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Abstract: Semi-solid processes of aluminium alloys, characterised by the coexistence of
solid and liquid phases, offer advantages in terms of mechanical properties and fatigue
resistance, thanks to the more globular microstructure. Thermodynamic models can be used
to analyse the solidification behaviour and to predict the solidification window, AT. The
CALPHAD method enables the calculation of the phases formed during solidification and
the optimisation of alloy composition to meet specific industrial requirements. This study
aims to assess how thermodynamic properties in both liquid and solid phases affect the AT.
Initially, the influence of thermodynamic properties of pure components and interaction
parameters was analysed in simplified regular binary systems. To compare these findings
with real industrial systems, Al-based alloys were examined. Using available databases,
the AT was estimated via the CALPHAD method adding alloying elements commonly
found in secondary Al-alloys. Finally, the same minority alloying elements were added to
Al-Si 8 and 11 wt.% alloys, and the corresponding AT were calculated. Cr, Fe, Mg, Mn, and
Ti increase the AT, while Cu, Ni, and Zn decrease it. The obtained results may serve as a
valuable tool for interpreting phenomenological observations and understanding the role
of minority elements in the semi-solid processing of secondary Al-Si casting alloys.

Keywords: Al-alloys; casting; semi-solid; regular solutions; CALPHAD

1. Introduction

The use of aluminium alloys to produce thin-walled components for the automotive
industry has been constantly increasing in the last years, thanks to the high recyclability
of these alloys and the density of aluminium, which is about one-third compared to
iron. These components are traditionally prepared via high-pressure die casting (HPDC)
processes; however, in recent years, foundry processes using semi-solid materials have
been considered in the industry. A semi-solid state refers to a condition where the material
exists as a mixture of both solid and liquid phases. This typically occurs within a specific
temperature range between the solidus and liquidus temperatures of the alloy, which
defines the solidification window (AT), or mushy zone. Semi-solid processing of aluminium
alloys is a manufacturing technique that combines high production rates with quality parts,
offering advantages due to the shear thinning behaviour of semi-solid slurries [1].

Semi-solid processes create a non-dendritic microstructure, characterised by near-
globular primary particles surrounded by a liquid matrix, which influences properties such
as tensility, fatigue, wear, and corrosion resistance. Various methods have been developed
for semi-solid processing, including a technique using fine gas bubbles to create convection
for modifying grain structure [2].

While primarily used for aluminium and magnesium alloys, there is a drive to expand
applications to wrought compositions and higher-temperature alloys [3]. Today, the main
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semi-solid processes for Al-alloys are the Gas-Induced Superheated-Slurry, the Rheo-
Metal, and the Swirling Enthalpy Equilibration Device, having different capabilities and
application areas [4]. In semi-solid mixtures, the rheology depends on both solid fraction
and particle aggregation. Barbe et al. studied a semi-solid Ag-Cu alloy, finding high
viscosities, suggesting an interconnected network of solid particles [5]. They observed two
aggregation regimes depending on shear rate: compact clusters and random networks.
Although on a laboratory scale, with small quantities of metal, it is relatively simple to
control the temperatures during the process, on an industrial scale, operating with tens
or hundreds of kilograms of material for each casting, this solidification window must be
as large as possible. In semi-solid processes, it is necessary to operate in the temperature
range where the liquid phase and solid particles coexist (mushy zone). Several models
have been developed to address the complexities of mushy zones. A simple model with an
explicit solution has been proposed, which uses observed mushy zone width and structure
as a basis. This model involves parameters related to the equilibrium temperature gradient
and dendritic structure, which can be estimated experimentally [6].

Regular solutions are a model for mixtures that exhibit non-ideal behaviour while
maintaining certain simplifying assumptions. Guggenheim introduced the concept, describ-
ing regular solutions as having equal-sized molecules with short-range interactions and no
volume change upon mixing [7]. This model allows for the calculation of thermodynamic
properties in both substitutional and interstitial alloys [8]. The regular solution model,
initially applied to stoichiometric phases and ionic melts, has been extended to various
phases and systems, leading to the development of more complex models. For example, it
serves as the foundation of the sublattice model, which has become a cornerstone in compu-
tational thermodynamics. This framework, now commonly referred to as the Compound
Energy Formalism (CEF), has been widely used to characterise various phases, driven
by the demand for precise descriptions of thermodynamic phase stability across diverse
materials containing multiple elements [9].

In a previous study [10], the effect of the presence of minority alloy elements on AT,
in the range of compositions allowed for AlSi9Cu3(Fe) secondary commercial alloys, was
investigated using the CALPHAD method [11]. AlSi9Cu3(Fe) (EN46000) has found wide
application in HPDC processes. As can be seen in Table 1, AlSi9Cu3(Fe) alloys have quite a
wide allowed composition range; therefore, two batches of the same alloys can have very
different compositions.

Table 1. Composition range of a commercial alloy A1Si9Cu3(Fe).

Si Cr Cu Fe Mg Mn Ni Ti Zn
(wt. %) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)
8.0-11.0 <0.15 2.004.00 0.60-1.10  0.15-0.55 <0.55 <0.55 <0.20 <1.20

The aim of this work is to evaluate how thermodynamic properties in the liquid
and solid phases influence the amplitude of AT. Initially, the role of the thermodynamic
properties of pure components and of interaction parameters of solutions was investi-
gated for simplified regular binary systems. In order to compare the obtained results
with real systems of industrial interest, several Al-based alloys were considered. Using
available databases, the solidification window was estimated using the CALPHAD method
for the addition of alloying elements (Cu, Cr, Fe, Mg, Mn, Ni, Ti, Zn) usually found in
secondary alloys. Finally, the same minority alloy elements were added to Al-5i8 and
Al-Sill wt.% alloys, and the corresponding solidification windows were calculated. The
aim was to evaluate the application of semi-solid processes to alloys with at the extremes
of the accepted range for the Si content, as reported in Table 1. The final goal was to
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compare the results of this study with those obtained in a previous study carried out on the
AlSi9Cu3(Fe) alloys [10]. The presented results can serve as a tool to explain phenomeno-
logical observations and to identify the role of minority elements in semi-solid processes
for secondary Al-alloys.

2. Materials and Methods

As a first approximation, the enthalpy of mixing can be expressed by applying the
regular solution model [12], which assumes that the enthalpy of mixing (AHy,y) is only
dependent on the bond energies of adjacent atoms. This assumption is valid if the system
with A and B atoms before mixing has the same volume of the system of A and B atoms after
mixing, so that interatomic distances and bond energies are independent of composition.
Therefore, if the weighted average of enthalpies of separated components is assumed as a
reference, AHyix can be expressed as:

AI_Imix = Q'XA'XB (1)

where X, and Xp are the molar fraction of A and B components in the alloy and () is the
regular interaction parameter. If () = 0 both in the liquid and solid phases, both solutions are
ideal. If the A-B bonds are stronger than the average of A-A and B-B bonds, () is negative,
whereas if it is the opposite, () is positive. A negative () value stabilises the mixture,
favouring the miscibility of A and B, while a positive () value leads to the formation of
miscibility gaps. When a miscibility gap is present in the solid phase, it can result in a
eutectic transformation from the liquid phase.

In the frame of the regular solution model, the total free energy (G) of a binary phase
(liquid or solid) for a specific temperature (T) and composition can be calculated as:

G= XA~GA + XB'GB + Q-XA-XB - TASid (2)

where G, and Gg are, respectively, the free energy of A and B components, and ASj4
is the entropy of mixing for an ideal solution. It turns out that G depends only on the
thermodynamic properties of pure components and on the value of (). To calculate the
phase diagram, the free energy of both solid and liquid phases, each with a different
interaction parameter, must be evaluated as a function of composition and temperature.
In the following, the Gibbs free energy of the binary solid and liquid solutions has been
calculated according to the regular solution model, assuming that A and B components
have the same crystal structure in the solid state. Two arbitrary components, A and B, have
been defined, with a melting temperature of 800 K and 1200 K, respectively. As a starting
point, an enthalpy of fusion ASg,s = 10.0 J/mol*K has been fixed for both components. This
value is close to that shown by numerous elements [13,14] (e.g., Al 11.5 ] /mol*K) and is in
agreement with Richard’s rule [15]. As a consequence, the enthalpy of fusion, AHg,s, for A
and B, was equal to 8.0 k] /mol and 12.0 k J/mol, respectively. The interaction parameters
between the two components in the liquid ((};q) and in the solid (Q)s,1) phases have been
changed to quantify the corresponding variation of AT for various compositions of the
alloy, with Xg up to 0.125. The selected Xp values were in the range of concentrations of
minority and trace elements in secondary alloys. In order to establish the role of ASg,s of
the pure components, other values have been considered (ASg;s = 8.0 and 12.0 J/mol*K),
maintaining the same melting temperatures, and AHg,s has been changed accordingly.
Phase diagrams were calculated both with the Pandat 2024 software and Thermo-
calc 2022b software. At the beginning, ideal solutions (()iq = (501 = 0) were considered,
then the interaction parameters between the two components were modified both in the
liquid (€Yiq from —10 to 10 kJ/mol) and in the solid (Qso) from —25 to 50 k] /mol) phases,
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calculating the corresponding variation in AT for a fixed composition. Moreover, using
the TCALS database (Al-Alloys v8.1) with Thermo-calc 2022b software, binary Al-based
phase diagrams with Cu, Fe, Mn, Mg, Zn, Cr, Ni, and Ti were calculated, and solidification
windows were determined for various compositions. Elements were selected considering
minority constituents in recycled Al-alloys [10]. Finally, using the same approach, Al-Si-
based pseudo-binary phase diagrams, containing minority constituents in the alloy, were
calculated, keeping the silicon value fixed to 8 and 11 wt.% and the Al as a complement.

3. Results and Discussion
3.1. Regular Solutions

First, the solidification window AT was calculated, varying () from —25 to 50 k] /mol
and keeping the liquid phase as ideal, i.e., (g = 0 kJ/mol. Afterward, the calculations
were extended to evaluate the results for (};; —10 and 10 k]J/mol. The phase diagrams of
the arbitrary A-B system for ()5, —15, 0, and 15 kJ /mol are shown in Figure 1, considering
(yiq values equal to —10, 0, and 10 kJ/mol. It can be clearly observed that the shape of
phase diagrams changes with the nine combinations of Qs and ()jq. The vertical blue
lines indicate the composition (Xg = 0.05) considered for the calculation of the difference
between the liquidus and the solidus curves. It is worth noting, especially in Figure 1a,c,
that AT is increasing when the ) values for the liquid and solid phases are different from
each other.

1800
1600
1400 !

&1200
— 1000
800 | :
8007 4 solid solid V4
400 | : 1
00 02 04,06 08 10(00 02 04+ 06 08 10[00 02 0406 08 1.0
XB XB XB
2 ,,=-15;0,,=-10 =050 ==10 Q,=+15;0, =-10
Qsol=-15;gliq=0 _Qsol=0;Qliq=0 Qsol=+15;Qliq=°
_Qso|='15;ﬂliq=+1° —Qsm:();Qliq:l'-‘Io 7VQSB'=+15;Q"Q=+10
--- x(B)=0.06 --- x(B)=0.05 --- x(B)=0.056
(a) (b) (c)

Figure 1. Phase diagrams of binary A-B solutions obtained by varying the interaction parameters
Qso1 and Qg (kJ/mol). The vertical line indicates the compositions (Xg = 0.05) considered for the
calculation of AT. Both pure components have ASg,s = 10 J/mol*K. The interaction parameter of the
liquid phase was equal to —10, 0 and + 10 k] /mol, while that of the solid phase was maintained
constant equal to —15 k] /mol (a), 0 kJ/mol (b) and +15 kJ /mol (c).

Previous results were extended to systematically evaluate the variation of AT with
respect to the interaction between the A and B components. By considering different values
for the interaction parameters, AH,ix at Xg = 0.05 was calculated for both the solid and
liquid phases. As an example, considering three different values of AHyp,y for the liquid
phase, the dependence of AT as a function of AHpx for the solid phase is reported in
Figure 2a. In the same figure, the corresponding values of (), are reported in the top axis.
In all cases, AT reaches a minimum in correspondence of a specific value of AHix for the
solid phase, which depends on AHpx for the liquid phase. In order to identify possible
trends, a matrix that covered the entire range (}};q from —10 to 10 kJ/mol and () from
—25 to 50 kJ /mol has been constructed. The graphical representation as contour lines of
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the dependence of the AT on both values of ()5 and (Y4 is reported in Figure 2b. From
the obtained graph, it can be observed that increasing AT requires moving away from the
diagonal, i.e., to differentiate the interaction parameter between liquid and solid phases.
For high positive values of (), the system forms a eutectic. In these cases, AT becomes
quite independent from the ()5, and it depends only on (), i.e., the behaviour of the alloy
in the liquid state.
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Figure 2. (a) Dependence of AT from AHyx for the solid phase (or ()y) in a binary regular A-B
system, calculated with Xg = 0.05, for three different values of AH;, for the liquid phase (or Ouiq);
(b) Contour lines of AT. Both pure components have AS¢,s = 10 J/mol*K. The dashed line indicates a
zero value of AT.

Phase diagrams calculated fixing ()};q = —10 kJ/mol and considering () values equal
to —15, 0 and 15 k] /mol are reported in Figure 3. The vertical lines indicate three different
compositions of the alloy (Xg = 0.05, 0.10, and 0.125) considered for the calculation of AT. It
can be seen that for (), values equal to —15 and 0 kJ/mol, the variation of AT for selected
compositions is almost negligible, while for ()5, = 15 kJ/mol, it becomes significant due to
the presence of a eutectic transformation.

1000
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Figure 3. Phase diagrams of a binary A-B system with fixed ()};q and varying Q) (kJ/mol). The
vertical line indicates three different compositions (Xg = 0.05, 0.10, and 0.125) considered for the
calculation of AT. Both pure components have ASg;s = 10 J/mol*K.

Then, the effect of modifying the composition of the alloy on the AT was investigated
by keeping the value of (};q at —10 k]/mol and building a matrix of ()s,] and Xp values
(—=25kJ/mol < Qg < +25 k] /mol, 0 < Xg < 0.125). The values of AT on this matrix were then
represented using contour curves to better evaluate the presence of trends. The dependence
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of AT on Q) for three different values of Xp is reported in Figure 4a, and the corresponding
graphical representation as contour lines of AT values as a function of (), and Xg is shown

_ 0.000 P77
-25 -20 15 10 -5 0 5 10 15 20 25 325

in Figure 4b.
350 0.125 B 0
——X,=0.05 25
300+ —=—— 0.100 50
——X_=0.10 b
250 B _—n—n—n y 75
X =0.125 / 100
B ) 0.075 e
O 200+ ] a
X Q.= -10 kd/mol 7./ < 150 _
= / 175 <
Q150 - d 0.050 3
,// 200 5
100 A 7/ 225
\ _/—/ 0.025 P
50 '\ f-/ 275
; P 300

0 — T T T
25 20 15 .10 -5 0 5 10 15 20 25 3 350
a _ (kd/mol) hemety

(a) (b)

Figure 4. (a) Dependence of AT on () in a binary A-B system calculated with ;4 = —10 kJ/mol
for three different values of Xp. (b) Contour lines of AT, with dotted line corresponding to AT = 0 K.
Both pure components have AS¢,s = 10 J/mol*K.

From these graphs, it can be observed that, for values of ()y, from —25 to 10 kJ /mol,
the contour lines are almost vertical, indicating no variations in AT when changing the
composition of the alloy. For higher values of (), the system forms a eutectic, and AT
becomes quite independent from the (), while the dependence from the composition
becomes significant. In fact, as already shown in Figure 3, AT depends on the shape of
the phase diagram. When both liquidus and solidus lines are considered as a function of
composition, the biphasic liquid—solid area remains almost constant. On the other hand,
when a eutectic reaction is present, the eutectic temperature is constant, while the liquidus
temperature decreases as a function of composition. Consequently, the biphasic liquid—
solid area shrinks as the composition approaches the eutectic point. Conversely, on the
right side of the eutectic composition, the opposite trend would be observed.

Finally, the effect of the ASg,s of pure components was evaluated by fixing three
different values (i.e., 8, 10, and 12 J/mol*K), maintaining the same value of ()5 and (g,
for both elements. Phase diagrams calculated fixing (};q = 0 kJ/mol and Q) = 15 k] /mol
are reported in Figure 5 for selected values of ASg,q of pure components. The vertical line
indicates the composition of the alloy (Xg = 0.05) considered for the calculation of AT. It
can be observed that, varying the ASg,, of pure components, a significant variation in AT
was obtained. In particular, the liquidus temperature remained nearly constant, but the
eutectic temperature decreased significantly reducing the ASg,s value of pure components,
bringing the solidus temperature to lower values, and then increasing the value of AT.

The obtained results were used to construct a matrix of values, showing the depen-
dence of AT on both ASg of pure components and ().}, while keeping ()4 fixed. The
variation in AT with Q) in the range from —15 k] /mol to 15 k] /mol, with ()4 fixed at
0 kJ/mol and different values of ASg, is reported in Figure 6a. Additionally, the graphical
representation using contour lines of the dependence of the AT on (), and ASg,s of pure
components is shown in Figure 6b. Based on the obtained results, it can be seen that,
with values of (), from —25 kJ/mol to 10 kJ/mol, the contour lines are almost vertical,
suggesting that AT is independent of the entropy of fusion (ASg,s) of pure components.
On the contrary, for higher values of ()4, the system forms a eutectic and, in these cases,
AT becomes largely independent of ()4}, while the influence of ASg4 of pure components
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becomes significant, as already shown in Figure 5. In particular, higher values of AT can be

obtained with lower values of ASg,4 of pure components.

900
_ —AS, =8
us
——As, . =10
us
oo —— S, =12
|
™ 500 : Q_=+15
400/ : Q. =0
. : - - X,=0.05
0.00 0.15

0.05 X(B) 0.10

Figure 5. Phase diagrams of a binary A-B system calculated with fixed (}};q = 0 kJ/mol and ()5, = 15
kJ/mol, varying ASg,q of pure components. The vertical line indicates the compositions (Xg = 0.05)
considered for the calculation of AT.

—=—AS =8 J/mol*K
——AS =10 J/mol*K

300+ —=— AS = 12J/mol*K 114
2504 <
< X —
~ 200 — TE) 104 X
< 150 -/ p—n— > 5
S 9

|
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Figure 6. (a) Dependence of AT from Q) in a binary A-B system calculated with ()};q = —10 kJ/mol
for three different values (8, 10, and 12 J/ mol*K) of ASgs of pure components. (b) Contour lines of
AT, with dotted line corresponding to AT = 0 K. Values have been calculated for Xg = 0.05.

3.2. Al Binary Systems

In order to identify the role of possible contaminants in recycled Al-Si alloys, the
results of this study were compared with CALPHAD thermodynamic calculations based
on available databases. Calculations were carried out in the range of concentrations
for contaminants allowed for commercial EN AC-46000 secondary Al-alloys. Using the
CALPHAD method, binary Al-E phase diagrams, where E indicates the element considered
(i.e., E = Cu, Cz, Fe, Mg, Mn, Ni, Ti, Zn), were investigated. The results of the calculated
phase diagrams in the Al-rich side are shown in Figure 7, and the corresponding values of
AT are reported in Table 2.
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Figure 7. Binary Al-E phase diagrams in the Al-rich side. (a,b,c,d,e f,gh) are for Cr, Cu, Fe, Mg, Mn,
Ni, Ti, Zn, and Al respectively. The highlighted area represents the semi-solid range.

Table 2. AT values (in K) calculated for Al-E binary phase diagrams, with various elements as E,
considering x = 0.2, 0.5, 1.0, and 5.0 wt.%.

wt.% Cr Cu Fe Mg Mn Ni Ti Zn
0.2 0.99 4.76 5.35 1.70 0.19 6.13 4.47 0.46
0.5 0.90 12.17 4.31 5.79 0.45 13.05 3.34 1.15
1.0 - 23.93 2.57 12.45 0.83 11.61 1.45 2.30
5.0 - 91.07 - 58.27 - - - 11.39

The highlighted areas in Figure 7 are those in which the liquid and the fcc solid
solution coexist. It is evident that both thermodynamic properties and content of the added

E element have a significant effect on the AT values. In some cases, AT clearly increases
with the addition of the elements (i.e., E = Cu, Mg, Mn, and Zn), whereas in other cases
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(i.e., E=Fe, Ti, and Cr), it progressively decreases. In some cases, the AT value cannot be
determined over the entire range of interest because of the coexistence window between
the liquid phase and «-(ALE) fcc solid solution closes at lower concentrations (i.e., E = Cr,
Fe, Mn, Ni, and Ti), or the trend is not unique and depends on the concentration value (i.e.,
E = Ni).

In order to identify the potential influence of mixing properties on AT values, the
AHpix value was calculated at various compositions for both the liquid and the fcc solid
solution. A fixed temperature of 855 K was selected in order to consider a temperature
range of interest for semi-solid processes. The results for compositions equal to 0.2 and
0.5 wt.% are summarised in Table 2. As expected, the AH;x values increased with the
content of the E added element, but the trend was different with respect to the regular
solutions previously considered. As an example, the addition of Ti to Al leads to a negative
value of AHp, for the fcc solid solution at 0.2 wt.%, which becomes positive for further
additions (not shown in Table 3), suggesting the occurrence of an immiscibility gap.

Table 3. AHyix values (in k] /mol) calculated for the fcc solid solution and liquid phases for Al-E
binary systems with various elements as E, considering compositions of 0.2 and 0.5 wt.%.

0.2 wt.% 0.5 wt.%
fec Liquid fcc Liquid
Al-Mn —0.06 —0.08 —0.15 —-0.21
Al-Zn 0.01 0.01 0.02 0.02
Al-Cr —0.06 —0.03 —0.14 —0.08
Al-Mg 0.01 —0.02 0.04 —0.05
Al-Ti —0.13 —0.12 —0.34 —0.30
Al-Cu —0.01 —0.03 —0.03 —0.07
Al-Fe —0.05 —0.09 —0.13 —0.24
Al-Ni —0.08 —0.14 —0.20 —0.35

Starting from the calculated values of AHy,ix and AT for various systems, contour
maps were generated for selected compositions, and the results are shown in Figure 8.
Although the trend is less distinct than in regular solutions, the findings confirm that in

order to extend the semi-solid range in Al-based alloys, a divergence between the mixing

properties of the fcc solid solution and liquid phases is necessary.

o &N O

-0.12 -0.10 -0.08 -0.06 -0.04 -0.02 0.00 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00
fi -1 ”
AHY (kJ mol™) AH® (kJ mol™)

(a) (b)

Figure 8. Contour lines for AT in Al-E binary systems (E = Cu, Cr, Fe, Mg, Mn, Ni, Ti, Zn) at 855 K for
a fixed composition of element E equal to (a) 0.2 wt.% and (b) for 0.5 wt.%.
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3.3. Al-5i8 and Al-Si11 Ternary Systems

In order to better identify the role of minority elements in secondary Al-alloys to be
used in semi-solid processes, ternary alloys derived from the Al-5i system were considered.
Using the same thermodynamic database as in the previous section and starting from the
assessed binary Al-Si system, Al-Si-E pseudo-binary phase diagrams were simulated using
the CALPHAD approach, fixing the Si content to 8 and 11 wt.% while still considering
the same E elements (i.e., x = Cu, Cr, Fe, Mg, Mn, Ni, Ti, Zn) [10]. As examples, Al-Si8-Fe,
Al-5i8-Ni, Al-Sill-Fe, and Al-Sil11-Ni pseudo-binary phase diagrams are shown in Figure 9.
The yellow areas indicate the zone of existence of the liquid phase together with the «-Al
fec solid solution, while in the orange areas, the A19Si2Fe2 phase is also present. In all cases,
in the identified ranges, the semi-solid slurry is present, allowing for semi-solid processes.
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Figure 9. Pseudo-binary (a) Al-Si8-Fe, (b) Al-Si8-Ni, (c) Al-Sill-Fe, and (d) Al-Si11-Ni phase diagrams,
calculated using the CALPHAD method. Phases present in different areas are highlighted.

It can be observed that the addition of Fe leads to an increase in AT with respect to
the binary Al-Si alloy, whereas Ni decreases it. This effect is enhanced by increasing the
content of the additional component, leading to a variation from 32.7 K for the binary
system Al-Si8 up to 33.1 K (+0.4 K) and 31.8 K (0.9 K) for the addition of 1.0 wt.% of Fe and
Ni, respectively. If we consider the Al-Si11-E pseudo-binary phase diagrams, for the same
additions of Fe and Ni, we had a variation from 11.3 K for the binary system Al-5ill, up to
12.2 K (+0.9 K) and 9.3 K (—2.0 K), respectively. Al-Si8 alloys, with a temperature gap of
32.7 K, are suitable for semi-solid processes, while Al-Sill alloys, with a temperature gap
of 11.3, are not adequate. However, both cases have been studied because they correspond
to the extremes of acceptability for the alloys of interest.

Further calculations were performed to evaluate the variation in AT values considering
various amounts of added elements (i.e., x = 0.2, 0.5 and 1.0 wt.%), and the corresponding
results are shown in Tables 4 and 5 for Al-Si8-E and Al-Sil1-E systems, respectively. It can
be observed that, for the elements considered, the variation in AT is always within a few
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degrees across the entire range of composition studied. The results show that, with respect
to the Al-Si8 (32.7 K) and Al-5il1 (11.3 K) alloys, the presence of some elements (Cr, Fe, Mg,
Mn, Ti) causes an increase of the semis-solid region, while other elements (Cu, Ni, Zn) have

the effect of decreasing this interval.

Table 4. AT values (in K) calculated from Al-Si8-E pseudo-binary phase diagrams, with various

elements as E, considering x = 0.2, 0.5, and 1.0 wt.%.

x wt.% Cr Cu Fe Mg Mn Ni Ti Zn
0.2 33.8 32.7 33.1 33.1 33.0 32.5 33.6 325
0.5 34.4 32.7 33.8 33.7 33.2 32.2 34.1 32.3
1.0 35.4 32.6 33.1 34.7 33.1 31.8 34.9 31.8

Table 5. AT values (in K) calculated from Al-Sil11-E pseudo-binary phase diagrams, with various
elements as E, considering x = 0.2, 0.5, and 1.0 wt.%.

x wt.% Cr Cu Fe Mg Mn Ni Ti Zn
0.2 11.7 11.1 11.6 11.4 11.5 10.9 12.8 11.1
0.5 12.2 10.8 12.1 11.6 11.9 10.3 15.0 10.7
1.0 12.9 10.2 12.2 11.9 9.3 9.3 18.0 10.2

In order to identify the possible role of the thermodynamic interactions between the

E element and the Al-Si system, the enthalpy of mixing was calculated as a function of
the content of the E element for Al-5i8-E and Al-Sil1-E ternary systems, both in the liquid
and in the fcc solid solution. A fixed temperature T = 855 K was arbitrarily chosen for

the calculations to fix a suitable temperature for semi-solid processes. Calculations were

performed for selected compositions (i.e., 0.2, 0.5, and 1.0 wt.%), and the results are reported
in Tables 6 and 7 for Al-Si8-E and Al-5i11-E ternary systems, respectively.

Table 6. AHix values (in kJ/mol) calculated for the fcc solid solution and liquid phases for Al-Si8-E
ternary systems with various elements as E, considering compositions of 0.2, 0.5, and 1.0 wt.%.

0.2 wt.% 0.5 wt.% 1.0 wt.%
fcc Liquid fec Liquid fcc Liquid
Al-Si8-Cr —0.27 —0.95 —0.34 —0.91 —0.45 -1.11
Al-Si8-Fe —0.28 -1.01 —-0.37 -1.17 —0.52 —1.44
Al-5i8-Mg —0.21 —0.91 -0.19 —-0.92 —0.16 —0.94
Al-Si8-Mn —0.29 —0.99 —0.40 —-1.12 —0.57 —1.34
Al-5i8-Ti —0.36 —1.04 —0.55 —-1.23 —0.88 —1.56
Al-5i8-Cu —0.24 —0.93 —0.26 —0.96 —0.29 -1.02
Al-Si8-Ni —0.31 —1.05 —0.45 —1.26 —0.68 —-1.62
Al-Si8-Zn —0.22 —0.90 —0.20 —0.88 —0.18 —0.86

For ternary mixtures, based on the calculated values of AHy,ix and AT for various

systems, contour maps were also been calculated for selected compositions (i.e., 0.2 and
0.5 wt.%). The results are shown in Figures 10 and 11 for Al-Si8-E and Al-Sil1-E ternary
systems, respectively.
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Table 7. AH,ix values (in k] /mol) calculated for the fcc solid solution and liquid phases for Al-Sil1-E
ternary systems with various elements as E, considering compositions of 0.2, 0.5, and 1.0 wt.%.

0.2 wt.% 0.5 wt.% 1.0 wt.%

fcc Liquid fcc Liquid fcc Liquid
Al-Sil1-Cr —0.34 —1.25 —0.40 -1.32 —0.51 —1.43
Al-Sill-Fe —0.36 -1.32 —0.45 —1.48 —0.60 -1.76
Al-5i11-Mg -0.29 —1.21 -0.27 —-1.22 —-0.24 —1.23
Al-Sil1-Mn —0.37 -1.29 —0.48 —1.43 —0.67 —1.65
Al-Sil1-Ti —0.43 —1.34 —0.63 —1.55 —0.95 —1.89
Al-Sil1-Cu —0.31 -1.23 —0.34 —1.26 —0.37 -1.31
Al-Si11-Ni —-0.39 —1.35 —0.54 —1.56 —0.78 -1.92
Al-Sil1-Zn —0.29 —1.20 —0.28 -1.19 —0.26 —1.16
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Figure 10. Contour lines for AT in Al-Si8-E ternary systems (E = Cu, Cr, Fe, Mg, Mn, Ni, Ti, Zn) at
855 K for (a) x = 0.2 wt.% and (b) for x = 0.5 wt.%.
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Figure 11. Contour lines for AT in Al-Sil1-E ternary systems (E = Cu, Cr, Fe, Mg, Mn, Ni, Ti, Zn) at
855 K for (a) x = 0.2 wt.% and (b) for x = 0.5 wt.%.

For small amounts of added elements, the trend follows a pattern similar to that
observed for regular solutions and for binary systems, as evidenced in Figures 10a and 11a
(x = 0.2 wt.%). It is worth noting that, for such a small addition of external components,
the effect on AT for the AlSill systems is rather limited, well within a few degrees. On the
contrary, for the AlSi8 systems, the interval is around 8K.

For higher amounts of added elements, a different behaviour can be observed, as
shown in Figures 10b and 11b for x = 0.5 wt.%. In this case, more distinct trends can be
observed for AT when AHy,x values for fcc solid solution and liquid phases are changed.
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In particular, in the AlSill systems, for constant values of AHpx for the liquid phase, a
minimum appears in the middle of the plot. This result reinforces the idea that, to extend
the semi-solid range in Al alloys, a divergence between the mixing properties of the fcc
solid solution and liquid phases is required.

4. Conclusions

This study examines the impact of various factors on the liquidus-solidus temperature
difference (AT) in Al-based alloys within the context of semi-solid processing. Phase
diagrams of an A-B system were calculated using the regular solution model, considering
variations in the (s, and (); parameters. It was found that AT increases when (), and
(yiq differ, with significant changes occurring when the interaction parameters between
solid and liquid phases are opposed. For high (), values, eutectic formation causes AT
to depend primarily on ()5, whereas at lower ()5, values, AT is only minimally affected
by composition.

Changes in the entropy of fusion (ASg,s) of pure components also significantly affect
AT. Decreasing ASg,s lowers both the eutectic and solidus temperatures, resulting in a
higher AT. However, the influence of ASg,s on AT is more pronounced when () is high,
with AT becoming largely independent of () in such cases.

This study also explored the role of contaminants in recycled Al-Si alloys by comparing
the results of CALPHAD thermodynamic investigations. Binary phase diagrams were
calculated for various elements (Cu, Cr, Fe, Mg, Mn, Ni, Ti, Zn), revealing that the addition
of these elements significantly affects AT. Elements like Cu, Mg, Mn, and Zn tend to increase
AT, while elements such as Fe, Ti, and Cr decrease it. Furthermore, this study examined the
role of mixing enthalpy (AHpix) on AT. AHp,ix was calculated for various compositions at a
fixed temperature of 855 K, relevant for semi-solid processing. The results indicated that
AH,ix increases with the concentration of the added element, but for some elements, like
Ti, an immiscibility gap was observed.

For AlSi8- and Al-Sill-based ternary alloys, AT values were calculated for various
amounts, comparable with the acceptable range for commercial recycled alloys, of the same
added elements, showing that the impact of these elements on the solidification window
is relatively limited. Elements like Cr, Fe, Mg, Mn, and Ti increase the semi-solid range,
while Cu, Ni, and Zn reduce it. The findings suggest that a divergence between the mixing
properties of the fcc solid solution and liquid phases is necessary to extend the semi-solid
range in Al alloys.

The obtained results provide valuable insights into the role of minority elements in
semi-solid processes, which can help in explaining phenomenological observations and
guide the development of secondary Al-alloys for industrial applications.
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Abbreviations

The following abbreviations are used in this manuscript:

CALPHAD Computer Coupling of Phase Diagrams and Thermochemistry

CEF Compound Energy Formalism
fcc Face-centred cubic
HPDC High-pressure die casting
INSTM Consorzio Interuniversitario Nazionale per la Scienza e Tecnologia dei Materiali
SSM Semi-solid metallurgy
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