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Abstract

This study investigates the effect of the metallic reinforcement
phase on the properties of castings made from medium-carbon steel
using the Lost Foam Process. Numerical simulations were
conducted using ESI-ProCast v2121.5 software to analyze the
influence of sample sizes and reinforcement ratios on cooling rates
and crystalline properties. The study included samples with
dimensions of 1090x200 mm and 509x200 mm, with reinforcement
ratios of 0% and 50%.

The results demonstrated that the introduction of reinforcement
phase particles significantly enhances cooling rates and improves
the crystalline structure, thereby enhancing the mechanical
properties of the castings. Statistical analyses, including variance
analysis, revealed that the optimal range of reinforcement ratios lies
between 12% and 33%. This range offers a balance between
solidification speed and the reduction of structural voids while
maintaining the fluidity of the molten metal. Ratios exceeding 33%
negatively impacted fluidity, hindering the casting process.

This study highlights the potential of innovative mold designs that
strategically incorporate the reinforcement phase to optimize
cooling rates while reducing harmful environmental emissions. The
findings contribute to advancing sustainable casting practices by
improving product quality and minimizing environmental impacts,
providing a solid foundation for future industrial applications.
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Introduction

As modern industrial production evolves, the demand for
environmentally friendly and highly efficient technologies has
become a strategic imperative across multiple sectors of the national
economy. Research efforts are directed towards finding innovative
solutions to achieve sustainability and reduce environmentally
harmful byproducts, while focusing on the safe rationalization of
natural resource consumption.

Lost Foam Process (LFP) casting technologies are among the most
prominent of these solutions, as they eliminate the need for many
traditional, cost-intensive, and energy-demanding processes, thus
contributing to improved efficiency and reduced negative
environmental impacts [1].

Studies indicate that incorporating a Metallic Reinforcement Phase
(MRP) into the polystyrene molding process can enhance the
mechanical properties of the produced materials, either by mixing it
with the polystyrene material or distributing it within the mold [2,
3].

Metal Matrix Composites (MMC) containing various reinforcing
phases have demonstrated attractive advantages such as high
specific strength, stiffness, and wear resistance, making them
preferred materials for multiple applications including engineering,
aerospace, electronics, and automotive industries [4-7].

Many recent studies have focused on aluminum as a primary matrix
material (MMC) due to its lightweight and excellent properties. For
example, a study by Huang et al. (2018) showed that reinforcing
aluminum with titanium particles led to a 55% improvement in
tensile strength due to grain refinement and boundary strengthening
[8]. A study by Rashad et al. (2015) confirmed the improvement in
the mechanical properties of magnesium by incorporating titanium
particles into the matrix [9].

In contrast, iron alloys and cast iron have not received the same level
of attention despite their significant importance in heavy-duty
applications. Some studies have explored using iron particles to
reinforce aluminum, noting significant improvements in hardness
and tensile strength [10]. A study by Musbah J. et al. (2021) also
indicated the effect of steel particles on the reinforcement of cast
iron, where uniform carbon distribution led to improved mechanical
properties of the alloy [11].

Additionally, a study by Shalevska (2019) analyzed the impact of
the reinforcement phase on controlling localized overheating and
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cooling rates within the mold, enabling the creation of locally
reinforced areas within the castings [12].

These research gaps highlight the need to explore the possibilities
of producing large castings using lost foam casting with polystyrene
patterns, while introducing reinforcing particles to enhance the
crystalline structure and reduce harmful emissions [13-18].

The current study aims to improve the quality of massive castings
and enhance their mechanical properties by accelerating the cooling
process using reinforcement particles, with a focus on reducing
emissions resulting from the use of expanded polystyrene patterns.

Literature Review

The integration of metallic reinforcement phases (MRPs) into
casting processes—especially when used in conjunction with the
Lost Foam Process (LFP)—has been increasingly explored to
enhance the mechanical performance, solidification behavior, and
environmental sustainability of metal matrix composites (MMCs).

Abraham et al. (2019) examined the effects of vanadium particle
reinforcement on the mechanical properties of aluminum alloy
AA6063 composites [19]. Their results indicated a significant
improvement in hardness and tensile strength, attributed to refined
grain structure and effective load transfer from the matrix to the
reinforcement. This finding supports the premise that MRPs serve
as effective thermal conductors and nucleation sites during
solidification.

Alaneme et al. (2018) studied Al-Mg-Si alloys reinforced with steel
particles and found that MRPs significantly enhanced mechanical
resistance, particularly under compressive and wear conditions [10].
These results reinforce the role of steel particles in improving core
mechanical properties, which aligns with the use of steel particles in
the current study for medium-carbon steel castings.

Musbah J. et al. (2021) explored how reinforcing mold patterns with
metallic inserts impacted casting structure during pouring. Their
findings demonstrated that such reinforcements led to more uniform
cooling and minimized porosity in the final product [11]. This
confirms the simulation results in the present study, where the
integration of MRPs increased the cooling rate and reduced internal
voids. Similarly, Metalcast S.A. de C.V. (2013) utilized the ESI
ProCAST software to identify and mitigate porosity defects in valve
body castings. By iteratively adjusting simulation parameters and
refining mold designs based on the results, the company

4 Copyright © ISTJ A ginae auball (5 gin
Ayl g o slell 40 sal) dlaall


http://www.doi.org/10.62341/jfaa2057

International Scienceand ~ VOlume 36 ) gy pll Al il

Imtrwaational beimrs mad Taviasiags demraal

Jomoky ol Part2 s ey 2

http://www.doi.org/10.62341/jfaa2057

successfully reduced casting rejection rates from 25% to 3%,
demonstrating the effectiveness of ProCAST in predictive defect
analysis and process optimization [20].

Shalevska (2019) also investigated heat transfer processes within
reinforced molds and concluded that MRPs significantly reduce
thermal resistance, enabling faster heat dissipation [12]. These
results are consistent with the current simulation findings, where
reinforced samples showed up to a threefold reduction in
solidification time compared to unreinforced ones.

Doroshenko and Chichkan (2008) focused on gas regime control in
LFP molds for large castings. Their insights showed that managing
gas pressure and composition during polystyrene combustion can
enhance mold-filling efficiency, especially when reinforcement is
involved [13]. These findings align with the conclusion of this study
regarding the optimal ratio between reinforcement content and mold
filling efficiency.

Mamyshev et al. (2010) systematically analyzed the crystallization
of castings with different reinforcement scenarios. They showed
that localized reinforcement helps in tailoring the grain structure for
specific mechanical properties [15]. This supports the current
study's suggestion that optimal reinforcement (12—33%) not only
speeds up cooling but also enhances the crystalline arrangement.
Ryabicheva et al. (2010) investigated porous metallic structures and
their thermal response under deformation [16]. The study indicated
that porosity and reinforcement distribution can affect heat
conduction and stress dissipation during solidification. These
parameters are vital in explaining why reinforcement beyond 33%
reduced fluidity and led to premature solidification in this study.
Lastly, Shalevska et al. (2015) highlighted the environmental impact
of casting emissions and how integrating MRPs into LFP molds
significantly reduces polystyrene combustion residues [17]. The
present study supports this observation, stating that optimized
reinforcement ratios lower the temperature and volume of
combustion gases, thus reducing environmental emissions.

Methodology

The methodology of this study involves conducting simulations
using ESI ProCAST v2021.5, an advanced simulation tool based on
the finite element method. The software facilitates virtual modeling
of various casting processes, such as sand casting, die casting, and
investment casting, while enabling the prediction of common
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casting defects like porosity, shrinkage, and thermal stresses [21].
In this research, ProCAST is utilized to assess the thermal behavior
of both reinforced and unreinforced alloys during heating and
cooling stages, along with performing associated calculations,
following the approach outlined below:

1. Specimen Size Selection: Simulations were performed on two
specimen sizes: the first with dimensions of 10 mm in diameter and
200 mm in length, and the second with dimensions of 50 mm in
diameter and 200 mm in length. The specimens were made of
Carbon Steel Grade 45, with the composition as shown in Table 1.

Table 1. Chemical Composition of the Carbon Steel 45 Alloy Used as
the MMC Matrix

Element Iron | Carbon | Silicon | Manganese | Phosphorus | Sulfur
(Fe) | (©) (Si) (Mn) (P) (S)
Percentage | g5 69 | 0.45 | 0.10 0.50 0.04 0.02
(%)

2. Reinforcement Ratios for Specimens:

The sample set was classified into two types based on the
reinforcement level:

A. Unreinforced specimens: For both sizes (10 mm diameter x
200 mm and 50 mm diameter x 200 mm).

B.Specimens with Reinforcement Particles (MRP): At a ratio of
50% by volume for both sizes.

The Reinforcement Particles (MRP) were made of Carbon Steel
Grade 20, with the composition shown in Table 2:

Table 2. Chemical Composition of the Carbon Steel 20 Alloy Used as
Reinforcement Particles (MRP)

ElETETT Iron | Carbon | Silicon | Manganese | Phosphorus | Sulfur
(Fe) © (Si) (Mn) (P) (S)
Percentage | g5 04 | 022 | 045 1.25 0.03 0.01
(%)

3. Casting Mold: The simulation study was performed for the
casting mold using expanded polystyrene (EPS) patterns, according
to the design prepared in Figure 1-a. The alternative mold
reinforcement design in Figure 1-b was also designed for casting
cases that do not involve polystyrene patterns and are used for other
casting methods, such as sand casting.
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Figure 1-a. Design of RMP structures within polystyrene foam molds.
b. Configuration of RMP distribution in molds without
polystyrene foam [25].

It is also possible to reduce the amount of polystyrene used by using
intermediate designs between the two designs, leaving a layer of
polystyrene on the areas that provide product details, which in turn
will give the desired final finish and precision, and on the areas that

serve as filler for the surfaces. This type of design is considered a

good option to reduce the level of harmful emissions resulting from
the combustion of polystyrene.

4. Mathematical and Statistical Calculations:

In addition to the casting simulation, several calculations were

performed, including:
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4.1. Effect of Alloy Elements on the Liquidus and Solidus
Curves: As is known, the alloy is carbon steel grade 45, meaning
that the carbon content is around 0.45%, as shown in Table 1.
Consequently, the liquidus line is at 1490°C and the solidus line is
at 1475°C, according to the iron-carbon phase diagram. However,
these limits change depending on the variation in the percentages of
alloying elements [22,23]. Table 3 shows the effect of 1% of added
elements on the liquidus and solidus lines, according to the chemical
composition of grade 45 steel.

Table 3. Effect of Casting Elements on the Temperatures of
Liquidus and Solidus Curves

Change in Liquidus Change in Solidus
Element Temperature (AT liquidus) Temperature (ATsolidus)
(°C per 1%) (°C per 1%)
Silicon (Si) +10 +15
Manganese
(Mn) -2 -5
Phosphorus
-30 -50
(P)
Sulfur (S) -6 -8

The temperatures for the liquidus and solidus phases are calculated
according to the following mathematical equations [24]:

n

Tliquidus = Tpase + Z(xi-ATliquidus,i) (€D)]
i=1
n

Tsotiaus = Tpase + Z(xi-ATsolidus,i) (2)
i=1

Where:
o Tiiquiaus: Final temperature of the liquidus line.
o Tsoiiaus. Final temperature of the solidus line.
o Tpase: Base temperature of the liquidus line (Equation 1) and the
solidus line (Equation 2) according to the iron-carbon phase
diagram.
o x;: Percentage of the element in the alloy.
o ATjiguiaus,i- The change in the liquidus line temperature caused
by 1% of element (i).
o ATso1iqusi: The change in the solidus line temperature caused by
1% of element (i).
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4.2. Linear Interpolation Calculation: The following linear
interpolation equation was used:

(x —x1). (2 —y1) 3)
(x2 — x1)

y=y:+

Where:

« y: The temperature at a specific time (x).

« x: The time value at which the temperature (y) is to be calculated.
e (x1, y1): The first known data point, representing a time before
(x) and its corresponding temperature (y;).

e (x5, y2): The second known data point, representing a time after
(x) and its corresponding temperature (y-).

This methodology is employed to determine accurate intermediate
points on the solidification curve. This curve represents the
relationship between liquid and solid phases. The objective is to
facilitate the calculation of temperature variation between different
levels within a casting (surface, quarter-depth, and center).
Additionally, Equation (4) is used to perform interpolation between
an unreinforced sample and a sample reinforced with 50% volume
fraction, using a sequential series of reinforcement percentages
(10%, 20%, 25%, 30%, 35%, 40%). This approach aims to identify
the optimal reinforcement percentage that minimizes thermal
deviation, while also achieving a balanced cooling rate that
considers both the speed of cooling and insufficient heat dissipation
within the casting.

Tioy = Too t+ % (Tsoo — Tow)
(4)

Where:

Ty, :The temperature corresponding to the specified reinforcement

percentage (i%).

Toy, :The temperature of the sample without reinforcement,

equivalent to the time-temperature for reinforcement. (50%).

Ts00,: The temperature of the sample with 50%reinforcement,

equivalent to the time-temperature for reinforcement (0%).

4.3. The standard deviation calculation: To evaluate the variation
between levels and different reinforcement ratios, the standard
deviation is calculated using the following equation:
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1 n
Oop, = EZ(M — x;)?
i=

Where:

oy, :The standard deviation of the different reinforcement ratios.

n :The number of values in the dataset.

x; :The individual data values.

u :The arithmetic mean of the samples with different reinforcement
ratios.

n
1 =\ 2
=70y ) = )
i=1
Where:

s; :The standard deviation of the sample levels (surface-quarter-
center).
X :The arithmetic mean of the levels within the sample.

Discussion and Results

The introduction of a reinforcement phase into polystyrene foam
models or directly into the mold cavity enables the creation of new
cast structures with a range of functional properties that were not
previously inherent in traditional casting alloys.

A Sample with a Diameter of 10 mm without Reinforcement
Phase:

It was determined that the alloy reaches the liquidus temperature
(Tu) of 1475°C for the matrix alloy at the "metal-mold" contact
surface after 0.5 seconds (Figure 2). The solidus temperature (Ts) is
reached after 10.8 seconds. Meanwhile, at the point corresponding
to ¥ of the sample diameter, the alloy reaches the liquidus
temperature T_ after 2.1 seconds (Figure 2) and the solidus
temperature Ts after 11.8 seconds. At the center of the sample, the
alloy reaches the liquidus temperature Ty after 2.2 seconds (Figure
2) and the solidus temperature Ts after 12.6 seconds. The liquid
phase then disappears in all sections of the casting, as shown in
Figure 3.
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2mm = Quarter

Temperature (C)

() 8
Time (S)

Figure 2. Solidification and cooling kinematics of the casting for a
sample (910200 mm) made of 45 steel in the mold cavity.

Figure 3 illustrates the simulation of the mixed phase (liquid and

solid phases) over time, starting from the liquidus line, representing
100% liquid, to the solidus line at 0% liquid for the same sample.

Surface 2MmMm e Quarter Center

Liquids (%)

6 8
Time (S)

Figure 3 — Liquid phase fraction of a sample (910x200 mm) made of 45
steel during the cooling time.

A Sample with a Diameter of 10 mm and 50% Reinforcement:

During the solidification of a 10 mm diameter sample in a reinforced
mold occupying half of its cross-sectional area, it was observed that
the alloy reached the liquidus temperature (T)) after 0.4 seconds at
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the metal-mold contact surface, as shown in Figure 4. The solidus
temperature (Ts) — corresponding to 0% liquid fraction — was
reached after 2.2 seconds, as depicted in Figure 5. During this
interval, at a point located at % of the sample’s diameter and at the
metal-MRP boundary, the alloy reached the liquidus temperature
(Ty) after 0.2 seconds and the solidus temperature (Ts) after 2.8
seconds. At this stage, the liquid phase disappeared completely
across all sections of the casting (Figure 5).

It is noteworthy that under these conditions, the reinforcement phase
(MRP) near the center of the alloy experienced a rapid temperature
rise, reaching 980°C within 0.5 seconds. This phenomenon, referred
to as thermal shock, caused a gradient in temperature levels.
Subsequently, the reinforcement phase cooled at a rate of 6—
8°C/second (Figures 4-5).

Surface Quarter Center

c
(]
S
=]
=
©
S
v
Q
=
(V]
-

3
Time (S)

Figure 4 - Solidification and Cooling Kinetics of a (910200 mm)
Sample of 45 Steel Reinforced with 50%.
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Quarter Surface

Liquids (%)

1.5 2
Time (S)

Figure 5 — Liquid Phase Fractions of a 50% Reinforced Sample with
Dimensions (910200 mm) During Cooling Time.

A Sample with a Diameter of 50 mm Without the
Reinforcement Phase (MRP):

In the computational simulation of the solidification of a 50 mm
diameter sample made of medium-carbon steel (grade 45) within a
hollow mold, it was determined that the alloy at the metal-mold
contact surface reached the liquidus temperature (T)) after 9.8
seconds, as illustrated in Figure 6. The solidus temperature (Ts),
corresponding to 0% liquid fraction, was reached after 182.0
seconds, representing the solidification boundary in the liquid-solid
fraction curve shown in Figure 7.

surface Quarter Center

Temperature (C)

40 80 120 160 200 240 280
Time (S)
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Figure 6 — Solidification and Cooling Kinetics of the Casting (Diameter
50 x 200 mm) Made of 45 Steel Without Reinforcement.

Surface Quarter Center

—
X
=
«n
i
=]
g
pr

80 120 160 200 240 280
Time (S)

Figure 7 — Liquid Phase Fraction of a (#50x200 mm) Sample of 45 Steel
During Cooling Time Without Reinforcement.

While the alloy reached the liquidus temperature (T\) at % of the
casting's diameter for the same sample after 23.8 seconds, the
solidus temperature (Ts) was reached after 119.5 seconds. At the
sample's center, the alloy reached T, after 32.8 seconds (Figures 6-
7) and T, after 232.0 seconds, at which point the liquid phase
disappears across all sections of the casting.

A Sample with a Diameter of 50 mm and 50% Reinforcement:
During the simulation of the cooling process of a 50 mm diameter
sample of medium-carbon steel (grade 45) in a mold using
reinforcement phase (MRP), occupying half of the sample’s radius,
it was observed that at the metal-mold contact surface, the alloy
reached the liquidus temperature (T)) after 3.4 seconds (Figure 8)
and the solidus temperature (Ts) after 52.9 seconds.

In the same period, at a point equivalent to % of the casting's
diameter and at the metal-MRP boundary, the alloy reached T, after
4.7 seconds (Figure 8) and T after 68.0 seconds. At the interface
between the melt and the MRP near the center, the alloy reached T,
after 1.8 seconds (Figure 8) and T; after 82.0 seconds, at which point
the liquid phase disappeared entirely across all sections of the
casting, as shown in Figure 9.
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Surface 6-9 mm == Quarter

14-17 mm 18-21 mm Center

Temperature (C)

60 t{0)
Time (S)

Figure 8 — Solidification and Cooling Kinetics of the Casting (Diameter
50 x 200 mm) Made of 45 Steel with 50% Reinforcement.

Surface 6-9 MM == Quarter 1

14-17 mm 18-21 mm Center

X
)
=
5
17
-

e ——

20 40 60 80
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Figure 9 — Liquid Phase Fraction of a (Diameter 50 x 200 mm) Sample
of 45 Steel with 50% Reinforcement.
It is worth noting that under these conditions, the temperature at the
interface where the melt contacts the reinforcement particles (MRP)
rises to a maximum of 1410°C within 5 seconds, then cools at a rate
of 1.5-2.0°C/second, as shown in Figure 10.
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Figure 10 — Heating and Cooling Kinetics of the Reinforcement Phase
(MRP).

It is also important to note that the rate of heat removal from the
melt until the liquidus temperature (T)) is reached varies across all
experiments. When the sample solidifies in a mold without MRP,
this rate ranges from 70-260°C/second, with the lower value
corresponding to the central part of the sample, while the final
cooling rate is 6.5-8.5°C/second, with the higher value
corresponding to the center of the sample. When the sample
solidifies in a mold containing a reinforcement phase (MRP)
representing 20%, the rate at which the melt reaches T, ranges from
325-640°C/second, with the higher value corresponding to the
region near the boundary of the reinforcement phase. The final
cooling rate is 21.0-25.0°C/second, with the higher value
corresponding to the contact surface between the metal and the
reinforcement phase. For a sample solidified in a mold containing
50% reinforcement particles (MRP), the rate at which the melt
reaches T ranges from 260—430°C/second, with the higher value
corresponding to the region near the reinforcement phase boundary.
The final cooling rate is 19-21°C/second, with the higher value
corresponding to the contact surface between the metal and the
reinforcement phase .Figure 11 shows the cooling rates for
reinforcement ratios of 0%, 10%, 20%, 25%, 30%, 35%, 40%, and
50%.
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Figure 11 — Cooling Rates for Different Reinforcement Ratios.

Excessive reinforcement can cause the alloy to solidify before
completing the casting process, as shown in Figure 11 for
reinforcement curves of 50%, 40%, and 35%. This reduces the
fluidity necessary to fill all mold cavities. Conversely, insufficient
reinforcement can extend the solidification time, as seen in Figure
11 for reinforcement curves of 0% and 10%. This results in limited
cooling rates, affecting grain size, solidification rates, and causing
increased variation in microstructure across the sample. These
factors may increase the likelihood of defects and residual internal
stresses, ultimately impacting the mechanical properties of the
casting compared to castings with optimal reinforcement.

Conclusion

The study demonstrated that integrating a metallic reinforcement
phase (MRP) into medium-carbon 45 steel using casting with
gasified patterns improves mechanical properties by accelerating
cooling rates and enhancing the crystalline structure.
Computational simulations, mathematical calculations, and
statistical analyses revealed significant variations based on
reinforcement ratios. The optimal reinforcement ratio was found to
range between 12% and 33%, depending on the shape, thickness,
and design of the mold, as well as the distribution of reinforcement
particles. This range ensures a balance between cooling rates and
structural integrity while maintaining fluidity during casting.
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Reinforcement ratios exceeding 33% negatively impacted fluidity
during pouring, highlighting the importance of precise
reinforcement proportioning.

It is noteworthy that the presence of the reinforcement phase (MRP)
in polystyrene patterns does not increase the quantitative indicators
of harmful emissions. Instead, it reduces harmful emissions during
casting and solidification by lowering cooling rates.

The study emphasizes the importance of adopting innovative mold
designs that strategically integrate the reinforcement phase to
achieve the desired performance while minimizing environmental
emissions from casting processes.

These findings contribute to a deeper understanding of sustainable
casting applications, offering insights into achieving a balance
between mechanical performance and environmental considerations
in industrial production processes. The study provides a solid
foundation for exploring effective and eco-friendly casting
techniques applicable across various industrial sectors.
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