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Abstract

Foundry aluminume-silicon (Al-Si) alloys, especially those containing Cu and/or Mg, are
widely used in casting processes for fabricating lightweight parts. This study focuses on
the optimization of the solution heat treatment parameters within the T6 heat treatment
of an innovative AlSi7Cu0.5Mg0.3 secondary alloy, aiming at achieving energy savings
and reducing the environmental impact related to the production of foundry components
for the automotive industry. Different combinations of solution times and temperatures
lower than those typically adopted in industrial practice were evaluated, and their effects
on tensile properties were investigated on samples machined from as-cast and T6-treated
castings produced by pouring the alloy into a steel permanent mold. Thermal analysis
(TA) and differential thermal analysis (DTA) were performed to monitor the solidification
sequence of microstructural phases as well as their dissolution on heating according to
the proposed solution heat treatments. Microstructural analysis by light microscopy (LM)
and scanning electron microscopy (SEM), together with Brinell hardness testing, was also
carried out to assess the effects of heat treatment parameters. The results suggested that a
shorter solution heat treatment set at a temperature lower than that currently adopted for
the heat treatment of the studied alloy can still ensure the required mechanical properties
while improving productivity and reducing energy consumption.

Keywords: Al-Si-Cu-Mg secondary alloy; T6 heat treatment parameters; thermal analysis;
mechanical properties; microstructure

1. Introduction

Aluminume-silicon (Al-Si) foundry alloys are commonly used to produce a large va-
riety of components for the automotive industry due to their excellent castability, high
strength /weight ratio, and corrosion resistance. Among them, the AlSi7Cu0.5Mg0.3 alloy
is often used to produce a wide selection of automotive cast parts such as engine blocks and
structural parts of vehicles. Achieving the desired mechanical properties in these castings
requires careful control of the solidification process and appropriate post-processing, par-
ticularly heat treatment. In hypoeutectic Al-Si-Cu-Mg alloys, solidification begins with the
development of primary «-Al dendrites and the formation of a dendritic network, followed
by the main eutectic reaction (x-Al + (3-5i) and the formation of secondary intermetallic
phases. These secondary phases play a crucial role in determining both the as-cast mi-
crostructure and the subsequent microstructural and mechanical properties reached after
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heat treatment. Several studies [1-6] described the formation of Cu- and Mg-rich phases
such as 6-Al,Cu, Q-AlsMggCu,Sig and 3-Mg,Si in Al-Si alloys containing a controlled
amount of Cu and/or Mg. The addition of Mg can promote the transformation of the blocky
0-Al,Cu phase into the Q-AlsMggCu,Sig phase at the end of primary solidification [4].
The 3-Mg,5i phase appears in different morphologies depending on Mg content, and its
structure can be further influenced by Sr addition, which leads to skeletal growth and may
reduce the overall amount of the phase [5,6].

In Al-Si-Mg alloys, the -AlgFeMg3Si¢ phase shows a Chinese script or blocky mor-
phology and is often formed on the (3-AlsFeSi platelet-like phase [7,8]. It is well known
that Fe is the most deleterious contaminating element in Al-Si alloys, and due to its low
solubility, it tends to form (3-AlsFeSi platelets during primary solidification. Indeed, the
[-AlsFeSi phase is assumed to act as a stress raiser, generating points of weak coherence
with a negative impact on mechanical properties [1,9,10]. Typically, the Fe content is very
low in primary Al alloys, but the growing emphasis on environmental sustainability and
energy efficiency has led to a widespread use of recycled Al alloys in the automotive
industry. The recycling of Al consumes only about 5 % of electricity and produces amounts
of CO; lower than those generated during the production of primary Al. Nevertheless,
the most important drawback of Al recycling is the increased level of Fe (>0.2 wt. %) in
its alloys, which can negatively affect the mechanical properties. Hence, to counteract the
formation of the brittle 3-Als;FeSi phase in alloys with high Fe content, chemical modifiers
such as Co, Cr, Mn, Mo, and Ni are conventionally added. Among them, Mn is the most
widely used because it promotes the formation of the o-Alj5(Fe, Mn, Cu);Si; phase with a
Chinese script morphology instead of the platelet-like 3-Als;FeSi phase [10-12]. When the
Fe content is rather high, it is suggested to guarantee a Mn/Fe ratio equal to 0.5.

In terms of post-processing of cast products, hypoeutectic Al-Si-Cu-Mg alloys are usu-
ally heat-treated to enhance their mechanical resistance. Especially, the T6 heat treatment,
which includes solution heat treatment (SHT) and quenching followed by artificial aging
(AA), is the most applied to sand and gravity die-cast Al-Si alloys. The purpose of the
SHT is to dissolve in the matrix most of the Cu- and/or Mg-containing phases formed
during primary solidification, homogenize the alloying elements, and spheroidize eutectic
Si particles [7]. The subsequent age hardening, usually carried out at 150-210 °C, causes
the precipitation from the supersaturated solid solution obtained after quenching of finely
dispersed reinforcing phases, resulting in increased mechanical strength due to the ability
of these precipitates to stop mobile dislocations [7]. Hence, fundamental is the appropriate
dissolution of Cu- and/or Mg-rich phases during SHT to guarantee the full aging poten-
tial of the alloy. The coarse secondary phases formed during primary solidification of
Al-Si alloys dissolve and transform during SHT, depending on their composition and the
set temperatures.

Some authors focused their attention on the study of SHT parameters, as well as hold-
ing time and temperature variation, considering the effects on the microstructural features
that are directly correlated with the mechanical performance of the alloy. Researchers in-
vestigated the thermal stability and the transformation behavior of secondary intermetallic
phases. The 3-Mg,Si phase can be fully dissolved through SHT performed at 540 °C on the
A356 and A357 alloys, but becomes more stable with increasing Mg content [13]. When Mg
content is low (0.3-0.4 wt. %), the SHT carried out at 540 °C may convert the 7-AlgFeMg3Sig
phase into the (3-Als;FeSi one, whereas if the Mg concentration is high (0.6-0.7 wt. %) there
will be no transformations, and the process may even be reversed [10,14-16]. Moreover,
8-Al,Cu and Q-AlsMggCu,Sig dissolve at different rates, with the eutectic x-Al + 6-Al,Cu
intermetallic dissolving more easily than the blocky 6-Al,Cu phase [2,17], and the Q-phase
requiring longer SHT in high-Cu alloys [18]. Fe-rich intermetallics are particularly resistant
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to dissolution during SHT; x-Al;5(Fe, Mn, Cu)3Si; remains virtually unaffected, while
-AlsFeSi may undergo gradual fragmentation and partial dissolution only after long
exposure at high temperature [19].

The dissolution rate of the secondary intermetallic phases during solution heat treat-
ment increases with increasing heat treatment temperature; a high temperature also im-
proves the homogenization of the alloying elements and the spheroidization of eutectic
Si particles [7]. The strength that can be obtained after AA increases as the temperature
increases, because of a higher maximum solubility of solute obtainable in the metal ma-
trix. The maximum temperature at which the solution heat treatment can be performed
on Al-Si-Cu-Mg alloys strictly depends on Cu and Mg concentrations and it is limited
by the risk of incipient melting of the intermetallic phases formed during the last stage
of primary solidification, such as the 8-Al,Cu and Q-AlsMggCu,Sig ones [7], which can
compromise mechanical integrity. The solution temperatures that can be used without
localized incipient melting depend on both the casting solidification rate and the heating
rate of SHT. The former affects the fraction, size, morphology, and type of Cu-rich phases,
while the latter affects the time available for the dissolution of Cu-rich intermetallics.

In the present study, the effects of reduced time and temperature for the SHT of a
secondary AlSi7Cu0.5Mg0.3 foundry Al alloy are investigated. The alloy was poured
into steel molds by gravity casting and the cast parts were subjected to different T6 heat
treatments according to innovative SHT parameters. The current T6 heat treatment pa-
rameters, i.e., SHT at 535 °C for 5 h, quenching in water at 70 °C, and AA at 165 °C for
4 h, were assumed as a reference. The novelty of the present work is the optimization
of SHT parameters of a secondary Al-Si-Cu-Mg alloy to improve the efficacy of the T6
heat treatment by reducing heating times and temperatures. In turn, this allows energy
savings, low gas consumption in furnaces, and reduction in environmental emissions. The
effectiveness of the proposed heat treatment parameters was evaluated in terms of their
capability to guarantee the necessary dissolution of the secondary intermetallic phases
directly involved in precipitation hardening during AA.

2. Materials and Methods
2.1. Materials

An experimental AlSi7Cu0.5Mg0.3 alloy was produced by the addition of Si and a
secondary AlSi9Cu3(Fe) alloy to 99.7 % pure Al. The alloy was Sr modified using bars of
AlSr10 master alloy, grain-refined by an AITi5B1 master alloy, and degassed for 10 min
by argon inert gas. The chemical composition measured by the ARL iSpark 8820 (Thermo
Fisher Scientific Inc., Waltham, MA, USA) optical emission spectrometer (OES) is reported
in Table 1.

Table 1. Chemical composition (wt. %) of the secondary AlSi7Cu0.5Mg0.3 alloy used in this study.

Al

Cu Mg Fe Mn Ti Sr Cr B

Balance

0.44 0.34 0.22 0.11 0.043 0.026 0.0091 0.0024

The molten alloy was poured into a steel mold specifically designed for manufacturing
castings with the shape as shown in Figure 1. After reaching thermal stability by pouring
several disposable castings, a total of 25 castings were made for the purposes of the present
investigation. Tensile samples were subsequently drawn from the lower portion of the
castings (enclosed in the black-dotted box in Figure 1) and machined to obtain proportional
test specimens having a circular cross-section of 9 mm in diameter. The gauge length was
set to five times the diameter and equal to 45 mm, in agreement with the UNI EN ISO
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6892-1:2019 and ASTM E8M standards [20,21]. Five tensile specimens were maintained in
the as-cast condition (AC), while the others were subject to tailored heat treatments, carried
out according to the parameters described in the following.

Figure 1. Example of casting fabricated for the purposes of the present investigation. The tensile
specimens were drawn from the zone enclosed in the black-dotted box.

2.2. Thermal Analysis

Thermal analyses were carried out by pouring the molten material into a steel cup
internally coated with refractory paint and preheated at 300 °C. The temperature was
measured with a K-type thermocouple, protected by a sheath in stainless steel and located
at the center of the cup in agreement with the Newtonian method [22-24]. The temperatures
were recorded from 700 °C to 400 °C at a frequency of 4 Hz using an OMEGA TC 08 (Omega,
Norwalk, CT, USA) Channel USB Thermocouple Data Acquisition Module and the Picolog
6 (Pico Technology, Cambridgeshire, UK) software. The acquired data were then processed
to obtain the cooling curve and its derivatives by using a purpose-built R2024b MATLAB
code. According to Djurdjevic et al. [22,25], the cooling rate was evaluated just prior to the
nucleation point of the a-Al primary phase, while the solidification rate was calculated as
the ratio between liquidus and solidus temperature and the total solidification time.

2.3. Heat Treatments

A SHT at 535 °C for 5 h followed by water quenching at 70 °C and AA at 165 °C for
4 h was considered as the reference heat treatment (namely ST1), since in foundry practice
the above-mentioned parameters are widely adopted to produce automotive components
made of AlSi7Cu0.5Mg0.3 alloy.

The new T6 heat treatments (namely ST2, ST3, and ST4) were customized by carrying
out solution heat treatments at different combinations of time and temperature by using
a Remet E-79N (Remet, Casalecchio di Reno, Bologna, Italy) muffle furnace, followed
by water quenching at 70 °C. The AA was fixed and performed at 165 °C for 4 h in a
Binder ED115 (Binder, Tuttlingen, Germany) furnace. The investigated heat treatment
conditions are collected in Table 2, together with the corresponding designation. Three
tensile specimens were heat treated for each condition.

Table 2. Parameters of the investigated heat treatments, together with the corresponding designation.

Designation Solution Quenchin i
8 Heat Treatment 8 Aging
ST1 535 °C—5h 70 °C 165°C—4h
ST2 535 °C—2h 70 °C 165°C—4h
ST3 510°C—4 h 70 °C 165°C—4h

ST4 510°C—2h 70 °C 165°C—4h
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2.4. Tensile and Hardness Testing

The tensile tests were performed according to the ISO 6892-1 standard [20] by a
Galdabini Quasar 50 (Galdabini, Cardano al Campo, Varese, Italy) electromechanical
testing machine with a 50 kN loading cell. The tensile properties, including the yield
strength (YS), the ultimate tensile strength (UTS), and the elongation at fracture (A5%),
were directly determined from the software implemented in the testing machine.

Brinell hardness tests were performed on the as-cast and T6 heat-treated samples
according to the UNI EN ISO 6506-1:2015 standard [26] by a Qness 60 CHD MASTER+
(QATM, Golling, Austria) equipment, with a load of 612.9 N and a 2.5 mm diameter
spherical indenter. At least five measurements were performed on the cross-section of the
tensile specimens.

2.5. TG-DTA Simultaneous Thermal Analysis

Simultaneous thermogravimetric (TG) and differential thermal analysis (DTA) were
performed by a Netzsch STA 409 (Netzsch-Gerdtebau, Selb, Germany) simultaneous ther-
mal analyzer. For the TG-DTA simultaneous thermal analysis, samples with a controlled
mass, as collected in Table 3, were drawn from the tensile specimens in AC, ST2, ST3, and
ST4 conditions. The samples were then heated from room temperature up to 700 °C with
a heating rate of 10 °C/min in an oxidizing atmosphere. For each condition, the melting
temperature of the intermetallic phases, as well as those of the a-Al phase and eutectic
structure were detected through the analysis of the endothermic peaks generated by the
DTA signal during heating. As suggested by Boettinger et al. [27], the onset temperature
TO"s¢t of each peak was established, even though the liquidus temperature was evaluated
at the maximum amplitude of the peak corresponding to the melting of the primary x-Al
phase. On the other hand, thermogravimetric analysis made it possible to assess any
potential mass loss or gain of the sample during the heating process. Experimental data
obtained from the analysis were processed using a purpose-built MATLAB code.

Table 3. Mass (in mg) of the samples used for the TG-DTA simultaneous thermal analysis.

AC ST2 ST3 ST4
62.7 84.0 62.0 65.1

2.6. Microstructural Analysis

The fracture surfaces of tensile specimens were investigated by a Zeiss EVO MA 15
(Carl Zeiss Microscopy, Jena, Germany) scanning electron microscope (SEM), equipped
with a lanthanum hexaboride (LaBg) emitter, with an accelerating voltage ranging from 15
to 20 kV. The microscope was also coupled to an Oxford X-Max 50 (Oxford Instruments,
Abingdon-on-Thames, UK) energy dispersive microprobe for semi-quantitative analyses
(EDS). The SEM micrographs were recorded in both secondary electrons (SE) imaging
and backscattered electrons (BSE) imaging. The secondary electrons are the result of
the inelastic collision of the primary beam’s electrons with the electrons of the material,
and are used for the topographic imaging. Conversely, the backscattered electrons are
generated by the primary beam’s electrons involved in elastic interactions; thus, they are
sensitive to the atomic number of the material’s atoms and they give information on the
material’s composition.

Metallographic samples were cut out perpendicularly to the fracture surfaces of
tensile specimens, embedded in a conductive resin, and prepared according to standard
grinding and polishing procedures. The HF 0.5 vol. % etching reagent was used for
enhancing contrast imaging of Si particles and intermetallic phases. Qualitative and
quantitative metallography was performed in bright field observation mode on a Leica
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DMi8A (Leica Microsystems, Wetzlar, Germany) light microscope (LM) coupled to the LAS
v4.13 software. Secondary dendrite arm spacing (SDAS) measurements were performed on
micrographs acquired at 100 x magnification, by identifying and measuring small groups
of well-defined secondary dendrite arms. As suggested by Wang [28], for each sample
the SDAS was assumed to be the mean value of a number of secondary dendrite arm
spacing measurements in the range of 500-1000. Moreover, the eutectic Si particles in the
microstructure were quantified in terms of their aspect ratio (AR) and equivalent diameter
(Deq), and a total of 5000 to 10,000 particles were measured for each specimen [28]. The
aspect ratio and equivalent diameter of eutectic Si particles were, respectively, calculated
according to the following equations:

AR = (Major Axis)/(Minor Axis), 1)

Deq = /(4A /), (2)

where Major Axis and Minor Axis refer to the ellipse that best fits the eutectic Si particle,
and A is the area of the eutectic Si particle. The 30-day free trial software version of Minitab
was used to calculate the probability density functions (PDFs) of both AR and Deq of each
Si particle.

At last, the microstructural characterization was also carried out by the same scanning
electron microscope to determine the semi-quantitative chemical composition of the inter-
metallic phases. In this regard, the EDS mapping of elemental distribution was specifically
performed to address the effects of the different SHT conditions on the dissolution degree
of these phases.

3. Results
3.1. Thermal Analysis

Figure 2 shows the representative solidification curve (in blue) of the AlSi7Cu0.5Mg0.3
alloy acquired during Newtonian thermal analyses.

'*Coolwngcurve
A~ Firstderivative
—_— / TN Second derivative
@] e Third derivative ||
- T ‘: i ‘\‘\ | 05 @
[} ~ A P S
— S~ W N e =
2 550 | U B N At IS
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& / 15
|—
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Figure 2. Representative solidification curve (in blue) together with calculated first (in red), second
(in purple), and third (in green) derivative curves of the AlSi7Cu0.5Mg0.3 alloy.

The first (in red), the second (in purple), and the third (in green) derivatives of the
solidification curve are also reported. The calculated cooling and solidification rates were
2 °C/s and 0.3 °C/s, respectively. According to Djurdjevic [11], the intersection points
between zero axes and second or third derivatives of the solidification curve were used
to detect the nucleation temperatures of the primary «-Al phase, x-Al + (3-5i eutectic
structure, and intermetallic phases. These intersection points were located near the most
prominent peaks of the first derivative curve. The observations of Backerud et al. [1] and
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those of Shabestari and Ghodrat [29] concerning the typical solidification sequences of
Al-Si-Cu-Mg alloys were used to associate the determined nucleation temperatures within
the solidification curve to the phase transformations reported in Table 4.

Table 4. Solidification sequence of the different phases, detected for the AlSi7Cu0.5Mg0.3 alloy by
thermal analysis.

Transformation Temperature [°C]
(1) Liquid — «-Al 625-620 (liquidus)
(2) Liquid — a-Al + B-Si + B-AlsFeSi + i
o-Alys(Fe, Mn, Cu)sSiy 570-565
(3) Liquid — o-Al + 3-Si + m-AlgFeMgs5Sig
. 540
+ 3-Mg,5i

(4) Liquid — «-Al + 3-5i + 0-Al,Cu +

Q-AlsMggCu,Sig 515-510 (solidus)

The first structure to be formed during primary solidification is the «-Al phase (white
arrows in Figure 3), i.e., the matrix which mainly consists of an «-Al dendritic network.
The solidification of the x-Al + (3-5i eutectic structure then occurs (black arrows in Figure 3),
together with the precipitation of the Fe-rich 3-AlsFeSi and x-Alys5(Fe, Mn, Cu)3Si, inter-
metallic phases. The «-Al;5(Fe, Mn, Cu);Si; phase usually forms when the Mn/Fe ratio is
higher than 0.5, and with the addition of Cr. Considering that in the studied alloy the Fe
content is equal to 0.22 wt. %, and the Mn and Cr contents are 0.11 wt. % and 0.0091 wt. %,
respectively, this phase may be expected. In addition, the x-Al;5(Fe, Mn, Cu)3Si, phase
can partially replace the 3-AlsFeSi secondary phases. Moreover, the -AlgFeMgs3Sig and
[3-Mg»Si phases form just before the solidus temperature, which was determined, according
to Djurdjevic [11], by analyzing the zeros of the derivatives immediately after the formation
of the last post-eutectic phases involved in primary solidification, i.e., Cu- and/or Mg-rich
phases such as 8-Al,Cu and Q-Als MggCu,Sis.

v" 7‘

Figure 3. LM micrograph of the AlSi7Cu0.5Mg0.3 alloy in the as-cast condition. White and black
arrows indicate the -Al phase and the x-Al + (3-5Si eutectic structure, respectively.

3.2. Microstructural Analysis
3.2.1. SDAS Measurements

Figure 4 shows the mean values of SDAS measured on tensile specimens in the as-cast
and T6 heat-treated conditions. As expected, it was confirmed that the SDAS was unaffected
by the heat treatments, showing mean values in the range of 23-26 um irrespective of the
adopted time and temperature parameters during SHT. Hence, the cooling rate experienced
by the material during solidification was the dominant factor affecting the SDAS. The
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castings from which the raw tensile specimens were taken underwent the same cooling
conditions during solidification and thus showed identical microstructures prior to the T6
heat treatment.
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Figure 4. Mean values of SDAS measured on tensile samples in the as-cast and T6 heat-treated
conditions. Standard deviations are reported as error bars.

3.2.2. Quantitative Analysis of Eutectic Si Particles

Solution heat treatment is known to promote the spheroidization of eutectic Si particles
with respect to the as-cast condition [30,31]. During this treatment, eutectic Si particles first
fragment and spheroidize, then coarsen with the increase in holding time. Figure 5 shows
the three-parameter lognormal distributions of both Deq and AR of the eutectic Si particles
referring to the samples in the as-cast and T6 heat-treated conditions.

Deq_AC % , = ARAC

Deq_510°C_2h A == AR 510°C_2h
Deq_510°C_4h \ AR _510°C_4h
—— Deq_535°C_2h 14 = AR 535°C_ 2h
= Deq_535°C_Sh Al AR 535°C_Sh

Loc Scale Thresh N
-0.1142 0.7876 0.8760 8830
-0.5199 0.7974 0.9288 5921
-0.4980 0.7953 0.9376 6562
-0.6632 0.7688 0.9301 5185
-0.8355 0.8279 0.9641 4953

Loc Scale Thresh N
0.2705 0.5938 0.08002 8830
08910 04297 -05423 5921 10
0.6954 0.4705 -0.2346 6562
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(a) (b)

Figure 5. Three-parameter lognormal distributions of (a) Deq and (b) AR of the eutectic Si particles.

The distributions of Deq show that longer times and/or higher temperatures of SHT
promote more extensive fragmentation, spheroidization, and coalescence of eutectic Si
particles that progressively coarsen. The peak then moves to the right with the increase
in time and/or temperature, while the distribution flattens. In addition, the peak values
within the three-parameter lognormal distribution of AR increase and move to the left
with increasing times and temperatures of SHT, confirming that solution heat treatment
promotes more spherical eutectic Si particles. This result is in good agreement with the
observations made by Choi et al. [31].

3.2.3. Secondary Intermetallic Phases

The analysis of secondary intermetallic phases was performed by light and scan-
ning electron microscopy. The microstructure of the alloy in the as-cast conditions
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(Figures 6 and 7a) shows the presence of x-Al;s5(Fe, Mn, Cu)3Si, precipitates exhibiting
a Chinese script morphology, together with plate-like 3-AlsFeSi phase often coupled to
m-AlgFeMg3Siq intermetallics. The layered images of X-ray maps in Figure 7b,c suggest the
presence of low amounts of Cu- and/or Mg-rich 6-Al,Cu, Q-AlsMggCu,Sis and Al,CuMg
phases, with the latter having a typical round morphology. This agrees with previously
reported data by Lasa and Rodriguez-Ibabe [32]. Both 6-Al,Cu and Q-AlsMggCu;Sig
phases show a blocky morphology, while no evidence of 3-Mg,Si intermetallic particles
was found. The low amount of the 3-Mg,Si phase may be related to the limited Mg content
and the presence of Cu in the alloy [33]. In addition, as pointed out by Samuel et al. [4,33],
the 3-Mg,Si intermetallics are also difficult to detect in the as-cast condition since the
modification with Sr can reduce the amount of such precipitates.

.17 “ A
TN s
\ = ’

- m-AlFeMg;Sig

f. & ;"\‘ o

y DY TR

L :);‘ \
! *-%“lh?. )

Figure 6. LM micrograph of the microstructure of the AlSi7Cu0.5Mg0.3 alloy in the as-cast condition.
The red, dark orange, bright orange, yellow, green, and blue arrows indicate the 3-AlsFeSi, x-Aly5(Fe,
Mn, Cu)3Sip, Al,CuMg, m-AlgFeMg3Sig, 0-Al,Cu, and Q-AlsMggCu,Sig phases, respectively.

(b) (c)

Figure 7. (a) BSE micrograph of the zone in Figure 6; (b) layered image of X-ray maps of Cu and Mg;
(c) layered image of X-ray maps of Fe and Mg.

Similarly to the results in [19], the microstructural investigation of the samples in
the T6 heat-treated conditions confirmed the presence of Fe-rich phases, such as the f3-
AlsFeSi and «-Al;5(Fe, Mn, Cu)3Si; ones, which were almost unaffected by the solution heat
treatments (Figure 8). In addition, as can be seen in the LM micrographs and in the layered
images of X-ray maps reported in Figure 9, for all SHTs no evidence of Cu- and/or Mg-rich
0-Al,Cu, Q-AlsMggCu;Sig, 3-Mg,Si, and AlL,CuMg phases was detected, even though
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some traces of undissolved m-AlgFeMgs3Sig phase could be identified for the specimens in
ST4 condition. Moreover, no incipient melting of secondary phases was observed, thus
indicating that the proposed SHTs effectively dissolved the secondary intermetallic phases
involved in enhancing the mechanical properties of the alloy through AA.

. R A . / %
a'Alls(Fe, Mn, Cu)3512

xr

100 um A

(c) (d)
Figure 8. BSE micrographs of the alloy in the (a) ST1, (b) ST2, (c) ST3, and (d) ST4 conditions. The

red and orange arrows indicate the Fe-rich 3-AlsFeSi and x-Alj5(Fe, Mn, Cu)3Si; secondary phases,
respectively, whereas the yellow ones show the m-AlgFeMg3Sig secondary phase.

Even the ST4 treatment, conducted at the lowest temperature and for the shortest time,
guarantees a homogeneous Cu distribution within the matrix and fully dissolves the low-
melting post-eutectic 8-Al,Cu and Q-AlsMggCu,Sig phases. The layered images of X-ray
maps in Figure 9, corresponding to the same zones depicted in Figure 8, show that neither
sufficiently high-Cu enrichment was found to detect 8-Al,Cu precipitates, nor enough
enrichment of both Cu and Mg was identified to assess the presence of Q-AlsMggCu,Sig or
Al,CuMg intermetallics. As shown in Figure 8d, ST4 was unable to completely dissolve
the m-AlgFeMgsSig particles because of the low temperature and short duration of the SHT
with respect to ST1, ST2, and ST3. Indeed, it was observed that zones with higher Mg
levels often coincided with regions richer in Fe. As proved also by Sjolander et al. [7,34,35],
this phase is not included among the Cu- and/or Mg-rich intermetallics that normally
contribute to precipitation hardening during AA. Accordingly, the ST4 may also guarantee
an effective reinforcement of the material through AA.



Metals 2025, 15, 742

11 of 21

(a)

(c)

(e) (f)

(g (h)

Figure 9. Layered images of X-ray maps of the zones in Figure 8: (a,b) Cu-Mg and Fe-Mg maps of
samples in ST1 condition; (¢,d) Cu-Mg and Fe-Mg maps of samples in ST2 condition; (e,f) Cu-Mg and
Fe-Mg maps of samples in ST3 condition; (g,h) Cu-Mg and Fe-Mg maps of samples in ST4 condition.

3.3. Simultaneous Thermogravimetric and Differential Thermal Analysis

The DTA signal (in red) of the as-cast sample shows three endothermic peaks that
are detected as Peak 1, Peak 2, and Peak 3 in Figure 10. Peak 3 is specifically correlated to
the melting of the primary a-Al phase occurring at 610 °C and located at the maximum
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amplitude of the endothermic peak, as proposed by Boettinger et al. [27]. As pointed out
by Javidani et al. [18], the onset temperatures of Peak 1 and Peak 2, located at the point
where the curve diverts from the theoretical baseline that could be eventually associated
to the DTA curve, refer to the melting of the m-AlgFeMg35is and 3-Mg,Si intermetallics
at 540 °C, and of the x-Al + 3-Si eutectic structure at 555 °C, respectively. According
to [27], as concerns Peak 3, whose temperature is located at its maximum amplitude, it is
associated with the melting of the x-Al phase. For the investigated alloy, the melting of the
eutectic structure is sufficiently far from the melting temperature of the x-Al phase, so no
overlapping phenomena occur. Moreover, no other endothermic peaks were detected, and
this is probably related to the small amounts of low-melting post-eutectic phases such as
8-Al,Cu and Q-AlsMggCu,Sig. Probably, the low amount of Cu and Mg in the alloy (i.e.,
0.44 wt. % and 0.34 wt. %, respectively), together with the limited sensitivity of the DTA
equipment, did not allow for the detection of the incipient melting of the above-mentioned
phases [36].

—TG curve
2 [|—DTAcurve Bk
25
1 S8 S0 aRmaEb
SE /fr—— i B! RS W i
2 /—// o — o~ <
= 0 —— .
10
-1
5
_2 = L H | i B | O
0 100 200 300 400 500 Lo

Temperature [°C]

Figure 10. TG-DTA curves of the sample in the as-cast condition.

Comparing the DTA curves (in red) of the T6 heat-treated samples reported in
Figures 11-13 (referring to samples in ST2, ST3, and ST4 conditions, respectively), the
liquidus temperature remains at 610 °C as for the as-cast sample, whereas the x-Al + 3-5i
structure begins to melt at 550-555 °C. Conversely to the as-cast sample, whose DTA signal
showed a clear third endothermic peak at 540 °C due to melting of the n-AlgFeMgsSig and
[3-Mg,S5i intermetallics, the DTA curves of the heat-treated samples virtually eliminate this
peak, suggesting that the new T6 heat treatments were able to dissolve 7-AlgFeMg3Sig and
[3-Mg5Si phases. In fact, they were not involved in incipient melting since they were already
dissolved in the matrix during the previous solution heat treatment. These observations are
consistent with SEM analysis, even though the EDS maps performed on the alloy in the ST4
condition revealed only a partial dissolution of -AlgFeMg3Sic particles. The absence of the
first endothermic peak in the DTA signal in Figure 13 could thus be attributed to very small
amounts of m-AlgFeMgsSig still present within the microstructure, below the detection
limit of the TG-DTA technique. Hence, the ST4 condition seems to allow a non-complete
dissolution of the 7-AlgFeMg3Sig phase, but not enough to be critical for AA.



Metals 2025, 15, 742

13 of 21

T T S S \ 130
— TG curve ! % %
2 || —DTAcurve g o
! 20
1 i
3 s
= 10 =
2, 5
0
-1
: '-10
0 100 200 300 400 500 600 700

Temperature [°C]

Figure 11. TG-DTA curves of the sample in ST2 condition.
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Figure 12. TG-DTA curves of the sample in ST3 condition.
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Figure 13. TG-DTA curves of the sample in ST4 condition.

Furthermore, limited amounts of the low-melting post-eutectic 8-Al,Cu and Q-
AlsMggCu;,Sig phases were already present in the sample in the as-cast condition, whereas
the TG-DTA curves in Figures 11-13 displayed no endothermic peaks due to their incipient
melting. This evidence further confirms the results of the microstructural analysis that
showed a complete dissolution of these intermetallics. Based on the experimental findings,
despite the shortest time (2 h) and the lowest temperature (510 °C), the ST4 solution heat
treatment is effective in dissolving most of the secondary phases which are then involved
in the precipitation hardening during aging.

The results of the TG-DTA analysis are reinforced by those previously reported
in [18,34]. These works demonstrated that the thermal stability of 8-Al,Cu and Q-
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AlsMggCu;Sig phases increases with higher Cu and/or Mg contents, enlarging their volume
fraction and lessening their dissolution degree into the o-Al matrix. Moreover, Javidani
et al. [18] noted that, for an AlSi7 alloy containing 0.5 wt. % Cu and 0.3 wt. % Mg,
a solution heat treatment temperature of 510 °C is enough to destabilize 8-Al,Cu and
Q-AlsMggCu,Sig phases and solubilize them into the matrix.

It is worth noting that the TG curves (in blue) reported in Figures 10-13 exhibit a
roughly constant increase in the mass for specimens in all conditions up to a temperature
of about 550 °C, corresponding to the melting of the x-Al + 3-Si eutectic structure. The
TG curves then reach a plateau remaining stable up to 700 °C. According to the study
conducted by Beder et al. [37] on an AlSi10Mg alloy, the increase in mass of the samples
during heating could be attributed to the formation of Al oxide (Al,O3) on the surface of the
specimens. The Pilling-Bedworth ratio, used to understand whether the oxide films formed
by metals are protective or non-protective and applied to an AlSi10Mg alloy similar to
that investigated in this work, suggests that the surface oxide layer formed during heating
is protective for the material. The same authors further emphasized that the oxidation
mechanism of Al during heating proceeds very slowly up to a temperature of about 550 °C,
and oxidation decreases between 550 °C and 600 °C, as confirmed by the thermogravimetric
curves in Figures 10-13. Thus, Al undergoes oxidation during heating, but the oxidation
itself is limited by the protective Al,Oj3 layer responsible for the mass increase observed
up to 550 °C. Therefore, Al could exhibit a moderate resistance to oxidation up to its
melting point.

3.4. Fractographic Analysis

After tensile tests, the morphological and metallurgical features of the fracture surfaces
were investigated according to all different heat treatment conditions. Especially, the ST1
condition is here compared with the ST4 condition, which is characterized by the shortest
time (2 h) and the lowest temperature (510 °C) among the proposed SHT heat treatments.
The SE micrographs of the fracture surfaces of tensile specimens (Figure 14) show a fibrous
surface for both ST1 (Figure 14a) and ST4 (Figure 14b) conditions, thus suggesting a
predominant ductile failure mechanism of the material.

(@ (b)

Figure 14. SE micrographs at low magnification of the fracture surfaces of tensile specimens in
(a) ST1 and (b) ST4 conditions.

In addition, the SE micrographs at high magnification highlight the presence of sev-
eral small dimples (Figure 15), resulting from the growth and subsequent coalescence of
microvoids assisted by the cracking of eutectic Si particles (Figure 16), thus further proving
the ductile failure of the alloy. Dimples in the ST1 condition seem to be qualitatively
larger than those in the ST4 condition. This is consistent with the increase in the Deq of
Si particles due to the highest temperature and longest time of SHT that occurred in ST1.
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Secondary cracks were also identified within the fracture surfaces in both ST1 and ST4
conditions. Occasionally, brittle transgranular fractures were observed due to a linkage
mechanism involving microcracks within eutectic Si particles (Figure 17) and cleavage-like
features, resulting in flatter fracture regions. This morphology is similar to that observed
by Wang [28] on fracture surfaces of tensile specimens made of A356 and A357 alloys and
subjected to T6 heat treatment.

(@ (b)
Figure 15. SE micrographs at high magnification showing the details of secondary cracks on the
fracture surfaces of tensile specimens in (a) ST1 and (b) ST4 conditions.

Figure 16. SE micrographs at high magnification showing the details of cracked eutectic Si particles
on the fracture surfaces of tensile specimens in (a) ST1 and (b) ST4 conditions.

@ T (b)

Figure 17. SE micrographs showing the details of brittle transgranular fractures on the fracture
surfaces of tensile specimens in (a) ST1 and (b) ST4 conditions.

Finally, small interdendritic shrinkage cavities were identified on the fracture surfaces
of tensile specimens in ST1 and ST4 conditions, associated with the presence of Fe-rich
(3-AlsFeSi and o-Alys5(Fe, Mn, Cu)3Sip phases, as suggested by the EDS analysis reported in
Figures 18 and 19.
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Figure 18. (a) BSE micrograph highlighting the presence of an interdendritic shrinkage porosity in a

tensile specimen in ST1 condition; (b—d) punctual EDS spectra of the intermetallic phases detected
within the shrinkage porosity.
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Figure 19. (a) BSE micrograph highlighting the presence of an interdendritic shrinkage porosity in a

tensile specimen in ST4 condition; (b—d) punctual EDS spectra of the intermetallic phases detected
within the shrinkage porosity.
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3.5. Mechanical Properties

Figure 20 collects the mean values of UTS measured on tensile specimens in the as-cast
and T6 heat-treated conditions. Despite the different SHT parameters, specimens in all
T6 heat-treated conditions showed mean UTS values more than 40 % higher than those
in the AC condition, due to the precipitation of finely dispersed intermetallic phases that
occurred during aging.

400
- - AC
— 300 & =
= ST1
E 200 - ST2
V5]
- ST3
= 100
ST4
0

Figure 20. Mean values of UTS measured on tensile specimens in the as-cast and T6 heat-treated
conditions. Standard deviations are reported as error bars. In the graph, the AC condition was also
considered and taken as a reference.

It is known in the literature that strengthening in Al-Si-Cu-Mg alloys is guaranteed
by the synergic effect of B’ (Mg;Si), ' (Al,Cu) or Q' (AlsMggCu,Sis) submicrometric
secondary phases, which act as a barrier for the sliding of dislocations during tensile
testing [7,34,35]. Choi et al. [31] also suggested that the improved strength in the T6 heat-
treated condition is due to the morphological changes occurring in the eutectic Si particles
during SHT, in terms of both the increase in Deq and the decrease in AR. This agrees with
the collected experimental data of this study. The solution heat treatments investigated
in this work are all effective in enhancing the strength of the alloy, and this can also be
observed by comparing the results in Figure 21. The standard deviations for UTS and YS
values are very narrow, and none of the proposed solution heat treatment parameters can
be ascribed as the best in enhancing the tensile strength of the material.

300
250 . - _ - AC
E 200 ST1
2 150 ST2
g 100 * ST3
50 ST4

0

Figure 21. Mean values of YS measured on tensile specimens in the as-cast and T6 heat-treated
conditions. Standard deviations are reported as error bars. In the graph, the AC condition was also
considered and taken as a reference.

Conversely to UTS and YS values, the different combinations of solution time and
temperature proved to be strongly effective in the ductility of the alloy. Data collected in
Figure 22 shows that the alloy in the AC condition exhibits the highest ductility. This result
may be strictly correlated to the larger size of eutectic Si particles after T6 heat treatment, as
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also highlighted by Wang et al. [28,38]. In general, the increase in temperature and time of
the SHT determines the coarsening of Si particles, as proved by their Deq distributions, but
at the same time causes the increase in Si cracking during loading. The highest decrease in
ductility was found for the ST1 condition, even if with a wide standard deviation. Indeed,
for the solution heat treatments performed at a temperature higher than that of the ST4
condition, the eutectic Si particles coarsen, thus reducing ductility. The results show that a
decrease in the temperature of the solution heat treatment from 535 °C to 510 °C, enhances
the ductility of the alloy, thus reducing the gap with the AC condition.

10
8 I AC
—_ I I ST1
2 6
— I ST2
B 4
< ST3
2 ST4
0

Figure 22. Mean values of A5% measured on tensile specimens in the AC and the proposed solution
heat treatments. Standard deviations are reported as error bars. In the graph, the AC condition was
also considered and taken as a reference.

The results of the Brinell hardness tests exhibited a trend similar to that found for YS
and UTS. In Figure 23, no remarkable differences are detectable among the investigated
heat treatment conditions, except for their ability to increase the hardness of the alloy with
respect to the AC condition, as already proved in the literature [34,39,40].
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Figure 23. Mean values of Brinell hardness measured on tensile specimens in the as-cast and T6
heat-treated conditions. Standard deviations are reported as error bars. In the graph, the AC condition
was also considered as a reference.

Hence, the best combination of mechanical strength and ductility was reached by
the ST4 treatment, which is then the most productive and energy-saving proposed heat
treatment route.

4. Conclusions

In this study, different times and temperatures for the solution heat treatment of an
innovative AlSi7Cu0.5Mg0.3 secondary Al alloy were investigated aiming to achieve energy
savings and reduce the environmental impact related to the production of foundry Al alloy
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components for the automotive industry. Based on the results, the following conclusions
can be drawn:

e  Concerning the solidification sequence of the examined alloy, thermal analysis proved
the formation of the primary o-Al phase, the o-Al + (3-5i eutectic structure, the Fe-rich
-AlsFeSi and «-Aljs(Fe, Mn, Cu)35i; intermetallics, the -AlgFeMg3Sig and -Mg,Si
precipitates, and the low-melting post-eutectic 6-Al,Cu and Q-AlsMggCu,Sig phases.
Except for the 3-Mg,Si, the presence of these phases within the as-cast microstructure
was also confirmed by light and scanning electron microscopy.

e  The DTA analyses showed that the proposed SHT parameters are effective in dissolv-
ing the secondary phases formed during the first solidification, thus enhancing the
mechanical properties after the subsequent AA.

e  The EDS maps proved that the ST4 treatment, carried out at 510 °C for 2 h, caused only
a partial dissolution of the 7-AlgFeMg3Sig phase into the o-Al matrix. Nevertheless,
the strengthening effect was guaranteed by the dissolution of 7 (Mg;,Si), 6 (Al,Cu)
or Q" (AlsMggCu;ySig) intermetallic phases, thus to the synergic effect of Mg and Cu
in the subsequent precipitation hardening during AA.

e Regarding the mechanical properties, the ST4 treatment guarantees a relevant en-
hancement of both the tensile strength and hardness, without leading to a remarkable
decrease in ductility.

e  Finally, the ST4 treatment helps to improve productivity and lower energy and/or gas
consumption in furnaces, along with environmental emissions, thanks to the reduction
in times and temperatures of solution heat treatment, with respect to the ST1 one
performed at 535 °C for 5 h.
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