https://doi.org/10.15407 /ufm.20.03.396
P. PUSPITASARI and J.W. DIKA

Mechanical Engineering Department, State University of Malang,
5 Semarang Str., 65145 Malang, East Java, Indonesia

CASTING QUALITY ENHANCEMENT
USING NEW BINDERS ON SAND CASTING
AND HIGH-PRESSURE RHEO-DIE CASTING

Casting quality is a perfection factor for measuring the success of the metal casting.
One of efforts to obtain high-quality casting product is identifying the quality of
sand moulding used. Identification of the sand-moulding quality is defined by the
hardness, shear strength, tensile, and permeability. This article reviews the expla-
nations of the strength of sand moulding with composition variation of binder type:
(1) sand moulding, bentonite, fly ash, and water; (2) sand of mount Kelud eruption,
bentonite, and water; (3) sand of mount Kelud eruption, Sidoarjo mud, and water;
(4) sand of mount Kelud eruption, Portland cement, and water; (5) sand moulding,
volcanic ash, and water; (6) green sand, bentonite, fly ash, and water; (7) sand of
Malang, bentonite, tapioca flour, and sago flour; (8) sand moulding, bentonite,
Portland cement, and water. High-pressure rheo-die casting commonly known in the
literature as rheo-high-pressure die casting (rheo-HPDC) is a novel casting tech-
nique in producing good-quality cast products. Escalating market demand drives the
development of new technology, with which casts with excellent mechanical proper-
ties, good microstructure, and minor casting defects can be produced. As an ad-
vanced version of HPDC, rheo-HPDC can be regarded as a smart manufacture tech-
nique, since it integrates the semi-solid metal technology that considers the proper
preparation of slurry. The slurry-making process has been continuously developed,
and the latest preparation method is the self-inoculation method. This review article
discusses the procedure, mechanism, development, and product quality of sand cast-
ing with new binders as well as rheo-HPDC technique.Keywords: diffusion, marten-
site, austenite, radioisotope, dislocation, stack-ing fault defect.

Keywords: casting quality, moulding sand, binders, rheo-HPDC, smart mechanism,
aluminium.
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1. Introduction

The ever-increasing amount of engineering process in the field of tech-
nology is primarily an effort to optimise the use of natural resources
effectively and efficiently for the benefit of human life [1]. Casting is
an engineering process in the branch of production engineering, in
which Indonesia requires to redouble more serious efforts to improve its
product quality, production system, and production cost, hence more
internationally competitive cast products. Training programmes are
highly suggested by experts in casting, foundry operations in Indonesia,
and industrial development [2]. Of all casting techniques, sand casting,
as a casting process that utilises sand moulds, is the oldest known in
existence. The sand casting process involves designing pattern, making
moulding sand, forming a mould cavity, melting metals, pouring molten
metal into the mould, breaking up the mould and removing the casting,
and cleaning the casting [3].

Sand and metal are two types of mould media commonly used in
casting processes. Due to its superior heat dissipation capability, a met-
al mould can rapidly solidify cast alloys and thereby enhance dendritic
cells. Cast components produced in metal moulds typically exhibit high-
er ductility than in sand moulds [4]. Despite many new advanced tech-
nologies for metal casting, sand casting remains the most widely used
technique due to its low-cost feedstock, varying sizes and compositions,
and reusable moulding sand [5]. In fact, sand casting is by far the oldest
and most common manufacturing method [6, 7] for over 70% of all
castings [8—10]. The two statements above suggest that good castings
can be manufactured through metal casting. This technique is preferred
because mass production of castings can be done over a short span of
time, hence lower production costs than the sand casting process.

In sand casting, mould making is a critical stage, which must be
performed for each casting. The composition of moulding materials af-
fects the bonding strength of the sand. A sand mould is formed by com-
pacting the moulding sand. The types of sand commonly used for mould-
ing are natural sand and artificial sand-clay mixtures [11]. Some
determining factors in producing good-quality cast products are raw
materials, material composition, moulding sand quality, smelting sys-
tem, pouring system, and casting finishing process [3].

Several primary requirements of moulding sand are formability,
easy to manufacture and capable of holding the mould shape once mol-
ten metal is poured into the mould cavity, permeability, determining
how much gas in the mould or molten metal is able to pass through dur-
ing casting, and grain-size distribution, which affects formability and
permeability [12]. Moreover, moulding sand should have thermal stabil-
ity (i.e. the ability to withstand heat damage such as cracking and dis-
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Fig. 1. The sequence of research development of binder compositions for sand mould-
ing to optimise casting quality (2009-2017)

tortion), reusability (i.e. the ability to be recycled for future use for
environmental and economic significance) [8], and collapsibility (i.e. the
ability to compress or collapse during casting solidification).

Adding special binders is one way to improve the bonding capacity
of moulding sand. Several materials that can be used as binders are
water-glass, resin, cement, flour, and others; these binding materials
can hold shape and certainly affect the quality of cast products [11].
The most widely used binding material for sand casting is bentonite [13,
14]. Bentonite is preferable because it produces excellent binding
strength and becomes plastic when wet and hard when dry [15]. Ben-
tonite is a kind of clay produced from the alteration of volcanic ash,
containing primarily montmorillonite. Bentonite consists of plate-sili-
cate minerals and is categorised into a group of minerals called alumi-
nosilicates [16].

A feasible core binder is the key element to optimal sand with high
strength and intended performance, and thus, it has a major impact on
production technology and casting production costs [17—18]. The devel-
opment of binding materials over time is illustrated in Fig. 1.

2. Properties of Sand Moulds with Fly Ash

High-quality sand moulds in the casting industry are those composed of
sand containing high silica content. Silica is heat-resistant, absorbent,
thermally conductive, and sufficiently permeable to allow the escape of
gas that forms during casting and, consequently, prevent casting de-
fects [19]. The greatest difficulty in using fly ash in casting is its dif-
ferent composition since it is produced from the burning of coal. Thus,
its physical properties and chemical composition are also determined by
the criteria of the combustion process [20]. A study on the use of fly ash
as a binder in sand mould production.
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Figure 2 shows the research scheme to determine the compressive
test with a variety of binder compositions. The binder uses bentonite
and fly ash. The research found that the addition of fly ash in the
moulding sand mixture had an effect on the compressive strength of the
sand mould [21].

Figure 3 shows among the other three compositions, the fourth
moulding sand composition had the lowest compressive strength. The
addition of 2% fly ash in the moulding sand mixture increased the
compressive strength by 11.4% compared to the one without fly ash; it
was due to the occurrence of a complete pozzolanic reaction [21]. The
pozzolanic reaction is a reaction between calcium and silicates or alu-
minates to form cementing agents (CaSiO,H,0 and CaAl,0,H,0), as
shown below:

CaO + H,0 — Ca(OH),;

Ca(OH), —> Ca? + 2(OH);
Ca®* + 2(OH) + Si0, — CaSiO0,H,0;
Ca®* + 2(0OH) + ALO, — CaAl,0,H,0.

ISSN 1608-1021. Usp. Fiz. Met., 2019, Vol. 20, No. 3 399



P. Puspitasari and J.W. Dika

The addition of 2% fly ash to the mould composition increased the
hardness of the sand mould by 82.6% . A pozzolanic reaction occurred
completely in the specimen, in which the cementing agents hardened
and bound sand grains. The strong bond shortened the distances be-
tween grains so that the sand mould got solid.

3. Properties of Sand Moulds
with Bentonite, Sidoarjo Mud, Portland Cement

The study of combining bentonite, Sidoarjo mud, and Portland cement
as a binding agent for sand moulding is described as follows.

Figure 4 shows the research procedure for optimising casting qual-
ity through the addition of different binders, i.e. bentonite, Sidoarjo
mud, and Portland cement. Compressive, shear, and tensile tests were
carried out on sand moulds both in dry and wet conditions. These re-
searches found that the addition of bentonite in moulding sand mixture
with dry condition had an effect on the compressive strength and shear
strength of the sand mould, while the addition of Sidoarjo mud had an
effect on the tensile strength [22].

As shown in Fig. 5, the mixture of moulding sand and bentonite
in dry condition had the highest compressive strength, followed by the
moulding sand-Sidoarjo mud mixture, while the moulding sand added
with Portland cement in wet state had the lowest compressive
strength [22].

Compressive Test

(‘Sand from Mount Kelud | /Wet Condition

Eruption (80%) Shear Test

B ot oy
Shear Test
4 A sy
Sand from Mount Kelud Wet Condition
1 0,
Sand Moulding Eruption (80%)
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Fig. 4. The study scheme of moulding sand compositions with bentonite, Sidoarjo
mud, and Portland cement [22]
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Fig. 5. Compressive strength (N/
cm?) comparison of moulding sand
specimens mixed with bentonite,
Sidoarjo mud, and Portland ce-
ment [22]

Fig. 6. Shear strength (N/cm?)
comparison of moulding sand spe-
cimens mixed with bentonite, Si-
doarjo mud, and Portland cement
[22]

Fig. 7. Tensile strength (N/cm?)
comparison of moulding sand spe-
cimens mixed with bentonite, Si-
doarjo mud, and Portland cement
[22]
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According to Fig. 6, the mixture of moulding sand and bentonite in
dry condition had the highest shear strength compared to those with the
other binders under study (Sidoarjo mud and Portland cement), while
the moulding sand-Portland cement mixture in wet condition had the

lowest shear strength [22].
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As shown in Fig. 7, the results of the tensile testing showed that the
mixture of moulding sand and Sidoarjo mud used in dry condition had
the highest tensile strength, followed by that with bentonite in dry con-
dition and the lowest tensile strength was found in the moulding sand
mixed with the Sidoarjo mud in wet condition [22].

Under wet condition, the moulding sand added with 15% bentonite
had the highest compressive strength of 8.7 N/cm?2. The mixture with
the highest shear strength was that with moulding sand and 15% ben-
tonite (56.03 N/cm?). The highest tensile strength of 0.7 N/cm? belonged
to the mixture of moulding sand, 15% bentonite, and 15% Portland ce-
ment. In wet condition, the highest compressive strength of 14.55 N/
cm? belonged to the mixture of moulding sand and 15% bentonite. The
highest shear strength was 6.5 N/cm? and found in moulding sand con-
taining 15% bentonite. The highest tensile strength of 1.3 N/cm? be-
longed to the moulding sand mixed with 15% Sidoarjo mud.

4. Properties of Sand Moulds
with Mount Kelud’s Volcanic Ash

Mount Kelud erupted in 2014. The sound of the blast was so powerful
that it was heard across the city of Yogyakarta (200 km away) and even
Purbalingga (300 km away) [23]. During this eruption, mount Kelud
ejected many kinds of volcanic material such as volcanic ash. Volcanic
ash or volcanic sand contains major elements (aluminium, silica, potas-
sium, and iron), minor elements (iodine, magnesium, manganese, atri-
um, phosphor, sulphur, and titanium), and trace levels (aurum, asbes-
tos, barium, cobalt, chrome, copper, nickel, plumbum, sulphur, stibium,
stannum, strontium, vanadium, zirconium, and zinc). Five elements

' N\
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Volcanic Ash (5%)
0,
Water (4%) Shear Test
- J
. Moulding Sand (86%) Compressive Test
Sand Moulding K———————— Volcanic Ash (10%)
0,
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Moulding Sand (81%) Compressive Test
Volcanic Ash (15%)
Water (4%)
Shear Test
- J

Fig. 8. The study scheme of moulding sand compositions with volcanic ash [25]
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with the highest concentrations in volcanic ash are silicon dioxide
(55%), aluminium oxide (18%), iron oxide (18%), calcium oxide (8%),
and magnesium oxide (2.5%) [24].

Despite the disaster it creates, volcanic ash also brings benefits to
the agricultural and casting industry [25]. One of the research on the
use of volcanic ash as a binder in sand mould production.

Figure 8 shows the research procedure in which the samples of
moulding sand were added with varying amounts of volcanic ash as a
binder, i.e. 5% (moulding sand I), 10% (moulding sand II), and 15%
(moulding sand III). Each mixture was tested for its compressive and
shear strengths. The results of the tests are represented in Figs. 9 and 10.

As shown in Fig. 9, the moulding sand III containing 81% moulding
sand, 15% volcanic ash, and 4% water had the highest compressive
strength. The lowest compressive strength belonged to the moulding
sand I composed of 91% moulding sand, 5% volcanic ash, and 4% water.

Figure 10 represents the results of shear testing which are not far
different from the compressive test results. The moulding sand III,
which consisted of 81% moulding sand, 15% volcanic ash, and 4% water,
had the highest shear strength, whereas the moulding sand I contai-
ning 91% moulding sand, 5% volcanic ash, and 4% water had the
lowest. Thus, it can be seen that the increasing amount of volcanic ash
resulting the increasing value of compressive strength and shear
strength [25].
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5. Properties of Sand Moulds
with a Mixture of Fly Ash and Bentonite

The following research involved a mixture of fly ash and bentonite as a
binder in sand mould production.

As shown in Fig. 2 and 11, the two research schemes are similar. In
this research, the amount of fly ash was increased to 2%, 4%, and 6%
[26]. This research aimed to investigate the compressive strength and
permeability of the mixtures. The results of the tests are as follows.

As presented in Fig. 12, the moulding sand with 6% fly ash had the
greatest permeability, while the lowest belonged to the one with 4% fly
ash. As shown in Fig. 13, the highest compressive strength was found
in the mixture with 2% fly ash, while the lowest belonged to that with
6% fly ash. Based on Fig. 12 and 13, the mixture with 2% of fly ash
has the best permeability and compressive strength [26].

6. Properties of Sand Mould with a Mixture
of Bentonite, Tapioca Flour, and Sago Flour

The following research studied bentonite, Sidoarjo mud, and Portland
cement as binding materials in the production of sand moulds.

One can see in Fig. 14 three types of binders used to make sand
moulds, i.e. bentonite, tapioca flour, and sago flour. The research exam-
ined each binding material and a mixture of the three. Compressive,
tensile and shear tests were performed on each moulding sand specimen
both in wet and dry conditions. This research found that the addition of
tapioca flour in moulding sand mixture with dry condition had an effect

Green Sand (86%) Compressive
Bentonite (7%) Test

Fly Ash (2%) )

Water (5%) Permeability
Test

Green Sand (86%) Compressive
Sand Moulding Bentonite (5%) Test

Fly Ash (4%) ————

Water (5%) Permeability
Test

Green Sand (86%) Compressive
Bentonite (3%) Test

Fly Ash (6%) ——

Water (5%) Permeability
Test

Fig. 11. The study scheme of moulding sand compositions with fly
ash [26]
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on the shear strength and tensile strength of sand mould, while the ad-
dition of sago flour in moulding sand mixture with dry condition had an
effect on the compressive strength [27]. The findings of the research

scheme are shown in Table 1.

The moulding sand added with sago flour as a binder and used in

dry condition had the highest compressive strength,

as shown in Table
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Fig. 14. The study scheme of moulding sand compositions with bentonite, tapioca

flour, and sago flour [27]
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Table 1. Comparison of wet and dry compressive strengths [27]

. ‘Wet compressive Dry compressive
Binder strengthsI,) N/cm? stangthsp, N/cm?
Bentonite (B) 11.83 12.16
Tapioca Flour (TF) 5.06 25.16
Sago Flour (SF) 4.9 28.6
B (5%) + SF (5% ) + TF (5%) 6.3 6.51
B (5%) + SF (2.5%) + TF (2.5%) 6.7 7.51
B (2%) + SF (4% ) + TF (4%) 5.5 9.71

Table 2. Comparison of wet and dry shear strengths [27]

. Wet shear strengths, Dry shear strengths,
Binder N/em? g v N /em? g

Bentonite (B) 3.16 5.86
Tapioca Flour (TF) 2.13 18.16
Sago Flour (SF) 2.18 6.9

B (5%) + SF (5%) 2.53 3.1

B (5%) + TF (5%) 2.36 7.83
B (5%) + SF (2.5%) + TF (2.5%) 1.9 6.78

Table 3. Comparison of wet and dry tensile strengths [27]

Binder Wet tensile Dry tensile
strengths, N/cm? strengths, N/cm?

Bentonite (B) 0.7 0.75
Tapioca Flour (TF) 0.85 1.73
Sago Flour (SF) 0.52 0.53
B (5%) + SF (5%) 0.48 0.6

B (5%) + TF (5%) 0.45 0.65
B (2%) + SF (2.5%) + TF (2.5%) 0.58 1.03
B (2%) + SF (4%) + TF (4%) 0.35 1

1. However, the moulding sand added with sago flour in wet conditions
had the lowest compressive strength.

As shown in Table 2, the highest shear strength was found in the
moulding sand, which was in dry condition and added with tapioca flour.
On the other hand, the lowest shear strength belonged to the moulding
sand, which was in wet state and mixed with several binding materials
(5% bentonite, 2.5% sago flour, and 2.5% tapioca flour).

In dry state, the moulding sand mixed with tapioca flour had the
highest tensile strength, as shown in Table 3. The lowest tensile strength
belonged to the moulding sand containing 2% bentonite, 4% sago flour,
and 4% tapioca flour in wet condition.
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Table 4. Comparison of tensile, shear, and compressive strengths
of moulding sand with bentonite (B)—Portland cement (PC) binder [28]

. B (5%) + B (4%) + B (6%) + B (7%) +

Type of testing +PC(5%) | +PC(6%) | +PC(4%) | +PC(3%)
Compressive strength, N/cm? 7.20 7.03 8.13 7.93
Shear strength, N/cm? 2.60 2.70 2.63 2.86
Tensile strength, N/cm? 0.51 0.51 0.51 0.46

Therefore, the best conditions for sand moulding to obtain compres-
sive strengths, shear strengths, and tensile strengths are in dry condi-

tions [27].

7. Properties of Sand Mould
with a Mixture of Bentonite and Portland Cement

The study procedure for producing moulding sand binders formulated
with bentonite and Portland cement is demonstrated in Fig. 15, where
one can see two types of binding materials used in the research, i.e. ben-
tonite and Portland cement. Compressive, shear, and tensile tests were
performed on the moulding sand specimens. The results of the tests are
shown in Table 4. These researches found that the addition of a mixture
of bentonite and Portland cement in moulding sand mixture had an ef-
fect on compressive strength, shear strength and tensile strength [28].

As presented in Table 4, the moulding sand composed of 6% of ben-
tonite and 4% of Portland cement had the highest compressive strength,

Fig. 15. The study
scheme for mould-
ing sand composi-
tions with bentoni-
te Portland cement
binder [28]
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while that mixed with 4% of bentonite and 6% of Portland cement had
the lowest. The shear test results showed that the highest shear strength
belonged to the moulding sand added with 7% of bentonite and 3% of
Portland cement, whereas the lowest was found in the mixture with 5%
of bentonite and 5% of Portland cement. Regarding tensile strength,
the moulding sand containing three different concentrations of bin-
ding materials (5% bentonite and 5% Portland cement, 4% bentonite
and 6% Portland cement, and 6% bentonite and 4% Portland cement)
had the same highest tensile strength, leaving the mixture composed
of 7% bentonite and 3% Portland cement with the lowest tensile
strength [28].

8. New Optimal Binder Compositions for Sand Moulding

Based on reports of previous studies, bentonite is an ideal binding agent
for sand moulding despite its higher price compared to other types of
binders [21]. The findings of past research on binder compositions are
summarised as follows.

Based on Table 5, the highest compressive strength can be seen in
the binder with composition of silica sand (81%), volcanic ash (15%)
and water (4% ) with a value of 22.8 N/cm?, while the lowest compres-
sive strength is in accordance with silica sand (86%), bentonite (6%),
fly ash (8%) and water (5% ) with a value of 0.93 N/cm2. The highest
shear strength was in the binder with composition of silica sand (81%),
volcanic ash (15%) and water (4%) at 17.3 N/cm?, while the lowest

Table 5. Mechanical properties sand moulding based on binder variation

Compressive| Shear Tensile | Permea-

Year Composition strength, |[strength,|strength,| bility, | Ref.
N/cm? N/cm? N/cm? | em®/min
2009 | Silica sand (86%) 1.05 - - - [21]

Bentonite (9%)
Fly ash (0%)
Water (5%)
Silica sand (86%) 1.09 - - -
Bentonite (8%)
Fly ash (1%)
Water (5%)
Silica sand (86%) 1.17 - - -
Bentonite (7%)
Fly ash (2%)
Water (5% )
Silica sand (86%) 0.93 - - -
Bentonite (6% )
Fly ash (83%)
Water (5%)
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The End of Table 5

Year

Composition

Compressive
strength,
N/cm?

Shear
strength,
N/cm?

Tensile
strength,
N/cm?

Permea-
bility,
cm?/min

Ref.

2014

2015

2016

Kelud mountain eruption sand (80%)
Bentonite (15%)
Water (5%) WET

Kelud mountain eruption sand (80%)
Sidoarjo mud (15%)

Water (5% ) WET

Kelud mountain eruption sand (80%)
Portland cement (15%)

Water (5% ) WET

Kelud mountain eruption sand (80%)
Bentonite (15%)
Water (5%) DRY

Kelud mountain eruption sand (80%)
Sidoarjo Mud (15%)

Water (5% ) DRY

Kelud mountain eruption sand (80%)
Portland cement (15%)

Water (5% ) DRY

Silica sand (91%)
Volcanic ash (5%)
Water (4%)

Silica sand (86%)
Volcanic ash (10%)
Water (4%)

Silica sand (81%)
Volcanic ash (15%)
Water (4%)

Silica sand (81%)
Volcanic ash (15%)
Water (4%)

Green sand (86%)
Bentonite (7%)
Fly ash (2%)
Water (5%)
Green sand (86%)
Bentonite (5%)
Fly ash (4%)
Water (5%)
Green sand (86%)
Bentonite (3%)
Fly ash (6%)
Water (5%)

8.7

4.4

4.2

14.55

13.3

10.9

13

15.5

22.8

7.58

6.35

4.27

5.03

3.7

2.3

6.5

5.7

3.5

10.3

12.3

17.3

0.7

0.4

0.7

0.8

1.3

0.7

231.67

166.67

238.33

[22]

[25]
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shear strength was in mountain eruption sand (80% ), Portland cement
(15%), water (5% ) in wet conditions with a value of 2.3 N/cm?2. The
highest tensile strength in binder with composition of Kelud mountain
eruption sand (80% ), Sidoarjo mud (15% ), water (5% ) in dry conditions
with a value of 1.3 N/cm?2, while the lowest tensile strength in sand
from Kelud eruption (80% ), Sidoarjo (15%) and water (5% ) in wet con-
ditions with a value of 0.4 N/cm?2. The highest permeability is the bind-
er with composition of green sand (86% ), bentonite (3%), fly ash (6%)
and water (5% ) with a value of 238.33 cm?®/minute, while permeability
is lower in green sand (86%), bentonite (5%), fly ash (4% ) and water
(5%) with a value of 166.67 cm?/minute.

The types of sand used in producing sand moulds can vary and are
dependent on the location of the source. The quality of the sand greatly
affects the quality of casting. High-quality castings can be realized if
the sand has the following five characteristics. (i) Strength, i.e. the abil-
ity of the sand to sustain its shape once formed. (ii) Permeability, i.e.
the ability of gas to escape through the sand; higher permeability is
capable of reducing porosity in castings. (iii) Thermal stability, i.e. the
ability of the sand to withstand heat damage such as cracking and dis-
tortion. (iv) Collapsibility, i.e. the ability of the sand to compress or
collapse during solidification. Finally (v) reusability, i.e. the ability of
the sand to be recycled for subsequent use for environmental and eco-
nomic significance.

The results of the above studies suggest that previous tests on sand
moulds with various types of binders aimed to investigate the strength
of each composition, revealing the compressive strength, hardness,
shear strength, and tensile strength. The past studies were carried out
with the aim of improving one aspect of casting quality optimisation,
i.e. strength. Reviewing the research literature on sand moulding, we
found that the moulding sand containing tapioca flour as a binder and
used in dry condition had the highest overall strength, namely, com-
pressive strength of 25.16 (N/cm?), shear strength of 18.16 (N/cm?),
and shear strength of 1.73 (N/cm?).

Metal casting involves two separate activities. The first one is the
production of patterns and moulds, whereas the second is the casting
process including melting metal, controlling its composition and impu-
rities, and pouring the molten metal into a mould, cleaning the casting,
giving heat treatment, and inspecting the casting for defects [29]. Met-
al moulds are permanent and reusable, unlike those made out of sand.
In sand casting, the mould making is a critical stage, which must be
performed for each casting. A sand mould is formed by compacting the
moulding sand. The types of sand commonly used for moulding are
natural sand and artificial sand—clay mixtures [11]. Metals are among
the most important and most extensively used materials in different
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Fig. 16. Thin wall heat dissipation shells (a, b, and ¢ — front, back, and perspective
view, respectively), which are produced by air cooled stirring rod (ACSR) process
combined with high-pressure die casting machine [51]. Here, A, B, C, and D — re-
gions from which the samples were prepared [51] to study their microstructure and
mechanical properties

engineering fields, particularly in the casting industry. Of all non-fer-
rous metals, aluminium has become of great importance in engineering
[1], which is widely used for casting [30]. Aluminium alloys have also
been used in the manufacture of components for automotive applica-
tions, such as piston, engine block, cylinder head, valve, and others [31,
32]. Since its pure form is not as good as other metals, aluminium is
often alloyed with other elements such as copper, magnesium, silicon,
manganese and zinc to improve its castability, corrosion-resistance,
machinability, and weldability properties [33]. Combining aluminium
as the predominant metal with other elements results in aluminium
alloys [31, 34—36]. The use of aluminium in the automotive industry
has escalated in the past few decades and served as a frequent substitute
for iron and steel because aluminium contributes in the reduction of
structural mass and exhaust emissions [37, 38]. Aluminium alloys have
excellent properties including lightweight, good castability, and high
thermal conductivity, hence wide applications in field of computer,
communications, electronics and automotive [39—43]. ADC12, a type
of Al-Si alloys, even exhibits additional properties, i.e. high produc-
tivity, low shrinkage rate, corrosion resistance [44, 45], and high
durability [46].

Revealing the remarkable properties of aluminium alloys leads to an
increase in its demand, reaching 29 million tons per year consisting of
22 million tons of new aluminium and 7 tons of recycled one [47]. There
is no substantial difference in quality between pure and recycled alu-
minium alloys, and thus they have become the most frequently used
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materials after steel [48, 49]. The aluminium consumption in Indonesia
reaches between 200.000—300.000 tonnes per year with a price of US$
1.951,50 per ton [50].

The growing demand for high quality casts made with stricter toler-
ances, as in Fig. 16, is more difficult to meet if using sand casting [51].
As a result, some companies are beginning to develop and use sophisti-
cated casting machines equipped with automatic control systems. As
discussed in depth in the American Metalcasting Consortium (AMC),
the high-pressure die casting (HPDC) technique involves smart ma-
chines, manufacturing, testing, and control [52]. The HPDC is continu-
ously being developed to make the best use of it.

HPDC technique is one of the metal casting techniques utilising
permanent moulds into which molten metal is poured under very high
pressure. This technique is employed commonly in the manufacture of
alloy parts [63—55]. The HPDC technique offers several advantages
such as cast products with thin walls, near-net shapes, and stable and
precise dimensions, fast cooling rates, high productivity levels [566, 57],
and efficient production which leads to low manufacturing costs [55,
58, 59].

Notwithstanding the above beneficial aspects, high-pressure die-
casting has its drawbacks. Its final products often suffer from internal
defects [60, 61], one of which is gas porosity due to air or gas entrapped
during the mould filling done under high speeds which adversely affects
the mechanical properties of the material [55, 62].

9. Overview of Rheo-Die Casting

Adding a touch of new technology is one of the ways to remedy the
shortcomings of high-pressure die casting technique. Since this cas-
ting technique applies the smart machine, manufacturing, testing, and
control, the addition of a new device to the system is considered a
favourable solution. As a result, rheo-HPDC has been pioneered as a
developed version of high-pressure die casting technique, integrating
HPDC with semi-solid processing [63—65]. Over the past few years, this
technology has produced high-quality components with a good micro-
structure [53, 66—68]. Rheo-HPDC has attracted increasing attention
and been continuously developed [69, 70] due to the effectiveness of
this smart manufacturing process to offer improved mechanical pro-
perties [63] and produce a more refined microstructure, hence better
aluminium alloy properties and reduction of shrinkage [71]. Also, the
products of rheo-HPDC exhibit lower porosity than the conventional
HPDC techniques [72, 70]. Based on their mechanical properties, the
results of rheo-HPDC have superior properties than those manufactured
by HPDC [66].
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Fig. 17. Microstructure for the rheo-die cast AZ91D magnesium
alloy component at various positions [74]

TWIN SCREW MRB dan ACSR
(2005—-2008) (2016)
® () ® ®
(2011-2012) (2017)
ULTRASONIC ELECTROMAGN

ETIC dan SIM

Fig. 18. Development of casting process optimization through high-pressure rheo-
die casting from 2005-2017

As one can see in Fig. 17, the microstructure AZ91D alloy compo-
nent at different locations is homogeneous after the rheo-die casting
(RDC) procedure. Based on the microstructure, it can also be seen that
RDC can increase strength and ductility compared to products from
HPDC [74].

10. Mechanism of Rheo-Die Casting

Rheo-die casting is a version of semi-solid metal (SSM) technology [75]
that has become the focus of research work in recent years [69, 73, 74]
due to its high production volume [74] and been developed continuously
to meet scientific and industrial demands [70]. Rheo (or rheology) is
closely related to viscosity and includes slurry mixing to be poured into
a container or mould under high pressures. In other words, rheo-process-
ing requires a liquid metal alloy, which is then cooled to obtain a liquid—
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Twin-screw slurry marker
High-pressure die-casting machine \S©
"

Fig. 19. The rheo-die cast-
ing process with twin screw
to make slurry [74]

solid alloy (slurry) and cast in a permanent mould through HPDC [61,
78]. With the above procedure, this highly innovative technique is able
to cast precise components with a high complexity, improved mechani-
cal properties [73—75, 79], and fine grain size [80].

In fact, slurry serves a very significant role in producing high-
quality castings, and thus proper preparation is necessary before rheo-
HPDC [81-83]. The core of rheo-die casting process consists of, first,
the preparation of slurry which is then processed in the HPDC machine
and, second, the forming process through rheo-HPDC [64]. In other
words, the molten metal will undergo both primary and secondary so-
lidification [84]. SSM casting is, indeed, a novel metal casting techni-
que that involves rheological properties to process components [63, 85].

11. Development of Rheo-Die Casting

Judging from its viscosity level, slurry has a higher viscosity than
molten or liquid metal. This leads to the less entrapped gas contained
in the materials and hence a final product with no porosity defects
[86—88]. Rheo-die casting is, in fact, smart manufacture that fulfils
the needs the industry since it frequently utilises aluminium alloys
in the process [69]. The development of slurry processing through
this smart machine, manufacturing, testing and control from 2005
to 2017 is illustrated in Fig. 18.

11.1. Rheo-Die Casting with a Twin-Screw Slurry Maker

Making slurry using a twin-screw system is one of the alternatives to
produce high-quality cast products; this method had been studied
until 2008. Figure 19 exhibits the use of the twin-screw slurry mak-
er in rheo-die casting.

As shown in Fig. 19, the RDC process with twin screw consists of
two main components, the twin-screw slurry maker and the HPDC ma-
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11.2. Rheo-Die Casting with an Ultrasonic Slurry Maker

The preparation of slurry using the twin-screw system, judged from its
cast products, was considered to have significant shortcomings. Owing
to this, in 2011, many researchers started to switch their focus to the
slurry-making process using the indirect ultrasonic vibration system.
Figure 20 illustrates the equipment of ultrasonic vibration.

Based on Fig. 20, it can be seen that the component of indirect ul-
trasonic vibration consists of an ultrasonic generator, ultrasonic horn,
metal cup, ejector rod, pneumatic cylinder and heating furnace. The
horn that is on the outside of the metal cup has the duty to vibrate the
molten metal. The vibration is produced from an ultrasonic generator
that has a power of 2.6 kW with a vibration frequency of 20 kHz. The
products produced have a smooth microstructure and better tensile
strength as compared to conventional die casting [69].

11.3. Rheo-Die Casting with an MRB Slurry Maker

In an effort to improve the quality of casts through rheo-HPDC, re-
searchers have developed many innovations, one of which is a mechani-
cal rotational barrel (MRB), which has been introduced in 2016.

Based on Fig. 21, it can be understand that the preparation of semi-
solid slurry through a MRB system is to use a stainless steel barrel with
a length of 500 mm, a diameter of 150 mm and a tilt angle of 45°. Lig-
uid becomes high-quality semi-solid slurry. This is due to the presence
of high shear and turbulence through solidification [75].
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11.4. Rheo-Die Casting with an ACSR Slurry Maker

Researchers also introduced a new invention called an air-cooled stir-
ring rod (ACSR) in 2016. Figure 22 shows the preparation of slurry for
rheo-HPDC using the ACSR.

Based on Fig. 22, one can see that the ACSR consists of an air com-
pressor, airway, stirring rod, crucible and thermocouple. Preparation of
semi-solid slurry is by continuously flowing air into the stirring rod. An
air release valve controls the airflow. Thus, the liquid metal can turn
into semi-solid slurry. Products produced from this method can increase
tensile strength, yield strength, hardness and thermal conductivity [51].

11.5. Rheo-Die Casting with SIM

The latest innovation among all slurry-making processes above is the
self-inoculation method (SIM) (see Fig. 23).

. ... Metal mould
Semisolid

. MRB slurry
Tundish
Melt <
/ 1
Semisolid slurry
0 / HPDC machine

&
.& \OC: Semisoli

{slurry

Fig. 21. Rheo-casting (RC) and
rheo-die-casting (RDC) with me-
chanical rotational barrel (MRB)
system to make semisolid slurry
[78]
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2
ql f
3
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Fig. 22. Components of the air o o
cooled stirring rod (ACSR), where o © Ui o
1 — air compressor, 2 — airway, ° =)
3 — stirring rod, 4 — melt, 5 — ) ::mo °
crucible, 6 — thermocouple, 7 —
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Fig. 23. The RDC process
combined with self-inocula-
tion method (SIM) [84]
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is carried out when the
molten metal is then stirred quickly. The last step of this method is to
provide treatment in the form of isothermal holding. The results ob-
tained from this method are the eutectic growth rate in RDC is 4 times
faster than HPDC [84].

12. Discussion

This section examines the advantages of rheo-HPDC viewed from sev-
eral aspects of its cast products including mechanical properties, poros-
ity, and microstructure.

12.1. Mechanical Properties

The mechanical properties to be discussed are the tensile strength, hard-
ness, and some others; the properties of casts produced by rheo-HPDC are
compared with those of the products of the conventional HPDC technique.

Table 6. Comparison of mechanical properties, density and thermal
conductivity of samples produced by HPDC and ACSR rheo-HPDC [51].
Here, UTS — ultimate tensile strength, YS — yield strength

Air Mechanical Properties Thermal
p 1 Density, ductivit
rocess owz, UTS, | YS, |Elongation,|Hardness,| g.cm™ con uc_11v1 _3;’

Ls™ | MPa | MPa % HV W-m?-K
HPDC 217 | 108 2.6 88 2.618 139
ACSR rheo-HPDC 0 231 | 112 3.2 92 2.635 143
1 239 | 113 3.7 94 2.645 145
3 255 | 119 4.6 97 2.660 151
5 261 | 124 4.9 99 2.664 153
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Fig. 24. Comparison of porosity levels for Mg—Al (AM50) alloy produced by rheo-
casting (RC) and high pressure die casting (HPDC) [75]

Fig. 25. Typical microstructure of the as-cast Al1-Si—-Mg (A357) alloy, which is pre-
pared through the RDC (a) and HPDC (b) methods [70]. In the figure left (a), a,—a,
denote primary a-Al globules (a,), dendritic fragments (o), and equiaxed particles
(a3) [70]

According to Table 6, the rheo-HPDC could improve the mechanical
properties of a material. The ultimate tensile strength of specimen cast
using the conventional HPDC was 217 MPa, while that of products cast
by rheo-HPDC was up to 261 MPa. Moreover, the rheo-HPDC produced
casts with a higher yield strength (124 MPa at highest), compared to
the product of the conventional HPDC which only reached 108 MPa.
Based on its elongation, the cast of the conventional HPDC only reached
2.6% , whereas those produced by rheo-HPDC had higher elongation
value, i.e. up to 4.9%. The cast density of the conventional HPDC and
rheo-HPDC was 2.618 g/cm? and 2.664 g/cm?®, respectively. The hard-
ness achieved by the conventional HPDC was 88 HV and by rheo-HPDC
was 99 HV. Lastly, the thermal conductivity of the result of the conven-
tional was 139 W -m™ - K!, while that of the products of rheo-HPDC
was up to 153 W-m!- KL,
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12.2, Porosity

Porosity is a form of defect that may reduce the mechanical properties
or performance of a material, and thus, it should be prevented. Figure
24 illustrates the comparison of porosity levels in casts produced by the
conventional HPDC and rheo-HPDC [75].

Figure 24 suggests that the rheo-HPDC leads to a reduced porosity.
The thing that needs to be highlighted here is the size of porosity,
smaller pores (0—150) appeared more in the products of rheo-HPDC,
while pores bigger than 150 appeared more in the casts of HPDC [75].

12.3. Microstructure

In addition to mechanical properties, microstructure is another aspect
should be analysed to investigate the advantages of a material. Based on
the mechanical properties, the products of rheo-HPDC have better prop-
erties than the conventional HPDC. Figure 25 shows the microstructure
of rheo-HPDC and conventional HPDC.

The image of microstructure in Fig. 25, a is much better and clear-
er than the image in Fig. 25, b. The clearly visible grain boundaries and
the homogeneity of the spherical microstructure support the superior
mechanical properties of casts produced by rheo-HPDC [70].

13. Conclusions

The use of bentonite as a binding agent in moulding sand can be re-
placed by tapioca flour if viewed from the resulting strength. Tapioca
starch, as a binder, is potentially preferable, since it can produce higher
strength in sand moulds when in dry condition than bentonite.

As a recommendation for further research, this study suggests the
more comprehensive studies on the use of tapioca flour as a new type of
binder in the metal casting industry. Future researchers should take a
closer look at other sand characteristics for optimising casting quality.
We can offer research recommendations that appear below.

1. To test the permeability level of moulding sand with tapioca flour
as the binder.

2. To test the thermal stability level of moulding sand with tapioca
flour as the binder.

3. To test the collapsibility level of moulding sand with tapioca
flour as the binder.

4. To test the reusability level of moulding sand with tapioca flour
as the binder.

Rheo-HPDC is a smart manufacture technique in metal casting. One
of the crucial aspects of the casting process is the proper preparation of
slurry. Based on the development of its equipment, rheo-HPDC involv-
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ing the self-inoculation method is the latest system and able to improve
the quality of the cast products. Compared to the conventional HPDC,
the rheo-HPDC resulted in improved mechanical properties such as ulti-
mate tensile strength, yield strength, elongation, hardness, density, and
thermal conductivity.

In addition, rheo-HPDC could lead to a homogeneous and uniform mic-
rostructure, and reduce porosity. In conclusion, this technique has high
productivity and is reliable to produce excellent casts with great precision.
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I1. ITycnimacapi, Jxc.B. Jixa

Kadenpa xKoHCTpYIOBaHHA MAaIIWH,

Hep:xkaBuuii yHiBepcurer MasaHry,

ByJs. Cemapanry, 5, 66145 Mamnaur, Cxigua fBa, Iugonesis

TIIOJIIIIMEHHA AKOCTHU JIUTTSA 3 BUKOPUCTAHHAM
HOBUX 3B’A3YBAJIbHUX IIPU JIUTTI V IIIIIAHY ®OPMY
TA KOKIJIBHOMY JIUTTI 3A BIICOKOI'O TUCKY

SKicTe UTBA € YMHHUKOM [JOCKOHAJOCTHU IJIsI MipAHHS YCIIIITHOCTU JUTTA METAJy.
OpHiero 3i cipob ofep:KaTH BUCOKOAKICHUI JIMBADHUN NIPOLYKT € BUSHAUEHHS AKOCTHU
BUKOPUCTOBYBaHOI ()OPMOBKY y IiCKYBaTO-TJIMHUCTOI cyMmiti. IneHTudikamnisa skoctu
(opMyBaHHA IIiCKYBaTO-TVIMHUCTOI CyMiIlli BUBHAYAETHCA TAKUMU XapaKTePUCTUKAMU
AK TBEPAICTH, MIIITHICTh Ha 3CyB, PO3TAT Ta HPOHUKHICTh. ¥ IIilf CTATTi PO3TIIALAIOTHCA
TIOSICHEHHA MIITHOCTH (POPMOBKHU 3 IIiCKY 3 KOMIIO3UIIiHOI 3MiHOIO TUIY 3B’s3yBajb-
Horo: (1) dopmyBaHHA 3 miCKYy, OEHTOHITY, 30JI1 BUHOCY Ta BOAH; (2) IiCOK BUBEPIKEH-
Hsa ropu Kenyn, 6eHToHiT i Boga; (3) micok BuBep:kenHs ropu Kenyn, 6pyxn Cizoapm:xo
Ta Boja; (4) micok BuBep:keHHsA ropu Kesyn, mopriaHimemMeHT i Boza; (5) micok,
BYJKaHiuHME momia i Boga; (6) seseHuii micok, GeHTOHIT, JieTioua 30ja Ta Boxa; (7)
micoxk i3 Mausanry, 6eHTOHIT, myApu 3 Tamioku Ta caro; (8) micok misg (POPMOBKH,
OeHTOHIT, mOpTIaHAIIeMEeHT i Bofa. KoKinbHe JIUTTS 3a BUCOKOTO THUCKY (3a3BUYail Bi-
IoMe B aHTJIiMChbKil JiTepaTypi ax rheo-HPDC) € HOBUM MeTOZOM JIUTTSA Y BUPOOHUIITBL
AKiCHUX JIMBAPHUX BUPOOiB. 3pocTalounii MONMUT Ha PUHKY CTUMYJIIOE PO3POOKY HOBOL
TeXHOJIOTi1, 3a JOTIOMOT0I0 AKOI MOYKHA BUPOOJIATY BUIUBKY 3 UYJOBUMU MEeXaHIUHUMU
BJIACTUBOCTSAMM, XOPOIIOI0 MiKPOCTPYKTYPOIO Ta He3HAYHUMU AedeKTamu autsa. Me-
TOJ KOKiJILHOTO JIUTTS IiJi BUCOKUM THCKOM, IO € BJOCKOHAJEHUM CIIOCOOOM BUJIU-
BaHHA B KOKiJb, MOYKHA PO3IJIALATHI AK POSYMHY TEXHOJIOTiI0 BUTOTOBJISHHSA, OCKiJIBKYI
BOHA y3arajJbHIOE TEXHOJOTiI0 HAIIiBTBEPAOTO MeTaly, IKa BPaXOBY€E IPABUJIbHE IIPU-
roryBaHHsa cycnensii. IIpoiiec mpuroTyBaHHA I'HOIBKM IIOCTiHHO BJOCKOHAJIIOETHCHA, i
HOBITHIM MeTOIOM TOTYBaHHS € METOJ caMo3abpyaHeHHs. Y maHiil orysamoBiit craTTi
00TOBOPIOIOTHCA TMPOIEAYpPa, MeXaHi3M, PO3POOJEeHHA Ta AKICTh MPOAYKIII JUTTA B
micKOoBY (popMy 3 BUKOPHCTAaHHAM HOBUX 3B’S3YBaJIbHUX, & TAKOK METOIU JUTTA Y
KOK1JIb 32 BUCOKOT'O THCKY.

KiarouoBi caoBa: saxicTte BigmuBawnHA, (OPMYBaJbHUN NiCOK, B3B’sA3yBaJIbHI,
KOKinbHe JauTTa 3a Bucokoro Ttmcky (rheo-HPDC), imTenekTHuii mexauHism,
aIOMiHiH.
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II. ITycnumacapu, Jx.B. [Juka

Kadenpa KoHCTpyUpPOBAHUA MAaIIIUH,

T'ocymapcTBenHbIil yHUBepcuTeT MasaHra,

ya. Cemapanra, 5, 656145 Manaur, Bocrounasa fBa, Uuagonesus

IIOBBIMIEHNE KAYECTBA JIUTHS C NCIIOJIbBOBAHUEM
HOBBIX CBA3YIOIIMX ITPU JIUTBE B IIECHAHYIO ®OPMY
1 KOKNJIBHOM JIUTBHE 110l BBICOKM JABJIEHMEM

KauecTBO IUTHA ABIAETCSA (PAKTOPOM COBEPIIIEHCTBA JJIA U3MEPEHUs YCIEITHOCTH JI-
Tha MeTasa. OMHOM M3 IOMBITOK IIOJYYUTH BHICOKOKAUECTBEHHBINA JIMTEMHBIN IIPO-
IYKT SABJISETCS OIpeesieHie KaueCTBa UCII0JIb3yeMOoi ()OPMOBKY B IIECUAHO-TJIMHUCTOMN
cmecu. UneHnTuduramus KauecTBa (POPMOBKY IeCUAHO-TJIMHUCTON CMECH OIIpefeIseT-
CcAd TAKMMH XapaKTepUCTUKAMU KaK TBEPJOCTDH, IPOYHOCTH HA CABUT, PACTAMKEHUE U
IIPOHUIIAEMOCTh. B 5TOil cTaThe paccMaTPUBAIOTCSA 00bACHEHUS MPOYHOCTH (DOPMOBKU
13 TecKa ¢ KOMIIOSUIIMOHHBIM M3MeHeHmeM Tuma cBasyoirero: (1) dopmoBanme us
mecka, OEHTOHUT, 30Jia YHOCA U Boja; (2) Imecok ma3Bep:KeHus ropbl Kenynm, OeHTOHUT
u Boza; (3) mecok m3Bep:KeHUsa ropel Keayz, rpass Cumoapa:ko u Boja; (4) mecok us-
BepsKeHUs ropbl Kerys, mopTIaHAIIeMeHT 1 BoJa; (5) Mecok, ByJKAaHUUYECKUI Temest 1
Boma; (6) senéHBIN mEecOK, OEHTOHUT, JieTydas 3osa u Boja; (7) mecok us Masasra,
OEHTOHUT, NYAPHI U3 TAIMOKU U caro; (8) mecok mia dbopMoBaHUA, OEHTOHUT, OPT-
JaHgIeMeHT 1 Bojga. KOKMIbHOE JUTHE 110 BHICOKUM JaBjeHneM (YacTo M3BECTHOE B
aHTInicKol uTeparype Kak rheo-HPDC) aBiisgeTcss HOBBIM METOIOM JUTHSA B IIPOU3-
BOJICTBE KAUeCTBEHHBIX JIUTENHBIX usmeaunii. PacTyluil cipoc Ha PbIHKE CTUMYJINPY-
eT pas3pabOTKy HOBOM TEXHOJIOTHU, C IIOMOIILI0 KOTOPOM MOXKHO MPOU3BOAUTH OTJINB-
KU C IPEBOCXOJHBIMH MEXaHUUYECKUMHU CBOMCTBAMM’, XOPOIIEH MHKPOCTPYKTYPOH 1
HE3HAUYUTEJbHBIMU Ae(PeKTaMMu JUThA. SIBIAIONIUICA YCOBEPIIEHCTBOBAHHBIM CIIOCO-
0OM JIUTHCSI B KOKUJIb METOJ KOKUJIBbHOTO JUTLA MOJ BBICOKUM JABJIEHUEM MOIKHO
paccMaTpuBaTh KaK Pa3yMHYIO TeXHOJIOTHUIO M3TOTOBJIEHNUS, IIOCKOJIbKY OHA 00001IIaeT
TEeXHOJIOTHUIO IIOJYTBEPAOTO MeTaJlja, KOTOpas YUYUTHIBAET IIPABUJIbLHOE IPUTOTOBJIE-
HUe cycieHsuu. IIpoiiecc IpUroToBJIeHNUA HABO3HOM JKUKY IIOCTOSTHHO COBEPIIIEHCTBY-
ercs, U HOBEHMIIIMM METOAOM IIOATOTOBKU SIBJISIETCA METOJ caMo3arpsAsHeHus. B maH-
HOII 0030PHOI cTaThe OOCYKIAIOTCA IIPOIeaAypa, MeXaHU3M, paspaboTKa ¥ KauyecTBO
MPOAYKIIUY JIUThS B IIECUaHYIO (DOPMY C MCIIOJH30BAHNEM HOBBLIX CBA3YIOIIUX, a TaK-
2Ke MeTO/a JIUThS B KOKUJIb IOJ BBICOKUM JaBJIEHUEM.

KaroueBnle ciroBa: KadyecTBO OTJIMBKY, (POPMOBOUHBIA IIECOK, CBABYIOIIVE, KO-
KUJIBbHOE JIUTHE oM BhICOKUM AaBieHUeM (rheo-HPDC), uHTENIEeKTHBIN MeXaHU3M,
AJIIOMUHUNA.
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