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Abstract: Aluminum metal matrix composites (Al MMCs) are a class of materials characterized by
being light in weight and high hardness. Due to these properties, Al MMCs have various applications
in the automobile, aeronautical and marine industries. Ceramic-reinforced Al MMCs in the form of
sinters are known for having excellent abrasive properties, which makes them an attractive material
in certain fields of technology. The biggest problem in their production process is their low ability
to infiltrate ceramics with alloys and consequently the difficulty of filling a ceramic preform. The
castability of such composites has not yet been researched in detail. The aim of this study was to
create aluminum metal matrix composite castings based on aluminum alloys (AlSil1) reinforced with
an Al,Os sinter preform using a Castability Trials spiral mold, and then to determine the degree
of saturation with the liquid metal of the produced ceramic shaped body (Castability Trials spiral).
For the selected AlSill alloy, the liquidus (T1) and solidus (Ts) temperatures were determined by
performing thermal-derivation analysis during cooling, which is TI—579.3 °C and Ts—573.9 °C.
The resultant pressure necessary for the infiltration process was estimated for the reinforcement
capillaries with the following dimensions: 10, 15, 20, 25, 30 and 35 microns. The following values
were used to determine the capillary pressure (Pk): surface tension of the alloy—o = 840 mN/m;
the extreme wetting angle of the reinforcement by the metal—0 = 136°. It has been experimentally
confirmed that for the vacuum saturation process, the estimated resultant pressure enables saturation
of reinforcement with capillaries larger than 25 microns, provided that the alloy temperature does
not drop lower than the infiltration temperature. After the experiment, the time and route of the
liquid metal flow in the spiral were determined. On the basis of the obtained values, a simulation was
developed and initial assumptions such as saturation time, alloy temperature, reinforcement and mold
temperature were verified. The energy balance showed that the saturation limit temperature was
Tk = 580.7 °C for the reinforcement temperature of 575 °C. In contrast to the above, the assumption
that the temperature of the metal after equalizing the temperature of the composite components
must be higher than the liquidus temperature (Tliq = 579.3 °C) for the aluminum alloy used must
be fulfilled. After the experiment, the time and path of the liquid metal flow in the spiral were
determined. Then, on the basis of the obtained values, a simulation was developed, and the initial
assumptions (saturation time and temperature) were verified.

Keywords: casting; aluminum metal matrix composites; castability; energy balance

1. Introduction

The casting properties of an aluminum alloy have a significant impact on the mold-
filling process, and they have an influence on the structure and properties of the casting,
especially of the composite casting, where a reinforcing phase appears. One of the most
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important of these features is the castability, understood not only as the distance made by
the alloy of the composite matrix from the moment of pouring to complete infiltration of
the reinforcing structure and solidification, but also as a set of features characterizing the
flow of liquid metal in the mold cavity, i.e., the velocity and time of a flow, the level of
reinforcement infiltration with a liquid metal, or changes in the temperature of a solidifying
metal [1-6].

The knowledge of temperature changes or the velocity of filling the mold cavity with
liquid metal enables, at the later stage, modelling of the process of reinforcement infiltration
with a liquid alloy and filling the mold cavity [5]. Determining the castability, especially in
the case of the reinforcing phase in composites (due to the complex nature), is exceedingly
difficult by analytical means. It depends, as already mentioned, on many variable factors
that are related to the properties of the liquid alloy (the chemical composition, viscosity,
surface tension, and content of oxides and gases), mold properties (the specific heat and
thermal conductivity of the mold material and surface roughness), and pouring condi-
tions (the metal temperature, mold temperature, gating system height, pressure, and rate
of filling).

These factors affect the quality of the casting [7]. The formulas [8,9] given in the
literature are approximate. Therefore, the castability of casting alloys for a given group
of castings (especially composite ones) is determined experimentally, or for comparative
purposes, in special casting tests. Marisa Di Sabatino et al. described, in their work [10],
the effect of the aluminum alloy composition on the fluidity, macrosegregation, and defects
resulting from the casting process. They also discussed predictive models for castability
prediction and data on other process parameters. Ray S. focused on the problems of the
quality of composites with particles and a metal matrix and their relationship with the
process variables and characteristics of a given casting process [11].

Modelling in a foundry enables the design of new materials and technologies [12,13].
According to the BN-80/4051-17 standard [14], there is a spiral test in which the castability
is determined by the length of the spiral cast in a standardized manner. Attempts to test the
castability of a composite with an Al matrix and reinforcement in the form of SiC particles
using the castability spiral were presented by Sourav Kayal et al. In article [15] the authors
presented the results of the influence of the pouring temperature (Tp) and at different
weight fractions of SiC on the castability of aluminum silicon metal matrix composites in
thin-walled castings with wall thicknesses of 3, 4, and 5 mm, respectively.

The analysis was performed on an aluminum silicon alloy that was reinforced with
5 wt.%, 10 wt.%, and 15 wt.% of SiC with an average 400 mesh size and a pouring tempera-
ture varied from 680 °C to 725 °C. Statistical analysis showed that pouring temperature had
a much higher influence on the castability in comparison with the influence of the reinforc-
ing particle [15]. In the case of infiltrated composites, this is a difficult process due to the
“stiffness” of the reinforcing phase that gives the proper shape of the product. The process
of producing infiltrated composites has been described in detail in the literature [16-21].
Calin R et al. determined the effect of powder size on the infiltration efficiency related
to the fluidity of an Al alloy in the production of MgO-reinforced composites using the
vacuum infiltration method [22]. In this work and from the author’s experience, in the case
of composites with saturated reinforcement, we can see clearly that the infiltration process
depends on the castability of the matrix and should be carried out based on the rules of
infiltrating the reinforcement with a liquid matrix. During the infiltration of the reinforce-
ment with metal, partial processes may occur, which may be advantageous from the point
of view of filling the capillary spaces of the reinforcing structure, the composite production,
or undesirable, such as the formation of defects (insufficient saturation). These include,
among other things, not filling the reinforcement and the formation of gas occlusions.

During infiltration, in addition to overcoming the initiation pressure and the flow of
an alloy into the spaces (channels) with the most favorable flow conditions (these places
are located in areas with a locally increased preform porosity) and filling the reinforcement
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areas with increased hydraulic resistance, the decisive stage takes place, i.e., filling capillary
spaces, formed by particles in contact or located close to each other [23].

The phenomenon of incomplete filling of capillary spaces, occurring in infiltrated
composite castings is illustrated in Figure 1. The capillary pressure value (py,p) for this
case can be determined on the basis of the Young-Laplace equation [16]:

40
Pxap = 5 cos0 (1)

dmin

where

o—the value of the liquid surface tension [N/m)],
d,in—substitute diameter [m], and
6—the contact angle [°].

(b)

Figure 1. Scanning electron microscope (SEM) micrographs of incomplete filling in the infiltrated

SiC/silumin composite of (own research): (a) reinforcement space, and (b) capillary space between
reinforcement elements.

Therefore, in the case of unfavorable wetting of the reinforcing phase surface with
liquid metal, in capillaries formed in preforms (made of disordered compressed particles),
where there are numerous areas of mutual contact of sinter particles, we are dealing with
spaces whose complete filling with a liquid alloy requires high pressure values, theoretically
going to infinity. Achieving complete filling of intermolecular spaces is therefore impossible,
and each composite infiltrated with liquid metal with a reinforcement made of disordered
particles, also in the form of a sinter, is porous [16]. These can be both the porosities of the
composite structure (Figure 2a) or discontinuities of the matrix structure (Figure 2b), as
illustrated in Figure 2.

The use of a pressure higher than necessary for the required (incomplete) filling of
the capillaries is undesirable as it may lead to deformation or displacement of the ceramic
preform. Disproportionate pressure also introduces excessive stresses in the particles in the
areas of the liquid metal front, which can lead to cracks, chippings, tears, and breaks in the
reinforcing structure as shown in Figure 3.

Incomplete filling of the ceramic preform capillaries may occur during the infiltration
of the preform with liquid alloy as a result of the solidification of the matrix metal [23]. To
avoid this, after the temperature of the composite components is even, the temperature of
the alloy must be higher than the temperature of the liquidus metal matrix. This condition
can be fulfilled by selecting the initial temperature of the matrix and ceramic preform. They
can be calculated from the thermal balance [16,24-26] of the composite casting production
process, which will be presented later in this paper.
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Figure 2. SEM micrographs of defects in a SiC/silumin composite (own research): (a) clearly visible
slight blisters in the composite structure between the matrix and the reinforcement particles, and
(b) discontinuities of the matrix structure.

Figure 3. SEM micrographs of the defects of a SiC/silumin composite reinforcement (own research):
() brittle breaks of particles, and (b) chipping of reinforcement elements.

There are no studies related to the production of composite castings with saturated
ceramic reinforcement using the melted /lost model method. Composite materials belong
to the group of difficult-to-machine materials, so it becomes advisable to produce shape
castings while minimizing their machining, which is associated with the economic aspect.
The use of 3D printing in the processes of manufacturing the reinforcing structure for MMC
enables obtaining any shape of composite castings. The tests presented in this work are
intended to present the indicated technology, characterize the process parameters and
assess the degree of saturation of the reinforcing structure, which enables assessing the
quality of composite castings.

The aim of this work was to produce composite castings based on aluminum alloy
(AlSi11) reinforced with Al,Oj3 sinter. The parameters of the process of sinter infiltration
with a liquid matrix metal were determined along with the energy balance of the composite
casting manufacturing process. The ceramic preform was in the shape of a spiral that was
placed in the mold. The ceramic mold was made using the lost-wax casting process [27-30],
and the spiral, on the basis of which the degree of infiltration was assessed, was produced
by the rapid prototyping fused deposition modelling (FDM) technique with high-impact
polystyrene (HIPS) [31-33].
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Three-dimensional printing based on modelling (FDM) with a thermoplastic polymer
can allow for the integration and embedding of objects during 3D printing, and FDM-based
3D printed elements typically do not require any final processing and finishing, which
was confirmed by Yuen [34]. There is a wide range of filaments used in the additive
technique [34,35]. The choice of the type of filament is primarily determined by the
maximum temperature to which the 3D printer head can heat up [34-36]. The FDM
technology makes use of polymers such as polylactide (PLA), high-impact polystyrene
(HIPS), and acrylonitrile-butadiene-styrene copolymer (ABS), poly(ethylene terephthalate)
copolymer with ethylene glycol (PET-G), and polyamide 6 (PA6), which are used due to
the economics and shorter printing process.

HIPS is a modification of polystyrene (PS) resulting from the addition of butadiene
rubber [37]. This material has a high impact strength, is easily thermoformed, and does not
requiring pre-drying. Due to this, it is possible to construct even complex spatial forms.
However, the use of rubber reduces the tear strength, the transparency of the material, the
hardness, and the stability of the form at high temperatures. HIPS is recommended for
internal applications [37-39].

In this study, HIPS was used due to the ease of creating layers, the satisfactory dura-
bility of the material, appropriate stiffness and flexibility, and the low price of this material.
During pouring a mold with a liquid metal alloy with a melting point higher than that of
polystyrene, at approximately 240 °C, a complete burn of the polystyrene appears, with-
out a large amount of residual model material, which significantly affects the quality of
the casting surface. The instrumentation made with the FDM method from high-impact
polystyrene (HIPS) enables its complete gasification in the furnace without ash forma-
tion [17].

This material is widely used, although the disadvantage of HIPS is that when heated,
it produces a slightly unpleasant styrene smell, and its vapors contain harmful substances.
Therefore, when printing, proper care and room ventilation are required to remove these
acrid vapors.

The use of the FDM technique while creating molds may be beneficial from the point
of view of creating the final shape of the product in good quality [40]. The parameters of
the process of sinter infiltration with liquid matrix metal were determined along with the
energy balance of the composite casting manufacturing process. The experimental results
were used for the numerical simulations of the casting process to predict the temperature
distribution in the mold and preform.

The experiment aimed at determining the degree of saturation of the produced ce-
ramic body with liquid matrix metal and the determination of the basic parameters of the
impregnation processes was carried out in the following stages:

—  Creating a 3D model of a fitting in the form of a spiral with HIPS.

- Ceramic coating of printed HIPS fittings.

—  Firing ceramic shapes (creating a spiral-shaped reinforcing structure—ceramic sinter).

—  Composite casting, consisting of preparing the mold, placing reinforcement in it,
pouring liquid metal into the mold, and solidifying, cooling, and removing the casting
from the mold. The casting operation was performed eight times with different
process parameters.

—  Assessment of the degree of saturation of the fitting by measuring the distance from
the face of the spiral using microscopic methods.

—  Performance of the energy balance of the composite casting manufacturing process.

—  Verification of the casting process by the finite difference method (FDM).

2. Methods
2.1. Optical Microscopy
To conduct the evaluation of the reinforcing preform infiltration, optical microscopy

was used. The surface morphology of the samples was taken using an optical polarized
light microscope (Nikon Eclipse MA200, Kanagawa, Japan), equipped with the Nikon
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Imaging Software v.4.50 (NIS)—Elements Basic Research (BR) (Praha, Czech Republic).
Optical microscopy (OM) enables assessing the filling of the reinforcing structure with
liquid metal, by indicates porosity and other defects of the composite microstructure. Using
OM, it is possible to assess the size of a filled or unfilled capillary in the aluminum matrix
reinforcement structure with liquid metal. Observations were made on properly prepared
microsection specimens. The microsections were not consumed. The enlargements were
selected individually to assess the microstructure of the composites.

2.2. Energy Balance of the Process of Producing Composite Castings

The energy balance of the composite casting production process was conducted with
the use of empirical data, which were obtained from numerical simulations. The 3D model
of the cast-mold system was prepared in CAD Autodesk Inventor and exported in STL
format to the simulation code. Simulation tests were per-formed using NavaFlow&Solid
6.6 release 1 simulation code (NovaCast Systems AB, Ronneby, Sweden). A mesh was
made using the Finite Volume Method (FVM) with a size of 403,440 elements, of which
27,848 mesh elements were cast. A quasi-equilibrium model without segregation was
used. Boundary conditions and thermophysical data of the materials were determined on
the basis of validation studies of the thermal model. In the experiments, the temperature
distributions were carried out using contact methods (type K thermocouples) and non-
contact methods [41] using the Flir E6XT (Wilsonville, OR, USA) and Vigo V50 thermal
imaging cameras (Ozaréw Mazowiecki, Poland) and the Raytek two-color pyrometer (Santa
Cruz, CA, USA). An energy balance shows the flow of energy for a given technological
process. Within its framework, the energy demand of the process and its effect are compared.
In this work, the influence of the reinforcement and the matrix on the formation of the
casting structure was used, including such factors as: the specific heat of the reinforcement
and the aluminum matrix, the influence of the temperature of the components as a function
of the volume and density of the casting. Empirical data were used for the simulation
relationship of creating composite shape castings using the lost-wax casting method. To
perform the energy balance of the composite casting production process, we used the
dependency [16,23-26]:

V-P-cCmet- Pmet * ATmet = V(l - P)Czbr *Pzbr * Aszr (2)

where

V—the composite volume,

P—the porosity of the ceramic preform,

cmet—the specific heat of infiltrating metal matrix,

¢ pr—the specific heat of the reinforcement material,

pmet—the density of the infiltrating metal matrix,

pzbr—the reinforcement density,

AT met—the temperature decrease in the liquid matrix, and

AT ,,,—the temperature increase in the reinforcement material.

As,
ATmet = Tmet — Tk ®3)
ATy = T — Tor 4
Therefore,
Tmet — ATmet = Tyor + ATy ®)
where

Tmet—the initial temperature of the liquid matrix,
T ,or—the initial temperature of the reinforcement, and
Ty—the temperature of the infiltrated composite.
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3. Materials and Samples Preparation

The tooling for the production of reinforcement was printed on a Zortrax M200 printer
(Zortrax S.A, Olsztyn, Poland) made of high-impact polystyrene (HIPS) in a natural color
with the trade name Filament Devil 1.75 (Devil Design Ryszka Mateja Sp. J., Mikotow,
Poland) with a density of 1.06 g/cm? and a diameter of 1.75 mm [42].

The printed fittings (spirals) were covered with a ceramic mass, which was a mixture
of aluminum oxide powder (Al,O3) with a grain size in the range of 100 pm and sodium
silicate with a mass fraction of 4%. This mass was initially hardened by blowing with CO,
gas and finally placed in the furnace. Annealing was carried out in two stages. In the first
stage, the fittings involves the firing of polystyrene with a mass of Al,O3 in a mold firing
furnace. This type of furnace is equipped with a heated drain for molten polymers, special
filters and ventilation, with the ceramic mass were burned out at the temperature of 520 °C.
Figure 4 shows the fittings before the burning process. During the first stage of burning,
the HIPS fitting was completely gasified.

o\

T T T T T T

Figure 4. Macroscopic picture of the instrumentation for the production of reinforcement (HIPS spiral
with ceramic mass).

The second stage consisted of a 22 h annealing cycle in a high-temperature ceramic
furnace at 1500 °C. During this cycle, the ceramic and water glass particles were partially
fused. Selected properties of the obtained sinter are presented in Table 1 [43].

Table 1. Selected physical properties of the produced sinter [43].

Grain Sizes of Average Theoretical
. . Sintered Porosity of the Mean Size of
Material Bonding Agent Particles Preform Pores
(um) (%) (um)
powder Al,O3 Water glass 100 46.6 64.6

Obtained with aluminosilicates, the spiral-shaped ceramic sinters were impregnated
with paraffin. This impregnation aimed to protect the fitting against penetration of the
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liquid molding mass. A wax gating system was mounted to the fitting impregnated with
paraffin as shown in Figure 5.

$30.50

28.50

66.00

(c)

Figure 5. Ceramic spiral: (a) Technical drawing of the 2D model, (b) 3D model system, and (c) view
of a paraffin-impregnated ceramic spiral with a wax gating system.

Thermoelements were connected to the model systems in selected places and located
in perforated stainless steel sleeves with the following dimensions: diameter—100 mm;
height—200 mm. The sleeves were filled with plastic gypsum mass by Ransom & Randolps,
which was prepared from water and gypsum powder in a proportion of 1:2.5, where, after
mechanical mixing of components, the mass was degassed in a vacuum chamber [44]. After
being tied and dried, the molds prepared in this way were placed in the furnace (Figure 6),
where, in the first cycle, the gating system was melted, and, in the next cycle, the molds
were annealed in an incremental cycle until the temperature was 720 °C. During this time,
the paraffin in the capillaries of the reinforcement was completely gasified, and the mold
was completely hardened. The furnace temperature was then lowered to 600 °C where the
molds awaited pouring.

For infiltration tests, the method of vacuum casting was selected, where infiltration
occurs as a result of the difference in pressure in the chamber, as shown in Figure 7. Due
to the mold design, which has vent holes drilled in the sleeves and the packing ring, after
starting the vacuum pump, the pressure in the chamber is lower than the outside pressure.
The resultant sum of the spiral infiltration is metallostatic pressure, resultant atmospheric
pressure acting on the metal column, and capillary pressure. A standard, peri-eutectic
AlSill aluminum alloy with the composition given in Table 2 was selected for pouring.
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Figure 6. Macroscopic picture of the mold in the furnace before the annealing process.
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Figure 7. Mold diagram: (a) the process of pouring the mold, (b) 1—resultant pressure acting on the
metal column, 2—main filler, 3—preform, 4—mold ring, 5—gasket, 6—vacuum chamber, 7—suction
pipe valve, and arrows—pressure direction.

Table 2. Chemical composition of the AlSill alloy [%].

Si

Fe Cu Mn Mg Zn Ti Al

11.4

0.14 0.01 0.05 0.4 0.02 0.11 Rest

Eight molds were prepared for saturation tests under constant pressure conditions
but with variable temperature parameters. Each time, the procedure was to be conducted
as follows:

- Placing the mold on the stand,

- Connecting the measuring elements to the recorder,

- Starting the vacuum pump,

- Pouring liquid alloy into the mold,

- Turning off the pump, after the alloy solidifies in the gating system, and
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- Knocking the casting out of the mold.

The first stage of the tests involved determining the temperatures for pouring the
mold with the liquid metal and the mold itself at which the spiral will not fill completely.
The molds were successively placed on the stand and poured with the alloy. The intended
effect was obtained at the alloy pouring temperature of 585 °C and the mold temperature
of 580 °C. After determining the expected parameters, subsequent tests were carried out
under constant conditions of pressure and alloy temperature, but with successive lowering
of the mold temperature. Tables 3 and 4 present the parameters of ceramic sinter infiltration.
The infiltration column in Table 3 presents the values in millimeters. The data presented
in Table 3 refer to the degree of saturation of the reinforcement structure with the liquid
aluminum alloy in the entire cross-sectional area of the helix and were measured as the
distance from the main gating system to the saturation point. These indicate the distance
from the front of the spiral and constitute the area (level) of infiltration of the Al,Oj3 sinter
reinforcement with the matrix metal (AlISill).

Table 3. Mold and alloy temperature.

No Alloy Temp. Reinforcement Mold Temp. Infiltration
) [°C] Temp. [°C] [°Cl [mm]
1 680 600 600 350 (max)
2 640 600 600 350 (max)
3 600 599 590 350 (max)
4 590 599 590 350 (max)
5 585 597 580 163
6 591 582 510 178
7 589 587 546 164
8 589 585 514 154

Table 4. The most important parameters of the pouring process.

Parameter Value
External pressure 0.98 atm
Pressure in chamber 0.05 atm

Infiltration time 15 min

The castings were knocked out of the molds (Figure 8), the unfilled remains of the rein-
forcement were removed, and the samples were prepared for metallographic examination
in the selected infiltration boundary areas.

A

Figure 8. The casting after being knocked out of the mold and cleaned with the sample collection
areas marked to assess the degree of filling—exemplary locations for obtaining samples: % of spiral
length (A); casting boundary area (B).
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4. Results
4.1. Assessment of the Infiltration Level of the Microstructure with the Use of an
Optical Microscope

First, samples were taken for metallographic evaluation from test no. 3, where the
reinforcement was completely infiltrated along its entire length (according to Table 3). The
samples were taken in the area in front of the spiral at 'z of the spiral length (Figure 8,
the area of sample intake marked with the letter A) and its boundary length (Figure 9,
the area of sample intake marked with the letter B). Figure 9 shows the micrographs in
selected areas.

Length = 13.38 pi

(b)

Figure 9. Microscopic picture of the sample from the front of the spiral (1—unfilled capillary,

2—reinforcement, and 3—metal matrix): (a) %2 of the spiral length (Figure 8, the area of sample intake
marked with the letter A); (b) its boundary length (Figure 8, the area of sample intake marked with
the letter B), which represents the infiltration boundary area.

The photomicrographs showed areas unfilled by the matrix. Due to the irregular
diameter of the capillaries, it can be assumed that the capillaries with a diameter of less
than 20 um were not filled. To verify the correctness of the performed process, estimates
were made, determining the minimum diameter of the capillary that will be infiltrated
with the liquid matrix. To determine the capillary pressure, P the value of the surface
tension of the alloy o = 840 mN/m and the extreme contact angle of the ceramic by the
metal 6 = 136° were adopted [45,46].

Table 5 presents the estimated pressure values for the adopted capillary diameters.
The value of the infiltration pressure, Py, is the sum of the metallostatic pressure and the air
pressure outside the chamber minus the pressure in the chamber. The resultant pressure, AP,
which is the sum of the capillary pressure, P and the infiltration pressure, P, determine
the infiltration efficiency for a given capillary diameter. The infiltration condition will be
met when AP > 0.

The calculations show that the minimum capillary diameter that will be saturated is
25.08 um; however, the assumptions may be difficult to determine by means of 2D image
analysis. A capillary with a diameter of 25.08 um has a cross-sectional area of 494 um? and,
in the 2D image, we can only measure distances from one point to another. Figure 10 shows
the measurement of an unfilled capillary, where the value of one dimension is 30.96 um, but,
while analyzing the image, we cannot determine (through using an optical microscope) the
second dimension, which would allow to calculate the actual cross-section. The problem
is the preparation of the sample for analysis, because, by performing the scan, we change
the geometry of the prospective measurements. An additional problem is the difficulty of
measuring the surface properties of the discussed systems, such as the surface tension and
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extreme contact angle, as well as deviations from their average values for selected metals
given by various researchers [45,47,48].

Table 5. Resulting pressure for different capillary dimensions.

Pressure Value, Pa

Capillary : S
Diameter Caplllar{ )Pressure Inﬁltratuzll)Pressure Resultant Pressure
d [um] P, P, AP =P + P,
10 241,698 96,380 —145,318
15 161,132 96,380 —64,752
20 120,849 96,380 —24,469
25 96,679 96,380 —299
25.08 96,370 96,380 10
30 80,566 96,380 15,814
35 69,056 96,380 27,324

(b)

Figure 10. Optical light microscopic images. Evidence for anomalies in the imaging technique using

optical microscopy. The unfilled area of Al,O3 reinforcement with AlSill matrix metal of sample
no. 3 (designation in accordance with Table 3) at different magnifications: marked area of unfilled
capillary measurement (a); the value of the unfilled capillary measurement (b).

In the next stage of the research, the limit temperature of the matrix was determined,
which would enable infiltration of the reinforcement. Figure 11 shows the saturation
boundary area in sample 8 (Table 3), and the length in the spiral where the flow of the
matrix stopped is specified in millimeters—154 mm. The distance from the spiral front
(in millimeters) is the area of infiltration of the Al,Oj3 sinter reinforcement with the matrix
metal (AlSill1).
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Figure 11. Optical light microscopic images of sample no. 8 documenting the level of saturation. The
area of Al,O3 reinforcement (1—unfilled capillary, 2—reinforcement, and 3—metal matrix).

4.2. Energy Balance for the Production Process of Castings Reinforced with Al,O3 Sinter with an
AlSi11 Matrix

The energy balance in this study was conducted using empirical data and the fore-
casted temperature distribution in the mold obtained as a result of numerical simulations.
To obtain data for the calculations, validation tests of the thermal model were carried out in
the simulation code, the purpose of which was to identify the thermophysical parameters
of the casting-mold system and the boundary conditions. The validation tests were carried
out with the use of casting experiments in which the temperatures were recorded in selected
areas of the casting, reinforcement, and mold. In the conducted validation studies, the
thermophysical parameters of the gypsum mold determined in the previous studies were
used [49].

The coefficients determined as a result of validation tests enabled us to define the
certain conditions and to perform the simulation of the casting process for the saturation
parameters listed in Table 3. The simulation tests were carried out according to the follow-
ing scheme: import of the 3D model and volume mesh generating; implementation of the
boundary, initial, material conditions; simulation of the casting process. The simulation
tests were carried out with the use of the following substitute thermophysical parameters
of the aluminum alloy in the temperature range of 500-600 °C, with the heat conduc-
tivity 161-100 [W/(m-K)], specific heat 1056-1000 [J/ (kg-K)], density 2556-2356 [kg/ m3],
liquidus temperature Tj;q = 579.3 °C, and solidus temperature Ty, = 573.9 °C. The sub-
stitute thermophysical parameters of gypsum mold were assumed as constant values in
temperature range of 350—-600 °C: heat conductivity 0.12 [W/(m-K)] and volumetric heat
capacity 1.44 x 10° [J/(m3-K)].

The substitute thermophysical parameters of reinforcement were assumed as constant
values in the temperature range of 450-600 °C: heat conductivity 1.6 [W/(m-K)] and
volumetric heat capacity 0.34 x 10 [J/(m?-K)]. The initial temperature of the alloy was
589 °C, and the filling process was started at 425 s of the simulation. The temperature
distribution in the mold was simulated for different times after removing the mold from
the furnace (initial temperature of the mold and reinforcement—600 °C). As a result of the
process of transferring heat by the mold to the environment, the temperature of the mold
decreased. Due to the fact that the saturation process started 425 s after removing the mold
from the furnace, the temperature in the external parts of the mold dropped below 200 °C.
As aresult of the simulations, information about the temperature distribution in the mold
at the end of the saturation process was obtained. Based on the data from the experiment,
the place where the saturation process ended was identified (for casting no. 8 it is 154 mm
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of the spiral length) and the temperature of the reinforcement and liquid alloy was read
in the simulation program at this point. The values of these identified temperatures were
used to carry out the energy balance. The exemplary temperature distribution in the mold
on the horizontal cross-section of the mold for casting no. 8 from Table 3 is presented in
Figure 12.

=g
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- 578.80
574.40
570.00
560.00
- 550,00
540.00
530.00
464.00
398.00
332.00
— 266.00
- 200,00

580.00
570.00

Figure 12. Simulated temperature distribution in the mold and reinforcement for casting no. 8.

The energy balance showed that the limit temperature of the feeding was Tk = 580.7 °C

(for reinforcement temperature 575 °C). Therefore, the assumption presented in the intro-
duction of the work that the temperature of the metal, after equaling the temperature of the
composite components, must be higher than the liquidus temperature (infiltration) has to
be met.

5. Conclusions

Based on the research conducted, the following conclusions can be made:

The use of rapid prototyping techniques for the production of reinforcement allowed
for a significant reduction in the time and cost of the research. The reinforcement
produced in this way makes it possible to obtain composite castings of a given shape,
which is very important from the point of view of the use of castings. The analysis of
the impact of polystyrene on ceramics, aluminum matrix requires further research,
which exceeded the scope of this work.

The tests show that for the conditions presented in Table 3, it is possible to saturate a
capillary with a diameter exceeding 25 microns.

It is possible by experimental means to determine the basic parameters of infiltration
for composite materials. However, the determination of the infiltration level using
optical microscopy is poorly precise and requires the use of additional tests, e.g.,
computer microtomography, which will be the next stage of our work.

The experimental results may be helpful for the numerical simulation of the mold-
filling process in composite castings with reinforcement infiltration with a liquid
silumin matrix.

The energy balance shows that the limit temperature of the feeding was Tk = 580.7 °C,
and hence this is the temperature above the liquidus temperature (Ty;q = 579.3 °C) for
the tested aluminum alloy.

In the next stage of the research, the authors will assess the porosity of composite

shaped castings and characterize selected functional properties.



Materials 2023, 16, 6106 15 of 16

Author Contributions: Conceptualization, P.S. and P.P.; methodology, P.S., P.P. and K.G.; investiga-
tion, PS., PP, D.C.-K,, R.S. and K.G,; resources, PP. and PS.; software, R.S.; supervision, K.G.; funding
acquisition, P.P; writing—original draft, P.S., PP.,, D.C.-K. and R.S.; writing—review and editing, P.S.,
PP. and K.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Poznan University of Technology, Poland, grant number
0613/SBAD /4770 and 0613 /SBAD /4820.

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.  Mutwil, J.; Janowski, R. Attributes of single-phase silumins flow in channnels of metal mould. Arch. Foundry 2001, 1, 257-262.
(In Polish)

2. Konopka, Z.; Cisowska, M. Flow estimation of AIMg10 liquid alloy in spiral castability test. Arch. Foundry 2002, 2, 135-140.

3. Mutwil, J. Flow of AICu4% alloy in a mould channel. In Communications on the Edge of the Millenniums; University of Zilina: Zilina,
Slovakia, 1998; pp. 147-150.

4.  Popielarski, P.; Hajkowski, J.; Sika, R.; Ignaszak, Z. Computer simulation of cast iron flow in castability trials. Arch. Metall. Mater.
2019, 64, 1433-1439. [CrossRef]

5. Mutwil, ],; Zygadlo, M.; Janowski, R.; Niedzwiecki, D. New stand for fluidity investigation. Solidif. Met. Alloys 2000, 44, 497-502.
(In Polish)

6.  Arnberg, L.; Mo, A. Castability-fluidity and hot tearing. In Metals Handbook; ASM: Almere, The Netherlands, 2008; p. 375.

7. Fras, E.; Gorny, M.; Stachurski, W. Problem of super-thin wall nodular cast iron castings. Przeglad Odlew. 2006, 56, 230-238.

8.  Falecki, Z. Analysis of Casting Defects; AGH: Crakow, Poland, 1997.

9. Tabor, A. Odlewnictwo; Wydawnictwo Politechniki Krakowskiej: Krokéw, Poland, 2007. (In Polish)

10. Sabatino, M.D.; Arnberg, L. Castability of aluminium alloys. Trans. Indian Inst. Met. 2009, 62, 321-325. [CrossRef]

11. Ray, S. Review: Synthesis of Cast Metal Matrix Particulate Composites. J. Mater. Sci. 1993, 28, 5397-5413. [CrossRef]

12. Ignaszak, Z.; Popielarski, P.; Hajkowski, J. Sensitivity of models applied in selected simulation systems with respect to database
quality for resolving of casting problems. Defect Diffus. Forum 2013, 336, 135-146. [CrossRef]

13. Ignaszak, Z.; Popielarski, P.; Hajkowski, J.; Codina, E. Methodology of Comparative Validation of Selected Foundry Simulation
Codes. Arch. Foundry Eng. 2015, 15, 37-44. [CrossRef]

14. BN-79/4051-17; Technological Castability Trial for Alloys. Polish Industy Standard: Warsaw, Poland, 1979.

15. Kayal, S.; Behera, R.; Sutradhar, G. Castability of Al-SiCp metal matrix composites in thin walled castings. Int. J. Eng. Sci. Technol.
2012, 4, 3481-3488.

16. Grabian, J. The Saturation of Reinforcement with Ceramic Disordered Fibres during the Production of Cast of Metal Composites;
Wydawnictwo WSM: Szczecin, Poland, 2001. (In Polish)

17.  Szymanski, P.; Gawdziniska, K.; Nagolska, D. Attempts to prepare precision composite castings by sintering Al,O3/AlSi;j; using
underpressure. Arch. Foundry Eng. 2020, 20, 49-54. [CrossRef]

18. Dolata, A.J. Fabrication and Structure Characterization of Alumina-Aluminum Interpenetrating Phase Composites. |. Mater. Eng.
Perform. 2016, 25, 3098-3106. [CrossRef]

19. Dmitruk, A.; Naplocha, K,; Zak, A.; Dieringa, H.; Kainer, K.U. Development of Pore-Free Ti-Si-C MAX/ Al-Si Composite Materials
Manufactured by Squeeze Casting Infiltration. J. Mater. Eng. Perform. 2019, 28, 6248-6257. [CrossRef]

20. Kapton, H.; Dmitruk, A.; Naplocha, K. Investment casting of AZ91 Magnesium Open-Cell Foams. Arch. Foundry Eng. 2023, 23,
11-16. [CrossRef]

21. Pazhani, A.; Venkatraman, M.; Xavior, A.M.; Moganraj, M.; Batako, A.; Paulsamy, J.; Jayaseelan, J.; Anbalagan, A.; Bavan, S.J.
Synthesis and characterisation of graphene-reinforced AA 2014 MMC using squeeze casting method for lightweight aerospace
structural applications. Mater. Des. 2023, 230, 111990. [CrossRef]

22. Calin, R; Citak, R. Effect of Powder size on infiltration height in producing MgO reinforced Al matrix composites by vacuum
infiltration method. Mater. Sci. Forum 2007, 534-536, 797-800. [CrossRef]

23.  Szweycer, M. Surface Phenomene in Metal-Matrix Cast Composites Technology, Cast Composites, Commission 8.1, CIATF: Poznan,
Poland, 1998.

24. Gawdzinska, K.; Chybowski, L.; Bejger, J.A.; Krile, S. Determination of technological parameters of saturated composites based
on sic by means of a model liquid. Metalurgija 2016, 55, 659—-662.

25. Dolata, A.]. Centrifugal infiltration of porous ceramic preforms by the liquid Al alloy—Theoretical background and experimental

verification. Arch. Metall. Mater. 2016, 61, 411-418. [CrossRef]


https://doi.org/10.24425/amm.2019.130110
https://doi.org/10.1007/s12666-009-0049-2
https://doi.org/10.1007/BF00367809
https://doi.org/10.4028/www.scientific.net/DDF.336.135
https://doi.org/10.1515/afe-2015-0076
https://doi.org/10.24425/afe.2020.131282
https://doi.org/10.1007/s11665-016-1901-2
https://doi.org/10.1007/s11665-019-04390-8
https://doi.org/10.24425/afe.2023.144274
https://doi.org/10.1016/j.matdes.2023.111990
https://doi.org/10.4028/www.scientific.net/MSF.534-536.797
https://doi.org/10.1515/amm-2016-0075

Materials 2023, 16, 6106 16 of 16

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Travitzky, N.; Kumar, P.; Sandhage, K.H.; Janssen, R.; Claussen, N. Rapid synthesis of A1203 reinforced Fe-CrNi composites.
Mater. Sci. Eng. A 2003, 344, 245-252. [CrossRef]

Czarnecka-Komorowska, D.; Grzeskowiak, K.; Popielarski, P.; Barczewski, M.; Gawdzinska, K.; Poptawski, M. Polyethylene
Wax Modified by Organoclay Bentonite Used in the Lost-Wax Casting Process: Processing—Structure—Property Relationships.
Materials 2020, 13, 2255. [CrossRef]

Aziz, M.N.A.; Rusnaldy; Munyensanga, P.; Widyanto, S.A.; Paryanto. Application of lost wax casting for manufacturing of
orthopedic screw: A review. Procedia CIRP 2018, 78, 149-154. [CrossRef]

Burlaga, B.; Kroma, A.; Poszwa, P.; Klosowiak, R.; Popielarski, P.; Strek, T. Heat Transfer Analysis of 3D Printed Wax Injection
Mold Used in Investment Casting. Materials 2022, 15, 6545. [CrossRef] [PubMed]

Wang, J.; Sama, S.R.; Lynch, P.C.; Manogharan, G. Design and Topology Optimization of 3D-Printed Wax Patterns for Rapid
Investment Casting. Procedia Manuf. 2019, 34, 683-694. [CrossRef]

Kim, G.B;; Lee, S.; Kim, H.; Yang, D.H.; Kim, Y.H.; Kyung, Y.S.; Kim, N. Three-Dimensional Printing: Basic Principles and
Applications in Medicine and Radiology. Korean J. Radiol. 2016, 17, 182-197. [CrossRef]

Garzon-Hernandezab, S.; Arias, A.; Garcia-Gonzalez, D. A continuum constitutive model for FDM 3D printed thermoplastics.
Compos. Part B Eng. 2020, 201, 108373. [CrossRef]

Kroma, A.; Mendak, M.; Jakubowicz, M.; Gapinski, B.; Popielarski, P. Non-Contact Multiscale Analysis of a DPP 3D-Printed
Injection Die for Investment Casting. Materials 2021, 14, 6758. [CrossRef]

Yuen, PK. Embedding objects during 3D printing to add new functionalities. Biomicrofluidics 2016, 10, 044104. [CrossRef]
Bhattacharjee, N.; Urrios, A.; Kang, S.; Folch, A. The upcoming 3D-printing revolution in microfluidics. Lab Chip 2016, 16,
1720-1742. [CrossRef]

Dulffy, D.C.; McDonald, J.C.; Schueller, O.J.A.; Whitesides, G.M. Rapid prototyping of microfluidic systems in poly(dimethylsiloxane).
Anal. Chem. 1998, 70, 4974-4984. [CrossRef]

An, W.; Sun, J.; Liew, KM.; Zhu, G. Flammability and safety design of thermal insulation materials comprising PS foams and fire
barrier materials. Mater. Des. 2016, 99, 500-508. [CrossRef]

Abu-Jdayil, B.; Hittini, W.; Mourad, A.H. Development of date pit-polystyrene thermoplastic heat insulator material: Physical
and thermal properties. Int. J. Polym. Sci. 2019, 2019, 1697627. [CrossRef]

Martins, C.R.; Ruggeri, G.; De Paoli, M.A. Synthesis in Pilot Plant Scale and Physical Properties of Sulfonated Polystyrene. J. Braz.
Chem. Soc. 2003, 14, 797-802. [CrossRef]

Sika, R.; Rogalewicz, M.; Popielarski, P.; Czarnecka-Komorowska, D.; Przestacki, D.; Gawdzinska, K.; Szymaniski, P. Decision
Support System in the Field of Defects Assessment in the Metal Matrix Composites Castings. Materials 2020, 13, 3552. [CrossRef]
Krawiec, P; Rézanski, L.; Czarnecka-Komorowska, D.; Wargula, L. Evaluation of the Thermal Stability and Surface Characteristics
of Thermoplastic Polyurethane V-Belt. Materials 2020, 13, 1502. [CrossRef]

Product Card. Available online: https://devildesign.com/download /HIPS_-_product_card.pdf (accessed on 29 October 2020).
Granulacje Ziarna Sciernego. Available online: https:/ /www.korund.pl/granulacje (accessed on 29 October 2020). (In Polish).
Guzera, ]. Wykonywanie odlewéw metoda wytapianych modeli w autoklawizowanych formach gipsowych. Arch. Foundry Eng.
2010, 10, 307-310. (In Polish)

Jackowski, J.; Szweycer, M.; Szymariski, P. Assessment of surface properties of liquid metals and alloys in liquid media. Kompozyty
(Composites) 2006, 2, 60—-64. (In Polish)

Nagolska, D.; Szymarnski, P.; Pedzich, Z. The role of the parameters of reinforcing profile structure in the recycling process of
metal composites with saturated reinforcement. Arch. Technol. Masz. I Autom. 2006, 26, 77-86. (In Polish)

Sobczak, N. Zwilzalnos¢, struktura i wlasciwosci granic rozdziatu w ukladzie Al/Al,O3. Kompozyty (Composites) 2003, 7, 301-313.
(In Polish)

Takahashi, M.; Giuranno, D.; Ricci, E.; Arato, E.; Novakovic, R.M. Surface Properties of Liquid Al-Si Alloys. Metall. Mater. Trans.
A Phys. Metall. Mater. Sci. 2019, 50, 1050-1060. [CrossRef]

Bernat, L.; Popielarski, P. Identification of substitute thermophysical properties of gypsum mould. Arch. Foundry Eng. 2020, 20,
5-8. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0921-5093(02)00419-7
https://doi.org/10.3390/ma13102255
https://doi.org/10.1016/j.procir.2018.08.304
https://doi.org/10.3390/ma15196545
https://www.ncbi.nlm.nih.gov/pubmed/36233880
https://doi.org/10.1016/j.promfg.2019.06.224
https://doi.org/10.3348/kjr.2016.17.2.182
https://doi.org/10.1016/j.compositesb.2020.108373
https://doi.org/10.3390/ma14226758
https://doi.org/10.1063/1.4958909
https://doi.org/10.1039/C6LC00163G
https://doi.org/10.1021/ac980656z
https://doi.org/10.1016/j.matdes.2016.03.080
https://doi.org/10.1155/2019/1697627
https://doi.org/10.1590/S0103-50532003000500015
https://doi.org/10.3390/ma13163552
https://doi.org/10.3390/ma13071502
https://devildesign.com/download/HIPS_-_product_card.pdf
https://www.korund.pl/granulacje
https://doi.org/10.1007/s11661-018-5054-9
https://doi.org/10.24425/afe.2020.131274

	Introduction 
	Methods 
	Optical Microscopy 
	Energy Balance of the Process of Producing Composite Castings 

	Materials and Samples Preparation 
	Results 
	Assessment of the Infiltration Level of the Microstructure with the Use of an Optical Microscope 
	Energy Balance for the Production Process of Castings Reinforced with Al2O3 Sinter with an AlSi11 Matrix 

	Conclusions 
	References

