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Abstract: Aluminum has widely been used in automotive industries because of its ability to be recycled.
It is concerned that the properties of secondary aluminum are not as good as the primary aluminum because
there are many impurities and also low fluidity values that can reduce the quality of aluminum products. To
determine inclusions and fluidity values, PodFA and Prefil instruments are currently used, but these instruments
are still very expensive in the industry. Therefore, in this research, a progressive oxide inclusion and fluidity
value measuring instrument will be designed. To verify the instrument can work according to its standards, this
research uses an AC8A aluminum alloy to determine the presence of oxide inclusions and fluidity values. The
independent variables used are cast temperature variations of 720°C, 740°C, and 760°C. Based on the results of
testing and characterization, it is found that this instrument can accurately and precisely measure the fluidity of
aluminum alloy, where the sample with the temperature of 760°C provides optimum results, with the mass
filtered every 10 seconds is 225.94 grams, 500.45 grams, and 682.36 grams. Impurities found in aluminum
alloys are Al203, Al3Ti, MgO, AlsCs, and Si (Refractory Brick).
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1. Introduction

Aluminum needs has been steadily increasing along
with time because of its outstanding properties, such as
being lightweight, good electrical and thermal
conductivity, and also good corrosion resistance®. In the
global market, especially in the automotive industry, the
demand for aluminum is high since the industry need
lightweight vehicles to improve energy efficiency??,
Furthermore, secondary aluminum is used to replace the
primary aluminum because of their availability is very
limited. This is also because the energy consumption
required for recycling scrap aluminum is only 5% of
primary aluminum. It is expected that the recycling
process of scrap aluminum can save up to 95% of energy
and contribute to preserving the country's foreign
exchange expenditure as domestic production capacity
increases*?,

Secondary aluminum (scrap) refers to used aluminum
materials that are recycled through melting as raw
material for aluminum production®”. The content of scrap
aluminum is no longer as pure as primary aluminum due
to the presence of impurities. This often results in oxide

inclusions such as MgO, Al,Os, Spinel, SiO,, FeO, and
Fe20s3 in the scrap®'9. These oxide inclusions remain in
the aluminum ingots and can lead to a decrease in surface
quality, machineability, and mechanical properties if
proper treatment is not carried out'V. All of these
inclusions can arise due to various reasons, some of which
are because of poor refining treatments of molten
aluminum, the usage of scrap aluminum that contained
impurities, and also improper experimental procedures.
Chemical reactions in furnace resulting in more impurities
can happen, since the higher the temperature was, the time
for phases and elements that are in the aluminum alloy can
react with oxygen will be longer'?. However, some
mitigation could be done to reduce inclusions in
aluminum, such as using ceramic foam filter, doing proper
refining process such as using flux while melting the metal
in furnaces'>'¥,

Consequently, the resulting products from aluminum
scrap may not be optimal and not meet the Indonesian
National Standards (SNI). Inclusions in liquid metals is
one of the factors that can affect fluidity because
inclusions are insoluble particles that will significantly
reduce the fluidity of liquid metals'>. It happens because
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the impurities will be a foreign object that will hinder the
flow of liquid metals, therefore the flow will not be
smooth and it will change the fluidity of molten aluminum.

Fluidity refers to the ability of liquid metals to flow
through molds and fill empty spaces in the mold at the
metal melting temperature before solidification'®.
Fluidity is an important factor in casting to avoid defects
in liquid metals. In the case of aluminum alloy, fluidity is
influenced by temperature, composition, inclusions,
viscosity, material cleanliness, and rapid cooling
processes'®. However, to improve the fluidity value of
aluminum alloys, it is not only influenced by temperature
but also by mold diameter and vacuum size'®. Currently,
fluidity testing is carried out using various methods that
have been developed, such as the spiral method, vacuum
method, and casting industry methods such as PoODFA and
Prefil.

To determine the type of inclusions and fluidity value
in molten aluminum alloys, instruments such as the
Porous Disc Filtration Apparatus (PoDFA) and Pressure
Filtration (Prefil) are used. These two instruments serve
different functions, where PoDFA provides information
about the composition and concentration of inclusions in
the liquid metal'”'®), while Prefil determines the fluidity
value of the liquid metal'®2?. However, the PoDFA and
Prefil instruments required to determine the type of
inclusions and fluidity value are still relatively expensive.
Therefore, this research aims to develop an Inclusion and
Fluidity Measurement Instrument (IFMI) that can
evaluate the cleanliness of liquid metals, provide
information about fluidity and the concentration of oxide
inclusions present in the metal, and reduce the cost
efficiency of purchasing both instruments. This research
is conducted using various pouring temperatures in the
melting of AC8A alloy, namely 720°C, 740°C, and 760°C,
to test the influence of pouring temperature on fluidity and
the distribution of oxide inclusions.

2. Materials and Methods

2.1 Materials

During this research, the raw material used was AC8A
aluminum alloy that were obtained from an aluminum
smelting company, the other material used was scrap
aluminum that was obtained from past casting processes
in the laboratory. The equipment used in the casting
process were crucible, ladles, zircon, furnace and the
Inclusion and Fluidity Measuring Instrument (IFMI). The
main components for the IFMI assembly were load cells,
vacuum pumps, gas hoses, manometers, thermometers,
and pressure gauges sourced domestically.

2.2 Experimental

The primary raw material used in this research is AC8A
aluminum alloy, which was cut into 5 different parts using
band saw. The initial step in this process involved
weighing the ingredients using a scale with a composition

of 70% or 3.5 kg AC8A aluminum ingots and 30% or 1.5
kg scrap aluminum. Subsequently, the furnace that will be
used need to be cleaned first to prevent impurities and
ensure the cleanliness of the furnace. The furnace will also
be coated with zircon, to minimalize thermal shock and
also to prevent molten metal stuck to furnace wall.

The casting process of AC8A aluminum allow involved
putting 5 kg of scrap and ingots into the furnace, followed
by pre-heating at 200°C to prevent big thermal shock and
thermal gradient. The heating continued until 720°C,
740°C, and 760°C. During the melting process, each
temperature increase required a holding time of 30
minutes to made sure that the molten metal has fully
liquified. After the aluminum has melted completely,
fluxing is needed to completely removed the slag which
was in the molten surface. Once the desired temperature
is reached, the molten metal is poured into a preheated
crucible?V.

The crucible was then placed in the IFMI apparatus for
further testing. Before the crucible was placed, IFMI
needed to be calibrated to made sure that the settings were
compatible. Crucibles are used as containers to contain
molten metal. Crucible was also preheated to prevent
thermal expansion. Micro filter that was preheated will
also be mounted on the base of the crucible. Subsequently,
the molten metal is transferred to the crucible at
predetermined temperature, and at a stable vacuum of —
25 inHg so that the molten metal is forced through the
micro filter. Then, the monitor on IFMI will showed a
graph illustrating the relationship between fluidity and
temperature.

The step marked the final stage of aluminum casting
process, resulting in filtered aluminum alloy, this result
will be followed by characterization for further
examination. SEM (Field emission-SEM FEI Inspect F50)
and EDS (Energy Dispersive Spectroscopy) will be done
to determine the oxide inclusion formed in the sample,
also to see the surface characteristics?>?¥. Optical
Microscope (OM) is also used to analyzed detailed sample
structures and morphologies’”. OM is also used to
determine the suitable location that contained the desired
microstructure for SEM. Lastly, Optical Emission
Spectroscopy (OES) was done to identify the element
that’s in the aluminum alloy, whether it was according to
standard or not*>27,

3. Result and Discussion

3.1 Design and Fabrication of Inclusion and Fluidity
Measurement Instrument (IFMI)

The design and fabrication of the inclusion and fluidity
measurement instrument (IFMI) are carried out as a
substitute product for existing imported products in the
aluminum metal casting industry and to minimize the
limitations of fluidity testing obtained with spiral, square
spiral, and other methods, as can be seen in Figure 1 and
Figure 2. The results of the IFMI instrument design are
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expected to evaluate the cleanliness of the liquid metal and
provide information regarding the fluidity value and the
presence of oxide inclusion concentrations in the sample
using a pure vacuum method assisted by a ceramic foam
filter?®%,

WORKSHOP DIV.
-® ALAT PENGUKUR INKLUS! DAN FLUIDITAS A

Fig. 1: Description of Component Positions in The Design
of IFMI.
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Fig. 2: Single Line Diagram.
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The working principle of this inclusion and fluidity
measurement instrument consists of two main parts: the
vacuum pump control system and the flow monitoring
system. The principle of the vacuum pump control system
is to maintain the vacuum pressure stored in the vacuum
pressure tube (Vacuum Chamber) which is then circulated
by a gas hose attached to the rear part of the chamber to
suction the liquid aluminum in the crucible positioned
above the chamber. On the other hand, the flow
monitoring system is used to determine and read the
results of the liquid aluminum that is suctioned by the
vacuum. The filtered aluminum results will be displayed
on the monitor. Additionally, the flow system mentioned
in the instrument is also used to regulate the electrical
circuitry and sensors within the instrument. The working
system and visual appearance of the IFMI instrument can
be seen in Figure 3 and Figure 4, respectively.

‘ Inclusion and Fluidity Measuring

Instrument (IFMI)

Controlling System

Vacuum System

Vacuum Pump Vacuum Chamber Crucible

Booster Graphic Result

Sample Test Result

Fig. 4: IFMI Instrument.

The design and fabrication of the inclusion and fluidity
measurement instrument have fulfilled the expected
aspects, including ergonomic aspect, meaning that the
instrument is made cheaper and more reliable for testing
while maintaining quality. It has consistently proven its
ability to filter and measure oxide inclusions and fluidity.
The instrument is portable, and also easy to operate. The
desired vacuum pressure has been obtained through
calibration. IFMI instrument can also be used for various
tests such as gas porosity and its effects on fluidity.

3.2 Verification  of  Inclusion and  Fluidity
Measurement Instrument (IFMI) by Varying
Temperature

Temperature is one of the factors that influence the
fluidity value of a metal. The fluidity of liquid metal can
affect the microstructure to become finer and prevent
defects from occurring. The selection of temperature
variations in the verification process is used to consider
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the ease factor. The verification testing is conducted by
varying the temperature to 720°C, 740°C, and 760°C at a
constant vacuum of -25.9 inHg (calibrated result). The
material used is AC8A alloy aluminum, which belongs to
the aluminum-silicon-magnesium alloy type. The initial
process involves preparing the equipment and materials,
preparing the casting process, and preparing the IFMI
instrument for testing. Subsequently, the fluidity test data
is obtained from the data logger of the IFMI instrument
and will be processed in the form of a graph showing the
relationship between mass and time, as shown in Figure 5.
To support the fluidity test data, sample analysis is
performed using metallographic testing to observe the
microstructure. From the graph in Figure 5, it can be seen
that as the temperature of AC8A alloy aluminum increases
from 720°C to 760°C, the fluidity value also increases.
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Fig. 5: Fluidity Value Results.

Quantitative analysis of the increase in fluidity value
with temperature variation with mass yields the following
results: At 720°C, the mass values obtained are 11.700
grams at 10 seconds, 12.141 grams at 20 seconds, 12.977
grams at 30 seconds, and 13.710 grams at 40 seconds.
At 740°C, the mass values are 33.850 grams at 10 seconds,
97.491 grams at 20 seconds, 135.985 grams at 30 seconds,
and 139.760 grams at 40 seconds. At 760°C, the mass
values are 104.400 grams at 10 seconds, 225.940 grams at
20 seconds, 500.450 grams at 30 seconds, and 682.366
grams at 40 seconds. This is in accordance with Zayad M.
and Yunus Emre, where the higher the temperature, the
fluidity also increases®*3D.

In this case, the results of the fluidity testing show that
as the superheat degree increases, the amount of heat that
needs to be released before solidification increases. The
relationship between mass and time with temperature
variation shows that as the temperature increases, the
liquid metal is more easily filtered because there is a
greater amount of heat that needs to be released, resulting
in a larger mass of the liquid metal being filtered with the

assistance of the vacuum provided by the IFMI instrument.

Therefore, temperature, as one aspect to increase the
fluidity value and also decrease the viscosity of the liquid
metal, because based on the literature’® (fluidity is

inversely proportional to viscosity). After the testing, the
AC8A sample is further cut for microstructure observation
using metallographic testing. The microstructure images
of the AC8A sample can be seen in Figure 6.

iR
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i

Fig. 6: Microstructure of AC8A Aluminum Alloy at 500x at
(2) 720°C (b) 740°C (c) 760°C.

Microstructure testing was conducted using Optical
Microscopy (OM) to observe the grain structure formed
from the used temperature variations. The OM test began
with sample preparation, which involved sequential
grinding using sandpaper with grit sizes of 180, 240, 300,
500, 600, 800, 1000, and 1500. Subsequently, polishing
was performed using velvet cloth and alumina, followed
by etching using Keller's reagent. Figure 6 presents the
results of the testing using temperatures of 720°C, 740°C,
and 760°C, which showed significant structural changes.
Upon examination of the grain size and distribution, it was
observed that at 760°C, the grain size was smaller
compared to 720°C and 740°C. According to the literature,
temperature influences grain size, whereby higher
temperatures used during casting result in finer and
smaller grains. This, in turn, affects the mechanical
properties of aluminum, improving its elongation and
making the material more ductile. The microstructure
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shows that when the temperature is below 720°C, the alloy
mainly consists of deformed grains, and the degree of
recrystallization is minimal. When the temperature rises
to 740°C, the alloy shows a more even distribution of
recrystallized grains. However, when the deformation
temperature reaches 760°C, the recrystallized grains tend
to become coarse. Therefore, it can be concluded that the
degree of recrystallization is strongly influenced by the
deformation temperature?>3%,

3.3 Analysis of OES Testing Results

Optical Emissions Spectroscopy (OES) testing needs to
be conducted to determine the elemental composition of
the metal. OES testing provides data on the actual
percentage of elements present in the tested material.
Table 1 shows the chemical composition of AC8A
aluminum alloy obtained from OES testing. Both
chemical compositions align with the range of each
element found in AC8A aluminum alloy according to the
literature

Table 1. OES Results on AC8A Aluminum Alloy

Elements Reference Percentage
Al >80% 83.2%
Si 11-13% 12.6%
Fe <0.8% 0.194%
Cu 0.8-1.3% 1.17 %
Mn <0.15% 0.0346%
Mg 0.7-1.3% 1.29%
Ni 0.8-1.5% 1.30%
Zn <0.15% 0.0256%
Pb <0.05% < 0.002%
Ti <0.2% 0.0355%

Therefore, the material used in this research conforms
to the JIS H5202 and ISO 3522 standards for AC8A
aluminum alloy. This confirms the suitability of using
ACS8A aluminum alloy for casting purposes. The OES
testing results indicate that the chemical composition of
ACS8A aluminum alloy consists of Al-12Si-1Mg, with Al
accounting for 83.2%, Si for 12.6%, and Mg for 1.29%.

3.4 Surface Area and Pore Characteristics

Figure 7, shows the results of testing using Scanning
Electron Microscopy (SEM) on the three samples
obtained from casting AC8A aluminum alloy at different
pouring temperatures of 720°C, 740°C, and 760°C. The
solid samples are then cut at the bottom for a length of
25mm, followed by metallographic preparation, including
mounting, grinding, and polishing, to make the inclusions
visible under the microscope>=39. In the SEM testing, the
surface of the samples was magnified by 5000x. The
observed results in Figure 7 align with the findings of
previous studies, which identified the presence of various
inclusions, such as AlO;, MgO, Spinel, and others,
located before the sample filter®”.

Fig. 7: Analysis of inclusion distribution with SEM-EDS at
different pouring temperatures (a) 760°C, (b) 740°C, (c) 720°C
for AC8A aluminum alloy casting.

The samples exhibit a significant distribution of
inclusions, with a higher concentration of inclusions
observed in the AC8A aluminum alloy at a pouring
temperature of 760°C>%3., Based on the results in Table 2
of the EDS characterization, the dominant elements in the
SEM-EDS analysis were Al at 65.95%, C at 5.24%, and O
at 21.79%. According to literature***D, these elements can
form inclusions such as Al,O3, Al3Ti, and Al4Cs. Similarly,
the EDS characterization in Table 2 confirms the
dominance of Al at 65.95%, C at 5.24%, and O at 21.79%
in the SEM-EDS analysis.

SEM analysis of the sample with a pouring temperature
of 740°C reveals a uniform distribution of inclusions,
primarily consisting of a single type of inclusion. Based
on the results in Table 2 of the EDS characterization, the
dominant elements in the SEM-EDS analysis were Al at
57.13%, Si at 10.39%, and O at 26.74%. However, there
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is also a presence of Mg at 2.05%, indicating the
formation of MgO inclusion and Si as refractory brick, as
seen in Figure 7, as suggested by literature**D.

SEM analysis of the sample with a pouring temperature
of 720°C also shows a uniform distribution of inclusions,
predominantly consisting of a single type of inclusion.
Based on the results in Table 2 of the EDS characterization,
the dominant elements in the SEM-EDS analysis were Al
at 51.47%, Si at 9.28%, and O at 31.85%. Additionally,
there is the presence of P at 6.09%, indicating the
formation of complex compounds with other elements that
can be trapped within the crystal structure and cause
inclusions. According to literature, these elements can
form Al,Os inclusions, as seen in Figure 7.

Table 2. Detected Elements from Point Testing using EDS
Analysis Indicating the Formation of Inclusions in AC8A

Aluminum Alloy.
Temperature Incluzion Element Weizht % Atomic%h

[s] 34 5.76

[s] 2175 30.51

Al 63.83 3475

ALy and 8i 344 1.75

ALC, P 235 1.70

Ca 0.18 0.08

Ti 0.22 0.10

Te0'C Fe 0.84 034
c 3138 33.58

o] 313 6.63

Al 32.66 23.00

ALTi 81 279 2.05

Ca 5.76 .08

Ti 8.57 3.87

Fe 5.30 EET)

[s] 26.74 3851

=0 and 51 Mz 203 193
0T v Al 57.13 4854
Brck) 8 10.33 848

P 3.69 173
(o] 31.85 4444

M= 131 1.20
e Mz0 Al 5147 4259
8i 5.28 738

P 6.09 438

3.5 Analysis of The Success of The Inclusion and
Fluidity Measurement Device (IFMI)

The success of a testing device is evaluated based on
precision and accuracy. Precision refers to the device's
ability to produce consistent values in a series of
measurement activities, while accuracy is the device's
ability to produce values that are close to the true value of
the measured quantity. This is due to the random error
inherent in any measurement process; factors that affect
the measurement results cannot be fully controlled. In
practically interpreting measurement data, this variability
must be considered. The difference between the test
results and some specific values may be within the range
of unavoidable random errors, so significant deviations
from the set values cannot yet be identified. Calibration is
required for measurement devices to compare the
measured quantity indicated by the measuring instrument
with a more precise standard instrument through an
unbroken chain of comparison to the International System
of Units (SI). Table 3 and Table 4 presents the results of
accuracy and precision testing using standard blocks,
respectively.

Table 3. Results of Standard Block Testing to Calculate the
Accuracy of the IFMI Device.

Accuracy i

Nlo 1 Block Rez:hnz ) 3 Error Pomt Average |
2 0.58 0.89 1 1 0.59
3 0.58 0.58 1 2 0.986666667
4 058 058 1 2 0.986666667
3 058 058 1 2 0.986666667
[ 0.58 0.58 1 2 0.986666667
7 0.58 0.58 1 2 0.986666667
8 0.58 0.58 1 2 0.986666667
9 058 058 1 2 0.986666667
10 058 058 1 2 0.986666667
11 0.58 0.58 1 2 0.986666667
12 089 1 1 1 0.956666667
Average 0.98787ET8E
Standard Deviation 0.003081388
Blok Standard 1k
Upper Limit 1
Lower Linit 0.58
Average ammor 1.818182 1.82%
Acenracy 93.181318181318200%

Table 4. Results of Standard Block Testing to Calculate the

Precision of the IFMI Device.
Precizion
Measurement Data
Miasz Block Feading (1 k=)
0.98
098
098
0.99
0.99
0.99
0.99
098
098
10 098
11 0.98
12 0.99
Standard Deviation
Average

\nmqmm.h.mnn—-?

0.003149287
(.584 1666867

The results of precision and accuracy testing of the load
cell using a standard 1 kg block were conducted to assess
the success of the Inclusion and Fluidity Measurement
Device as a testing instrument. The calculation results
indicate that this device has an accuracy and precision
level of 98%, where the standard for accuracy and
precision of testing devices is considered accurate when it
is above 95%.

4. Conclusion

In conclusion, an oxide inclusion and fluidity
measuring instrument (IFMI) designed that able to
evaluate the cleanliness of liquid metal and can provide
information related to fluidity and the concentration of
oxide inclusions contained and also reduce the cost
efficiency of existing instruments in the industry is
successfully created. The working principle of this fluidity
instrument consists of two main parts, the vacuum pump
control system and the flow monitor system so that it can
work according to its function. Fluidity at 760°C is higher
than the temperature of 720°C and 740°C, this is because
fluidity is influenced by the pouring temperature where
the higher the pouring temperature, the amount of heat
that must be released and more, so the higher the fluidity
value in AC8A aluminum alloy. The presence of
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inclusions in the test material is also influenced by
differences in temperature, where the higher the pouring
temperature, the fewer inclusions are found in the
microstructure. The oxide inclusions that were found in
this study is also in accordance to previous research,
generally AlbOs, Al3Ti, Al4Cs and MgO. The success of
the IFMI instrument has been proven by its function to
determine the presence of inclusions and measure the
fluidity value of liquid aluminum and has been tested from
the accuracy and precision measurement results level of
98%.
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