a
mixture of globular, rosette, and dendrite particles at the
early stages of the rheocasting process. These globular
and the rosette particles are believed to be the disintegrated
particles resulting from the dendrite fragmentation due to
the remelting mechanism. This mechanism explains that
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Fig.4 Microstructures of samples quenched after rheocasting
time of 15 s (a), 17 s (b), 20 s (c) and 90 s (d)[28]

secondary or tertiary arms are detached by remelting at
the roots due to solute enrichment and thermo-solutal
convection near the dendrite roots[27, 29].

Following this mechanism, it can be explained that
the cold graphite diffuser that is immersed in the melt
with low superheat temperature causes numerous fine
dendritic grains to nucleate and grow on the diffuser
surfaces. These grains are quickly “pushed” out to the
bulk liquid by the flow of gas bubbles. Most of these
very fine “mother dendrite” grains will then be re-melted
at the first few seconds of the rheocasting process since

J. WANNASIN, et al/Trans. Nonferrous Met. Soc. China 20(2010) s1010-s1015

the bulk liquid still consists of several small pools of
superheated liquid. Only few disintegrated particles
survive and are left in the melt as observed at the early
time in Figs.4(a) and (b). After the superheat temperature
is removed from the melt, more disintegrated particles
can survive as observed at longer times in Figs.4(c) and
(d). These fine particles will then grow and eventually
coarsen to yield globular structure.

4 Applications of GISS process

The current focus of the GISS process is on forming
semi-solid slurries containing low fractions solid (< 0.25)
into parts even though the GISS process can also produce
semi-solid metal containing higher fractions solid
(0.3-0.6). The key reason for this choice is the prompt
exploitation of the benefits of semi-solid metal in the
casting industry since little modifications to the current
machines and processing steps are required for this
approach.

Several forming processes such as die casting,
squeeze casting, gravity casting, and rheo-extrusion of
the slurries prepared by the GISS process have been
researched and developed for the past two years. In these
forming processes, the added step is the immersion of
graphite diffuser to inject gas bubbles for the duration of
about 5-20 s. Semi-solid slurries containing up to 25%
solid are then poured into shot sleeve holes, squeeze
casting dies, sand molds, or extrusion shot holes for the
GISS die casting, squeeze casting, sand casting, and
rheo-extrusion, respectively. Fig.5 shows the schematic
diagram of these GISS forming processes.

y%eﬁt
y ﬁo
wE/—“L%e-E—/

(c)

Ladle
Fumace Sand
Mald
Samplc

Melting

Glss processing Pourmg

(d)

Fig.5 Schematic diagrams of GISS forming processes: (a) GISS
die casting; (b) GISS squeeze casting; (c) GISS rheo-extrusion;
(d) GISS low pressure casting

Removmg Sample
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Various commercial alloys have been produced aluminum alloys, wrought aluminum alloys and zinc die
using the GISS process. Examples of the alloys, shown casting alloys such as 356, A380, A383, 5052, 6061,
in Fig.6, include cast aluminum alloys, die casting 2024, 7075, and ZAMAK-3.

CT o e
, o 'Yv)-' - Y .x

Y = B, 1 ;{

Fig.6 Microstructures of various alloys formed by GISS slurry casting processes: (a) 356; (b) A380; (c) A383; (d) 5052; (e) 6061;
(f) 2024; (g) 7075; (h) ZAMAK-3
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5 Development of industrial applications

The current industrial developments of the GISS
process mainly involve the development of the GISS
machines. The first versions of the machines used a
handheld graphite diffuser to perform laboratory
experiments (Fig.7(a)). Later, a semi-automatic machine
(Fig.7(b)) was developed allowing a better control of the
solid fractions to be produced. However, this machine
still required manual ladling and pouring. Currently, an
automatic version is developed to be used with a die
casting machine. Fig.7(c) shows the prototype machine
tested with an 80 t die casting machine.

Fig.7 Different versions of GISS machines: (a) Handheld; (b)
Semi-automatic; (c) Automatic

Currently, several commercial parts are being
developed using the GISS process. Fig.8 shows some of
these parts, which include an automotive rotor cover, a
prosthesis tube adaptor, and a prosthesis foot adaptor.
Other automotive and electronic applications are also
considered. All the commercial activities are conducted
by GISSCO, Co. Ltd.

6 Summary

This paper describes the gas induced semi-solid
(GISS) process, which is developed in the industry. The
process is currently focusing on producing low fractions
solid for slurry casting processes. The GISS process
requires minimal modifications to the machine and
processing steps. It also allows the use of several currently

J. WANNASIN, et al/Trans. Nonferrous Met. Soc. China 20(2010) s1010-s1015

Fig.8 Examples of parts developed using GISS slurry die
casting process: (a) Rotor cover; (b) Foot adaptor; (c) Tube
adaptor

available alloys: both casting and wrought alloys.
Currently, the process is developed for
commercial applications.
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Abstract: Semi-solid metal processing is being developed in die casting applications to give several cost benefits. To efficiently
apply this emerging technology, it is important to understand the evolution of microstructure in semi-solid slurries for the control of
the rheological behavior in semi-solid state. An experimental apparatus was developed which can capture the grain structure at
different times at early stages to understand how the semi-solid structure evolves. In this technique, semi-solid slurry was produced
by injecting fine gas bubbles into the melt through a graphite diffuser during solidification. Then, a copper quenching mold was used
to draw some semi-solid slurry into a thin channel. The semi-solid slurry was then rapidly frozen in the channel giving the
microstructure of the slurry at the desired time. Samples of semi-solid 356 aluminum alloy were taken at different gas injection times
of 1, 5, 10, 15, 20, 30, 35, 40, and 45 s. Analysis of the microstructure suggests that the fragmentation by remelting mechanism
should be responsible for the formation of globular structure in this rheocasting process.

Key words: microstructure evolution; rheocasting; rapid quenching method; 356 aluminum alloy; gas induced semi-solid (GISS);

formation mechanism

1 Introduction

Semi-solid metal (SSM) processing has been used
for about 40 years in the metal casting industry to
produce higher quality parts than conventional die
casting with lower cost than forging processes. Two SSM
processing routes are used industrially: thixocasting and
rheocasting. Thixocasting can yield high-quality parts
with high mechanical properties. However, the costs of
the aluminum feedstock billets, reheating system, and
forming machines are quite high. However, the recent
trend in semi-solid metal processing is focused on
applying the rheocasting route[1]. This is because
rheocasting can offer cost advantages over thixocasting.
In this SSM route, liquid alloy is processed into
semi-solid metal at the production site and scrap metals
can be recycled in-house[1].

To efficiently apply the rheocasting process, it is
important that the quality of the slurry is carefully
controlled during the production. In addition, it is

desirable that the process is efficient in producing
semi-solid metal in a short time with homogeneous and
globular  microstructure[2]. To  achieve these
requirements, it is important to understand the
mechanism of the formation of globular structure during
rheocasting processes.

In literatures, it is well accepted that the globular
microstructure is obtained when a large number of solid
grains are formed during the early stages of
solidification[3]. The high density of the solid grains
results in non-dendritic growth and, therefore, globular
microstructure is achieved. However, it is still unclear
how these numerous solid grains are formed[4].

Two theories are often proposed by many
researchers: copious nucleation and fragmentation. Some
researchers[5—9] proposed that the globular grains form
directly through direct and growth.
Others[10—14] proposed that the grains come from
fragmented dendrite arms. These previous studies in the
literatures[5—14] confirm that there are still
disagreements among the researchers regarding the

nucleation
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mechanism responsible for forming the numerous solid
grains in the semi-solid microstructure. In order to
understand the formation mechanism, it is important to
study the microstructure evolution at the early stages.

This work aims to investigate the microstructure
evolution during the early stages of solidification using a
rapid quenching mold technique previously used by
several investigators[1].

2 Theory

Two mechanisms that are often proposed to explain
the formation of a high density of solid particles are
copious nucleation and fragmentation.

2.1 Copious nucleation mechanism

This mechanism proposes that the numerous grains
are obtained as a result of copious nucleation that is
achieved by rapid and continuous heat extraction and
melt convection. Crucible walls, cold immersed solid
surfaces, or provide
heterogeneous nucleation sites for the solid grains to
form. Grain nucleation requires a minimum amount of
undercooling to be effective so most potential nucleation
sites become inactive when the local temperature rises
due to the release of latent heat from the previously
nucleated grains nearby. As a consequence, only a small
fraction of nuclei are formed[4]. Rapid and continuous
heat extraction near these surfaces helps to remove the
released latent heat, consequently, allowing more nuclei
to form. Some of the literatures supporting this
mechanism are as follows.

Researchers at C.LT.[6] investigated a new
semi-solid casting process for Cu-Sn alloys using an
inclined cooling plate. They proposed the crystal
separation theory, explaining that the granular crystals
nucleate and grow on the chill mold wall and separate
from it due to the fluid motion. The theory is shown
schematically in Fig.1. LI et al[7] investigated the
morphological evolution during solidification under
stirring of succinonitrile-5% water (molar fraction) by in
situ observation. They reported that the globular crystals
form through direct nucleation and growth from the
stirred melt when the alloy is cooled and stirred from a
temperature above the liquidus or between the liquidus
and solidus. WU et al[8] created semi-solid metal of an
Al-Si alloy by introducing mechanical vibration during
isothermal holding for 5 min. They suggested that
numerous nuclei formed in the melt because of
undercooling. Also, many nuclei formed on the crucible
wall and then were transported into the bulk melt. JIAN
et al[9] evaluated the effect of ultrasonic vibration on the
nucleation and growth of aluminum alloy A356 melt.
They concluded that the dominant mechanism for the

inoculant surfaces effective

I
I\‘Inld wali Molten alloy (b)

)

Fluid mntmn @, oy,
O(?Jf) Primary
» imary

' q [ 2xai™] Sl aCu
*‘ .
Cooling plate

(Jmnular grain ‘tL pars lllml

Fig.1 Schematic of crystal separation theory (a) and principle
of generation of new semi-solid slurry using inclined cooling
plate (b)[6]

formation of a globular microstructure was likely not due
to the fragmentation mechanism, but heterogeneous
nucleation induced by cavitation.

2.2 Fragmentation mechanism

This mechanism proposes that the high density of
solid grains is created from detached secondary or
tertiary arms due to solute enrichment and thermo-solutal
convection near the dendrite root. FLEMINGS et al[10]
suggested that vigorous stirring and localized rapid
cooling can provide significant temperature disturbances
in a molten metal, which is helpful for the remelting and
separation of dendrite arms from a “mother” dendrite.
This action as illustrated schematically in Fig.2 leads to
grain multiplication. Some of the researches that support
this mechanism are as follows.

Before flow

After flow

Fig.2 Schematic diagram of dendrite multiplication[10]

HELLAWELL et al[ll] presented a detailed
discussion on dendrite fragmentation and the effects of
fluid flow in casting. They proposed that remelting of
dendrite arms at their roots, rather than breaking off by a
mechanical force, might be the cause of grain
multiplication. JACKSON et al[12] found that the high
solute concentration in the boundary adjacent to the
primary phase will lower the local melting temperature.
If the solute concentration is changed by the flow, the
local melting temperature will be lowered and remelting
may occur. JI[13] investigated the dendrite fragmentation
in Sn-15%Pb (mass fraction) alloy under shearing using
a twin-screw extruder. He suggested that the dendrites
are fragmented via the penetration of liquid into the bent
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dendrite arms to form large angle grooves along grain
boundaries. Later, RUVALCABA et al[l14] applied
high-brilliance synchrotron X-radiation microscopy and
image processing for in situ observations of local
solute-enrichment during fragmentation of dendrite arms.
The study was done under normal non-forced convection
conditions during directional solidification of an Al-20%
Cu (mass fraction) alloy. They found that local
fragmentation is initiated by transient growth conditions.
This occurs naturally during solidification, in which the
solute is transported into the mush by gravity-induced
liquid flow.

3 Experimental

The commercial 356 aluminium alloy was used in
this study. The chemical composition of this alloy is
given in Table 1. The liquidus temperature of the alloy is
613 °C, and the eutectic temperature is 573 °C.

Table 1 Chemical composition of 356 aluminium alloy in this
study (mass fraction, %)

Si Fe Cu Mn Mg Zn Ti Ni Al

690 041 0.05 0.04 042 0.01 0.10 0.01 Bal

Approximately 2 kg of the alloy was melted in a
graphite crucible at 720 °C. A stirring impeller inserted at
the bottom of the crucible was used at a low speed
(<100 r/min) to homogenize the temperature of the melt
in the crucible. Five thermocouples were used to record
the temperatures at various positions as illustrated in
Fig.3. The temperature data were recorded using
Winview software through a data acquisition board. The
gas induced semi-solid (GISS) process was used to
create semi-solid slurry. In the GISS rheocasting process,
a graphite diffuser was immersed into a molten metal
held at a temperature above the liquidus temperature. In
this work, the starting rheocasting temperature was 620
°C. Nine levels of solid fractions were obtained by
varying rheocasting times (#z) of 1, 5, 10, 15, 20, 30, 35,
40 and 45 s. To capture the instant microstructure, the
rapid quenching method was used. This method had been
previously used in several studies[l1]. The rapid
quenching mold is shown schematically in Fig.3. The
high cooling rates achieved by the mold allowed the
capture of the microstructure at a temperature. The
channel thickness of the quenching mold of 1 mm was
used for the short rheocasting times of 1, 5, 10, 15, 20,
and 30 s. Longer rheocasting times of 35, 40, and 45 s
yielded the semi-solid slurry with the viscosity too high
that the quenched samples mostly consisted of
segregated liquid phase. Thus, the channel thickness of
the quench mold was increased to 3 mm to obtain

Flow meter

Pressure gate
a0
(1)
Inert Vacuum
gas

\ ' \I data Io%
Thermocouple ( 8,) ) L Thermocouple~

Graphite diffuser (6,)

P lastic wrap
Thermocouple (8)
) Thermocouple (8,)

Thermocouple (8,)
Fig.3 Schematic diagram of experimental setup

homogeneous semi-solid samples. For each rheocasting
time, 3 samples were obtained for further analysis.

Metallographic examination of the quenched
samples was performed at the top, middle and bottom
locations of the quenched plates, as illustrated in Fig.4.
Standard grinding and polishing processes were
conducted. The samples were then etched with 2% HF
water solution for 9—12 s. The microstructure of the
samples was captured using an optical microscope
equipped with an image acquisition system. An image
processing software was used to adjust the brightness
and contrast of the captured micrographs. Quantitative
image analysis was then performed on the micrographs
using Image Tool software.

Fig.4 Quenched plate and sample locations
4 Results and discussion

Representative sets of temperature distribution in
the experiments are given in Table 2. For example, for
the rheocasting time of 10 s, the temperatures at different
locations in the melt are 614.3, 615.6, 615.9, 616.2 and
613.0 °C. The results show that the temperatures at
different locations are not exactly the same. There are
still pools of liquid metal with different temperatures
even though agitation is applied to the melt.

Representative microstructures of the samples
obtained at different rheocasting times are shown in
Fig.5.

Observation on the microstructure shows that a
mixture of globular, equiaxed, and dendritic particles are
dispersed in the microstructure. The results in Table 2



1652 R. CANYOOK, et al/Trans. Nonferrous Met. Soc. China 20(2010) 1649—1655

Fig.5 Representative micrographs of samples

at different rheocasting times: (a) 1 s; (b) 5 s;
(c) 10's; (d) 15 s; (e) 20's; (f) 30 s;5 (g) 35 s; (h)
40s; (1) 45 s
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Table 2 Solid fractions and representative temperature

distribution in slurry at different rheocasting times

Temperature distribution in slurry/°C  Average

Rheocasting .
time/s 0, 6, 65 64 so.hd
fraction/%
619.2 620.6 618.7 620.7 620.2 0
5 619.3 620.3 620.8 6184 617.8 0.01

10 6143 615.6 6159 616.2 613.0 0.05
15 611.5 6125 611.8 611.4 6119 2.05
20 610.1 6123 610.1 611.7 611.6 2.78
30 612.5 6134 612.1 6125 6119 5.55
35 611.5 607.4 608.7 609.8 609.0 7.89
40 609.1 604.0 606.5 603.1 602.8  10.86
45 608.9 602.2 606.3 603.5 602.7 14.58

show the final solid fractions of 0, 0.01%, 0.05%, 2.05%,
2.78%, 5.55%, 7.89%, 10.86% and 14.58% for the
rheocasting times of 1, 5, 10, 15, 20, 30, 35, 40 and 45 s,
respectively. The solid fraction increases as the
rheocasting time increases as expected, since cooling is
continually achieved, resulting in reduced temperatures,
thus, increased solid fractions.

4.1 Effect of rheocasting time on particle density

The number of solid particles analyzed by
quantitative image analysis as a function of the
rheocasting time is summarized in Fig.6. The number of
solid particles per square millimeter is 0, 0, 1, 11, 12, 25,
31, 36 and 47 for the rheocasting time of 1, 5, 10, 15, 20,
30, 35, 40 and 45 s, respectively. From these results, it
can be noted that during the early rheocasting times of 1,

5 and 10 s, there are only a few solid particles in the melt.

However, when the rheocasting time reaches 15 s, a
significant increase in the solid particle density is
obtained (from 1 to 11 mm ?). After that, the increase in
the solid particle density is quite steady.

This interesting result may be explained by the
fragmentation mechanism that once the cold graphite
diffuser is inserted into the melt held at a temperature

60 b
=
£
2 40t
I
| |
F 20f

I f

0 10 20 30 40 50
Rheocasting time/s

Fig.6 Effect of rheocasting time on particle density

slightly above the liquidus temperature, a large number
of fine dendritic grains will be created near the cold
surfaces and pushed away into the bulk liquid by the gas
bubbles. During the early time of 1-10 s, the melt
temperatures are still above the liquidus temperature.
Thus, these mother dendrites will be remelted. However,
remelting will take some time and there may be some
pockets of undercooled liquid in the melt. So, there are
some disintegrated or fragmented dendrite arms left in
the melt as shown in the micrographs in Figs.5(a)—(c)
even though the temperatures in the melt are above the
liquidus temperature. When all the regions of the melt
are not superheated (at the rheocasting times of 15 s and
longer, see Table 2), a lot more fragmented arms from the
remelting action can survive in the melt as observed in
Fig.5(d). This action of remelting that yields the
microstructure shown in Fig.5(d) can be explained
schematically in Fig.2.

4.2 Effect of rheocasting time on spherical particle

density

Close examination of the microstructure indicates
that there are a lot of fine spherical particles in the
mixture of equiaxed and dendritic particles. Fig.7 gives
representative microstructures showing the spherical
particles. From the quantitative analysis, the average
number of spherical particle per square millimeter is 0, O,
0.20, 2.27, 2.66, 3.80, 3.81, 3.83 and 3.75 for the
rheocasting time of 1, 5, 10, 15, 20, 30, 35, 40 and 45 s,

NS PNH**‘

f‘*f
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l‘?\‘?";r-w

')(A ‘i
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Fig.7 Representative microstructures of spherical particles: (a)
In high magnification; (b) In low magnification
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respectively. These results are also plotted in Fig.8. It can
be noticed that the spherical particle density also
significantly increases from the rheocasting time of 10 to
15 s. The increase continues until the rheocasting time of
30 s. After this time, the number of spherical particles
appears to be roughly constant. These experimental
results may be explained by the fragmentation
mechanism.

-2

Sphere particle density/mm™

[ [¥5]
I I

0 5 10 15 20 25 30 35 40
Rheocasting time/s

Fig.8 Effect of rheocasting time on spherical particle density

The fragmentation by remelting mechanism
suggests that some spheroidal particles will definitely be
created at the early stages from the detached secondary
or tertiary dendrite arms. The schematic of this
mechanism shown in Fig.2 predicts that the
microstructure after fragmentation by remelting should
consist of a mixture of dendritic, equiaxed and globular
particles. A coarsening model, shown in Fig.9, also
suggests the formation of spheroidal particles after a
remelting event.

Center arm
disappearing

Fig.9 Dendrite coarsening model[16]

Sintering and coalescence of solid particles also
occur in the slurry. During the fluid flow, solid particles
may hit one another and sinter together. Fig.10 shows
clumps of sintered particles. This phenomenon may
explain why the spherical particle density remains
constant as the rheocasting time increases. Although
fragmentation may continue, yielding more spheroidal
particles, the particles may be sintered together to form
non-spherical clumps of particles. As the solid fraction
increases, the chance for coalescence of particles is
greater. Fig.11 shows examples of sintered particles that

are observed in the later rheocasting times in this work.
Thus, from the results, it may be concluded that
fragmentation of dendrite arms is continuously active in
the early stages of the rheocasting process.

Fig.11 Examples of sintered particles (Arrows indicate weld
joints)

5 Conclusions

1) The microstructure at the early stages of a
rheocasting process consists of a mixture of spheroidal,
equiaxed and dendritic particles.

2) During the early rheocasting times, a few solid
particles are observed in the melt even though the
temperature in the melt is higher than the liquidus
temperature. This may be because of incomplete
remelting of the dendrites formed by the rheocasting
process. After all the temperatures in the melt decrease
below the liquidus temperature, significantly more solid
grains can survive and are present.
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3) The density of spherical particles increases as the
rheocasting time increases and remains constant after a
certain rheocasting time. The results suggest that the
fragmentation by remelting mechanism is responsible for
producing the observed spherical particles. The reason
for the constant spherical particle density may be
because of particle sintering when the solid fraction is
increased.

4) The rapid quenching mold technique can be used
to study the microstructure evolution of semi-solid
slurries at the early stages. The information obtained may
give more understanding in the formation mechanism of
semi-solid metal microstructure.
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Abstract: The feasibility of semi-solid die casting of ADC12 aluminum alloy was studied. The effects of plunger speed, gate
thickness, and solid fraction of the slurry on the defects were determined. The defects investigated are gas and shrinkage porosity. In
the experiments, semi-solid slurry was prepared by the gas-induced semi-solid (GISS) technique. Then, the slurry was transferred to
the shot sleeve and injected into the die. The die and shot sleeve temperatures were kept at 180 °C and 250 °C, respectively. The
results show that the samples produced by the GISS die casting give little porosity, no blister and uniform microstructure. From all
the results, it can be concluded that the GISS process is feasible to apply in the ADC12 aluminum die casting process. In addition, the
GISS process can give improved properties such as decreased porosity and increased microstructure uniformity.

Key words: ADC12 aluminum alloys; semi-solid die casting; gas induced semi-solid (GISS); rheocasting

1 Introduction

For many years aluminum parts have been used in
several applications such as automotive, electronic,
aerospace, and construction fields. These parts are
generally produced in a large quantity by the high
pressure die casting process. Several advantages of die
casting process have been realized such as high
production rate and the ability to form small complex
parts. The die casting process involves the injection of
liquid aluminum into a die cavity under high pressures.
The metal stream “sprays” into the die cavity, causing
metal reaction and air entrapment inside the casting.
Therefore, the final parts have a structure which is full of
gas bubbles and oxide inclusions. Furthermore, pressure
die casting parts typically cannot be machined, anodized,
welded, and heat treated because of these defects[1—4].

To improve the quality and properties of the die
casting process, semi-solid metal technique has been
introduced. A lot of semi-solid die casting studies have
reported that using semi-solid die casting helps to
improve the properties and increase the quality of die
casting parts[5—7]. Semi-solid metal forming using the

rheocasting route can provide higher viscosity of the
fluid. With the higher viscosity, less turbulent flow could
be obtained, which helps to reduce air porosity and oxide
inclusions during the die filling[5—7]. In addition, a
rheocasting process can be easily applied with the
conventional die casting process because the die casting
machine only requires minor modifications[8].

Many research studies have shown successes in the
semi-solid die casting with a rheocasting process[7—12].
However, most work have used the A356, A357, and
ADCI10 aluminum alloys. Despite ADC12 is used widely
in the die casting industry, no complete research about
semi-solid forming of this aluminum alloy has been
published yet. The benefits of ADCI12 aluminum alloy
are good fluidity, excellent castability and high
mechanical properties. In contrast, it is easy to have
turbulent flow, which causes porosity defect, and it
cannot normally be heat treated because of the surface
blister and the pore expansion at  high
temperatures[13—14].

To solve the problems of ADC12 aluminum alloy, a
semi-solid die casting process is selected to study in this
work. The main objectives of this research are to study
the feasibility of 1) the semi-solid processing of ADC12
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aluminum alloy using the gas induced semi-solid (GISS)
technique and 2) the semi-solid die casting of a
commercial part.

2 Experimental

The material used in this study is commercial
ADCI2 aluminum alloy. The liquidus temperature of this
alloy is 582 °C. The eutectic temperature of this alloy is
572 °C. The chemical composition measured using the
optical emission spectrometer (OES) is shown in Table 1.

Table 1 Chemical composition of aluminum ADCI12 alloy
(mass fraction, %)

Si Fe Cu Mn Mg Zn
11.88 0.93 1.75 0.12 0.07 0.78
Ti Cr Ni Pb Sn Al

0.06 0.03 0.11 0.06 0.01 Bal.

2.1 Semi-solid slurry preparation

In this experiment, an ADCI12 aluminum alloy was
melted in the graphite crucible in an electrical furnace at
about 100 °C above the liquidus temperature (~680 °C).
Approximately 200 g of the melt was taken from the
crucible using a ladle. Next, the nitrogen gas was
injected through a graphite diffuser into the ladle when
the temperature of the melt was about 590 °C. The times
to inject the gas were 5, 10 and 15 s. The schematic
diagram of the GISS process is shown in Fig.1. At the
varied injection times, the solid fractions were analyzed
using the rapid quenching method. The high cooling
rates achieved by the copper mold allow the capture of
the microstructure at a certain temperature[ 15—16].

The microstructure of the samples from different
rheocasting times was used to calculate the solid fraction.
The Photoshop and Image Tool Software were used in
the analysis[16].

2.2 Die casting process
The aluminum slurry prepared by the GISS process

Inject
Graphite  inert gas
diffuser l
Molten metal Shur
“ : |
Ladle “ Inert cas
bubbles

Fig.1 Schematic diagram of gas induced semi-solid (GISS)
process

was transferred to the die casting machine. This machine
has 80 t capacity for the clamping system. The slurry was
poured into the shot sleeve kept at the temperature of 250
°C. The plunger forced the slurry into the die at various
speeds of 0.05, 0.1 and 0.2 m/s. The die temperature was
kept at 180 °C. The schematic diagram of the GISS die
casting process is illustrated in Fig.2. In this study, the
porosity, surface defect, surface blister, macro- and
micro-structure of the samples were investigated. A
summary of the parameters used in this study is
illustrated in Table 2.

Clamping system  Gas induced semi-solid process

Fig.2 Schematic diagram of GISS die casting process

2.3 Die casting part analysis
The analysis methods are briefly described as
follows.
1) Porosity analysis
The density of the sample (D) was measured using
Eq.(1), and Eq.(2) was used to calculate the porosity (#):
My

. dy (1)

Myyet — Min-water

Dy =

_Ds-Dy

n= Dy )
where Dg is the standard density of an ADC12 aluminum
alloy (2.76 g/cm®); Dy is the density from Eq.(1).

2) Surface defect and blistering test

Observation of the surface defect of the samples
was conducted after the die casting process. The defects
observed in this study were cold shut and blistering
defects. The blistering was evaluated after the samples
passed the solution treatment at 480 °C for 12 h.

3) Macro defects

All the samples were cut at the center as shown in
Fig.3. Next, the samples were ground with the 320, 800,
and 1200 grit papers to observe the macro defects.

4) Microstructure uniformity

The microstructure at different positions of the
samples was observed using an optical microscope. The
samples were cut and obtained from positions 4, B, C,
and D as shown in Fig.3. The samples were then
prepared for metallographic analysis using standard
grinding, polishing and etching procedures.
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Table 2 Summary of parameters used in this study

. Rheo-casting Rheo-casting Gate thickness/ Plunger speed/ Gate velocity/
Condition . o o
temperature/°C time/s mm (m's ) (m's )
Liquid 650 - 1.5 0.20 5.58
SSM1-1 590 5 3 0.20 2.79
SSM1-2 590 5 3 0.10 1.39
SSM1-3 590 5 3 0.05 0.69
SSM1-4 590 10 3 0.20 2.79
SSM1-5 590 10 3 0.10 1.39
SSM1-6 590 10 3 0.05 0.69
SSM1-7 590 15 3 0.20 2.79
SSM1-8 590 15 3 0.10 1.39
SSM1-9 590 15 3 0.05 0.69
SSM2-1 590 5 6 0.20 1.39
SSM2-2 590 5 6 0.10 0.69
SSM2-3 590 5 6 0.05 0.35
SSM2-4 590 10 6 0.20 1.39
SSM2-5 590 10 6 0.10 0.69
SSM2-6 590 10 6 0.05 0.35
SSM2-7 590 15 6 0.20 1.39
SSM2-8 590 15 6 0.10 0.69
SSM2-9 590 15 6 0.05 0.35
A \—5-6-
8
3 6

Gate 1.5 mm Gate 3 mm Gate 6 mm

Fig.3 Drawing of increased rheocasting time part
3 Results and discussion

3.1 Semi-solid slurry

From the obtained results, the slurries produced by
the conditions of the rheocasting times of 5, 10 and 15 s
have the solid fractions of 0.25%, 6.33%, and 13.03%,
respectively. The representative microstructures of the
quenched samples at different rheocasting times are
shown in Fig.4. The micrographs illustrate that amount
of the primary a(Al) (white phase) increases with
increased rheocasting time. The viscosity of the slurry
should be increased when the solid fraction is increased.

It can be concluded that the ADC12 aluminum alloy
can be produced into a semi-solid slurry at a desired
solid fraction by varying the rheocasting time using the
GISS process.

3.2 Die casting process
A representative sample produced by the semi-solid

Fig.4 Representative micrographs of samples at different
rheocasting times: (a) 5 s; (b) 10s; (c) 15 s
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die casting process is shown in Fig.5. The sample
consists of three overflows, a runner, and a biscuit. Most
samples had complete metal filling in the overflow and
good surface finish. Only the samples produced with a
higher solid fraction had the cold shut defect as shown in
Table 3 and the representative samples with the cold shut
defect is shown in Fig.6.
4
Fig.5 Representative picture of die casting part
The high solid fractions cause the viscosity of the
slurry higher. For the thin gate (3 mm), the high viscosity
slurry was difficult to flow into the die so that the metal
could not fill the part completely. In addition, the cold
shut defect was found because of the shorter
solidification time of the higher solid fractions.
3.3 Porosity analysis
The results show that the samples produced by the Fig.6 Surface defect of casting: (a) Misrun; (b) Cold shut
Table 3 Summary of die casting result
Condition Solid fraction/% Gate velocity/(m's ") Porosity/% Macrodefect Blister Note
Liquid 0 5.58 5.02 Y \
SSM1-1 0.25 2.79 1.91 v v
SSM1-2 0.25 1.39 1.87 v v
SSM1-3 0.25 0.69 2.34 v v
SSM1-4 6.33 2.79 1.80 J x
SSM1-5 6.33 1.39 1.82 J x
SSM1-6 6.33 0.69 M - -
SSM1-7 13.03 2.79 1.76 J J C
SSM1-8 13.03 1.39 1.72 l V C
SSM1-9 13.03 0.69 M - - C
SSM2-1 0.25 1.39 2.11 x Xl
SSM2-2 0.25 0.69 2.05 x J
SSM2-3 0.25 0.35 1.65 X X
SSM2-4 6.33 1.39 1.62 X X
SSM2-5 6.33 0.69 1.76 X X
SSM2-6 6.33 0.35 1.47 X X
SSM2-7 13.03 1.39 1.54 X X
SSM2-8 13.03 0.69 1.72 X \ C
SSM2-9 13.03 0.35 1.76 X \ C

M is misrun and C is cold shut defect.
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liquid die casting and the semi-solid die casting
processes have the porosity of about 5% and 1.7%,
respectively. The porosities of the samples produced by
both processes are compared in Fig.7. However, in the
semi-solid die casting samples, the result of the porosity
of different conditions of gating size and velocity are not
significantly different.

Y

el

Porosity/%

SSM2-2 ———
SSM2-3
SSM2-4 [
SSM2-5
SSM2-6 [+

SSM2-7 [

SSM2-8 —HH
SSM2-9 B

Condition

Fig.7 Porosity of samples under different conditions

In summary, in the liquid casting, turbulent flow is
present, which results in porosity defect in the samples.
In contrast, all the semi-solid die casting samples have
lower porosity than the liquid die casting due to the less
turbulent flow of the slurry. The larger gate also yields
less porosity since it gives lower flow velocity.

3.4 Macrodefect analysis

All the samples produced by the semi-solid die
casting with the thin gate have shrinkage porosity. In
addition, gas porosity is found in the samples produced
by the liquid die casting as shown in Table 3. The
shrinkage porosity and gas porosity are shown in Fig.8. It
can be concluded that the size of the gate has a large
effect on the macro defects. The larger gate helps to
reduce the turbulent flow and improve the feeding, which
reduces the shrinkage porosity.

3.5 Surface blister

Surface blisters are found after the solution heat
treatment process in about half of the samples. This
defect is mostly found in the samples produced by the
liquid die casting and the semi-solid die casting using a
thin gates. In contrast, when the thick gate is employed
for the semi-solid die casting, only the samples coded
SSM2-8 and SSM2-9 have the defect, as shown in Table
3 and Fig.9.

In summary, the blister defect found in semi-solid
die casting can be reduced by increasing the solid
fraction and the gate size. However, the solid fraction

Fig.8 Macro views of cross section of samples: (a) Liquid die
casting; (b) SSM1-1; (c) SSM2-6

should not be too high because it will be difficult to
inject into the die.

3.6 Microstructure analysis

The representative microstructures of the samples
produced by liquid die casting and semi-solid die casting
are shown in Fig.10. Fine dendritic structure was
observed in the samples from the liquid die casting
process. However, in the samples from the semi-solid die
casting process the microstructure consisted of primary
o-phase, secondary a-phase and eutectic phase. The
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primary a-phase structure was produced by the GISS were very fine.

process, then grew larger in the die. The secondary Observation of the microstructure uniformity at
o-phase and eutectic structure were formed after the different positions is shown in Fig.11. The obtained
slurry flowed into the die. Because of the high cooling micrographs illustrate that the microstructure at the
rates, the sizes of secondary a-phase and the eutectic positions 4, B, C, and D are similar and uniform.

©

Fig.11 Representative microstructures at various positions of samples: (a) Point 4; (b) Point B; (c) Point C; (d) Point D
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4 Conclusions

1) It is feasible to produce semi-solid ADCI12 parts
using the gas induced semi-solid process.

2) The porosity and shrinkage defects in the parts can
be reduced by increasing the solid fraction of the slurry.

3) Good casting parts of semi-solid die casting need
appropriate plunger speeds and solid fractions of the
slurry.

4) The microstructure of the produced samples is
uniform throughout the casting parts.
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Abstract: An aluminum extrusion process is mainly used to fabricate long tubes, beams and rods for various applications. However,
this process has a high production cost due to the need for investment of high-pressure machinery. The objective of this work is to
develop a new semi-solid extrusion process using semi-solid slurry at low solid fractions. A laboratory extrusion system was used to
fabricate aluminum rods with the diameter of 12 mm. The semi-solid metal process used in this study was the gas induced semi-solid
(GISS) technique. To study the feasibility of the GISS extrusion process, the effects of extrusion parameters such as plunger speed
and solid fraction on the extrudability, microstructure, and mechanical properties of extruded samples were investigated. The results
show that the plunger speed and solid fraction of the semi-solid metal need to be carefully controlled to produce complete extruded

parts.

Key words: aluminum alloys; extrusion; semi-solid metal; rheo-extrusion; gas induced semi-solid (GISS)

1 Introduction

Extrusion is one of the various forming processes
that is used to produce long and straight metal products
with constant cross section, such as bars, solid and
hollow sections, tubes, and wires[1]. In extrusion

process, a billet is heated and forced through a die orifice.

The products from this extrusion process are in a near net
shape. However, the extrusion process requires a
high-pressure machine to force the metal in the solid
state. In addition, defects such as surface cracking, oxide
inclusion and piping defect can be found in the products
of an extrusion process[2].

An alternative way to reduce these process
limitations is to apply a semi-solid extrusion process
it has several advantages
requirements of low extrusion force, good flowability,
and less friction between the dies and the materials[3].

During the past several years, thixo-extrusion has
been continuously developed since it is found to be able
to achieve high quality products, for example, good
surface finish and high ultimate tensile strength[4—10].

because such as the

However, in a thixo-extrusion process, it is necessary to
use a billet so only certain types of alloys can be
processed and the scrap cannot be recycled on site[11].
From these restrictions, many research teams are
focusing on the rheo-extrusion approach[12—16].

In previous studies on a rheo-extrusion process, FAN
et al[12—13] performed experiments with twin screw
rheo extrusion (TSRE) for magnesium alloys. The solid
fractions produced in their work were more than 30%
and the sleeve was kept at a high temperature of 630 °C
and plunger speed was about 1 cm/s. The samples had
uniform microstructure and quite high tensile strengths.
LEE et al[14] investigated the behavior of melt extrusion
for Al-Cu alloys. In the process, the molten Al-Cu alloy
was held in a shot sleeve until the solid fraction was 78%.
The slurry with the high solid fraction was then forced
through the opening die at the plunger speed between 0.2
and 1.1 cm/s. The extrusion die was also kept at high
temperatures of 500—520 °C. They reported that the high
temperature of the die caused segregation of liquid phase.
The way to solve this problem was to use lower die
temperatures or to add some grain refiners.

In summary, from Refs.[12—14], most of the rheo-
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extrusions used high solid fractions to produce the
extruded products, and therefore they needed to use low
ram speed and high temperature of the dies because of
the high friction between the die and the materials.

The goal of this research is to develop a new
rheo-extrusion process that can be used with lower
temperatures of the die and the sleeve. In addition, it
should be able to be used with higher speeds than
conventional extrusion. Therefore, the process focuses to
use semi-solid slurry with low solid fractions. A recent
work in rheocasting using low solid fractions is
published by WANNASIN et al[15]. In their work,
semi-solid die casting at low solid fractions was
developed using the gas induce semi-solid (GISS)
process. Good properties such as low porosity and
improved tensile properties were reported in their work.
Thus, in this present work, the GISS technique is
selected to be used with the rheo-extrusion process. And
a preliminary research and development work of a new
rheo-extrusion process using semi-solid slurry with low
solid fractions employing the GISS technique is reported.

2 Experimental

2.1 Semi-solid rheo-extrusion experiments

The raw material used in this work was aluminum
356 alloy or JIS AC4C. The chemical composition of the
alloy is shown in Table 1.

Table 1 Chemical composition of aluminum 356 alloy (mass
fraction, %)
Si Fe Cu Mn Mg Zn Ti Al
69 042 005 0.04 042 0.01 0.10 Bal

In the experiments, the aluminum alloy was melted
in an electric furnace at about 650 °C. Approximately
250 g of the molten aluminum was taken from the
crucible by a ladle. When the temperature of the molten
aluminum was about 620 °C, a graphite diffuser was
immersed to produce the semi-solid slurry with the solid
fractions of 5%, 10%, and 20%, respectively. A
schematic drawing of the GISS technique is shown in
Fig.1.

The semi-solid slurry from the GISS machine was
then poured into a shot sleeve with the inner diameter of
40 mm. The shot sleeve was preheated to about 250 °C.
Next, the slurry was forced by a plunger at various
speeds of 2, 4, and 6 cm/s through a die, a graphite
support and a water-cooled tube. The inner diameter of
the die was 12 mm. The parameters used in this study are
summarized in Table 2. The schematic drawing of this
rheo-extrusion process is shown in Fig.2. The machine
used in this study has a 80 t capacity with a hydraulic
system.

Inject
Graphite  inert gas
diftuser l
Molten metal

Slurry

Ladle Inert gas
bubbles

Fig.1 Schematic drawing of GISS technique

htrusuon Heater

e

-HE

(.oolmg channel
Shot sleeve

Fig.2 Schematic drawing of rheo-extrus10n system

Table 2 Summary of parameters used in this study

Sample Plunger Solid Temperature/°C

code speed/(cm's ™) fraction/% Die  Sleeve
SSM2-05 2 5 270 250
SSM4-05 4 5 270 250
SSM4-10 4 10 270 250
SSM6-05 6 5 270 250
SSM6-10 6 10 270 250
SSM6-20 6 20 270 250

2.2 Extrudability evaluation

The extruded samples were analyzed by the
measurement of the length to determine the extrudability.
The length of the samples was measured after the
extrusion test. In this work, the criterion for the required
length was 20 cm. Shorter samples were rejected.

2.3 Microstructure observation

The microstructure of the samples was observed
using an optical microscope. The samples were cut and
obtained from three positions as shown in Fig.3. The
samples were then prepared for metallographic analysis
using the standard grinding, polishing and etching
procedure. Good extruded parts should have uniform
microstructure throughout the length and along the
radius.

2.4 Mechanical properties measurement
The samples that pass the criterion of extrudability
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2540 cm 25.40 cm
Tip Middle Base

Fig.3 Sampling positions

were tested for the wultimate tensile strength and
elongation using the universal testing machine (UTM).
The sample was prepared using the ASTM B557M-02a
standard[17].
3 Results and discussion
A representative extruded sample from the
experiments is given in Fig.4. The results show that all
the samples consist of unextruded, extruded and
squeezed liquid sections. The samples produced by a
lower plunger speed and at a higher solid fraction yield
lower amount of squeezed liquid. These conditions tend
to have less liquid segregation.

Observation of the surface shows that all the
samples have a good surface finish in the extruded
section as shown in Fig.5.

24 cm

Fig.6 Samples from rheo-extrusion at different plunger speeds

The results suggest that conducting the rheo-
extrusion with a higher speed (6 cm/s) and with the
lower solid fraction (5%) gives the longest length as
expected since the slurry can flow easier and faster. In
addition, at a higher solid fraction, the plunger speed
needs to be higher to yield the same extruded length
because of the increased viscosity of the slurry. When the
solid fraction was too high (20%), the extruded sample
was short since the solidification time was shorter and
the viscosity was higher.

In summary, only the samples produced by the
conditions of 5% solid fraction at 4 and 6 cm/s plunger
speeds and 10% solid fraction at 6 cm/s plunger speed
pass the requirement of the length, as shown in Table 3.

Table 3 Semi-solid extrudability of A356 Al-alloy

Plunger Extrudability
*A M Pe speed/(cm's ') 5% 2 10% 220%
Squeezed R Extruded sample I IUnextruded ) <
liquid sample
Fig.4 Components of representative rheo-extrusion sample 4 v x
6 ~ N X

Fig.5 Surface finish of a representative sample

3.1 Extrudability

The samples produced by the conditions of 2, 4, and
6 cm/s plunger speed and 5% solid fraction have the
lengths of 14, 23, and 24 cm, respectively. For 10% solid
fraction, the samples produced by 4 and 6 cm/s plunger
speed have the lengths of 18 and 23 cm, respectively.
The sample produced by 20% solid fraction and 6 cm/s
plunger speed has the length of 17 cm. The
representative extruded samples from rheo-extrusion at
different plunger speeds are shown in Fig.6.

3.2 Microstructure uniformity

The microstructures at the center of the cross
section of the three samples which pass the length
criterion are shown in Fig.7. The micrographs show that
the primary a structure (white structure) of all samples is
quite similar and uniform in all the positions throughout
the length. However, observation shows non-uniform
microstructures in the radius direction in these samples.
The edge of the samples (Fig.8) shows fine dendritic
structure whereas the center of the samples shows
semi-solid structure. The schematic drawing in Fig.8
illustrates the different structures at the edge and the
center. The samples produced by the solid fractions of
5% and 10% have the length of liquid segregation zone
of about 1.14 and 0.57 mm, respectively, as shown in
Fig.9. It can be concluded that if the solid fraction
increases, the liquid segregation around the outer
perimeter will decrease.

The main result of using the starting slurry with low
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Middle |

Base

Fig.7 Representative microstructures of samples passing requirement of extrudability

Middle (Solid particle)

Sample

Edge (squeezed liquid)

Fig.8 Schematic drawing showing liquid segregation in radius

direction

solid fractions is the lubricating liquid segregation zone
near the surface of the samples. The amount of the liquid
segregation can be controlled by the amount of the
starting solid fractions. Although the higher liquid
segregation helps to lubricate the extrusion process, it
should not be too much because it will lead to
non-uniform microstructure which may affect the
mechanical properties.

From the microstructure uniformity study, it can be
concluded that the microstructures are uniform in the
length direction for all the conditions of the plunger
speeds and solid fractions of the slurry. In the radius
direction, higher solid fraction results in the reduction of
the liquid layer, which helps to increase the uniformity of
the microstructure, as shown in Fig.9.

L . - L L

Fig.9 Representative microstructures at outer edge of samples
at solid fractions of 5% (a) and 10% (b)

3.3 Mechanical Properties

The results of the mechanical property analysis
report that the ultimate tensile strength and elongation of
the as-extruded samples coded SSM4-05, SSM6-05 and
SSM6-10 are 191.9 MPa, 190.3 MPa, 208.4 MPa and
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7.5%, 6.5%, 11.2%, respectively. After T6 heat treatment,
the ultimate tensile strength of samples is increased to
274.6 MPa, 255.3 MPa, 276.5 MPa and the elongation is
increased to 8.3%, 7.3% and 12.4%, respectively. Fig.10
shows the ultimate tensile strength and elongation of the
extruded samples before and after T6 heat treatment. The
results show that the solid fraction and plunger speed do
not significantly affect the tensile strength. In contrast,
the results of the elongation indicate that the solid
fraction affects the elongation. The elongation of the
samples produced at 6 cm/s of plunger speed with 10%
of solid fraction is higher than that of the samples
produced at the same speed but at a lower solid fraction
of 5%.

400 (@)
a [ As-extruded
& CIT6 heat treated
% 300 274.6 s 279,5
5 T A:J_i_).a T
é T
= 208.4
2 200 _19%9 199.3 3
é
i
24
£ 100 |
SSM4-05 SSM6-05 SSM6-10
Sample code
i
20 (b)
[ As-extruded
16+ CT6 heat treated
2
© 11.2 I'}A
t et I
ES 75 83 |
b= ; 1 6.5 73
s 8K 1 P
m 1 1 I T
4}
0
SSM4-05 SSM6-05 SSM6-10

Sample code
Fig.10 Ultimate tensile strength (a) and elongation (b) of
extruded samples before and after T6 heat treatment

The higher elongation of the samples produced at a
higher solid fraction may be the result of the lower liquid
segregation in the radius direction as shown in Fig. 8 and
Fig.9.

The comparison of the mechanical properties of the
rheo-extruded 356 samples from this research and the
typical extruded aluminum rod grade 6063 from ASM
standard[16] is shown in Fig.11.

The results show that the rheo-extruded 356
samples have higher tensile strength than the 6063 alloy,

400 : 30

I Tensile strength

[ Elongation das
£ 3007 276.5
= 240.0 120
2 200 115 =
@ 12.0 12.39 g
Z {i0@
= 100

15
0
Al-6063-T6 Al-356-T6
Sample

Fig.11 Comparison of mechanical properties of rheo-extruded
356 samples after T6 heat treatment from this research and
typical extruded aluminum rod grade 6063 from ASM standard

and similar elongation property. Therefore, it can be
concluded that the new rheo-extrusion process applying
low solid fractions is a feasible process.

4 Conclusions

1) This preliminary study shows the feasibility of a
new rheo-extrusion process using low starting solid
fractions processed by the GISS technique. Good
extruded products can be achieved with the appropriate
conditions of solid fractions and plunger speeds.

2) In this rheo-extrusion using low solid fractions of
the slurry, there is a liquid layer at the outer perimeter of
the samples. This phenomenon helps to lubricate the
flow of the extruded part. Therefore, the process can be
used with higher plunger speeds in the semi-solid state
compared with conventional hot extrusion.

3) Uniform microstructure in the length direction of
the samples can be achieved in all conditions of the solid
fractions and plunger speeds.

4) The ultimate tensile strength (UTS) does not
depend on the solid fractions of the slurry and the
plunger speeds. The samples from this rheo-extrusion of
356 aluminum alloy have higher strengths compared
with commercial 6063 aluminum alloy.

5) The elongation of the samples depends on the
solid fraction of the slurry. The higher solid fraction
yields more uniform microstructure in the radius
direction so that the elongation is improved.
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