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The purpose of this paper is to develop a mathematical equation, which will be able to accurately predict the liquidus temperature
of various aluminum and magnesium cast alloys on the basis of their known chemical compositions. An accurate knowledge of
liquidus temperature permits a researcher to predict a variety of physical parameters pertaining to a given alloy. The analytical
expressions presented in this paper are based on the “method of equivalency” According to this concept, the influence of any alloying
element on the liquidus temperature of an aluminum and/or magnesium alloy can be translated into the equivalent influence of a
reference element. Silicon as a reference element has been chosen for aluminum alloys and aluminum for magnesium alloys. The
sum of the equivalent concentrations for other elements, when added to the influence of the actual reference element is used to
calculate the liquidus temperature of the alloy. The calculated liquidus temperatures for wide ranges of alloy chemical compositions

show a good correlation with corresponding measured liquidus temperatures.

1. Introduction

In order to predict the various physical parameters of a solid-
ifying aluminum and magnesium alloys (e.g., fraction solid),
the liquidus temperatures of these alloys must be known with
the highest possible degree of accuracy. Unfortunately, only
few equations are reported in the literature that relate the
compositions of many commercially important nonferrous
[1, 2] and ferrous [3] alloys to their liquidus temperatures.
Moreover, some of these equations are not sufficiently verified
by experimental data. For the binary aluminum and magne-
sium alloys, liquidus temperature/composition relations can
easily be derived from highly accurate binary diagrams. These
are based on experimental data obtained under equilibrium
solidification conditions [4, 5].

The Al-Si phase diagram is the base component system
for the Al-Si series of alloys. As Figure 1 shows, it is a binary
eutectic type phase diagram with limited aluminum and sili-
con solubility. The melting temperature of pure aluminum is
660°C. The solubility of silicon in the aluminum melt reaches

amaximum of 1.6 wt.% at the 577°C eutectic temperature. The
maximum solubility of aluminum in silicon at the eutectic
temperature is still questionable, and according to some
literature data, it is approximately 0.015 wt.% [6]. The concen-
tration of silicon, which corresponds to the eutectic reaction,
is still not accurately defined or accepted among researchers,
despite the fact that this diagram has been investigated often.
In the available literature the following values for eutectic
concentration of silicon were found: 11.9 wt.% [7], 12.2 wt.%
[6],12.3wt.% [8] and 12.6 wt.% [9] In this work the value of
12.3wt.%. of Si will be used as the eutectic concentration of
silicon as well as 577°C as the temperature at which eutectic
reaction occurs.

The cast aluminum-silicon alloys are widely used in many
automotive components. These alloys are characterized by
their low density, light weight, relative low melting tem-
peratures, negligible gas solubility (with the exception of
hydrogen), excellent castability, good corrosion resistance,
electrical, and thermal conductivity and good machinability.
Major alloying elements, Si, Cu, and Mg, are primarily
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responsible for defining the microstructure of the aluminum
alloy.

Mg-Al alloys are light metallic structural materials with a
unique combination of properties, which are very attractive
in such applications as the automobile, aerospace, and elec-
tronics industries. The use of magnesium alloys has become
significant due to a one-third lower density of magnesium
compared with aluminum, improved damping ability, a
higher resistance to corrosion and better mechanical proper-
ties. In lightweight magnesium alloys, aluminum constitutes
the main alloying element, chiefly because of its low price,
availability, low density, and the advantageous effects on
corrosion, and strength properties. Figure 2 shows the binary
Mg-Al phase diagram with limited Al and Mg solubility
[10]. The melting temperature of pure magnesium is 650°C.
The solubility of magnesium in the aluminum melt reaches
a maximum of 18.9 at.% at the 450°C eutectic temperature.
The maximum solubility of aluminum in magnesium at the
eutectic temperature is 11.8 at.% [11]. In this work, the value
of 32.0 wt.% of Al will be used as the eutectic concentration
of aluminum as well as 473°C as the temperature at which
eutectic reaction occurs.

The modeling and control of the casting processes have
remained a topic of active interest for several decades, and
the availability of numerous software packages (MAGMA
[12], Thermo-Calc [13], Pandat [14], FactSage [15], Pro-Cast
[16], Calphad [17], WinCast [18], etc.) on the market a
good indication of the interest that casting industries and
researchers have in this field. Most of the data used in
the above listed software packages are based on binary or
multicomponent phase diagrams, but unfortunately, except
for binary diagrams, many of the ternary or higher order
phase diagrams are still not accurate enough for this purpose.
Keeping in mind that most aluminum and magnesium binary
systems are very well established, the transferring of a multi-
component system into a well-known Al-X; “quasi-binary”
system has a great industrial and research potential. This type
of system could be used to calculate several thermo-physical
and solidification process parameters of multicomponent
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FIGURE 2: The Mg-Al binary phase diagram [10].

aluminum alloys in either cast or melt treated conditions. In
order to calculate the various thermophysical and metallur-
gical parameters of solidifying aluminum casting alloys, the
characteristic solidification temperatures of the alloys must
be known with the highest possible degree of accuracy.

The purpose of this paper is to develop the general
method for the calculation of the characteristic liquidus
temperatures of the multicomponent aluminum-silicon and
magnesium-aluminum alloys based on their known chemical
composition. The accuracy of the developed algorithms will
be determined by comparing the calculated values of the
liquidus temperatures with the measured values obtained
using the thermal analysis technique as with the calculated
values obtained using Thermo-Calc software program.

2. Modeling the Liquidus Temperature of
Multicomponent Al and Mg Alloys

2.1. Development of the Algorithm of Equivalency. Figures 3
and 4 show several phase diagrams of selected aluminum and
magnesium binary alloys. From most of them, it is visible
that their liquidus temperatures decrease uniformly with the
increase in the amount of the added alloying element and
reach the minimum at the corresponding eutectic composi-
tion. Mathematically, the liquidus line of any eutectic binary
Al-X; and/or Mg-X; phase diagrams from Figures 3 and 4
can be accurately expressed by the second order polynomial
as follows:

Tl{z’x" = A- BX, - CX}, (la)
Tfi‘gg’xf = A- BX, - CX7, (1b)

Al-X, Mg-X, A
where T ™ and Thqg " are the liquidus temperatures of

the observed binary system in °C, X; is the amount of the
alloying element in wt.%, A is the melting point of pure
aluminum/magnesium, 660°C and 650°C, respectively, and
B, and C are polynomial coefficients.
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FIGURE 3: Binary phase diagrams of major aluminum alloying elements [13].

Therefore, the liquidus line for the Al-Si binary system
can be expressed, respectively, as follows:

Ti > = 660.0 - 6.11Si - 0.057Si". (2a)
Applying the same approach from (la) and (1b), the
liquidus line of the Mg-Al binary system can be written as

Tfi‘flg'“ = 650.0 — 4.987A1 — 0.047A1%.

(2b)

The visual analysis of the two liquidus lines of the binary
systems, Al reference element and Al-X; as presented in
Figure 5, shows that the “equivalent effect” on the liquidus
temperature of the aluminum alloy can be obtained by using
“equivalent” concentrations of the reference element and X;
alloying elements.

This means that the influence of any alloying X; ele-
ment in the aluminum or magnesium melt on its liquidus
temperature can be expressed as the effect of an “equivalent
amount” of reference element, expressed in wt.%. Silicon as a
major alloying element for Al-Si series of alloys was chosen
as the reference element. It is also known to have the most

significant influence on the casting properties of Al-Si family
of alloys (e.g., fluidity, latent heat, and shrinkage).

In lightweight magnesium alloys, aluminum is the mainly
alloying element, chiefly because of its low price, availability,
low density, and the advantageous effects on corrosion and
strength properties. The AZ91 alloy (contains about 9 wt.%
Al and 1wt.% Zn) is the most widely used magnesium
alloy exhibiting a good combination of high strength at
room temperature, good castability, and excellent corrosion
resistance. Therefore, by magnesium alloys, aluminum has
been chosen as a reference element.

The isothermal concentration difference between the
reference element (Si or Al) and the X; alloying elements can
be mathematically expressed as follows:

Sing.er—constant = S (WE%) — X, (Wt.%), (3a)

All)i((i),@T:CONSTANT = Al (Wt.%) — X; (wt.%) . (3b)

Taking into consideration the whole temperature range
between the melting temperature of the pure reference ele-
ment (Si or Al) and the corresponding eutectic temperature
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of an observed binary alloy (Al-Si or Mg-Al), the following

relationship can be established between Sigé, Alé((") and the
concentration of the alloying element X;:

X X X X; y2
Sigy = ay' +b, ' X; + ¢, X}, (4a)

The coeflicients for the particular alloying elements (a,,
b,, and ¢,) from (4a) and (4b) are found in Table 1.

The Sigq and/or Algé for the alloying elements as well as
for some impurity elements can be determined as the sum of
individual contributors (} Sié(ciz’ D Algé) plus the effect of the
silicon/aluminum itself, and can be expressed as follows:

Sigq = Si+ Y Sipgs (5a)

Algg = Al+ Y Al (5b)
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TaBLE 1: Polynomial coefficients for the Si]}_fé and Al])f("2 function ((4a)
and (4b)).

Elements Coeflicients for the Sifs((i2 Coeflicients for the Alf;é

X, 4 b ¢ a4 b

Si 1.0 0.0 0.0 0.0 0.5111 —0.1458
Al 1.0 0.0 0.0
Cu 0.0 0.35 -0.027 0.0 —-0.4161 0.0069
Mg 0.0 0.0258 0.0088

7Zn 0.0 0.1227 -0.0002 0.0 —0.4983 0.0047
Ni 0.0 0.5644 -0.0285

Mn 0.0 0.8221 -0.0349

Fe 0.0 0.6495 0.0003

Y 0.0 —-0.5695 0.0040

The characteristic liquidus temperatures for multi com-
ponent Al-Si and Mg-Al series of alloys can be calculated
using following equations:

The 2™ = 660.0 - 6.1108ix - 0.057Siz, (62)
Mg-AlY X; 2
The 2% = 650.0 - 4.987Al5 — 0.047AL,.  (6b)

Equations (6a) and (6b) are valid for the following
concentrations of key elements (expressed in wt.%):
For aluminum alloys,

Si<12.6, Cu < 10.0, Mg < 10.0,
Zn < 10.0, Ni < 2.0, Mn <20, Fe < 1.0.
(7)
For magnesium alloys,
Al < 32.0, Zn < 45.0, Si< 1.5,
Cu < 33.0, Y < 24.0. ®

3. Results and Discussion

The validity of the calculation procedure presented above
was determined by comparing the calculated liquidus tem-
peratures with the experimentally determined and computed
(using Thermo-Calc software package) liquidus temperatures
of aluminum and magnesium alloys. These comparisons are
presented in Tables 2 and 3.

The slight discrepancies between measured and calcu-
lated values of liquidus temperatures (Tables 2 and 3) for alu-
minum and magnesium hypoeutectic cast alloys are related
to the fact that the interaction among alloying elements from
aluminum and magnesium melts has not been taken into
consideration in (6a) and (6b). The analytical approach of this
work is based on binary alloying systems (Figures 3 and 4),
and no other interactions between three or more elements
have been taken into consideration for the Sipq and Algg
methods. By allowing these parameters of interaction among
of at least three elements (taken from ternary systems) from

aluminum and magnesium melts might bring the calculated
values closer to the measured ones.

Figure 6 depicts a plot of the predicted liquidus tem-
perature for each of the aluminum and magnesium alloys
presented in Tables 2 and 3 versus their experimentally deter-
mined counterparts. Measured liquidus temperatures have
been determined experimentally using the thermal analysis
technique. According to the available literature data, the accu-
racy of the applied thermal analysis technique was between
+0.5 and 1°C. All calculated liquidus temperatures have been
computed using the method of equivalency expressed in this
work through (6a) and (6b).

Figure 6 together with Table 4 demonstrate the pretty fair
accuracy of the predictions made by the procedure developed
in this study in comparison with the measured liquidus
temperatures taken from the literature and calculated with
Thermo-Calc software.

Table 4 displays that both approaches (the method of
equivalency and the Thermo-Calc software) are used to
calculate the liquidus temperatures of Al and Mg alloys
according to R* criteria which shows pretty fair predictions.
Statistical analysis reveals that application of (6a) for the
calculation of liquidus temperatures results in lower stan-
dard deviations and lower scatter (minimum and maximum
values) in the predictions compared to the results obtained
using Thermo-Calc software package. Regarding Mg alloys,
applying either (6b) or Thermal-Calc software, the statistical
analysis shows almost the same results, that is, the same
accuracy in comparison to measured liquidus temperature
independent from applied procedures.

The main advantage of the method of equivalency
has been recognized in its simplicity and straightforward
application. Using chemical compositions of corresponding
aluminum and/or magnesium alloys, their liquidus tempera-
tures can be calculated using known polynomial coefficients
for the Sipq and Algq. This method can be in the future simply
applied for any multicomponent metallic system that satisfies
the following assumptions.

(1) The melting point of reference element is known and
constant.

(2) The considered binary systems (reference element-
X;) are eutectic or peritectic.

(3) Any addition of alloying elements to the reference ele-
ment decreases the liquidus temperature to its eutec-
tic temperature (peritectic type of reaction negative
sign needs to be inserted in front the of corresponding
polynomial coefficients from (4a) and (4b)).

(4) For the multicomponent alloys, the equivalent con-
centration of the reference element needs to be
considered as additive.

The accuracy of the calculated liquidus temperature in
the proposed model (6a) and (6b) is dependent solely on
the accuracy of the coeflicients, by means of which the
corresponding alloy content is converted into an equivalent
silicon/aluminum weight percent. However, these coeflicients
are derived from the liquidus lines in the respective binary
systems, and their reliability is closely related to the accuracy
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TaBLE 2: Chemical composition of aluminum alloys (wt.%) calculated liquidus temperatures using (6a), Thermo-Calc, and the measured.

Number Chemical composition, wt.% Tyo!°C
Si Cu Mg Zn Fe Mn Ti Equation (6a) Thermo-Calc Measured [Ref]

1 7.03 0.01 0.30 0.019 0.08 0.12 614.2 616 614.2 [19]
2 6.80 0.04 0.35 0.01 0.08 0.15 615.8 618 615.8 [9]
3 7.80 609.3 611 609.4 (7]
4 5.80 0.05 623.1 624 623.1[20]
5 7.00 0.05 0.51 0.02 0.05 0.01 0.05 614.5 615 614.5 [21]
6 5.75 3.01 0.30 0.04 0.31 0.05 0.07 616.2 614 616.2 [22]
7 5.10 2.93 0.23 0.04 0.31 0.05 0.17 620.7 621 620.7 [23]
8 7.02 0.24 0.37 0.17 0.18 0.03 0.14 613.1 615 613.1 [24]
9 6.91 0.24 0.39 0.15 0.18 0.03 0.14 613.8 616 613.8 [25]
10 4.85 1.03 0.14 0.01 0.09 0.01 0.06 626.6 628 626.8 [25]
1 5.01 2.06 0.14 0.01 0.09 0.01 0.06 622.8 623 623.8 [25]
12 4.94 2.98 0.21 0.01 0.07 0.01 0.06 620.0 621 622.9 [25]
13 4.89 3.85 0.16 0.01 0.09 0.01 0.09 618.3 619 622.4 [25]
14 5.90 1.07 0.14 0.01 0.07 0.01 0.06 622.4 620 619.7 [25]
15 5.91 1.83 0.15 0.01 0.11 0.01 0.06 618.9 618 618.1 [25]
16 5.82 3.03 0.15 0.01 0.06 0.01 0.06 614.8 615 617.1 [25]
17 713 0.96 0.28 0.01 0.12 0.01 0.06 613.3 612 611.2 [25]
18 7.05 1.98 0.28 0.01 0.13 0.01 0.08 610.3 609 609.8 [25]
19 6.95 3.05 0.26 0.01 0.14 0.01 0.08 607.4 607 608.8 [25]
20 6.75 4.38 0.29 0.01 0.12 0.01 0.09 604.6 603 608.9 [25]
21 8.03 1.09 0.28 0.01 0.14 0.01 0.09 600.7 605 604.5 [25]
22 8.14 1.93 0.27 0.01 0.12 0.01 0.08 601.7 602 602.2 [25]
23 8.03 2.96 0.29 0.01 0.14 0.01 0.09 600.5 599 601.3 [25]
24 7.84 4.31 0.31 0.01 0.14 0.01 0.09 596.8 595 601.2 [25]

TaBLE 3: Chemical composition of magnesium alloys (wt.%) calculated liquidus temperatures using (6b), Thermo-Calc, and the measured.

Number Alloy Chemical composition, wt.% Tyo!/°C
Al Zn Ca Mn Cu Equation (6b) Thermo-Calc Measured [Ref]

1 AZCI1l 603.1 592 600.0 [26]
2 AMC502 511 1.63 0.32 623.1 615 625.0 [26]
3 AMC503 5.37 2.89 0.30 621.7 610 615.0 [26]
4 AZ62 6.61 1.32 0.24 618.2 610 608.0 [27]
5 AZ91 8.67 0.63 0.21 604.0 601 598.0 [27]
6 AM60 6.50 0.22 0.13 616.1 615 615.0 [28]
7 AZ91 9.70 0.35 0.13 0.10 598.3 596 595.0 [28]
8 AMS50 5.25 0.01 0.37 622.5 622 625.1[29]
9 AZ91D 9.71 0.35 0.15 0.03 598.2 596 598.0 [18]
10 AM60B 6.51 0.20 0.24 0.01 616.0 615 615.0 [18]
1 AMS0A 5.41 0.21 0.26 0.01 622.1 621 620.0 [18]
12 AM20 2.50 0.20 0.33 0.08 638.0 636 638.0 [18]
13 AE42 4.51 0.20 0.15 0.01 627.0 626 626.0 [18]

with which the liquidus curves are experimentally deter-
mined and numerically fitted. Therefore, some inaccuracy is
also observed by applying this method. In order to exclude
this source of error, a reexamination of the liquidus lines
on the silicon/aluminum rich sides of the respective binary
systems, or even better for the ternary Al-Si-X;/Mg-Al-X;
systems, would be necessary.

The model has been developed using binary phase
diagrams of Al-X; and Mg-X; alloys. For all the consid-
ered binary phase diagrams, the liquidus lines have been
mathematically described until their corresponding eutectic
concentrations. The concentration limits for the key elements
have been established by either using the maximal concen-
tration of key element at eutectic temperature (for major
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FIGURE 6: Predicted versus measured liquidus temperatures calculated applying the method of equivalency, (a) aluminum alloys (6a) and (b)

magnesium alloys (6b).

TABLE 4: Regression coeflicients, standard deviations and average
values of differences calculated between measured and analytically
determined liquidus temperatures using method equivalency and
Thermo-Calc software.

Al-alloys Mg-alloys

Statistical data Equation Thermo- Equation Thermo-

(6a) Calc (6b) Calc
R? 0.946 0.928 0.925 0.914
Standard deviations ~ 1.901 2.309 -2.451 1777
Average value 0.821 0.563 3.736 3.879
Minimum -2.700 -2.200 -10.501 -3.000
Maximum 4.400 6.200 2.665 10.000

alloying elements such as Si in Al-Si alloys and Al in Mg-Al
alloys) or setting the maximal concentrations of other minor
alloying elements that can be found in typical hypoeutectic
Al and Mg alloys [30]. It means that, theoretically, the
established liquidus equations for Al and Mg alloys are usable
up to the eutectic concentrations of any elements present
in these alloys. Tables 2 and 3 show only those alloys that
are found in the available literature with measured liquidus
temperatures. In addition, the higher cooling rates applied
in the experimental data presented in Tables 2 and 3 are a
potential source of inaccuracy that cannot be disregarded.

Another advantage of a new equivalency method can be
recognized in its general application to calculate the liquidus
temperatures of other alloys. Potentially, a similar approach
could be used to develop an algorithm for the calculation of
the solidus temperature of other light alloys.

4. Conclusion

In this paper, a new method of equivalency has been
developed that is able to predict the liquidus tempera-
tures of multicomponent aluminum and magnesium alloys
based on known aluminum and magnesium binary phase
diagrams. The new method of equivalency expresses the
amounts of major and minor alloying elements in the alu-
minum/magnesium melts through an “equivalent” amount of
areference element. Statistical analysis of the results obtained
for a wide range of alloy chemical compositions shows a
very good correlation between the calculated and exper-
imentally determined data. The newly developed method
can be applied to calculate other characteristic solidification
temperatures of nonferrous and ferrous multicomponent
alloys.
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