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Abstract

The increasing demand for lightweight material specifications has forced researchers to develop lightweight materials that
are inexpensive, can be produced on a large scale, and are environmentally friendly. One solution that has been developed
is an aluminum composite reinforced with sea sand. Indonesia has the second longest coastline in the world, which means
that the country is rich in maritime resources, one of which is sea sand. The ceramic contents of SiOz, SiC, and Al2Os allow
sea sand to be used as a reinforcement in aluminum composites for engineering purposes. The most effective manufacturing
method of AA6061-sea sand composites is stir casting, but the homogeneity and distribution of particles are the main
disadvantages of the stir casting method. Various factors affect particle distribution and homogeneity, one of which is the
flow during the stirring process. The increase in turbulent flow in the stirring process affects the homogeneity and
distribution of the particles. One way to create a turbulent flow when stirring is to add baffles. This paper examines the
effect of adding baffles during the stir casting process on the mechanical properties of AA6061-sea sand composites. The
mechanical properties of AA6061-sea sand composites were characterized using the Brinell hardness test according to
ASTM E-10. The test results show that the addition of baffles during the stir casting process decreases the hardness of the
AA6061-sea sand composites due to the turbulent flow that occurs. This makes the material more porous, which makes
the AA6061-sea sand composites less hard.
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1. Introduction

The need for light and strong materials increases year by year. The automotive and manufacturing industries, as well
as various industries, including sports, health, and food and beverage industries, are starting to switch to using
lightweight materials. One of the materials that continues to be developed is metal matrix composites. Generally, the
composites used in various industries are aluminum matrix composites because aluminum has an excellent strength-to-
weight ratio that can be increased [1-3]. Aluminum composites use ceramic particles and oxides as reinforcement in the
manufacturing process. Ceramics or oxides of Al,Os, SiC, SiO», and Fe;Os are widely used as reinforcements due to
their superior mechanical properties and good thermal properties. One of the natural resources containing many SiO»
and Fe,O3 oxides is sea sand. Sea sand found on the south coast of Java has a SiO; and Fe,O3 content of 42.2% [4, 5].
The southern coast of Java contains many magnetic and non-magnetic minerals. Based on the XRD results, ceramic
compounds and oxides such as Al,Os, SiO», TiO,, and Fe,O3 are contained in sea sand on the south coast of Java. [6].
The distribution of sea sand containing ceramics and oxides stretches from the southern coasts of West Java, Central
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Java, Yogyakarta, and East Java to the southern coast of Nusa Tenggara. [7, 8]. These various compounds can be used
as raw materials for engineering purposes, such as magnets and metal matrix composites.

Aluminum composites are manufactured by various methods, such as 1) liquid state, 2) powder metallurgy, and 3)
spontaneous infiltration [9, 10]. However, the liquid state processing method, especially stir casting, is preferred due to
its ease of operation and ability to produce large quantities of aluminum [11]. Despite its convenience, stir casting has a
weakness, namely the distribution of particles that are not homogeneous in the material [1, 12]. The non-uniform
distribution of particles results in a decrease in the strength of composites that prevents the desired properties from being
achieved. In addition, an inhomogeneous distribution of particles can be caused by the agglomeration of particles, thus
initiating porosity and causing material failure [13]. Figure 1 shows the factors that influence the occurrence of porosity
in the stir casting process. Among these factors is the stirring process; the stirring factor depends on parameters such as
the stirrer angle, agitation speed, agitation time, stirrer diameter, and stirrer position. All of this aims to create a vortex
so that the particles can be dispersed in molten metal, thereby minimizing the occurrence of agglomeration.

In stir casting, particle agglomeration and the dead zone are often observed due to the lack of interaction between
solids and molten metal [14]. Particle sedimentation depends on the characteristics of the particles and the flow in the
crucible, and the flow that occurs in particle sedimentation is a turbulent flow [15]. To prevent particle sedimentation,
baffles are generally used to improve the performance of the mixture [16]. Baffles can suppress the stable vortex flow
and increase the intensity of drag and turbulent flow on the surface of molten metal. A strong circulation from the top
to the bottom of the crucible makes the particles traverse a longer flow path [17]. Numerical modeling in previous studies
resulted in better CFD modeling for a system interface with baffles compared with no baffle mixing [18]. Better SiC
distribution was obtained in the SiC-water mixture using baffles at low-rotation stirring [19]. Inhomogeneous
distribution can minimized by adding baffles during the stirring process in the stir casting method. The addition of
baffles to the crucible walls during the stirring process is intended to cause a turbulent flow of molten metal. This
turbulent flow initiates the dispersion of reinforcing particles into the molten aluminum matrix during agitation [18-20].
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Figure 1. Fishbone diagram of porosity occurrences in stir casting by Suthar & Patel (2018) [21]

Previous studies examined the simulation of stir casting in the stirring process with a focus on the size, position, and
angle of the stirrer. References to the use of baffles in stir castings are very limited and are only found in research that
uses numerical simulations. However, there are still knowledge gaps in the development of composites with baffle
intervention in stir casting experiments. Therefore, it is important to experimentally study the effect of using baffles on
aluminum stir casting to achieve effective production and to increase the homogeneity of composite products. This paper
aims to investigate the effect of baffle intervention on the production of aluminum composites using the stir casting
method.

2. Materials and Methods

Aluminum alloy 6061 was used as the matrix in this study. Sea sand obtained from the south coast of Java
(‘YYogyakarta, Indonesia) was used as a reinforcement for aluminum matrix composites with a fraction of 2 to 6% wit.
The experiment procedure followed these steps:
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e Firstly, sea sand was ball milled to obtain 200 mesh sea sand particles.
e Then, sea sand was washed with alcohol to remove impurities.

o After that, 40 g of sea sand was treated with an electroless coating with a mixture of 40 mL of HNOs, 1 g of
magnesium fine powder, and 0.5 g of aluminum fine powder. The treatment with an electroless coating aims to
increase the wettability of sea sand particles in molten aluminum [22].

o The last step is the stir casting process, which entailed the use of a four-blade impeller coated with TiO, as shown
in Figure 2. The agitation process was carried out at 400 rpm for 5 minutes. After that, 1% wt magnesium powder
was added as a wetting agent; then, agitation was continued for 5 minutes. Figure 3 shows the baffle configuration

when the agitation process was used.
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Figure 2. Stir casting apparatus: (a) technical drawing (unit in mm) and (b) laboratory setup
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Figure 3. Baffle configuration

For the calculation of density and porosity, the Archimedes method was used following Equations 1 and 2, where
pth symbolizes the theoretical density, pm, and pp are the density of the matrix and reinforcement, Vm and Vp are the
volume fraction of the matrix and reinforcement, pa symbolizes the actual density of the composite, and ms and mg
represent specimen mass in air and water. Next, the porosity (P) was calculated using Equation 3. The density was
measured using Vibra AJ-620E Precision Balance Analytical Scales (Shinko Denshi Co. Ltd., Tokyo, Japan), and the
measurement scheme is shown in Figure 4. The tensile test was measured with SUNPOC WEW-300D Hydraulic
Universal Testing Machine (Guizhou Sunpoc Tech Industry Co., Ltd., Guiyang City, China) according to JIS Z 2201:
1998, No. 14a test piece.

Pen = PpVm+ P,V (1)
mg
Pa= o X P (2)
= — P_a 0,
P (1 pth) x 100% ®)
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(4)

Hardness testing was carried out using the Brinell hardness test with reference to ASTM E-10 with a 2.5 mm steel
ball indenter and 62.5 kg load. Brinell hardness was calculated based on Equation 4, where P symbolizes the load, D
symbolizes the diameter of indenter, and d symbolizes the width of indentation diameter on the specimen. The Brinell
hardness test apparatus was a Contorlab Dia Testor 2RC (Controlab, Paris, France). The research flowchart is shown in

Figure 5.
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Figure 5. The flowchart of our research method

3. Results and Discussion

The XRD test results show that sea sand contains SiO; and Fe,QOs, as shown in Figure 6. The presence of a silicon
oxide compound, which has a higher hardness than the aluminum matrix also affects the mechanical properties of the
composite. The use of baffles in the stir casting process affects the physical and mechanical properties of the AA6061—
sea sand composite. In general, baffles are used to improve the attribution of stirring results [18]. The use of flat baffles
and round baffles increases the porosity and decreases the composite density in all variations compared to the stir casting
process without using baffles. The results of calculating the composite density are shown in Figure 7, and the results of
calculating the percentage of porosity are shown in Figure 8.
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The highest density in the use of flat baffles was achieved with the addition of 4% wt sea sand, and the lowest density
was obtained with the addition of 6% wt sea sand. Furthermore, the lowest porosity was achieved with the addition of
4% wt sea sand, and the highest porosity was obtained with the addition of 6% wt sea sand. The use of round baffles in
the stir casting process produces the highest density with the addition of 2% wt of sea sand and the lowest density with
the addition of 6% wt of sea sand. The lowest percentage of porosity was achieved with the addition of 2% wt sea sand.
From the results, it can be concluded that baffles are present during the agitation process, increasing the likelihood of
entrapped gas. This is because the baffles not only eliminate swirling but also increase turbulence intensity, which
promotes porosity [20].

The results of the Brinell hardness test on the composites are shown in Figure 9. The results of the Brinell hardness
test show that the hardness of flat baffle configuration increases with the addition of 2-4% wt sea sand by 60.4 and 62.2
HB and then decreases to 58.8 HB when 6% wt of sea sand is used. This decrease was caused by the increase in porosity
when 6% wt sea sand was added, whereas in the round baffle configuration, the composite hardness decreases with the
addition of sea sand, namely 62.4, 60.5, and 60.1 HB, and the highest hardness is achieved at 2% wt sea sand. This
shows that, as more particles of sea sand are added, the hardness of the AA6061-sea sand composite decreases compared
to the hardness of the composite with stir casting but without baffles.
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Figure 9. Hardness of aluminum composite

A similar phenomenon occurs in the ultimate tensile strength (UTS), as shown in Figure 10. The highest UTS values
for flat baffle and round baffle configuration were achieved with the addition of 4% wt sea sand and 2% wt sea sand,
respectively. From the results of the hardness test and the UTS of the composite, it can be concluded that the use of
baffles reduces the mechanical properties of the Al6061-sea sand composite compared with manufacturing composites
without baffles.
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Figure 10. UTS of the AA6061-sea sand composite
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From the test results, it can be concluded that the use of baffles reduces the mechanical properties of the Al6061—
sea sand composite. This phenomenon is consistent with the density and porosity characterizations shown in Figures 5
and 6. Generally, molten metal is stirred to create a surface vortex to mix the particles into the liquid [19]. Individual
particles can form clusters on the surface of the vortex before they are added to the molten metal. This causes light
particles to move around the stirrer and heavy particles to be stirred away from the stirrer due to the centrifugal force
generated during the stirring process. This phenomenon damages the uniformity of the mixture [20]. The presence of
baffles converts the mixed circulation into a vertical circulation, ensuring that the particles pass through the agitation
zone where there is maximum agitation, resulting in a more homogeneous mixture [23]. In the agitation process without
baffles, the particles travel according to the vortex path that is formed, whereas in the agitation process with baffles,
particles experience more movement when agitation occurs [18].

In addition, the use of baffles in the stir casting process also increases the turbulence of the mixture, which causes
the sea sand particles to disperse in the matrix [19]; on the other hand, the use of baffles in the stirring process causes
air to become trapped in the liquid metal, causing an increase in porosity, and thus a decrease in the mechanical strength
of the composite [21, 24].

Microstructural observations show that the distribution of particles in composites manufactured using baffles is more
even than un-baffled manufacturing. On the other hand, baffles increase the tendency for gas to become trapped in the
liquid metal during stirring, as shown in Figures 11-a and 11-b. This trapped gas causes porosity, which results in lower
composite hardness. Furthermore, in composites with no baffle manufacturing, the distribution of sea sand particles is
uneven, as shown in Figure 11-c. Agglomeration and interfacial debonding occurs when a higher number of sea sand
particles are added, as shown in Figures 12 to 14. A comparison of the mechanical properties of aluminum composites
is shown in Table 1. The results in Table 1 show that the AA6061-sea sand composite produces a higher hardness than
in previous research because the addition of sea sand particles provides a strengthening effect. The dispersion of particles
between the aluminum atoms activated the Orowan mechanism, which increases the hardness of the composite [25]. On
the other hand, the tensile strength of the composite reinforced by sea sand has not yet reached the maximum tensile
strength due to the coarse particle size of the sea sand. A coarse particle size has a lower surface area compared to finer
particle size. This lower surface area causes weaker interfacial bonds, so that the mechanical bond between the matrix
and the coarse particles is lower when compared to the reinforcing particles with a finer size. It is this low mechanical
bond that results in a lower tensile strength [1].

Figure 11. Microstructure observation of 6% wt sea sand with a) flat baffle; b) round baffle; and c) without baffle
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Figure 14. SEM observation of the AA6061-sea sand 6% wt composite with round baffle
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Table 1. A comparison of the mechanical properties of aluminum composites [12]

Composite Result
AAB061-2% wt sea sand (EC) without baffle 71 BHN and 128.57 MPa
AA6061-4% wt sea sand (EC) with flat baffle 62,2 BHN and 123.7 MPa

AAB061-2% wt sea sand (EC) with round baffle 62,4 BHN and 124.72 MPa

Al-3Mg-5% wt fly ash [26] 54.96 BHN
Al6061-5% wt Al,0;-8% wt bagasse ash [27] 180 MPa
AISil0Mg + 10% fly ash + 10% rice husk ash [28] 410 MPa
Aluminum-bottom ash [29] 19 BHN and 87 MPa

The particle distribution in the specimens with and without baffles is reflected by the hardness distribution in the
cross section of the specimen with the test scheme, as shown in Figure 15. There are twelve test points on the cross-
section of the specimen, which represent the distribution of sea sand particles when stir casting is carried out with baffle
variations; the test results are presented in Table 2. These results show that specimens with a stir casting process using
baffles showed lower deviations than specimens manufactured without baffles. However, the average hardness obtained
by specimens manufactured without baffles obtained a higher hardness level than specimens manufactured using baffles.
This is because the uses of baffles increases the flow path of the particles, so that they become evenly distributed during
stir casting [20].

10

_Bottom

Figure 15. Testing scheme of the hardness distribution of composites

Table 2. The hardness distribution of composites

1 2 3 4 5 6 7 8 9 10 11 12 Mean (BHN) Deviation
Non-baffle 572 563 368 529 563 497 373 545 545 554 442 521 50.6 6.94
Flat baffle 475 455 483 49.0 475 513 490 521 572 545 49.0 537 50.4 3.28
Round baffle  49.0 475 490 490 462 490 468 483 505 497 448 505 48.4 1.66

The use of baffles that increase the intensity of turbulence also increases the level of trapped air. This is evident from
Figure 16, which shows cross sections of flat-baffle and round-baffle specimens with porosity in specimens. The trapped
air that forms porosity is a side effect of the use of baffles, the percentage of porosity that occurs in this specimen causes
a decrease in the mechanical properties of the AA6061-sea sand composite, although the distribution of sea sand
particles is more uniform when the stir casting process is carried out using baffle variations.
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Figure 16. Cross section of the specimen: a) flat baffle; b) round baffle; and c) without baffle

4. Conclusion

The use of baffles in the stir casting process for AA6061-sea sand composites resulted in a more homogeneous
distribution of sea sand particles. However, baffles have an influence on the porosity of composites. An increase in
porosity correlates with a decrease in the hardness of AA6061-sea sand composites. Composites with the best
mechanical properties had approximately 2% wt of sea sand particles without baffle manufacturing. For the variation
using baffles, manufacturing using flat baffles increased mechanical properties with the addition of up to 4% wt sea
sand particles and then decreased when 6% wt sea sand particles were added. For round baffles, the results of mechanical
properties have a different tendency compared to flat baffles. The mechanical properties decreased with the addition of
sea sand particles of more than 2% wt. According to the particle distribution evaluation, manufacturing with baffles has
a more positive effect than manufacturing without baffles. However, further research must be conducted to compensate
for the effect of porosity by the use of baffles in stir casting. Based on the current results, other sets of testing are
required, e.g., bending, tensile, and impact testing, to quantify the effect of baffles on the composites subjected to
destructive tests. These experiments will provide mechanical characteristics, which are beneficial for studying newly
introduced composite materials as part of industrial commodities. The processes of matching and linking with market
demand, especially in the mechanical engineering field, are recommended for future studies as an important reference
for the mass production of materials.
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