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Abstract

Semisolid metal (SSM) processing is a forming process which occurs within solidus and liquidus temperatures, and it requires
feedstock billets with spheroidal microstructures. In this paper, a novel gas-assisted direct thermal method (DTM) is proposed as a
method to create feedstock billets with fine spheroidal microstructures. Effect of different combination parameters between pouring
temperature and holding time during the gas-assisted DTM technique on the microstructure of aluminium alloy 7075 feedstock
billets was investigated. Pouring of molten aluminium alloy 7075 was conducted at temperatures between 645 °C and 685 °C while
holding time was set between 20 s and 60 s. The melt was cooled down within the semisolid temperature range in a cylindrical
copper mould with the help of carbon dioxide (CO) gas before quenching in room temperature water. Results revealed that the
smallest primary phase grain size formed at the combination parameters of 645 °C pouring temperature and 20 s holding time.
Furthermore, the same combination parameters also produced the highest circularity value. The addition of external CO, gas
surrounded the copper mould as a rapid cooling agent was found to have a significant improvement of 36.4 % to the formation of
smaller primary grain and spheroidal structure. It is concluded that the lowest pouring temperature and shortest holding time
coupled with rapid cooling condition from the addition of external CO, during DTM produced the finest and most globular structure

of primary phase size.
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1 Introduction

In recent years, semisolid metal (SSM) processing is deemed
as sophisticated technology and gains attention worldwide due
to its ability to produce a higher quality of engineering parts
but with lower cost [1, 2]. In contrast to conventional casting,
this processing method occurs within the range of liquidus and
solidus temperature. The fluidity or liquidity of the molten
metal can have substantial variations within this solidification
region. As opposed to obtaining dendritic microstructures
through conventional processing techniques, spheroidal or
globular microstructures can be attained from SSM processing
by controlling process parameters, for instance, cooling rate,
stirring speed, stirring time, and stirring type [2-4]. The
primary phase morphology of SSM slurries influenced the
flow behaviour of SSM [5]. According to a previous study [6],
poor flowability was often found in a molten metal having
dendritic structures than equiaxed structures at the same solid
fraction. It was due to the dendritic structures prone to engage
with one another during the application of an external force,
and thereby, hindered the flows of the material. On the
contrary, spheroidal or globular structures produced higher
flowability as their shape geometries allowed for better
rotation, slip, and movement under a small external force [7,
8]. A finer microstructure displayed higher flowability as it
could move freely with only fewer collisions between the
particles and low viscosity [2, 8].

Near-net-shape components with excellent mechanical
properties can be achieved by SSM processing [2, 3, 5, 9].
Thus, it is a sought-after process for creating components that

have intricate part geometries. Moreover, it has another
positive effect that is a reduction of gas entrapment. It is due
to the effect of laminar flow inside the die cavity when
conducting the SSM process. This has resulted in a production
of high integrity components with uniform and fine
microstructures. Furthermore, SSM processing also promotes
the extension of die life due to reduction of thermal shock, and
at the same time having fewer shrinkage porosity defect in
comparison with other conventional processes [10, 11].

The key towards a successful SSM processing is to have a
feedstock billet with spheroidal or globular microstructures.
Over the past few years, a variety of processing methods have
been created to develop spheroidal or globular microstructures
in feedstock billets. The methods are categorized into three
major categories that are the solid-state methods, liquid metal
methods, and a combination of both methods [3, 9]. Although
all the methods can produce feedstock billets with spheroidal
microstructures, however, the direct thermal method is
preferred as it is a simple method due to less equipment used
and low processing costs [8, 12-14]. Through this method,
spheroidal or globular microstructures in feedstock billet can
be produced by pouring the low superheat of molten metal
into a cylindrical mould that has high conductivity but very
low thermal mass. The matching of heat between the molten
metal and the cylindrical mould leads to a pseudo-isothermal
arrest within the solidification region of the molten metal, due
to the very low rate of heat dissipation to the surroundings
[14]. Consequently, the spheroidal or globular microstructures
are developed throughout the holding time and quenching in
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the room temperature water is subsequently done to retain the
spheroidal or globular microstructures.

Due to the requirement of weight saving in the
automotive and aerospace industries, aluminium alloys are
regarded as one of the potential candidates for these
applications. Die casting, permanent mould casting and sand
casting are typically used for manufacturing components of
aluminium alloy. However, those processes are not possible to
be utilized for the production of intricate and thin-walled
aluminium alloy components in those industries. Therefore,
precision castings such as expendable pattern shell casting
[15-17] are found to be beneficial for the manufacturing of
intricate and thin-walled aluminium alloy components.
However, the microstructures of aluminium alloy components
attained by the expendable pattern shell casting process
produce a coarse dendrite with an inhomogeneous distribution
which leads to a decreased in mechanical properties.
Therefore, grain refinement is of great interest and several
methods are employed to obtain finer grain structures such as
chemical elements modification [18], mechanical vibration
[15-17], ultrasonic vibration [19], and electromagnetic
vibration [20].

On the other hand, SSM processing has opened up a way
to produce near-net-shape components of aluminium alloy
with less energy consumption in comparison to the
conventional casting process [21]. Although most studies are
performed on aluminium-silicon alloy [1, 14, 22-27],
however, the use of wrought aluminium alloy in SSM
processing has seen an increase for the past few years [12, 28—
32]. A study conducted by Ahmad et. al. [12] on AA7075 had
proved a correlation among pouring temperature and holding
time during DTM for spheroidal microstructures generation in
the SSM feedstock billet. They mentioned that a combined
pouring temperature of 660 °C and holding time of 60 s
produced the most spheroidal or globular primary phase
structures. Another study claimed that better spherical or
globular structures were developed by a combination of lower
pouring temperature and shorter holding time [33]. The
increase in spheroidal or globular primary phase structures
would enhance the flowability of the molten metal throughout
SSM processing, and as a result, produced near-net-shape
components with excellent mechanical properties. Therefore,
it is important to control the processing parameters during
SSM processing that affect the undercooling during
solidification. This study emphasizes the process to increase
the undercooling of the alloy using an innovative method of
rapid cooling by adding an external cooling gas to the existing
DTM process. This current work aims to examine the
correlation among pouring temperature and holding time
during DTM, coupled with rapid cooling by the CO; gas to
develop spheroidal or globular microstructures for the SSM
wrought aluminium alloy 7075 feedstock billet.

2 Experimental procedure

Commercial wrought aluminium alloy 7075 was used in this
study. Optical Emission Spectroscopy, Foundry Master
Oxford Instruments was calibrated before being used to
determine the chemical composition of this alloy. Six
chemical composition tests were conducted for better
accuracy. The chemical composition of the alloy used in this
study and those from the literature are shown in Table 1.

Table 1 Chemical composition of wrought aluminium 7075
alloys from the experiment and literature

Source As- Ahmad Backerud ASM [36]
(wt.%)  received et al et al [35]
sample [34]
Al 89.8 88.5 Bal. 87.1-914
Cr 0.27 0.2 0.19 0.18-0.28
Cu 1.33 2.02 1.36 1.2-20
Fe 0.22 0.24 0.28 <0.5
Mg 2.26 2.38 2.49 21-29
Mn 0.05 0.12 - <0.3
Si 0.16 0.14 0.11 <0.4
Ti 0.07 0.09 - <0.2
Zn 5.74 6.04 - 51 -6.1

2.1 Gas-assisted direct thermal method
experiment

A resistance heated box furnace was used to heat a 1-kg of
aluminium alloy 7075 ingot. The ingot was superheated to a
temperature of 700 °C in a graphite crucible. Once the molten
metal had achieved the desired temperature, it was then taken
out from the furnace, and its temperature was measured. A
1-mm diameter of K-type thermocouple and a Graphtec
GL-220 data logger was used to measure the temperature of
molten metal prior to pouring it into a cylindrical copper
mould with dimensions of 120 mm in height, 25 mm in
diameter, and 1 mm wall thickness. The temperatures when
pouring the molten metal into the cylindrical copper mould
were set at an increment of 20 °C starting from 645 °C until
685 °C. The molten metal was kept in the copper mould for
three different time intervals that were 20 s, 40 s, and 60 s. A
CO; gas that acted as a rapid cooling agent surrounded the
copper mould was provided simultaneously when pouring
process of the molten metal began. Quenching in the water at
room temperature was carried out once the melt had reached
its desired holding time. Another sample termed as a reference
sample was produced by having a pouring temperature of
685 °C and cooled inside the copper mould without
quenching. This sample was viewed as experiencing normal
solidification condition. The arrangement of the gas-assisted
DTM experimental setup is shown in the following Fig. 1 and
the parameters used during the experiment are tabulated in
Table 2.

Copper mould K-type thermocouple
Copper

Graphite
crucible

Thong

Fig. 1 Arrangement of gas-assisted DTM experimental setup.



Table 2 Processing parameters during gas-assisted DTM
experiment

Sample Pouring Temperature Holding Time
No. (°C) (s)
1 60
2 685 40
3 20
4 60
5 665 40
6 20
7 60
8 645 40
9 20
10 685 Without quenching

2.2 Metallographic sample preparation

The wrought aluminium alloy that had solidified was removed
from the copper mould. The initial dimensions of the
solidified alloy by the gas-assisted DTM was 120 mm in
length and 25 mm in diameter. A linear precision sectioning
machine was used to section about 5 mm from the top part of
the gas-assisted DTM samples. Then, another 20 mm in length
from the top of the samples were sectioned for metallographic
observation. The remaining samples were set for mechanical
testing to determine the mechanical properties.

Samples for metallographic observation were mounted
with Bakelite thermoset phenolic resin before grinding
process. Buehler Simplimet 1000 Mounting Press hot
mounting machine was used to perform the mounting process.
Appropriate parameters during mounting were chosen, which
curing temperature set at 150 °C and duration was 1 minute
and followed by cooling off the sample for 3 minutes. Then, a
Metkon Forcipol 2V grinding machine was used to grind the
samples. The grinding wheel speed was set at 250-rpm and the
grinding process started with the order of 320-, 800-, 1200-,
and 2400-grit size silicon carbide for 3 minutes. The samples
were then polished by using a separate polishing cloth for 6-
and 3-micron size diamond suspension and followed by
another polishing cloth with 1-micron size diamond
suspension. All the polishing process by diamond suspension
were conducted at the polishing speed of 150-rpm for 5
minutes at each stage. The samples were finally polished with
0.05-micron size colloidal silica suspension by using a
different polishing cloth. Finally, Keller’s reagent was used to
etch the polished samples for approximately 30 seconds [37]
to expose the grain boundaries of the material for microscopic
observation. Both Olympus BX53M optical microscope and
Motic Images Plus 3.0 ML software were used to view and
capture the microstructure images.

Image J software was chosen as an analysis tool to
determine the primary phase diameter, circularity, and aspect
ratio measurement. Circularity is a measure of closeness of
shape to an ideal circle which forms in a microstructure and
the range is in between 0.0 and 1.0. As the value approaches
1.0, the shape is deemed as having a perfect circular shape. On
the other hand, as the value decreases toward 0.0, the shape

becomes more elongated. Aspect ratio is an indicator for a
shape having either circular or square morphology. The higher
the value of aspect ratio, the more elongated the particle is.
The following Eq. (1) and Eq. (2) provide the calculation
method for circularity, C and aspect ratio, AR. P and A in Eq.
(1) correspond to a perimeter and an area of the particle,
respectively:

A
AR = m-a_lor aXl-S (2)
minor axiIs

3 Results and discussion

Thermal analysis of the wrought aluminium alloy 7075 used
in this study was conducted in a separate work [38]. Based on
the study, the liquidus temperature occurred at a temperature
of 619.30 °C while the solidus temperature happened at
421.90 °C. This information is used to determine the
processing parameters during the gas-assisted direct thermal
method.

Formation of microstructure in each sample of gas-
assisted DTM was analyzed to decipher the influence of both
processing parameters which were pouring temperature and
holding time. Fig. 2 to Fig. 4 show the microstructure for a
combination of pouring temperature of 685 °C, 665 °C, and
645 °C with holding time of 60 s, 40 s, and 20 s, respectively.
Similarly, microstructure formation in sample 10 which was
produced at a pouring temperature of 685 °C and solidified
without quenching process is shown in Fig. 5.




Fig. 2 Microstructure at the centre of feedstock billet of
(a) sample 1, (b) sample 2 and (c) sample 3.

100 pm

Fig. 3 Microstructure at the centre of feedstock billet of
(a) sample 4, (b) sample 5, and (c) sample 6.

The purpose of holding time in gas-assisted DTM was to
provide a sufficient temperature needed prior to quenching.
Based on a previous study, the temperature drop inside the
copper mould was recorded at 1.0 °C/s [12]. Therefore, the
temperature of the molten metal in the copper mould before
quenching was approximately calculated. It was found that the
molten metal temperatures before quenching for sample 1,
sample 2, and sample 3 were 625 °C, 645 °C, and 665 °C,
respectively. The molten metal temperatures before quenching
for sample 4, sample 5, and sample 6 were estimated to be
605 °C, 625 °C, and 645 °C, whereby the calculated molten
metal temperatures for sample 7, sample 8, and sample 9
before quenching were at 585 °C, 605 °C, and 625 °C,
respectively.

Fig. 4 Microstructure at the centre of feedstock billet of
(a) sample 7, (b) sample 8, and (c) sample 9.

100 pm

Fig. 5 Microstructure at the centre of feedstock billet of
sample 10.

Analysis of the micrograph in Fig. 2 to Fig. 5 revealed a
significant difference in microstructure evolution between all
samples which were quenched at various time intervals.
Furthermore, the most prominent finding was found in sample
10 which was poured at a temperature of 685 °C and solidified
in the copper mould without quenching. The grain size of
sample 10 was larger in comparison to other samples. The
difference is apparent between sample 1 and sample 10 as
depicted in Fig. 2 (a) and Fig.5.

Aside from qualitative measurement made by micrograph
observation, a quantitative measurement which is grain size
measurement was carried out to provide more precise and
accurate analysis of the microstructure evolution in all
samples. Three different categories of grain size measurement



were performed, which were the average values for the
primary phase grain diameter, circularity, and aspect ratio.
Fig. 6 to Fig. 8 show the results of the grain size measurement
for the categories described above. A significant variation was
noticed between the average primary phase grain diameters for
sample 1, 2, and 3, which are illustrated in Fig. 6.
Furthermore, sample 10, which had solidified in the copper
mould without quenching, also showed an evident variation
from the other samples. It recorded the maximum value of the
average primary grain diameter, which was 136.18 um. This is
a sign of the bigger or larger size structures that exist within
sample 10. Conversely, sample 9, which had a pouring
temperature of 645 °C and holding time of 20 s produced the
finest primary grain structure of 52.40 um. Other than that, the
analysis of circularity was also performed on the
microstructure evolution of each sample. Fig. 7 illustrates the
circularity value of microstructure for each sample. The
highest circularity value was observed in sample 9, having the
lowest of both pouring temperature and holding time. It
indicated that lower pouring temperature was an important
factor for the evolution of finer and more globular or
spheroidal microstructures. Previous findings by several
researchers also recorded the same output [23, 33, 39].
Moreover, pouring temperature is associated with the cooling
rate during the gas-assisted DTM process. Lower pouring
temperature results in a higher cooling rate. It was due to less
superheat to be dissipated from the molten metal in the copper
mould to the surrounding. The low pouring temperature in this
study had resulted in finer grain size and more globular
microstructures due to the rise of cooling rate. It was proven
by the analysis between sample 3 and sample 9. Sample 9
which was poured at 645 °C had a smaller primary grain
diameter but a higher value of circularity than sample 3. The
lower the pouring temperature the higher the cooling rate
because a shorter time required to dissipate the heat from
above to below the liquidus temperature.

Correlation  between  pouring  temperature  and
microstructure evolution was controlled by the undercooling
temperature happened during solidification [40]. The
undercooling is manipulated by the solidification rates, which
is controlled by the mould thickness and mould material used.
Hence, microstructure evolution is governed by the amount of
undercooling. The higher the cooling rate, the larger the
undercooling is. The raise in undercooling enhances the
nucleation activity, which in turn, results in a finer grain
microstructure. Therefore, a finer grain and spheroidal
microstructure produced within a sample are due to the higher
cooling rate happened during solidification. The success of
having a smaller primary phase and spheroidal microstructure
by the DTM was depended on the cooling rate [41, 42]. The
theory of gas-assisted DTM, which permits for a rapid change
of heat impedes the microstructure evolution. The copper
mould and the external CO; gas which surrounded the copper
mould provided a chilling effect which produced a finer size
of nuclei and influenced the spheroidal microstructure
evolution. According to a previous study [43], the suitable
primary grain structure in thixoforming feedstock billets was
observed approximately around 100 um. Based on the results,
only sample 10 was not fit to be used for thixoforming
process.

1 2 3 4 5 6 7 8 9 10
Sample Number

Fig. 6 Measurement of average primary phase grain diameter
for 10 samples with errors having 95% confidence intervals.

0.8
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0.4
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0

Average Circularity

1 2 3 4 5 6 7 8 9 10
Sample Number

Fig. 7 Measurement of average microstructure circularity for
10 samples with errors having 95% confidence intervals.

Average Aspect Ratio

1 2 3 4 5 6 7 8 9 10
Sample Number

Fig. 8 Measurement of average microstructure aspect ratio for
10 samples with errors having 95% confidence intervals.

Furthermore, this study also revealed that the addition of
external CO; gas applied to surround the copper mould has
resulted in finer primary grain structure than the samples
produced by the direct thermal method as shown in Fig. 9. The
smallest average primary grain diameter for this study was
found to be 52.4 pm while the results without external cooling
gas was 82.4 pm. This finding clearly showed that the
addition of external cooling gas surrounding the copper mould
has a significant improvement to the DTM process in
providing smaller grain structures by 36.4%. The concept of
having external CO2 gas applied to surround the copper mould
in the direct thermal method was similar to the application of



water circulation underneath the inclined plate in cooling
slope method. The water circulation in cooling slope method
provides higher heat dissipation through convection to the
surrounding, leading to the formation of more solid nuclei that
results in finer grain size [44]. The same scenario happens in
the gas-assisted direct thermal method. The external CO; gas
has catalyzed more formation of solid nuclei happens in the
melt, which was close to the mould wall. This action was due
to the mould wall becomes the coldest surface as compared to
other areas in the melt, resulted in the heat transfer from the
hot to the cold zones. The CO; gas applied at the outer surface
of the copper mould has increased the cooling action and
therefore, improved the heat dissipation from the molten metal
to the surrounding. The degree of undercooling becomes
higher as more heat loss was recorded because of the cooling
action provided by the CO. gas. Higher undercooling during
solidification leads to more formation of solid nuclei, which
resulted in a finer grain size because of a large number of
grains per unit volume. Thus, it was proven that this
innovative method of rapid cooling by adding external CO-
gas surrounded the copper mould had increased the degree of
undercooling, which in turn resulted in the formation of finer
primary grain structure.

€140 m Gas-assisted Direct Thermal Method
2120 m Direct Thermal Method

100

1 2 3 4 5 6 7 8 9
Sample Number

Fig. 9 Comparison between average primary phase grain
diameter for gas-assisted direct thermal method and direct
thermal method samples with errors having 95% confidence
intervals.

4 Conclusions

The experimental work revealed that a proper combination of
pouring temperature and holding time was able to generate
smaller and spheroidal primary grain structures. Combination
of lower pouring temperature and shorter holding time led to
the formation of a smaller size and spheroidal microstructure
due to the higher cooling rate. The addition of external CO;
gas surrounded the copper mould as a rapid cooling agent was
found to have a significant improvement of 36.4% to the
formation of smaller primary phase grain and globular
structure. It is summarized that the combined effect of 645 °C
pouring temperature and 20 s holding time, coupled with the
addition of CO, during DTM produced finer and globular
microstructure features for the wrought aluminium alloy 7075
feedstock billets suitable for SSM forming. The findings
presented in this research contribute to details information and
understanding regarding the behaviours of the AI7075
processed by gas-assisted DTM for thixoforming.
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