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Abstract: The reduction of the weight of the engine of a vessel or an automobile can result in
improved engine efficiency and lower CO2 emissions. Therefore, this study was conducted to improve
the mechanical properties of the AC4CH alloy, an alternative to cast iron for engine fabrication,
through the addition of Si and Mg to aluminum. The mechanical properties of the alloy were
improved through refinement of the Si structure, grain refinement, and heat treatment. In addition,
the applicability of a cylinder block fabricated with the modified AC4CH alloy to a diesel engine was
validated through a 300 h durability test.

Keywords: AC4CH; weight reduction; diesel engine; refinement

1. Introduction

As the regulations for CO2 emissions have been gradually strengthened to cope with
global warming, many studies have been conducted to improve the efficiency of automo-
biles [1]. Numerous technologies have been developed to reduce CO2 emissions, among
which weight reduction has emerged as an important technical task; thus, many studies
have focused on a variety of ways to reduce the weights of automobiles. The engine is one
of the heaviest parts of an automobile. Generally, the weight of the engine for passenger
cars is approximately 150–350 kg, and accounts for more than 10% of the total automobile
weight depending on displacement. This means that if the car weight can be reduced by
using a light engine material, CO2 emission reductions as well as fuel efficiency can also
be improved. Because diesel engines basically use a compression ignition mode, their
compression ratios and explosive powers are high compared to engines that use the flame
ignition mode. To withstand such explosive power, the cylinder block of a diesel engine
is often fabricated using cast iron, which has excellent mechanical properties. However,
cast iron is heavy, impairing the fuel efficiency and mobility of the cars [2]. In general, diesel
engines have a high compression ratio, as the pressure in the combustion chamber increases
up to 20 MPa during combustion. Therefore, the stiffness and mechanical properties of
new engine materials need to be considered. In order to replace the existing iron cylinder
block, a steel sleeve is inserted into an aluminum block to secure rigidity and a lightweight
engine is being applied. However, this method has a problem of adding a process due to
inserting the sleeve in the engine manufacturing process and increasing the weight due to
the material of the sleeve.

Al alloys are widely used for weight reduction and mechanical improvement because
they have excellent mechanical properties and casting characteristics [3,4]. To achieve
such characteristics, various alloy component ratios and heat treatment methods have
been standardized [5]. These standards improve the casting characteristics and mechanical
characteristics of the precipitating intermetallic compound through the equilibrium state of
the solid solution and eutectic reaction. Today, most Al alloys are in the form of Al-Si-Mg.
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Among such alloys, AC4CH has a good melt fluidity and generates the least shrinkage
cavity defects [6,7].

AC4CH alloy achieves excellent mechanical properties and heat treatment charac-
teristics through the precipitation of Mg2Si by the addition of 6.5–7.5% Si and a small
amount of Mg, 0.25–0.45%, and because it contains amounts of Fe and Mn that are lower
than 0.2% and 0.1%, respectively, whereby the quantities are expressed as percentages
of the aluminum content [8]. To improve the elongation and impact resistance of the
AC4CH, a modification process is needed to refine the needlelike structure, which is the
eutectic structure of Si with the help of Na, Sr, etc. because the acicular Si precipitated on
the α-phase grain boundary causes brittleness of the alloy. Therefore, once this acicular
structure is changed to a round structure, brittleness can be reduced, which ultimately can
increase robustness to elongation and impact.

Therefore, it is necessary to conduct research on refining the Si structure in the alloy
to induce uniform solidification so that cast alloy grains can be refined as much as possible
and to maintain an equilibrium between the uniform solid-solution state and the precipitation
of Mg2Si. If the growth of a-Al-Si-Mg2Si structures and segregation formed inside the alloy are
restricted, the mechanical properties of the alloy can be improved, and the weight reduction
target could be easily achieved. Figure 1 shows the phase diagram of Al – Al-Mg2Si [9].
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Figure 1. Calculated equilibrium phase diagram of the Al–Mg2Si pseudo binary section.

To obtain the desired physical properties of the aluminum alloy, the composition of
the alloy was adjusted by referring to the phase diagram or heat treatment method. Table 1
shows the physical properties required for engine block fabrication with the aluminum al-
loy [10,11]. It is very easy to improve only one property among various physical properties.
However, in the case of the hardness and elongation rate, because both have a trade-off rela-
tion, it is very difficult to improve both properties [12]. To resolve such difficulties, AC4CH
alloy was prepared by the addition P, Sr, Si, Ti, B, and C to virgin aluminum, and the
changes in the mechanical properties due to each element were determined. In addition,
the changes in the mechanical properties due to different heat treatments were determined.
The obtained results were reviewed for the application of the AC4CH alloy in the cylinder
block of a diesel engine, and the optimal physical characteristics of the AC4CH alloy
required for it to be applied in the cylinder block were determined. The objective of this
study is to improve the mechanical properties of AC4CH alloy through Si spheroidization,
grain refinement, and heat treatment. In addition, in order to reduce weight and simplify
the process, a sleeveless aluminum block was manufactured and durability was verified
through engine testing.
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Table 1. Physical properties of aluminum alloy required to manufacture the engine blocks.

Item Tensile
Strength (T6) Elongation Hardness S-DAS

Specification
of Material’s
Ingredients

Unit N/mm2 % HB µm AC4CH
Target value More than 200 More than 2 More than 100 17–20 AC4CH

2. Experimental Methods

The elements P, Sr, Si, Ti, B, and C were added to the AC4CH alloy to improve its
mechanical properties, and various heat treatments were also applied. The alloy was
prepared in virgin aluminum after the addition of various elements to correctly determine
the effects the added elements or heat treatments had on the mechanical properties of
the aluminum. The virgin aluminum was melted in the RECRYTE®crucible at 730 ◦C,
and polysilicon was added as the Si source. The molten metal was then stirred with the
help of a graphite rod so that Si could resolve evenly. In the case of added magnesium,
as it was oxidized by oxygen in the atmosphere, a magnesium ingot was inserted into the
molten metal to shield the magnesium from oxygen.

2.1. Refinement of the Si Structure in AC4CH Alloy

The mechanical properties of AC4CH alloy, such as toughness and strength, are im-
proved by the addition of Si and Mg. Si and Mg were added to virgin Al in this study within
the range of the AC4CH alloy. The aluminum was then processed, and the structure of the
alloy was monitored over time after the addition of Si. P and Sr were also added to the
alloy to refine the Si grain, and changes in the microstructure were observed. The addition
of P to Al led to the formation of AlP, which acted as a nucleus restricting the growth
of Si particles [13]. The Sr formed Al4Si2Sr and could increase the tensile strength of the
alloy by transforming the eutectic Si structure composed of acicular Si crystals into fine
globular shapes [14]. Therefore, the optimum addition rate for different P and Sr amounts
was determined. When pure P was added to AC4CH, there was a risk of explosion due to
oxidation. Therefore, P should be added to the molten metal under an atmosphere devoid
of oxygen in the presence of Cl or F compounds. P4 was coated on the surface of the C2Cl6
in order to eliminate oxidation risk and increase the reaction efficiency during the addition
of P in this study. P4 was degraded into P3 and P in the molten metal, and the degraded
P was converted into PCl2, preventing oxidation of P. PCl2, meanwhile, was combined
with the Al in the molten metal to produce AIP, and as a result, the restricted Si particles
became coarse. The AlSr10 master alloy was used as an Sr element, and it was melted
at 730 ◦C for approximately 2 h to ensure that it melted uniformly. When an additive,
such as Sr, was added to the molten aluminum, either it was separated towards the top
of the molten metal in the form of Al2Si2Sr or naturally disappeared as SrO, modifying
the structure. As a large amount of time was needed to make the additive and molten
metal react, the resulting microstructures were observed over time. An optimum casting
temperature was also needed to ensure that the added elements completely degraded and
reacted. Therefore, the structures were observed as the casting time changed to determine
the changes in the grains due to the casting temperature of the AC4CH alloy.

2.2. Grain Refinement of the AC4CH Alloy

Studies on refining the grain of the AC4CH alloy by the addition of various elements
has been conducted. Generally, the Al-5Ti-1B master alloy has been used in these studies.
However, as the eutectic reaction temperatures of Ti and B are much higher than those of
the molten metal, the time and degree of degradation are different depending on the type
of master alloy used. Al-1.05Ti becomes a solid-solution at 665 ◦C, while Al-5Ti melts at
temperatures higher than approximately 1100 ◦C. Furthermore, whereas the melting point
of Al-1B is 820 ◦C, it is higher than 1100 ◦C for Al-4B. The master alloy Al-5Ti-1B exceeded
the eutectic point and became an alloy through the addition of Ti and B, and TiAl3 and AlB2
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crystals were precipitated coarsely during solidification [15]. As a considerable amount
of time is needed to ensure complete degradation of these crystals in the molten metal,
Ti and B became atomized, broke into the aluminum atom, and became incapable of acting
as nuclei.

A chemical method in which Ti, B, and C were added in the form of elements was
used so that the added elements were completely degraded and the grain could be refined.
First, Ti was added in the form of K2TiF6. K2TiF6 and was degraded into Ti in the molten
metal according to reaction formula (1). KBF4 was then added to B. KBF4 was degraded
into B in the molten metal using reaction formula (2). Meanwhile, elemental C was added
in the form of C2Cl6, which was degraded into element C through reaction (3).

3K2TiF6+4Al→6KF+4AlF3+3Ti, (1)

KBF4+Al→KF+BF3+Al→KF+AlF3+B, (2)

C2Cl6→C2Cl4+Cl2, C2Cl2→CCl4+C, CCl4→2Cl2+C, (3)

The degraded Ti, B, and C were combined with aluminum in the molten metal.
The grain refinement characteristics were examined by measuring the grain sizes after
the chemical addition of Ti, B, and C, and they were then compared with those when the
Al-5Ti-1B master alloy was used. The grain sizes were measured from scanning electron
microscopy (SEM) images. Prior to grain size measurement, the specimens were micro-
ground to 0.02 µm and then electrolytically etched at 20 V for 2 min in 2% HBF4. The grain
sizes were then measured from the SEM images in accordance with ASTM Standard E 112,
“Standard Test Methods for Determining Average Grain Size.” [16].

2.3. Changes in Mechanical Properties by Heat Treatments

Tensile tests were conducted to measure the tensile strength, yield strength, and elon-
gation of the alloy. The test specimen used in the tensile strength test was fabricated as
shown in Figure 2. An MTS tensile tester was used for the tensile test. The tensile speed
until the yield point was 30 N/mm2s, and the strain increase rate was 80%/min after the
yield point.
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The hardness of the specimen was measured using the Brinell hardness test method.
The Brinell hardness was determined by measuring the diameter of the impression on the
test specimen created by applying a load with a carbide alloy bell. The Brinell hardness
is proportional to the surface area of the impression left by the load divided by the test
load. The diameter of the carbide alloy bell used in this study was 10 mm, and a load of
500 kg was applied to the test specimen for 15 s. The Brinell hardness was then calculated
by dividing the applied force by the surface area of the impression, as in Equation (4).

HB =
L
A

=
2L

πD
(

D−
√

D2 − d2
) (4)

where: L: applied load in kilogram force (kgf); A: Surface of indentation (mm2); D: diameter
of the indenter (mm); d: diameter of indentation (mm).
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The composition analysis for the AC4CH alloy prepared in this study was carried out
according to ASTM E1251–17a [17]. Spark-atomic emission spectrometry (Spark-AES) was
employed. Spark-AES uses a spark to generate a flame in the sample and measures the
compositional elements of the alloy through the generated spectrum, which is different for
the elements of the alloy. This method is mainly used to measure the aluminum content
in alloys.

The secondary dendrite arm spacing (S-DAS), generated during the solidification
process of the alloy, is known to greatly affect the mechanical properties off the alloy [18].
Therefore, it is necessary to minimize the growth of the S-DAS to improve the mechanical
properties of the alloy. During the granulation process due to the addition of various
substances, nuclei formed inside the atoms restrict the growth of the grains, while the
aluminum atom is stabilized. The growth of the S-DAS during this process was mainly
affected by the cooling speed during solidification. Therefore, the effect of the cooling
speed on the growth of the S-DAS was examined. The growth of the S-DAS at various die
temperatures and cooling speeds was determined while maintaining the temperature of
the molten metal at 730 ◦C. For the Al alloy containing Si and Mg, heat treatments, such as
the solution treatment and aging treatment, are the most commonly used during casting.
The solution treatment is used to increase elongation by softening the material. Therefore,
the alloy elements need to be heated to a temperature higher than that for melting the
alloy into a solid solution. In contrast, the aging treatment is executed to make the alloy
elements, which are in a solid solution than a saturated state, precipitate. The precipitated
elements improve the hardness of the materials by precipitation hardening. Therefore,
alloys were fabricated at various molten metal, mold, solution treatment, and aging treat-
ment temperatures, as shown in Table 2, and these were compared according to different
casting conditions.

Table 2. Heat treatment conditions for each alloy.

Melt
Temperature

Mold
Temperature

Solution
Treatment

Aging
Treatment

1st alloy 730 ◦C 450 ◦C 535 ◦C, 8 h 155 ◦C, 6 h
2nd alloy 730 ◦C 450 ◦C 540 ◦C, 4 h 170 ◦C, 6 h
3rd alloy 730 ◦C 300 ◦C 540 ◦C, 6 h 160 ◦C, 4 h

2.4. Fabrication of the Engine Cylinder Block and Durability Test

An engine cylinder block was fabricated with the final modified AC4CH alloy using
the sandcasting method. Sandcasting is a process in which a desired shape of a metal is
obtained by pouring molten metal into a mold prepared with sand. The process flow is
shown in Figure 3. After finishing the machining process, the surface roughness of the
cylinder was measured to investigate the completeness. For surface roughness measure-
ment, the average value was calculated after 5 measurements, and detailed test conditions
are shown in Table 3.

Table 3. Surface roughness test condition.

Environment condition 20.4 ◦C, 46 % R.H
Stylus 140 mm, 60◦, 2 µm diamond tip
Cut-off 0.8 mm

Evaluation length 4.0 mm
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Figure 3. Fabrication of the engine cylinder block through sandcasting.

A durability test was performed for the engine cylinder block prepared by sandcasting.
The cylinder block would be operated while carrying a large load in most of the drive areas.
The durability test was, therefore, executed with a 4000 rpm full load via the dynamometer
for 300 h to simulate the harsh driving conditions. In a 4-stroke engine, one explosion occurs
every two revolutions. Therefore, 36 × 106 explosion strokes occur for 300 h at 4000 rpm.
Since the mechanical durability verification criterion for aluminum alloy is 10 × 106 cycles,
300 h of experiment is sufficient to verify the durability [19]. The performance of the engine
cylinder block was measured every 50 h. In addition, the fuel consumption was measured
by an installed flow meter. The detailed specifications of the engine are listed in Table 4.

Table 4. Specifications of the engine.

Description Specifications

Displacement(cc) 1600
Number of cylinders 4

Bore × Stroke 76 × 88
Compression ratio 15.5

Fuel injection system Common rail (Piezo type)
Turbocharger type Electrical variable geometry turbocharger

Maximum power (ps/rpm) 115/3400–4500

3. Test Results and Discussion
3.1. Refinement of the Si Structure in the AC4CH Alloy

The Si grains at various melting times following the addition of Si to virgin Al are
presented in Figure 4. The shorter the melting time of the Si, the greater the number of
Si grains that precipitate in the form of primary crystals. The large amount of Si crystals
observed might be because they were not degraded until the atom phase due to lack of
energy and were precipitated during solidification, though they were melted well [20].
Therefore, Si crystallization can be minimized by increasing the melting time after the
addition of Si during the alloy process. This means that instead of employing simple
melting and mixing to form the alloy, the melting time should be long enough for Si to
degrade into an atom phase so that a proper AC4CH alloy can form.
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Following the addition of Si, P was added to the virgin Al to control the size of the
Si grain. The results are presented in Figure 5. The microstructures of the alloy were
compared and analyzed after the addition of Si, while the amount of P was changed
2 h after Si addition. When 30 ppm P was added, Si was formed as the primary crystal.
Although P was added because it could not restrict the growth of Si grains, Si precipitated
as crystals. The presence of Si grains was attributed to the brittleness of the grain boundary,
which caused elongation and a deterioration in the tensile strength. When 40 ppm P was
added, Si remained as the primary crystal, and irregular and thick acicular Si crystals were
observed. This phenomenon might be because AIP formed incomplete and uneven nuclei,
which could not restrict the growth of the Si grain [21,22]. However, when 50 ppm P was
added, fine Si grains were formed, and the acicular Si crystals were dispersed. Further,
when 60 ppm of P was added, grains finer than those in the case with 50 ppm P were formed,
and acicular Si crystals were also modified to finer fibers. However, when 70 ppm P was
added, the Si grains grew rather irregularly and precipitated, and the acicular Si crystals
increased in thickness. Such phenomena might be due to the excessive modification that
appeared in the hypereutectic alloy. If the amount of AIP increases excessively, coalescing
between AIPs occurs. As a result, AIP loses its function as a nucleus that combines with Si,
ultimately leading to the formation of large structures. These results reveal that excellent
structures can be obtained when P is in the range of 50–60 ppm, as Si grain growth is
restricted under these conditions.
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Grain refinement could not be achieved with the addition of only P; therefore, Sr was
also added, and the changes in the alloy structure were examined. Figure 6 shows the Si
crystals of the alloy to which varying amounts of Sr were added. Initially, 60 ppm P was
added to the virgin Al to reduce the size of the Si grain; afterwards, Sr was added. When
50 ppm Sr was added, the acicular Si crystals remained almost unchanged. Furthermore,
when 80 ppm Sr was added, the crystals were not evenly modified, resulting in an Si
structure that was not refined, as the acicular Si crystals remained. However, when
120 ppm and 150 ppm Sr were added, although refined Si structures were confirmed in
both cases, numerous fine Si crystals precipitated on the dendrite boundary surface. Finally,
when more than 180 ppm Sr was added, small modified Si structures were observed.
Because molten Al4Si2Sr contained a considerable amount of Sr, the Si structure was
sufficiently refined, i.e., Si did not precipitate as crystals and was refined on the boundary
surface of the crystal, indicating that modification of the structure was successful [23,24].
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The addition of Sr to molten alloy to form Al2Si2Sr resulted in the formation of a refined
Si crystal [25]. However, the Sr that was bound during this reaction might have separated
at the top of the molten metal or oxidized to SrO and disappeared naturally. The alloy
structure might therefore have changed to a needle-like structure again or growing [26].
Therefore, changes in the structure owing to the duration of the casting time were observed
and used to determine the optimal casting time after addition of Sr. Figure 7 shows the
changes in the alloy structure according to the casting time after the addition of Sr. It was
found that the Sr structure was the finest after 10 min following 180 ppm Sr addition,
and the refined structure could be maintained for 40 min after Sr addition. However,
at 60 min following Sr addition, the fine structure transformed into a needle-like structure.
This might be because sufficient Al2Si2Sr could not form as the concentration of Sr reduced
over time [27]. Therefore, to maintain the modified Sr structure, the casting duration should
not exceed 40 min after the addition of 180 ppm Sr, and if the casting duration exceeds
40 min, additional Sr must be added to the melt so that the excellent alloy structure can
be maintained.
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3.2. Grain Refinement of the AC4CH Alloy

Various materials were added to reduce the size of the grains to refine the alloy grains.
A total of 60 ppm P and 180 ppm Sr were added to the virgin Al, in which only the sizes of
Si crystals were controlled to investigate the effect of the added material on the grain size.
The resulting crystal sizes were measured, as shown in Figure 8. While the crystals were
not modified, the size of the crystal was as small as 900 µm and as large as 1800–2200 µm,
displaying a very irregular distribution. The larger the grain size, the more inferior the
mechanical properties, and there was a possibility of defects due to gas or oxide inclusion
between the grains [28].
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Figure 8. Grain size of AC4CH without grain control after refinement by Si.

Figure 9 shows the results of the addition of the Al-5Ti-1B master alloy, which has
been widely used to refine grains. Each of the Al-5Ti-1B master alloys at 0.05%, 0.1%,
and 0.2% were added to the molten metal, and the sizes of the grains were compared.
When 0.05% Al-5Ti-1B master alloy was added, the size of the grains was in the range
of 800–1100 µm. However, overall, the grains were not refined and the size of the grains
was formed non-uniformly. Into 0.05% Al-5Ti-1B, 25 ppm Ti and 5 ppm B were added.
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Therefore, the amount of TiAl3 and AlB2 that could refine the grains might be lower.
In other words, although the size of the grains became smaller with no grain modification,
it seems that TiAl3 and AlB2 do not solute [29]. Further, when 0.1% Al-5Ti-1B master alloy
was added, the sizes of the grains were in the range of 600–850 µm, which was generally
large, and their sizes were not uniform. Once again, when 0.2% Al-5Ti-1B master alloy was
added, the grain size was in the range of 450–550 µm. Even with 25 ppm Ti and 5 ppm B,
grain refinement was not well executed. This might not be due to lack of TiAl3 and AlB2,
but the melting points of precipitated TiAl3 and AlB2 were high, consuming more time
and energy to be degraded to the atomic state; thus, it is hard to be melted into the Al
atoms [30]. If a larger amount of Al-5Ti-1B master alloy had been employed, the maximum
solution amount of Ti would have been in excess, resulting in the precipitation of TiAl3
and AlB2 on the boundary surface, which might have impaired its castability.

Processes 2021, 9, x FOR PEER REVIEW 10 of 19 
 

 

 
Figure 8. Grain size of AC4CH without grain control after refinement by Si. 

Figure 9 shows the results of the addition of the Al-5Ti-1B master alloy, which has 
been widely used to refine grains. Each of the Al-5Ti-1B master alloys at 0.05%, 0.1%, and 
0.2% were added to the molten metal, and the sizes of the grains were compared. When 
0.05% Al-5Ti-1B master alloy was added, the size of the grains was in the range of 800–
1100 μm. However, overall, the grains were not refined and the size of the grains was 
formed non-uniformly. Into 0.05% Al-5Ti-1B, 25 ppm Ti and 5 ppm B were added. There-
fore, the amount of TiAl3 and AlB2 that could refine the grains might be lower. In other 
words, although the size of the grains became smaller with no grain modification, it seems 
that TiAl3 and AlB2 do not solute [29]. Further, when 0.1% Al-5Ti-1B master alloy was 
added, the sizes of the grains were in the range of 600–850 μm, which was generally large, 
and their sizes were not uniform. Once again, when 0.2% Al-5Ti-1B master alloy was 
added, the grain size was in the range of 450–550 μm. Even with 25 ppm Ti and 5 ppm B, 
grain refinement was not well executed. This might not be due to lack of TiAl3 and AlB2, 
but the melting points of precipitated TiAl3 and AlB2 were high, consuming more time 
and energy to be degraded to the atomic state; thus, it is hard to be melted into the Al 
atoms [30]. If a larger amount of Al-5Ti-1B master alloy had been employed, the maximum 
solution amount of Ti would have been in excess, resulting in the precipitation of TiAl3 
and AlB2 on the boundary surface, which might have impaired its castability.   

 
Figure 9. Comparison of the grain sizes of AC4CH alloy with different amounts of Al-5Ti-1B master alloy. 

Figure 10 shows the grains of the AC4CH alloy into which Ti and B were chemically 
added. With the chemical addition method, the compound was degraded in the molten 
metal, and Ti and B atoms were produced. These atoms reacted with Al to produce TiAl3 
and AlB2. K2TiF6 at 0.014% and KBF4 at 0.013% were added to adjust the Ti concentration 
to 25 ppm and B at 5 ppm. The grain size after the addition of Ti and B was measured as 
600–750 μm. Although the size of the grains was large and uneven, the grain refinement 
was far better than when the Al-5Ti-1B master alloy was added.  

Figure 9. Comparison of the grain sizes of AC4CH alloy with different amounts of Al-5Ti-1B master alloy.

Figure 10 shows the grains of the AC4CH alloy into which Ti and B were chemically
added. With the chemical addition method, the compound was degraded in the molten
metal, and Ti and B atoms were produced. These atoms reacted with Al to produce TiAl3
and AlB2. K2TiF6 at 0.014% and KBF4 at 0.013% were added to adjust the Ti concentration
to 25 ppm and B at 5 ppm. The grain size after the addition of Ti and B was measured as
600–750 µm. Although the size of the grains was large and uneven, the grain refinement
was far better than when the Al-5Ti-1B master alloy was added.
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In another test, 50 ppm Ti and 10 ppm B were added in the form of 0.028% K2TiF6 and
0.025% KBF4. In this case, the average grain size was 250–450 µm. Therefore, excellently
refined grains and slightly large grains were generated. This was because low quantities
of TiAl3 and AlB2 were produced, causing deviations in the solid solution [30]. From the
above results, it is clear that higher amounts of Ti and B were needed to produce sufficient
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quantities of TiAl3 and AlB2. Therefore, 0.06% K2TiF6 and 0.05% KBF4 were added to adjust
the Ti concentration to 100 ppm and B concentration to 20 ppm. The resulting average
size of the grains, whose size was controlled and evenly distributed, was 300–400 µm.
This might be because, with the Al-5Ti-1B master alloy, the melting points of the TiAl3 and
AlB2 grains, which were formed in the master alloy, were high; therefore, high energy and
time were required to degrade them. However, when Ti and B were added through the
K2TiF6 and KBF4 compounds, TiAl3 and AlB2, which were bound in the form of atoms,
quickly released their Al atoms, forming finer and uniform grains [31].

To refine the grains, Ti and B, as well as compounds containing C, were chemically
added to the AC4CH alloy to form TiAl3, AlB2, and TiC. Figure 11 shows the microscopic
images after the addition of Ti, B, and C to the molten metal, and grain size refinement.
In addition, 0.0085% K2TiF6, 0.013% KBF4, and 0.002% C2Cl6 were added to adjust the
concentrations of Ti, B, and C to 15 ppm, 5 ppm, and 1 ppm. The combination of the added
materials yielded uniform grains with a grain size of 350–400 µm. Furthermore, 0.033%
K2TiF6, 0.05% KBF4, and 0.008% C2Cl6 were added to adjust the concentrations of Ti, B,
and C to 60 ppm, 20 ppm, and 4 ppm. This combination further improved the grain size
to 200–250 µm. Specifically, the Al-5Ti-1B master alloy was added at 0.2% for refinement
of the alloy, while when Ti, B, and C were added chemically, the refinement effect was
maximized even with far smaller amounts.
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3.3. Refinement of the Secondary Dendrite Arm Spacing (S-DAS) by the Cooling Speed

The average S-DAS sizes were measured after fixing the temperature of the molten
metal at 730 ◦C while changing the mold temperature. The results are illustrated in Figure 12.
When the mold temperature was adjusted to 400 ◦C, the average S-DAS was measured
as 37.54 µm. As the mold temperature was further reduced to 370 ◦C, the average S-DAS
also decreased to 16.23 µm. However, when the mold temperature was further reduced
to less than 300 ◦C, the fluidity of the molten metal decreased, resulting in a filling defect.
Therefore, it was confirmed that the optimal mold temperature required to minimize the
S-DAS without defect formation was 300 ◦C.
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3.4. Changes in Mechanical Properties by Heat Treatment Methods

The process was changed at the casting stage to improve the mechanical properties of
the AC4CH alloy. Tables 5 and 6 shows the measurement results for mechanical properties
such as the tensile strength, yield strength, elongation, hardness, and S-DAS by varying
the temperature and time of the solution treatment and aging treatment.

Table 5. Mechanical properties of alloys prepared under different process conditions.

Testing
Items

Tensile Strength
(N/mm2)

Yield Strength
(N/mm2)

Elongation
(%)

Hardness
(HBW 10/500)

S-DAS
(µm)

1st alloy 317 257 8 62.5 -
2nd alloy 269 188 10.8 80 41
3rd alloy 235 129 23 87 16.09

Table 6. Composition of alloy prepared under different process conditions.

Alloy
Components Cu Si Mg Zn Fe Mn Ni Ti Pb Sn Cr Al

1st alloy 0.03 7.49 0.28 0.01 0.12 0.005 0.01 0.12 0.01 0.001 0.003 91.91
2nd alloy 0.08 7.16 0.26 0.02 0.18 0.09 0.02 0.11 0.01 0.001 0.001 92.05
3rd alloy 0.03 6.73 0.44 0.01 0.14 0.01 0.02 0.11 0.04 0.03 0.11 92.46

In the 1st alloy, 60 ppm P and 180 ppm Sr were added to control the Sr grain by
refinement and granulation. The temperature of the molten metal was maintained at
730 ◦C, and the mold was heated to 450 ◦C for alloy preparation. The solution treatments
at 535 ◦C for 8 h and at 155 ◦C for 6 h were intended to increase the precipitation of Mg2Si
on the aluminum grain boundary surface. The resulting 1st alloys had an excessive amount
of Si, and the tensile strength and yield strength were high while the precipitation of
Mg2Si increased during heat treatment [32]. However, the elongation was low at 8% and
hardness did not improve. The grain was not refined as well as the S-DAS, exhibiting small
surface areas in the grain, indicating that Mg2Si might have not gone through a smooth
solid solution [33]. Therefore, precipitation hardening did not contribute to hardening
improvement.

For the 2nd alloy, 60 ppm P and 180 ppm Sr were added to virgin Al to reduce the size
of the Si grain. Another 60 ppm Ti, 20 ppm B, and 4 ppm C were added to refine the grain to
200–250 µm. During casting, the temperature of the molten metal was maintained at 730 ◦C,
and the mold was preheated to 450 ◦C for alloy preparation. The heat treatment was
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executed as a solution treatment at 540 ◦C for 4 h to expedite formation of the Al-Si-Mg2Si
solution and to raise the degradation speed. Meanwhile, the aging treatment was carried
out at 170 ◦C for 6 h to generate enough of the molten solution, as the alloy would not
form a solution properly due to the elution at the surface of the alloy at high temperature.
Furthermore, the refinement of the S-DAS was also confirmed when the grain was refined.
Although the tensile strength and yield strength decreased as compared to those in the
1st alloy, the hardness was increased by 10/500 (80 HBW), and the elongation was also
increased to 10.8%. This might be because hardening of the solution occurred as the amount
of solution increased in Mg2Si during the refinement and aging treatments [34]. The average
S-DAS was 41 µm, which was slightly high, indicating that with grain refinement, the S-
DAS could not be granulized, which could be improved through additional refinement of
the S-DAS to improve the mechanical properties of the AC4CH alloy.

For the 3rd alloy, 60 ppm P and 180 ppm Sr were added to control the size of the
Si grains, and an additional 60 ppm Ti, 20 ppm B, and 4 ppm C were introduced for
grain refinement, which resulted in grain sizes of 200–250 µm. Based on the 1st and 2nd
alloy results, the amount of Si was slightly reduced to improve the precipitation on the
grain boundary surface to increase the elongation by increasing Mg2Si formation so that
the hardness could be improved (Table 4). Casting was again executed after setting the
temperature of the molten metal at 730 ◦C for fast cooling, and the mold was preheated
to 300 ◦C to prepare the test specimens. The solution treatment duration was increased
to 6 h so that Mg2Si could completely melt, and the aging temperature was reduced to
160 ◦C to strengthen the hardening of the solution. The casting time was also reduced
to 4 h to reduce the time during which precipitation was formed on the grain boundary.
The results revealed that, although the tensile strength and yield strength were slightly
reduced compared to those in the 2nd test, the elongation remarkably increased to 23%.
The hardness might have increased owing to increases in the refinement of the S-DAS
and the amount of Mg2Si formed. In particular, the elongation remarkably increased,
which was attributed to the refinement of the S-DAS. Meanwhile, Si precipitation on the
grain boundary surface decreased and the dispersed structure could be achieved by the
refinement of the Si and Mg2Si S-DAS, which in turn might have slightly impaired the
tensile strength and yield strength [35].

Despite the remarkable increase in the elongation of the 3rd alloy, the hardness was
still low. To further increase the hardness, the solution treatments were again executed at
535 ◦C and 540 ◦C for 8 h each, and the aging treatments were performed at 160 ◦C, 170 ◦C,
and 180 ◦C for 7 h each. The heat treatments were intended to allow the added elements to
become complete solutions, and the changes in the hardness for each temperature were
measured.

The hardness test results for different heat treatments are tabulated in Table 7. The treat-
ments performed for 7 h to promote the degradation of Mg2Si into a solution and to make
the aging treatment sufficiently equilibrated yielded higher hardness values of more than
100 (HBW 10/500). At a solution temperature of 535 ◦C, the hardness value was high.
However, when the solution temperature was increased to 540 ◦C, the Al-Si-Mg2Si alloy
could not be degraded. Instead coalescence occurred, which might have impaired the
hardness. The maximum hardness values were obtained at an aging temperature of 180 ◦C,
which might be because, the higher the aging temperature, the greater the amount of Mg2Si
that degrades, forming a solution that results in a higher hardness. This means that solution
treatment should be executed at a temperature that does not encourage the alloy molecules
to coalesce with each other. It should be noted that the hardness due to hardening of the
solution was higher than that due to precipitation of Mg2Si.
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Table 7. Hardness changes due to the temperature and duration of the solution and aging treatments.

Test
Specimen

Solution Treatment Aging Treatment Hardness
(HBW 10/500)Temperature (◦C) Time (h) Temperature (◦C) Time (h)

A 535 8 180 7 122
B 535 8 170 7 115
C 535 8 160 7 116
D 540 8 180 7 111
E 540 8 170 7 112
F 540 8 160 7 112

3.5. Surface Roughness According to Cutting Speed

Surface roughness testing is essential because the metal surface changes during the
cutting process such as turning, milling, grinding, lapping, boring, and honing. Surface
roughness is greatly affected by the rotational speed of tool and feed rate during cutting.
The surface roughness according to the rotational speed of tool and feed rate is shown
in Figure 13. It was confirmed that the lower the rotational speed of the tool and the
faster the feed rate, the higher the surface roughness. In particular, after the feed rate was
100 mm/min, the surface roughness increased sharply. However, when the rotational speed
of the tool is 1500 rpm, the surface roughness is 3–4 µm, even at a feed rate of 200 mm/min.
Therefore, while considering the production speed, a cylinder block was manufactured
with a feed rate of 200 mm/min and a tool rotational speed of 1500 rpm, and the surface
roughness of each cylinder after honing is shown in Table 8. The surface roughness of each
cylinder was uniform, ranging from 4 to 4.5 µm. It was processed with a surface roughness
consistent with the result of Figure 13.
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Table 8. Surface roughness of each cylinder.

Cylinder No. 1 2 3 4
Surface roughness (µm) 4.01 4.03 4.51 4.2

3.6. Durability Test Results for the Engine

A cylinder block was fabricated using the modified AC4CH alloy chosen in this study,
and a durability test for the cylinder block was performed for 300 h. After the durability
test, the engine was dismantled for examination. Figure 14 shows photographs of the
cylinder block dismantled after the 300 h durability test. Although the test was executed
while driving the cylinder block under harsh conditions, the abrasion of the cylinder
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block horning was fair, and damage or cracks were not observed. However, at the contact
portion between the piston top and the second land, minute polishing occurred, which
might be due to carbon precipitated between the piston and cylinder block. Still, there
was no sculping due to the polishing or functional problems such as impairment of the
compressive pressure. Therefore, if the modified AC4CH material were applied to the
cylinder block, the durability of the engine could be secured.
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The maximum torques were measured with an engine dynamometer during the dura-
bility test, and the fuel consumption was also measured using a flowmeter. The relationship
between the torque and output is given by Equation (5). The fuel consumption of the
engine can be expressed as a break-specific fuel consumption (BSFC), which is the fuel
consumption rate per unit output, and can be calculated by using Equation (6). The changes
in the engine torque and BSFC measured during the 300 h durability test are presented in
Figures 15 and 16. As the durability test progressed, the engine stabilized as the mechanical
aging progressed, while decrements in the torque and BSFC gradually diminished. Specifi-
cally, the boost-up by the turbocharger started in full swing, and from 1500 rpm, when the
combustion stabilized, the differences between the starting and final values of both the
torque and BSFC were within 5%. Therefore, when the modified AC4CH material was
used for the cylinder block, the durability of the engine cylinder black could be secured.

P = 2πNT, (5)

BSFC =

.
mf
P

, (6)

where: P: Engine power (kW); N: Engine rotational speed (rev/s); T: Engine torque (Nm);
.

mf: mass flow of fuel (g/h).
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4. Conclusions

It was proven that when P4 was chemically added to make the concentration of P
60 ppm, the grain size of Si could be controlled, whereas with 180 ppm Sr, the Si grain size
became fine.

It is very important to refine the alloy structure to improve the mechanical properties
of metals. When 60 ppm Ti, 20 ppm B, and 4 ppm C were added to the solution treatment of
the alloy for grain refinement, the fine grains with a size range of 200–250 µm were obtained.

S-DAS size measurement results obtained after preheating the mold to reduce den-
drites, which were formed during solidification of the aluminum alloy, revealed that the
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S-DAS size was 16 µm when the temperature of the molten metal was 730 ◦C and the mold
temperature was 300 ◦C.

The tensile strength of the alloy was in the range of 235–317 N/mm2 under various
temperature conditions. As the amounts of Si and M in the alloy were increased, the tensile
strength exhibited an increasing tendency. As an effect of the heat treatment, the tensile
strength increased when the aging temperature was reduced, and the heat treatment
duration was shortened to increase Mg2Si precipitation.

The elongation of the cast alloy increased as the Mg2Si was fully converted into a
solution, and the Si and Mg2Si precipitated less on the grain boundary. Heat treatment was
sufficient to make Mg2Si form a solution, and the addition of an alloy containing 6.73% Si
and 0.44% Mg resulted in a maximum improvement in the elongation of 23%.

When Mg2Si was degraded and formed a complete solution to restrict precipitation
during the heat treatment, the hardness increased owing to solution hardening. The best
alloy hardness was achieved with the solution treatment at 535 ◦C for 8 h and the aging
treatment at 180 ◦C for 7 h.

The 300 h durability test for the engine whose cylinder block had been fabricated with
the modified AC4CH alloy revealed that although minute polishing occurred at the contact
points between the piston top and second land, there were no functional issues. In addition,
abrasion in the horning was acceptable, and damage such as cracks was not found.

The engine torque and BSFC measurement results revealed that mechanical aging
progressed during the 300 h durability test, resulting in a decrease in torque and BSFC
reduction. Furthermore, the differences between the torque and BSFC before and after
the tests stabilized to within 5%, confirming that the durability could be secured with a
cylinder block fabricated with the modified AC4CH material.

Author Contributions: Conceptualization, B.Y.P. and K.L.; Software, B.Y.P. and Y.K.; methodology,
Y.K.; validation, B.Y.P. and Y.K.; formal analysis, Y.K.; investigation, B.Y.P. and K.L.; resources, B.Y.P.;
data curation, Y.K.; writing—original draft preparation, B.Y.P. and Y.K.; writing—review and editing,
K.L.; visualization, B.Y.P. and Y.K.; supervision, K.L.; project administration, K.L.; funding acquisition,
K.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by “Human Resources Program in Energy Technology” of
the Korea Institute of Energy Technology Evaluation and Planning (KETEP), granted financial
resource from the Ministry of Trade, Industry & Energy, Republic of Korea (No. 20174010201310)
and the Technology development Program(S2785315) funded by the Ministry of SMEs and Startups
(MSS, Korea).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Okuda, S.; Saito, H.; Nakano, S.; Koike, Y.; Sagawa, T.; Kawamura, S.; Yoshida, K. Development of JASO GLV-1 0W-8 Low Viscosity

Engine Oil for Improving Fuel Efficiency Considering Oil Consumption and Engine Wear Performance; 0148-7191; SAE Technical Paper:
Washington, DC, USA, 2020.

2. Tharumarajah, A.; Koltun, P. Is there an environmental advantage of using magnesium components for light-weighting cars?
J. Clean. Prod. 2007, 15, 1007–1013. [CrossRef]

3. DeCicco, J. Steel and Iron Technologies for Automotive Lightweighting. Environ. Def. 2005, 3.
4. Carrera, E.; Rodríguez, A.; Talamantes, J.; Valtierra, S.; Colás, R. Measurement of residual stresses in cast aluminium engine

blocks. J. Mater. Process. Technol. 2007, 189, 206–210. [CrossRef]
5. Ber, L.B. Accelerated artificial ageing regimes of commercial aluminium alloys. II: Al–Cu, Al–Zn–Mg–(Cu), Al–Mg–Si–(Cu) alloys.

Mater. Sci. Eng. A 2000, 280, 91–96. [CrossRef]
6. Okayasu, M.; Takeuchi, S.; Ohkura, Y.; Shiraishi, T. Mechanical properties of AC4CH alloys produced by heated mould continuous

casting process. Int. J. Cast Met. Res. 2013, 26, 160–167. [CrossRef]



Processes 2021, 9, 70 18 of 18

7. Regmi, A.; Shintaku, H.; Sasaki, T.; Koshizuka, S. Flow simulation and solidification phenomena of AC4CH aluminum alloy in
semi-solid forging process by explicit MPS method. Comput. Part. Mech. 2015, 2, 223–232. [CrossRef]

8. Kim, S.-B.; Cho, Y.-H.; Lee, J.-M.; Jung, J.-G.; Lim, S.G. The Effect of Ultrasonic Melt Treatment on the Microstructure and
Mechanical Properties of Al-7Si-0.35Mg Casting Alloys. Korean J. Met. Mater. 2017, 55, 240–246.

9. Qin, Q.; Zhao, Y.; Xiu, K.; Zhou, W.; Liang, Y. Microstructure evolution of in situ Mg2Si/Al–Si–Cu composite in semisolid
remelting processing. Mater. Sci. Eng. A 2005, 407, 196–200. [CrossRef]

10. Guesser, W.; Duran, P.; Krause, W. Compacted Graphite Iron for Diesel Engine Cylinder Blocks. Congrès Le diesel: Aujourd’hui et
demain Ecole centrale 2004, 12–13.

11. Ozbakir, E. Development of Aluminum Alloys for Diesel-Engine Applications. Master’s Thesis, McGill University, Montrel, QC,
Canada, 2008.

12. Cho, Y.J.; Jung, J.; Park, Y.H. Effects of Solution and Aging Treatments on the Microstructure and Mechanical Properties of
Al-5.2Si-3.4Cu-0.28Mg Alloy. Korean J. Met. Mater. 2017, 55, 888–895.

13. Zhang, Q.; Liu, X.; Dai, H. Re-formation of AlP compound in Al–Si melt. J. Alloys Compd. 2009, 480, 376–381. [CrossRef]
14. Wen, K.Y.; Hu, W.; Gottstein, G. Intermetallic compounds in thixoformed aluminium alloy A356. Mater. Sci. Technol. 2003, 19,

762–768. [CrossRef]
15. Vinod Kumar, G.S.; Murty, B.S.; Chakraborty, M. Settling behaviour of TiAl3, TiB2, TiC and AlB2 particles in liquid Al during

grain refinement. Int. J. Cast Met. Res. 2010, 23, 193–204. [CrossRef]
16. Standard, A. Standard Test Methods for Determining Average Grain Size; ASTM International: West Conshohocken, PA, USA, 2013.

[CrossRef]
17. Standard, A. Standard Test Method for Analysis of Aluminum and Aluminum Alloys by Spark Atomic Emission Spectrometry; ASTM

International: West Conshohocken, PA, USA, 2017. [CrossRef]
18. Lee, D.-Y.; Cheon, B.-W.; Choi, C.-O. The Effect of the Metallic Mold Cooling System on the Solidification Structures and the

Mechanical Properties for Al-10%Si Alloy Castings. J. Korea Foundry Soc. 1993, 13, 155–162.
19. Stoloff, N.S. Intermetallics: Fatigue. In Encyclopedia of Materials: Science and Technology; Buschow, K.H.J., Cahn, R.W., Flemings,

M.C., Ilschner, B., Kramer, E.J., Mahajan, S., Veyssière, P., Eds.; Elsevier: Oxford, UK, 2001; pp. 4186–4192. [CrossRef]
20. Yamagata, H.; Kasprzak, W.; Aniolek, M.; Kurita, H.; Sokolowski, J. The effect of average cooling rates on the microstructure of

the Al–20% Si high pressure die casting alloy used for monolithic cylinder blocks. J. Mater. Process. Technol. 2008, 203, 333–341.
[CrossRef]

21. Ho, C.R.; Cantor, B. Heterogeneous nucleation of solidification of Si in Al-Si and Al-Si-P alloys. Acta Metall. Et Mater. 1995, 43,
3231–3246. [CrossRef]

22. Mohanty, P.S.; Gruzleski, J.E. Grain refinement mechanisms of hypoeutectic Al-Si alloys. Acta Mater. 1996, 44, 3749–3760.
[CrossRef]

23. Liao, H.; Sun, G. Mutual poisoning effect between Sr and B in Al–Si casting alloys. Scr. Mater. 2003, 48, 1035–1039. [CrossRef]
24. Lu, L.; Nogita, K.; Dahle, A.K. Combining Sr and Na additions in hypoeutectic Al–Si foundry alloys. Mater. Sci. Eng. A 2005, 399,

244–253. [CrossRef]
25. Tahiri, H.; Mohamed, S.S.; Doty, H.W.; Valtierra, S.; Samuel, F.H. Effect of Sr–Grain Refining–Si Interactions on the Microstructural

Characteristics of Al–Si Hypoeutectic Alloys. Int. J. Met. 2018, 12, 343–361. [CrossRef]
26. Derin, S.; Aybarç, U.; Birol, Y. Effect of Strontium Addition on Microstructure and Mechanical Properties of AlSi7Mg0.3 Alloy. Int.

J. Met. 2016, 11, 688–695. [CrossRef]
27. Zhang, W.; Ma, S.; Wei, Z.; Bai, P.-K. The Relationship between Residual Amount of Sr and Morphology of Eutectic Si Phase in

A356 Alloy. Materials 2019, 12, 3222. [CrossRef] [PubMed]
28. Choudhury, B.; Choudhury, A. Local structure modification and phase transformation of TiO2 nanoparticles initiated by oxygen

defects, grain size, and annealing temperature. Int. Nano Lett. 2013, 3, 55. [CrossRef]
29. Qian, P.; Tang, Z.; Yuan, M.; Xiang, Y.; Wang, L. Microstructure and refinement mechanism of TiB2/TiAl3 in remelted Al-5Ti-1B

system. Mater. Sci. Technol. 2019, 35, 1563–1571. [CrossRef]
30. Li, P.; Liu, S.; Zhang, L.; Liu, X. Grain refinement of A356 alloy by Al–Ti–B–C master alloy and its effect on mechanical properties.

Mater. Des. 2013, 47, 522–528. [CrossRef]
31. Wang, H.; Jiang, Q.; Ma, B.; Wang, Y.; Wang, J.; Li, J.B. Modification of Mg2Si in Mg–Si alloys with K2TiF6, KBF4 and KBF4 +

K2TiF6. J. Alloys Compd. 2005, 387, 105–108. [CrossRef]
32. Li, Z.; Li, C.; Liu, Y.; Yu, L.; Guo, Q.; Li, H. Effect of heat treatment on microstructure and mechanical property of Al–10%Mg2Si

alloy. J. Alloys Compd. 2015, 663, 16–19. [CrossRef]
33. Chandra, R.D.S.; Chattopadhyay, K.; Chakrabarty, I. Effect on microstructures, hardness and SDAS of primary Mg 2 Si/Al-Si

eutectic phases of centrifugally cast functionally graded Al-(Mg 2 Si)p in-situ composites. IOP Conf. Ser. Mater. Sci. Eng. 2018,
390, 012012. [CrossRef]

34. Sadeler, R.; Totik, Y.; Gavgalı, M.; Kaymaz, I.; Gavgali, M. Improvements of fatigue behaviour in 2014 Al alloy by solution heat
treating and age-hardening. Mater. Des. 2004, 25, 439–445. [CrossRef]

35. Zhu, X.; Yang, H.; Dong, X.; Ji, S. The effects of varying Mg and Si levels on the microstructural inhomogeneity and eutectic
Mg2Si morphology in die-cast Al–Mg–Si alloys. J. Mater. Sci. 2019, 54, 5773–5787. [CrossRef]

Powered by TCPDF (www.tcpdf.org)

http://www.tcpdf.org

