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Abstract: The present study was performed on real-life I4-aluminum cylinder heads
produced industrially by applying the lost foam technique to Al-Si-Mg alloys (356 and
357). This work, in addition, introduces a new Al-Cu alloys coded 220 alloy. The main
aim of this study is to analyze the effects of liquid metal treatment on the hardness and
tensile properties of such castings. The effects of liquid metal treatment (modification with
200 ppm Sr, grain refining with 150 ppm B and degassing using pure Ar) of the castings
produced by the lost foam technique on the tensile strength and hardness properties were
evaluated. Hydrogen plays an important role in the formation of porosity. At the same time,
the foam mold leaves an impression on the casting surface taking the shape of fine holes.
In addition, segregation of hydrogen occurs in front of the solidification front. Thus, the
porosity is a combination of hydrogen level and the solidification rate. Gains of 17% and
24% are observed for the hardness and yield strength for alloy 357 compared to alloy 356,
caused by the difference in their magnesium (Mg) contents in the sense that, in the T6 heat-
treated condition, precipitates in the form of ultra-fine Mg,Si phase particles are formed.
The enhancement in the mechanical properties of the used alloy depends mainly of the
volume fraction of the precipitated Mg,Si particles. The hardness of alloy 220 increases by
18% and the yield strength by 15% compared to that measured for alloy 356. In this case, the
hardening phase Al,Cu is responsible for this increase. Thus, this study demonstrates that
liquid metal treatments significantly enhance the hardness and yield strength of Al-Si-Mg
and Al-Cu alloys, with the gain attributed to refined microstructures and reduced porosity.

Keywords: lost foam casting; melt treatment; hardness; tensile properties

1. Introduction

The first commercial use of the lost foam process was in Germany in 1962 [1-4].
Initially, it was used in the production of large automotive parts and large-scale parts [5].
Since 1980, several automated production lines with a capacity of 30-60 castings per hour
have been in operation. They produce many parts of ferrous and nonferrous alloys. General
Motors adopted the lost foam process for the production of its engine cylinder heads in
1981 [6,7]. Saturn Corporation uses the lost foam process to produce most of the aluminum
parts for its cars. In 1984, the casting division of the Ford Motor Company launched
a fully automated plant for the production of aluminum intake manifolds. In Europe,
car manufacturers Citroén, Peugeot, Fiat, Caster (a cast iron foundry), and Alutek (an
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aluminum foundry) have used the lost foam process on the majority of their production
lines [8-10].

In Japan, a large steel mill, the Morikawa Sangyo Co. Ltd. (Tokyo, Japan), converted
its production operations to the lost foam process in 1984 [11]. Other manufacturers using
the lost foam process include the following: in North America—OMC, Mercury Marine,
Grede, Quality Aluminum, Ampco, Amcast, Harvard Industries, Mueller Valve Co., and
elsewhere in the world—SAFAM, Lucky Gold Star, and others [12]. The outlook is very
good for the lost foam process, which could very well be replacing conventional casting
methods in the future.

Although aluminum-—copper (Al-Cu) alloys have superior mechanical properties to
aluminum-silicon (Al-Si) alloys, they are rarely used for lost foam casting. The long
solidification time associated with the casting process and the poor formability of Al-Cu
alloys are the reasons for this. However, limited research has been conducted on these
alloys for lost foam casting [13-15].

In the mid-1990s, a second generation of lost foam beads, T180D, which used a blend
of three substances as the blowing agent, was marketed for the aluminum market (Table 1).
The blend consisted of n-pentane, iso-pentane, and cyclopentane, allowing for the PS beads
to be pre-expanded more easily than the first-generation products, T170B, which used only
n-pentane as the blowing agent.

Table 1. First generation of commercial-grade expanded polystyrene (EPS) beads for lost foam [15].

Product AVgir;egizf;?dS DenI;(i)tt;I(lIt(i;m% Wei%:lgt:rft]ﬂ/(:;ving n-Pentane (%) Iso-Pentane (%)
T170B 350 24.0 5.7-6.4 100 0
T180D 350 17.6 6.2-7.0 70 15
X180 250 20.8 6.2-7.0 70 15
D180B 450 16.0 6.2-7.0 70 15

Natural aging and sudden increase in mechanical properties occur by the rapid forma-
tion of GP (Guinier—Preston) Zones from the supersaturated solid solution and vacancies.
The mechanical strength increases remarkably, and the properties become stable after a few
hours or even days. Artificial aging involves heating the quenched material to between
95 °C and 205 °C to accelerate the precipitation of certain intermetallic particles in heat-
treatable alloys. This acceleration is not entirely caused by the change in the reaction rate.
The structural changes are time- and temperature-dependent [16,17].

Precipitation hardening involves heating the alloyed aluminum to temperatures be-
tween 100 °C and 230 °C. At these temperatures, the supersaturated solid solution, created
by quenching from solution hardening, begins to decompose. Initially, there is agglom-
eration of solute atoms near the vacancies. Once enough atoms have diffused from their
initial positions, a coherent precipitate forms. The precipitate and the aluminum matrix
have a lattice mismatch, which results in a stress field around the precipitate. As the solute
diffuses into the precipitate, the stress field increases, and eventually the aluminum matrix
will no longer be able to accommodate this mismatch. A semi-coherent precipitate will be
developed. Eventually, after the semi-coherent precipitate has grown large enough, the
matrix can no longer accommodate the crystallographic mismatch, and the equilibrium
precipitate will be achieved [17-20].

Precipitation hardening is the mechanism where hardness, yield strength, and mechan-
ical resistance increase considerably with time at a constant temperature after rapid cooling
from a solution temperature. Rapid cooling or quenching following the solutionizing



Materials 2025, 18, 1024

30f25

treatment creates the supersaturated solid solution that will provide the “power” for the
precipitation. This phenomenon was first discovered by Wilm [21]. He found that the
hardness of aluminum alloys with small amounts of copper (Cu), magnesium (Mg), silicon
(5i), and iron (Fe) increased with time after quenching a sample at a temperature slightly
below the melting point.

For the hardening modulus, the increase in strength is caused by the difference in
shear modulus of the matrix and the precipitates [22,23]. In the coherence strengthening
mechanism, there is an elastic interaction between the dislocation stress field and the
coherent particles. Order strengthening occurs when the precipitate is a superlattice
and the matrix is a relatively distorted solid solution [24,25]. Phase decomposition is a
special case where the solute concentration in the lattice changes, thus causing a change in
elastic strength.

Currently, the most widely used non-ferrous alloys for the lost foam process are
undoubtedly from the Al-Si group, mainly alloys 319 and 356 [26,27]. The good fluidity,
pressure tightness, and resistance to thermal contractions and shrinkage of Al-Si alloys
make them a good choice for lost foam casting. Alloys such as A356 in the T6 condition can
have a tensile strength of 228 MPa, a yield strength of 164 MPa, and a percentage strain
at fracture of 3.5% [28-30]. These mechanical properties are based on tensile specimens
cast separately using the sand-casting process. However, there is interest in other alloys
that are lighter and have better mechanical properties. The 2XX series alloys fall into this
category. These alloys have a tensile strength of 354 MPa, a yield strength of 250 MPa, and
a percentage strain at fracture of 7% when sand cast [31].

Thus, while the lost foam process excels in minimizing residual stresses and
mold drag forces, its effect on porosity control and hydrogen segregation in Al alloys
remains underexplored.

The present work aims at expanding the state of knowledge in the area of manufactur-
ing and optimizing the properties of aluminum products, particularly for the automotive
industry. It provides guidelines for changes in the manufacturing process of this type of
components through an analysis of the effects of liquid metal processing on the hardness
and tensile properties of parts produced industrially from Al-Si-Mg alloys, using the lost
foam process. In addition, this work introduces the application of a recent Al-Cu based
alloy coded 220 as a new candidate for automotive applications. Also, the present work
will allow for technology transfer through a comparison between castings prepared under
ideal laboratory conditions and those currently produced in industry in order to improve
product quality of the final product. This work stands out from other work conducted
on the subject since the parts used for this study are real engine cylinder heads cast in
General Motors, USA facilities, unlike others that used small experimental parts produced
in laboratories, minimizing certain aspects of the casting technology. This study is expected
to bridge the gap by systematically evaluating the influence of melt refinement and alloy
composition on microstructure-dependent mechanical properties.

2. Experimental Process

In order to extend the scope of the study, three alloys were selected: 356, 357, and 220.
In doing so, the parameter specifying the nature of the alloy provided could be isolated.
Alloy 356 was chosen since it meets or exceeds all of the requirements that cylinder heads
require. Alloy 357 allows for the effects of magnesium concentration to be evaluated since
its Mg concentration is 0.6% compared to 0.35% for alloy 356. Experimental alloy 220 differs
from other alloys in the 2XX series by its lower copper concentration; Table 2 presents the
chemical compositions of these alloys.
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Table 2. Composition of the different alloys used as received (wt.%).
Alloy Si Cu Mg Fe Mn Zn Ti Sr Al
220 1.32 2.09 0.42 0.58 0.60 0.00 0.00 0.00 bal.
356 6.78 0.02 0.35 0.11 0.04 0.04 0.08 0.00 bal.
357 6.78 0.02 0.60 0.11 0.04 0.04 0.08 0.00 bal.

The addition of 150 ppm boron ensures good grain refining. The boron (B) master
alloy (Al-4% B) was introduced to refine x-Al dendrites, improving homogeneity. Boron
was preferred over titanium (Ti) because it provides comparable refining, but requires
smaller quantities. The boron concentration in the master alloy is 4%. Degassing for 15 min
using pure argon reduced dissolved hydrogen to ~0.12 mL/100 g Al, as verified using
AlScan™ technology (Arvida, QC, Canada). A second concentration was obtained by
adding a certain amount of hydrocarbon material from raw potato, introducing controlled
hydrogen levels for porosity studies, simulating industrial contamination scenarios. The
reason for the use of potato is that it is (i) safe (which is an important parameter), (ii) cheap,
(iii) does not cause contamination of the melt, and (iv) the evolution of hydrogen gas
helps in “cleaning the molten metal”. The hydrogen concentration values were confirmed
using a “LECO sub-fusion” analysis-3 samples/condition/alloy. Samples for reduced
pressure test (RPT) examination were taken simultaneously, as shown in Figure 1. The
four parameters studied are as follows: alloy composition, modification level, refining, and
hydrogen content—varied between different levels, as summarized in Table 2. In total,
36 different compositions were tested (Table 3).

(b)

Figure 1. RPT samples corresponding to (a) 0.12 mL/100 g Al (b) 0.22 mL/100 g Al H; levels.

Table 3. Variables applied for experimental castings.

Variable Level 1 Level 2 level 3
A: Alloy composition * 220 3°6 357
- Aoy comp Al-2%Cu-0.4%Mg Al-7%Si-0.35%Mg Al-7%Si-0.6%Mg
200 200 ppm
B: Al-Sr master alloys; Sr (ppm) 0 (A1-3%Sr) ( Al—lOng Sr)
C: Boron (ppm) 0 150 -
D: Hydrogen (mL H,/100 g Al) 0.12 0.20 -

* See Table 2 for complete chemical compositions.

Styrochem T-170 balls were used to make the I4 (in-line four-cylinder) cylinder head
models. The models were assembled in a cluster and coated with approximately 0.5 mm
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of Ashland 530 refractory coating using robotic immersion (Figure 2). The models were
then set aside to allow for the coating to dry. They were then introduced into a flask, and
the free space was filled with unbound lake sand, pushed and compacted by vibration
and successive fillings. A ceramic pouring funnel was placed on top of the etching system,
and the liquid metal at approximately 800 °C was poured. The liquid metal flowed onto
the polystyrene model, replacing the foam. The casting was air-cooled to approximately
150 °C, and the flask was emptied of its contents; the part was separated from the sand, the
attack system was removed, and, finally, the part was subjected to heat treatment.

For each of the established conditions (see Table 4), four-cylinder heads are produced.
After casting, the cylinder heads are subjected to a T6 heat treatment. Subsequently, four
samples are taken: three come from the cylinder head bolt seat or “bolt boss” (BB), two of
which will be used to develop tensile test specimens; the fourth sample comes from the
combustion chamber (CC) and will be used for metallographic analysis. Normally, the
seat of the cylinder head bolts is pierced with a hole, allowing for the passage of the bolts
towards the block where they will be fixed; however, this hole is only drilled during final
machining, so the sample from this location is a solid part and does not have any holes.

Table 4. Codes of the used castings.

Condition
Code Alloy Al-Sr (%) Master Alloy Boron H,
(200 ppm) * (ppm) (mL/100 g)
A01 356 3% 0 0.12
A02 356 10 * 0 0.12
AQ03 356 3% 150 0.12
A04 356 10* 150 0.12
A05 356 3% 0 0.20
A06 356 10* 0 0.20
A07 356 3% 150 0.20
A08 356 10 * 150 0.20
AQ09 356 0 0 0.12
A10 356 0 150 0.12
All 356 0 0 0.20
Al12 356 0 150 0.20
BO1 357 3% 0 0.12
B02 357 10 * 0 0.12
B03 357 3* 150 0.12
B04 357 10* 150 0.12
B05 357 3% 0 0.20
B06 357 10 * 0 0.20
B07 357 3% 150 0.20
BO8 357 10* 150 0.20
B09 357 0 0 0.12
B10 357 0 150 0.12
B11 357 0 0 0.20
B12 357 0 150 0.20
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Table 4. Cont.

Condition
Code Alloy Al-Sr (%) Master Alloy Boron H,
(200 ppm) * (ppm) (mL/100 g)
Co1 220 3* 0 0.12
C02 220 10* 0 0.12
C03 220 3* 150 0.12
Co4 220 10* 150 0.12
Co05 220 3% 0 0.20
C06 220 10* 0 0.20
Co7 220 3* 150 0.20
C08 220 10 * 150 0.20
C09 220 0 0 0.12
C10 220 0 150 0.12
c1 220 0 0 0.20
C12 220 0 150 0.20
%200 ppm Sr/casting.
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Figure 2. (a) Schematic diagram of the LFC tensile test specimen, (b) shaping the polystyrene mold,
(c) assembling the polystyrene mold, (d) view of the used cylinder head, (e) close-up of GM aluminum
cylinder head, (f) FEI Tecnai G> F20 Electron Microscope (USA).

The samples collected are cut, crimped, roughly ground, and then polished according
to an established procedure reported in Table 4. Subsequently, the interdendritic distance,
eutectic silicon particle size, porosity, pore size, and grain size (ASTM E 112) are measured
and analyzed using a Leica optical microscope coupled with a Clemex image analysis
system at different magnifications (50x to 500x). The measurements are carried out
on 30-50 fields, depending on the magnification, in order to systematically cover the
entire surface. A chemical attack is necessary for the measurement of the grain size; the
samples are immersed for about one minute in a solution containing 66% vol. nitric acid
(concentration of 68% vol.), 33% vol. hydrochloric acid (concentration of 35% vol.), and 1%
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vol. hydrofluoric acid (concentration of 48% vol.). Figure 2b exhibits a part of the process
of making a polystyrene model of four-cylinder heads.

The heat treatment applied to samples produced in the laboratory aims to improve
their mechanical properties. It is systematically applied to all samples before analysis.
The chosen heat treatment, T6, consists of solution treatment followed by quenching and
artificial aging. Table 5 shows the different treatment parameters according to the alloy.

Table 5. Description of the T6 treatment steps for the different alloys studied.

Step 220 356 357
Solutionizing treatment 5h @490 °C 5h @540 °C 5h @540 °C
Quenching Water @60 °C Water @60 °C Water @60 °C
Stabilization - 24 h @20 °C 24 h @20 °C
Aging 4h @190 °C 4h @160 °C 3h @190 °C

Except for the parts produced using the standard mold, which already have the final
shape of tensile specimens, the other parts are machined to produce tensile specimens.
Their shape differs slightly because there is not enough material available to make bars
of the same size. However, the dimensions of these specimens comply with the ASTM
E8-04 standard. Tensile tests (ASTM B557120) were performed using a 100 kN MTS servo-
hydraulic system. The strain rate used was 8.3 x 10~* s~!. An attachable extensometer
(strain gauge was used to measure the deformation that takes place in the samples during
the test, and the data acquisition system attached to the machine converts it to an accurate
measure of the percentage elongation. The stress required for rupture (UTS), the elastic limit
(YS), and the percentage of deformation (% Elongation) were the measured parameters.
Brinell hardness tests were performed according to ASTM E10121, 10 mm ball, 500 kg
load for 30 s. The indentations were made on the tensile specimens machined to create
two parallel surfaces. Six prints were taken per sample.

In addition to optical metallographic analyses and mechanical tests, samples were
subjected to other analyses: scanning electron microscopy (SEM), wavelength dispersive
spectrometry (WDS), energy dispersive spectrometry (EDS), electron probe microanalysis
(EPMA), and radiography. These analyses allow for the evaluation of the phases present in
the samples, their chemical composition, as well as a visualization of the porosity inside
them. Scanning electron microscopy is a powerful technique for observing samples. It is
mainly based on the detection of backscattered electrons emerging from the surface under
the impact of a very fine beam of primary electrons that scans the observed surface and
allows images to be obtained with a resolving power often less than 5 nm and a large depth
of field.

An electron probe microanalyzer operates by reducing an electron source by two or
three magnetic lenses. The electrons strike the sample to be analyzed with an impact energy
that can vary from a few hundred eV to 50 keV. The X-rays emitted by the sample under
the impact of the electrons are analyzed using X-ray spectrometers that can be of the WDS
(wavelength dispersion) or EDS (energy dispersion) type. The system generally uses the
transition lines to the K electronic level, because these are the lines that separate most
effectively. The excitation mode of the atoms makes it possible to draw up a chemical map
of the sample. Selected samples were examined using transmission electron microscopy
to investigate the coherency of the precipitates with the matrix. The FEI Tecnai G2 F20
electron microscope (Hillsboro, OR, USA),employed is equipped with an advanced control
system, which permits the integration of an EDAX™ chemical analysis system, scanning
transmission electron microscopy (STEM), and electron energy loss spectroscopy (EELS).
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The microscope was operated at an accelerating voltage of 200 kV—Figure 2f. Figure 3

summarizes the main outlines of the adopted work plan.

v
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Material Selection

Material Processing

Material Characterization

v

—

¢ Base Alloys
(220 and 356)
o Additives
(0.3%Mg to the 356 alloy to
produce 357 alloy)
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(Solidification rate 8.0 °C/s)
o Heat Treatment
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Microstructural characterization
o Intermetalic volume fraction
SEM and image analysis software
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e Mechanical tensile test at HT

e Fractography (FESEM)

Figure 3. Summary of experimental plan.

3. Results and Discussion

The mechanical properties of a casting are a reflection of its quality. There are several
tests that can be used to assess the performance of alloys, the most common of which are
undoubtedly the tensile test and the hardness test. The quality index is not a mechanical
test to assess the performance of alloys, but rather a tool that uses the results from other
mechanical tests and mathematical equations to assess the quality of alloys.

The secondary dendrite arm spacing (SDAS) for samples from the lost foam process
varies depending on the location of the sample taken or the wall thickness. The specimens
used for the tests all come from the same location (cylinder head bolt seat), and the section
size is also identical. The average value of the SDAS measured for this location is 68 um,
which is relatively high and suggests lower mechanical properties.

3.1. Effect of Alloy Composition

It has been shown that, at the microstructural level, alloys 356 and 357 respond to
liquid metal treatments in almost the same way; the differences observed between these two
alloys are negligible, with a few exceptions, such as the formation of Mg,5i. However, this
small difference has a major impact on the mechanical properties of the samples from these
alloys produced using the lost foam process. The samples used to perform the hardness
tests were also taken from the seat of the cylinder head bolts. The variation in hardness
within the same alloy, whether 356 or 357, is negligible. Regardless of the condition used,
the average hardness value remains approximately the same, 88 BHN for alloy 356 and
103 BHN for alloy 357 (Figure 4), which represents an improvement of almost 17%. The
addition of boron, strontium, or hydrogen has no significant effect on the hardness value.
Moreover, statistical analysis supports this hypothesis, which makes the nature of the alloy,
by itself, responsible for the hardness of the samples.
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Hardness. BHN

=356 m357 BO7  pog

B TR
(b) 90 HV

-

(d) 110 HV (e) 135 HV

Figure 4. (a) Brinell hardness of samples of alloys 356 and 357 cast using the lost foam process; High
resolution electon images showing precipitation of Mg,Si phase particles in B01 alloy after aging
at: (b,c) 155 °C, (d) 170 °C, (e) 190 °C. Respective Vickers hardness values of the samples shown in
(b,d,e) are mentioned below the figures.
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Metallographic examination demonstrated the presence of Mg,Si phase particles for
alloys 356 and 357. The precipitation of this phase during T6 heat treatment is responsible
for the hardening of the alloys. Since the magnesium concentration of alloy 357 is twice
as high as that of alloy 356, the amount of Mg,S5i phase particles is higher. This results in
a more pronounced improvement in hardness for alloy 357 compared to alloy 356. The
precipitation sequence of these particles begins with the formation of GP zones followed by
the metastable 3’ phase (Mg;Si) and, finally, the equilibrium 3 phase (Mg,Si). The GP zones
are needles oriented in the {001} direction; moreover, 3’ and 3 show a similar orientation.

In order to follow on the above-mentioned precipitation sequences, some samples were
re-solutionized, quenched, and aged at 155 °C, 170 °C, and 190 °C for 4 h each, followed
by air-cooling. The samples were examined using HR-STEM, operating at an accelerating
voltage of 200 kV. Hardness was measured using a microhardness tester (100 g).

Figure 4b shows a TEM bright field image revealing the precipitation of GP zones
surrounded by high contrast of the aluminum matrix. In this case, the electron diffraction
pattern shows un-identified scattered spots. However, in Figure 4c, a high-resolution
image corresponding to Figure 4b, displaying a full coherency between the precipitates
and matrix—interplanar directions of both the matrix and precipitate are the same. When
increasing the aging temperature to 170 °C, the bright field shown in Figure 4d exhibits
fine dispersed round particles. With further increases in the aging temperature (present T6
temper), the microstructure reveals a significant coarsening of the precipitated particles
with an electron zone axis close to [112] direction, Figure 4e.

Figures 5-7 show the results obtained during tensile tests for samples of alloy 356 pro-
duced using the lost foam process. The average value of the ultimate tensile strength is
262 MPa, while that of the yield strength is 207 MPa. Despite a relatively high SDAS, these
values remain excellent compared to the standard results (SDAS 25 um), which are 262 and
185 MPa, respectively. The major difference appears at the level of ductility, which seems to
be greatly affected by the lost foam process. The average value of ductility observed for
samples of alloy 356 produced using the lost foam process is 2.8% compared to 5%, a value
normally measured in standardized samples.

320

150 ppm B

0.12 ml/100g

300 +

280 +

260 +

240

Strength, MPa

220 0.35% Mg
——350 —357

0.22 ml/100g

200 ‘ ‘ ‘ ‘ T ‘
A01BO01 A02B02 AO03B03 A04B04 AO05SB0S A06B06 A07B07 A08BOS

Alloy codes

Figure 5. Ultimate tensile strength for specimens of alloys 356 and 357 cast using the lost foam process.
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Figure 6. Yield strength of specimens of alloys 356 and 357 cast using the lost foam process.
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Figure 7. % Elongation to fracture of specimens of alloys 356 and 357 cast using the lost foam process.

The behavior of alloy 357 is different from that of alloy 356, since the same precipitated
particles, i.e., Mg,Si, responsible for the increase in hardness of the samples of alloy 357 are
also responsible for the improvements in their tensile mechanical properties. Figure 6 shows
that the values of the ultimate tensile strength for alloy 357 are 273 MPa, an improvement of
4% compared to alloy 356. The improvement in the mechanical properties becomes clearly
evident for the yield strength, which amounts to 256 MPa, which represents an increase
of 24% compared to alloy 356. The formation of particles of the Mg,Si phase has a direct
consequence, especially after the application of the T6 type heat treatment, in hardening of
the alloys, which leads, however, to a decrease in ductility. Samples of alloy 357 behave
similarly, which explains the ductility values depicted in Figure 7.

3.2. Effect of the Strontium Concentration of the Modifying Agent

The flake-like Si is can be changed into a fibrous morphology by a process called
modification. This operation (modification) is achieved by in several ways; the most
common ways are chemical modification and quenching modification. The former can be
produced by adding transition elements such as strontium (Sr) [29]. Two theories were
used to explain the chemical modification effect: the restricted nucleation theory and the
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restricted growth theory [30]. According to restricted growth theory, the impurity induced
twinning impairs the Si growth by poisoning the growing Si ledges, stopping the twin plane
re-entrant mechanism, and explaining the twin plane re-entrant edge (TPRE) poisoning
[31]. Figure 8a demonstrates the growth in eutectic Si particles in Sr-modified Al-Si-Mg
alloys, revealing intense twinning.

300
5200 ppm @ 3% =200 ppm @ 10%
g 215
Z
£
o0
£ 250
&
w
225
B01B02 ey
B03 B04
Alloy codes B07 B08
(b)

Figure 8. (a) Twinning in 357 alloy modified with 200 ppm Sr (Al-Sr master alloy). Note the presence
of double spots in the electron diffraction pattern outlined by the broken white circles. (b) Ultimate
tensile strength of alloy 357 samples obtained from the lost foam process as a function of the strontium
master alloy concentration.

The use of strontium master alloys of different concentrations has no effect on the
hardness value. Furthermore, the variations observed for the ultimate tensile strength,
the yield strength, and the ductility when adding these master alloys are not significant.
The difference between the various values is less than that in the standard deviation for
these values. The plot in Figure 8b demonstrates that the variation in the values of the
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ultimate tensile strength for alloy 357 is not significant. These observations are also valid
for alloy 356.

3.3. Effect of Boron Grain Refining

Using 150 ppm boron in the form of a Al-4%B master alloy was found to have no
significant effect on the hardness value. Moreover, no changes were observed for the
ultimate tensile strength and yield strength. However, its effects on elongation are signifi-
cant. Adding boron to the base alloy decreases the ductility of alloy 356 samples by up to
20% (Figure 9). This decrease is caused by the improvement in the porosity distribution
rather than by the decrease in grain size [32]. The behavior of alloy 357 is slightly different
since the effects of refining on ductility are minimized by the hardening effect provided
by the Mg,5i phase particles. The results obtained demonstrate that the average value of
ductility for samples of alloy 357 produced using the lost foam process hardly varies with
the amount of refining agent added.

% Elongation

5150 ppm N0 ppm

Alloy codes 4

Figure 9. Elongation to fracture of alloy 356 samples from the lost foam process as a function of boron
concentration.

During solidification, the AlB, particles are pushed into the interdendritic regions
and do not act directly on the nucleation of the x-Al phase. On the other hand, the silicon
of the 356 or 357 alloys present in the dendritic region precipitates on the AlB, particles,
which will subsequently act as nucleation sites for the formation of the x-Al phase. The
addition of boron in the form of Al-4%B master alloy does not affect the value of the SDAS
(Figure 10a); however, it changes the morphology of the x-Al dendritic phase. The samples
from the unrefined conditions have an elongated shape with a generally non-uniform
microstructure, Figure 10b, while the samples from the refined conditions have a rounded
structure, Figure 10c. The volume fraction of the x-Al phase remains unchanged regardless
of the shape that the dendrites will take. The same observations are also made in the
samples of alloy 357.

Grain refining is a result of two separate processes: nucleation of new crystals from
the melt, followed by growth with a limited size. Both processes need a driving force that
must be provided to the system through supercooling and supersaturation compared to the
equilibrium conditions of the real system. During the entire first period of the solidification
process, only those parts of the liquid metal that are in contact with the mold walls are
solidified to such an extent that the nucleation of new aluminum grains can occur. It was
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proven that nucleation starts above the steady-state growth temperature [33]. This means
that new crystals can be formed not only at the first contact of the melt with the cold mold
walls, but also in the liquid.

69
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SDAS (jum)
&
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67
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Figure 10. (a) Secondary dendrite arm spacing of cylinder head bolt seat samples for alloy 356 cast

using the LFC process as a function of boron refining. Morphologies of the dendritic x-Al phase of
alloy 356 cast samples using the lost foam process: (b) A03 and (c) A04 (150 ppm B).

Grain refining has a great influence on mechanical properties, since these are improved
by reducing the grain size, i.e., through grain boundary strengthening. For some metals and
alloys, the yield strength is inversely proportional to the grain size, which is determined
by the Hall-Petch relation [34]: Rep, = 0y + 1/k+/d, where Rey; is the conventional yield
strength, oy is a constant whose dimensions are those of a stress, k is a parameter whose
value depends on the material, and d is the average grain size. Figure 11 reveals the
refining effectiveness when added to the three studied alloys, regardless of their chemical
composition. However, the degree of refining depends on the presence of traces of Ti in the
base alloy, leading to the formation of TiB;. Thus, in this case, grain refining will take place
through both TiB; and AlB; particles.
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Figure 11. Effect of B addition on grain-refining of Al-Si-Mg and Al Cu-Mg alloys in samples:
(a,c) All, (b,d) Al2, (e) C9, (f) C10.
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3.4. Effect of Hydrogen

Germination is the process by which hydrogen bubbles concentrate in the interden-
dritic liquid. If their energy is sufficient, they increase in volume, but they remain trapped
in the pasty zone. After solidification, the porosity volume increases slightly due to solidifi-
cation shrinkage [35,36]. Examples of gas and shrinkage porosity are shown in Figure 12.

&€
SEl 15.0kV x10 1000um ——

()

Figure 12. Porosity formation in 356 alloy containing: (a) 0.12 mL/100g Al H2 - general view, (b) high
magnification of (a) showing the presence of gas and shrinkage porosity, (c) 0.22 mL/100 g A1 H2 -
general view, (d) presence in gas porosity in (c). Red arrows indicate gas porosity, whereas white
arrows point to shrinkage porosity.

The addition of hydrogen has no effect on the hardness value, the ultimate tensile
strength or the yield strength. However, the ductility decreases when the hydrogen level
in the alloy is high. The plots presented in Figure 13a,b display the percent elongation
to fracture of the specimens of alloys 356 and 357 cast using the lost foam process, as a
function of the hydrogen level. They highlight the loss of ductility for the high hydrogen
concentration. For alloy 356, the loss of ductility is of the order of 25% between the low and
high concentration [18,37-39].

Hydrogen in the liquid metal appears to be the source of the loss of ductility incurred
in castings produced using the lost foam process. Pores caused by hydrogen (or hydrogen-
induced porosity) embrittle the samples by facilitating the decohesion of the metal. The
embrittlement of aluminum alloys depends on the microstructure, strain rate, and tem-



Materials 2025, 18, 1024

18 of 25

perature. Generally, under-aged alloys are more prone to embrittlement than over-aged
ones. Another parameter to consider is the formation of SrO during the course of melting
and casting (A07 and B05 for example). Figure 14 depicts examples of SrO observed in
Sr-treated samples [40-42].
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Figure 13. (a) % Elongation to fracture for specimens of alloy 356 cast using the lost foam process as a
function of hydrogen level (SDAS 68 um-BB). (b) % Elongation to fracture for specimens of alloy 357
cast using the lost foam process as a function of hydrogen level (SDAS 68 um).

The correlation between the quality index measurement and explanatory variables,
such as the nature of the alloy used, the added boron content, the type of strontium master
alloy used, or the measured hydrogen level, is rather weak. In fact, only the hydrogen level
seems to have a significant effect on the quality index value. This effect remains moderate
and does not alone fully explain the behavior of the quality index. Figure 15 shows the
plot of the quality index of the samples of alloys 356 and 357 produced using the lost foam
process as a function of the hydrogen level present in these samples. The alloy 356 seems to
have an advantage over alloy 357 in terms of quality index; however, the latter displays a
better yield strength. As mentioned previously, the hydrogen level affects the quality index
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value; a decrease of 11% is observed for alloy 356, while alloy 357 shows a decrease in the
order of 13% when hydrogen is present in a high concentration (0.22 mL/100 g Al) [43-45].

Figure 14. Example of SrO observed in the B07 alloy.
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Figure 15. Quality index of the samples of alloys 356 and 357 produced using the lost foam process
as a function of hydrogen level. The blue dashed lines and the red dashed lines represent the iso-Q
and iso-YS lines in the chart. The black arrow shows how the strength changes with the hydrogen
content of the samples [46].

When the B-refiner is added to the liquid metal, the dendrites of the x-Al phase take on
a rounded form (Figure 16). This change in the dendrite morphology results in a decrease
in the apparent viscosity of the alloy. For all additions of grain refiner, the volume fraction
of the a-Al dendritic phase appears unchanged. Grain refining plays an important role in
the deformability of alloys by reducing the surface tension of the residual liquid, which also
reduces the apparent viscosity of these alloys. This is supported by the results obtained
by [47-49].
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Figure 16. Optical microstructure of 356 alloy: (a) no B, (b) 150 ppm B-blue circles showing the
change in the shape of the dendrites from elongated into rounded ones.

3.5. Mechansim of Grain Refining with B

The effect observed as a result of the addition of titanium and low boron content in the
hypoeutectic alloy A356 is consistent with that obtained by [50,51]. Indeed, the grain size
rises to 1854 pm in the base alloy in the absence of any addition. The performance of the
three grain refiners is presented in Figure 17. The binary alloy Al-10%Ti proves to be less
efficient, since the grain size stabilizes approximately at 800 um, while the boron master
alloy (Al-4%B) is more powerful in the hypoeutectic Al-Si alloys, since the size drops to
reach a minimum value of the order of 250 um. At a certain level, the grain size remains
constant, even if the added amount of Ti and B increases, hence the plateau observed in the
curve of Figure 17.
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Figure 17. Grain refining of alloy 356 with different master alloys.

The thermal analysis results for the Al-7%Si 356 alloy clearly show that solidification
of this alloy requires a supercooling AT = TN2 — TN1 in the order of 1.90 °C in the absence
of the grain refiner. However, the addition of 0.02%Ti (Al-10%Ti) and 0.02%B (Al-4%B)
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resulted in reducing this supercooling to 1.12 and 0.75 °C, respectively. The low or almost
zero undercooling observed after the addition of 0.02%B clearly reveals that the Al-4%B
master alloy results in better grain improvement in the case of the Al-7%Si alloy when
compared to the Al-10%Ti and Al-5%Ti-1%B master alloys at a similar level of addition.
This supports the results of from the optical macroscopy and microscopy observations [52].

When the molten bath is treated with both a grain refiner and a modifier, the evolution
of the Sr concentration in the molten metal is highly time-dependent for higher levels of
addition of the Al-Ti-B grain refiners; Figure 18 shows this phenomenon. The zero-time
concentration is the Sr level in the molten aluminum before the addition of either of the
Al-Ti-B grain refiners. After addition, a weakening of Sr is observed for both molten alloys;
the molten bath treated with the Al-1.5Ti-1.5B master alloy loses its Sr much more rapidly,
especially at the initial stage after addition, compared to the molten bath treated with
AIl-5Ti-1B. This explains the rapid loss in eutectic modification in the alloy treated with
Al-1.5Ti-1.5B, meaning that there is insufficient free Sr in the molten aluminum to modify
all of the eutectic silicon. The rapid loss in strontium can be explained by external oxidation
and vaporization [26,53-58].
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Figure 18. Effect of the addition of (a) B and (b) Ti on the remaining Sr in a molten aluminum bath.
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4. Conclusions

The study of the effects of liquid metal treatment on the microstructure of samples of
alloys 356 and 357 produced by the lost foam casting process was carried out using several
analytical techniques: optical microscopy, image analysis, and scanning electron microscopy.
The effects on mechanical properties were also evaluated through a comprehensive analysis
of tensile and hardness tests carried out on specimens of these alloys. In light of the results
obtained, the following conclusions can be drawn:

1.  The values of the ultimate and yield strengths of the samples from the lost foam
process are consistent with the mechanical properties presented in most reference
works for the same secondary dendritic arm spacing; however, the value of ductility
is reduced by half by the porosity observed in the LFC samples.

2. The values of hardness and yield strength vary according to the chemical composition
of the alloy used. Gains of 17% and 24% are observed for hardness and the yield
strength for alloy 357 compared to alloy 356. This difference is caused by the differ-
ent concentrations of magnesium which, under the action of the T6 heat treatment,
precipitate in the form of Mg,Si.

3. The hardness of alloy 220 increases by 18% and the yield strength by 15% compared
to that measured for alloy 356. In this case, the hardening phase Al,Cu is responsible
for this increase. All these increases in the hardness value are independent of the type
of mold used. In addition, the hardness value is affected by the solidification rate.

4. No effect was observed with the concentration of strontium in the master alloy used
for modification i.e., Al-3%Sr or Al-10%Sr, on the mechanical properties of samples
from any type of molds.

5. The addition of 150 ppm boron decreases the ductility of samples of alloy 356 by 23%
and increases the ductility of samples of alloy 220 by 150%.

6.  The properties of alloy 356 are controlled by the eutectic, and any influence on grain
size per se is secondary. However, for alloy 220, the grain size is particularly important
for the distribution of intermetallic particles, since grain refining redistributes these
particles in a more favorable manner.

7. The study confirms that Sr modification, B refining, and degassing reduce SDAS and
porosity, yielding superior mechanical properties. These findings can provide useful
information in the production of high-strength automotive components using lost
foam casting.

8.  Boron-treated samples exhibited increased nucleation density of the x-Al grains,
reducing SDAS and enhancing yield strength by ~15%.

Suggested Ideas for Future Work

Since the local solidification time is largely influenced by the filling and residue
removal processes involved during casting using the lost foam process, an in-depth study
of samples from different locations in the casting would provide a better understanding
of how the geometry of the mold, the type of sand used, and the nature of the lost foam
model act on the local solidification time and, consequently, on the mechanical properties.

In addition, the lost foam technique seems very sensitive to casting parameters, so
the use of Al-Si-Cu or Al-Cu alloys, such as alloy 319 or 206, would make it possible to
increase our knowledge and study the potential of lost foam casting to make parts from
other commercial alloys normally used in proven shaping techniques such as die casting or
sand casting.

A study could also be carried out on developing mathematical models describing the
effects of the process parameters on the analyzed responses, as well as statistical analysis,
including ANOVA analysis.
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